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Aerodynamic and acoustic characteristics of twin
supersonic rectangular jets using large-eddy
simulations
By J. Jeun, G. J. Wu, S. K. Lele, A. Karnam†,
F. Baier† A N D E. Gutmark†

1. Motivation and objectives
Multiple engines are preferred in modern aircraft, owing to their enhanced propulsive
power as well as better safety they provide if one engine fails. However, the proximity
of the two engines, particularly in a tactical aircraft, triggers coupling between them,
consequently altering flow fields to a great extent from those of a single jet under the
same conditions. Furthermore, jets are often operated at non-ideal expansion conditions,
yielding screech tones (Powell 1953) and modifications of their characteristics by jet-to-jet
interactions (Raman et al. 2012).
On the other hand, over the past few decades, rectangular nozzles have been of great
interests in a military style aircraft, due to their simple integration to airframe. Variable aspect ratios and thrust-vectoring are also feasible in these configurations. While
experiments on rectangular and other non-circular jets go back to the 1980s, numerical
studies of a single rectangular jet with various aspect ratios have been reported more
recently (Nichols et al. 2011; Brès et al. 2017a; Gojon et al. 2017; Johnson et al. 2017;
Chen et al. 2019; Wu et al. 2019; Chakrabarti et al. 2020; Wu et al. 2020a,b). Among
these studies, large-eddy simulations (LES) using an unstructured fully compressible flow
solver, CharLES, developed by Cascade Technologies, successfully predicted the aeroacoustics of a single rectangular jet very accurately, including screech tones—in terms of
both frequencies and amplitudes (Wu et al. 2020a). The resulting high-fidelity simulation data were further used to investigate the screech closure mechanism, which still lacks
unanimity across the jet noise community.
More recently, advanced supercomputing facilities have enabled simulations of the
aeroacoustics of twin rectangular jets, and initial assessments were addressed in Jeun et
al. (2019, 2020) and Viswanath et al. (2020). They considered twin rectangular nozzles
with an aspect ratio of 2, which were designed and tested at the University of Cincinnati (Karnam et al. 2020), but the simulation results were less successful in reproducing
the experimentally measured flow characteristics.
This report refines and extends the authors’ previous work on the same jets (Jeun et
al. 2019, 2020), by investigating not only near-field flow statistics but also far-field acoustics in comparison with the experimental measurements (Karnam et al. 2020). Through
several iterations of mesh sensitivity study, the final mesh used in this report shows significant improvements in resolving important flow features in the potential core and through
the shear layers. Simulations performed over a long time period capture many screech
tones registered in the experiments. Lastly, the resulting high-fidelity database is used
to determine jet-to-jet coupling modes by analyzing two-point spatial cross-correlations.
† University of Cincinnati.
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Figure 1. Nozzle geometry: (a) mid-plane cross-section along the minor axis, (b) mid-plane
cross-section along the major axis, and (c) nozzle exterior. Figures drawn not to scale.

2. Nozzle geometry and operating conditions
In this study twin rectangular nozzles with an aspect ratio of 2, which were designed
and tested at the University of Cincinnati (Karnam et al. 2020), are investigated. Figure 1
schematically describes a part of the nozzle geometry in three different views. A red
dot in this figure represents the origin of the system, and the arrows indicate three
coordinate directions. The major axis is defined along the larger dimension, while the
minor axis is defined along the smaller dimension at the exit. Here, the flow system
is scaled by the nozzle exit height h, and the nozzle center-to-center spacing is given
as 3.5h. Each jet has the equivalent diameter of De = 1.516h, where De is computed
as De = 1.30(wh)0.625 /(w + h)0.25 so as to yield the same pressure drop between a
round nozzle and a rectangular nozzle with exit width w and height h (Huebscher 1948).
Furthermore, this nozzle configuration is not designed by the method of characteristics
and may lead to complex flow structures inside and near the exit. In particular, the sharp
bi-conic cross-sections in the minor axis can cause oblique shocks to form at the throat;
as the shocks propagate downstream, the flow is further complicated by shock reflections
due to the presence of the wall and shock-shock interactions among themselves, as well as
additional shocks created near the nozzle exit due to the non-ideal expansion conditions.
In addition, the model used in the experiment was 3D printed in plastic and, inevitably,
would have surface roughness, which yields some level of turbulence. Nevertheless, as
a circular pipe develops into twin rectangular nozzle exits by a separator at x/h =
−12.4 with a large area ratio, the flow experiences severe acceleration that may damp
turbulent fluctuations. Thus, LES may predict wrong nozzle-exit boundary layer states
without introducing additional inflow turbulent forcing. Failing to replicate the right exit
boundary layer statistics can lead to mismatch in predictions of both near- and far-field
flow characteristics (Zaman 2012; Brès et al. 2018a). The present study is still based on
the assumption of an initially laminar nozzle-exit boundary layer, yet shows favorable
agreement with the far-field noise observed in the experiments, as will be discussed later.
Simulations with turbulent exit boundary layers are planned in future research.
Karnam et al. (2020) showed experimentally that, among the three jet operating conditions we considered in the previous publications, the case of a nozzle pressure ratio
(NPR) of 3 produced maximum screech amplitude. In this brief we focus exclusively on
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Figure 2. A schematic description of the computational domain and numerical setup.

this case. An NPR is calculated as a ratio of total pressure to ambient pressure. A nozzle
temperature ratio (TR) is given as 1. The fully expanded jet Mach number is computed
as Mj = Uj /cj , where Uj is the fully expanded mean streamwise jet velocity. In this way,
for the design Mach number Md = 1.5 corresponding to N P R = 3.67, the twin jets we
study in this report have Mj = 1.36, and they are considered as cold, over-expanded jets.
The Reynolds number is Rej = ρj Uj h/µj ≈ 5.60 × 105 .

3. Computational setup
We perform LES using an unstructured compressible flow solver, CharLES, developed
by Cascade Technologies. CharLES is equipped with a Voronoi-based mesh-generation
framework (Brès et al. 2018b) and a shock-capturing method based on kinetic energy
and entropy-preserving schemes (Tadmor 2003; Chandrashekar 2013; Fisher & Carpenter
2013). CharLES has demonstrated its predictive capabilities for jets issuing from various
complex configurations (Brès et al. 2014, 2017a,b, 2018a,b, 2019; Wu et al. 2019, 2020a,b).
For more details on the flow solver, readers are referred to Brès et al. (2019).
The numerical domain extends from −100h to 210h in the streamwise direction and
flares slightly in y- and z-directions from ±35h to ±60h, as shown in Figure 2. Along
the nozzle wall boundaries, the equilibrium wall-model is applied. At the nozzle inlet
x/h = −22, the total pressure and temperature are specified such that the desired flow
conditions are met at the nozzle exit. In the experiments, the total conditions were in
fact measured at a location much upstream (x/h ≈ −31), but pressure loss introduced
by truncating the upstream boundary is predicted to be negligible. Furthermore, LES
uses plug flow-like boundary conditions, while the actual flow appeared to be already
fully developed pipe flow. However, again, pressure loss across the pipe diameter at this
location will be less than 0.1%, and the use of such boundary conditions can be justified.
In addition, the downstream sponge layer is applied at x/h = 150 to damp unphysical
reflections of outgoing waves into the computational domain, as denoted by a black
dashed line in Figure 2. Finally, far-field sound is estimated using the Ffowcs-Williams
Hawkings (FW-H) method (Ffowcs Williams & Hawkings 1969; Lockard 2000, 2002; Brès
et al. 2017b) by projecting near-field flow data extracted from a surface represented by
red solid lines.
Figure 3 highlights regions of grid refinements in the minor and major axes. The
brighter shades indicate higher refinement levels. As visualized in this figure, the grids are
more refined along the shear layers and around the potential core. Since screech is highly

Jeun et al.

124

Figure 3. A schematic description of the grid refinements in the (a) minor and (b) major
axes. Lighter shares represent higher refinement levels.

NPR

3

Mesh Internal nozzle Potential core
size wall resolution
resolution
190M

0.005-0.01h

Jet plume
resolution

0.01-0.04h
0.04-0.080h
(0 ≤ x/h ≤ 24) (24 ≤ x/h ≤ 40)

dtc∞ /h tsim c∞ /h
0.001

1000

Table 1. Summary of mesh resolutions and characteristic time parameters of the simulation
and its post-processing.

sensitive to geometric details around the nozzle exit, such regions are also resolved with
high-resolution grids. To account for the nozzle internal shocks produced at the throat
and turbulence along the wall boundaries, the mesh is accordingly refined. In addition,
the experimental study by Karnam et al. (2020) reported that the onset of interactions
between twin jets occurred around x/h = 4.5. The grids are therefore refined downstream
of this location in the center axis. More details of the mesh-generation strategy can be
found in Wu et al. (2019, 2020b) and Jeun et al. (2021). Table 1 summarizes details of
the mesh resolutions and characteristic time parameters of the LES performed in this
study. Here, dt denotes the simulation time step, ∆t is the FW-H data sampling period,
and tsim denotes the total simulation duration.

4. Results and discussion
4.1. Near-field flow statistics
As shown in Figure 4, the LES clearly captures oblique shocks formed at a sharp throat
in the minor axis, propagating and impinging the other side of the nozzle boundaries.
Owing to the non-ideal expansion conditions, additional shocks are generated just prior
to the nozzle exits, followed by a series of shock cells in the jet plumes. In contrast, due
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Figure 4. Normalized mean streamwise velocity contours in the (a) minor, (b) major, and (c)
center axes.

to the flat internal nozzle wall in z, the oblique shocks inside the nozzles appear to be
parallel to the major axis in Figure 4(b). Additionally, Figure 4(c) indicates interactions
between twin jet plumes, which start at about x/De = 3.
More specifically, Figure 5 shows the mean streamwise velocity profiles and the turbulent kinetic energy (TKE) profiles along the centerlines in the major, minor, and center
axes. The former is normalized by the fully expanded jet velocity, and the latter by the
squares of it, respectively. For both variables, the LES-predicted profiles (red solid lines)
are compared with the experiments (black circles). The actual computational domain
extends farther both upstream and downstream, but only a part of it is presented here.
This streamwise extent is sufficient to cover regions from the converging-diverging sections of the nozzle to the decay of potential cores. Unlike in the simulations where flow
fields inside the nozzle are fully accessible, the closest available datapoint to the nozzle
exit was reported at x/De = 0.3 in the experiment.
In all directions the LES captures the length of potential core and its decay quite
accurately, but several important signatures of the shock-cell systems downstream of the
nozzle exit show deviation from the experimental measurements. In the simulations, the
shocks are predicted to be much stronger than they were in the experiments, and there is
significant discrepancy also in their phases. Concerning the TKE levels, the LES profiles
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Figure 5. (Left) Normalized mean streamwise velocity profiles and (right) normalized TKE
profiles for the NPR = 3 over-expanded jet: (a,b) in the major axis, (c,d) in the minor axis, and
(e,f) in the center axis between twin nozzles.

are overall in good agreement with the experiments for x/De > 5. However, the initial
TKE values are severely underpredicted in the simulations, followed by an abrupt increase
to match the experiments from about x/De = 3.5. This increase indicates that the LES
has a laminar boundary layer state at the nozzle exit, which is believed to be inconsistent
with the actual experimental condition. As mentioned in the previous section, this result
is anticipated in nozzle geometries with large area ratios like those we consider in this
study, if no turbulent inflow forcing is employed. On the other hand, insufficient grid
resolutions in this region may in part result in the underprediction of TKE levels. Some
portion of missing TKE levels can be recovered even without turbulent inflow forcing (now
shown). New results will be updated in the authors’ future publication (Jeun et al. 2021),
using a mesh with higher potential core resolutions along with turbulent inflow forcing
induced by surface roughness. Reproducing the correct near-field turbulent statistics may
help in predicting a shock-cell phase compatible with the experiments. Turbulence can
enhance jiggling of the shock systems, changing their locations and smoothing the profile
on average.
Furthermore, high streamwise velocity along the jet centerline in the LES suggest, in
a way, that a Mach stem generated by shock-shock interactions (Hornung 1986) or a
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Figure 6. Outline of a FW-H surface closed with 11 end-caps, overlaid on instantaneous
temperature contours in the minor axis. Figure drawn to scale.

Mach disk in the jet plume presented in the experiments is missed. Further exploration
is warranted.
4.2. Far-field noise prediction
Far-field acoustic spectra are computed by the FW-H method at three different locations
that are 61.5De away from the system origin in both the major and minor directions
to match the experimental setup. The near-field data to be projected are collected on
the FW-H surface (Figure 6) over 900 acoustic time units (tsim c∞ /h) with the sampling
period of ∆tc∞ /h = 0.05. Sound pressure levels (SPL) are estimated using Welch’s
method by splitting the raw data into 3 blocks and applying a Hann windowing with 75%
overlapping between blocks. In this way, a minimum bin size of 50 Hz in the experiments
is matched. The outflow disk of the FW-H surface is treated by employing 11 endcaps (Shur et al. 2005) equally distributed from x/h = 60 to 80. After testing several
candidates, the FW-H surface was chosen so that it can contain as much of the noise
sources as possible while ensuring sufficient numerical resolution. Figure 7 compares SPL
spectra predicted by the LES (red solid lines) with those measured experimentally (black
circles). In this figure, the narrow-band spectra predicted by the LES are bin-averaged
over a bandwidth ∆St = 0.015 at high frequencies, i.e., St > 1, for comparison with
smoother spectra obtained in the experiment. Here, the Strouhal number is defined based
on the equivalent jet diameter such that St = f De /Uj . Additionally, due to the lack of
azimuthal homogeneity of the rectangular nozzles, only two-way symmetry is employed
along each direction.
Overall, despite some deviations in the shock-cell patterns discussed in the previous
section, the broadband shock-associated noise and turbulent mixing noise predicted by
the simulations agree well with the experimental measurements as shown in Figure 7.
Moreover, at an observer angle of φ = 45◦ in the minor axis, the LES captures the
fundamental screech tone exactly at St = 0.37 as registered in the experiment. At φ =
90◦ , the fundamental screech and its harmonics are captured by the simulations in the
minor axis at St = 0.37 and 0.74 and 1.5, although the fundamental screech is somewhat
weaker than the measured screech, respectively. At the same angle in the major axis, the
first harmonic at St = 0.74 is captured by the LES. In contrast, tones are completely
missed at the downstream angle (φ = 152◦) in both directions.
The overall sound pressure levels (OASPL) are given in Figure 8. The Nyquist Strouahl
number determined by the sampling frequency of the simulations is given by approximately St = 13 (note that the cut-off frequency restricted by the grid resolutions of
the FW-H surface is assumed to be much smaller). Nevertheless, the relevant frequency
range was limited up to St = [0.023, 4.6] in the experiment due to the anechoic chamber
threshhold, and the OASPLs shown in Figure 8 are computed by integrating the SPLs
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Figure 7. Comparison of far-field acoustic spectra at three different inlet angles in the (top)
major and (bottom) minor axes: (a,d) φ = 45◦ , (b,e) φ = 90◦ , and (c,f) φ = 152◦ . Inlet angles
are measured from the upstream axis.

Figure 8. Comparison of OASPLs between the LES and the experiment.

over this frequency range only. In spite of several missing tones, the LES matches the
experimental OASPLs within only 1-3 dB in both the major and minor axes at all angles.
The absence of several tones that existed in the experiment and the slight underprediction of screech tones by LES may be attributed to insufficient simulation duration
since screech dynamics involve long time scales. There may also have been a mismatch in
turbulent statistics in the near-field shock cell systems. In this regard, there is an urgent
need to apply inflow turbulent forcing and to achieve the right nozzle-exit boundary layer
states for more complete noise prediction, and such work is currently under way.
4.3. Coupling modes
In this section we use two-point spatial cross-correlation to identify coupling modes of
the twin jets (Knast et al. 2018). We consider at least 1000 instantaneous snapshots
of the density gradient with respect to the streamwise direction, sampled at every 100
timesteps. This sampling rate is low enough to assume that the snapshots are statistically
independent of each other. The two-point cross-correlation R with respect to a reference
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Figure 9. Two-point spatial correlation of NPR = 3 twin rectangular jets (top) in the minor
axis plane and (bottom) in the major axis plane: (a-c) I = ∂ρ/∂x and (d) I = uy .

point (x0 , y0 ) is reduced to
R(x0 + ∆x, y0 + ∆y) =

Σi Ii (x0 , y0 )Ii (x0 + ∆x, y0 + ∆y)
,
σi (x0 , y0 )σi (x0 + ∆x, y0 + ∆y)

(4.1)

where I can be any flow variable of interest. In this analysis, the density gradient in x
and velocity in y are used. Note that the cross-correlation is normalized by the standard
deviations σ such that it becomes 1 when two points are perfectly correlated, and 0 when
they are uncorrelated.
To investigate coupling of the twin jets, a reference point is chosen within shear layers
of one jet plume. Axially, Figure 4(c) suggests that it should be located after, at least,
x/h = 4.5 to consider interactions of the two jets. The choice of a reference point can also
affect the strength of the resulting cross-correlations. For the best visual representations,
the reference point is set to (x0 , z0 ) = (5h, −2.05h) in the major axis plane and (x0 , y0 ) =
(5h, −0.5h) in the minor axis plane, respectively, as indicated by the intersection of
black dashed lines in Figure 9. Whereas the actual cross-correlations range approximately
[−0.2, 1] in the major axis plane and [−0.4, 1] in the major axis plane, respectively, the
colorscales are adjusted appropriately to improve visualization.
It is well known that rectangular jets flap anti-symmetrically in the minor direction.
Figure 9(a,b) also clearly shows such anti-symmetric flapping in the minor direction of
each jet. With respect to each other, they appear to flap out of phase by comparing
the spatial cross-correlations of the two jets, as reported by Raman & Taghavi (1998)
for twin rectangular jets with a large aspect ratio. Furthermore, Figure 9(c) indicates
anti-symmetric coupling in the major direction as well, based on the anti-symmetric
cross-correlation in z. Due to the close proximity of twin nozzles and short correlation
length scales, it is difficult to determine the coupling modes in the inter-nozzle region.
On the contrary, the cross-correlations computed based on the flow variables such as
the velocity (Figure 9(d)) manifest larger scales to aid the identification process. In
contrast to twin rectangular jets with large aspect ratios, which predominantly display
flapping motions in the minor axis only, the twin rectangular jets we consider in this
report can clearly also sustain lateral anti-symmetric modes. As such, simultaneous jet
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coupling in both directions yields a complex flow field, which makes accurate screech
prediction challenging. Note that this type of coupling modes is similar to a pair of
counter-rotating helical instabilities with a zero degree phase difference as shown in
Figure 12 of Knast et al. (2018). Nevertheless, they did not observe such mode, as they
studied twin axisymmetric jets where minor axis flapping motions are omitted.

5. Conclusions
In this paper we perform LES to investigate the near-field aerodynamic and far-field
acoustic characteristics of twin supersonic rectangular jets with an aspect ratio of 2. The
LES is validated against the experimental measurements conducted at the University
of Cincinnati for an over-expanded condition with an NPR = 3. Without employing
inflow turbulent forcing, the shock cell systems in jet plumes show deviations from the
experiments. Despite such discrepancies in the initial statistics, the decay of potential
cores and turbulent statistics distant from the nozzle exit compare favorably with the
experiments. The far-field acoustics also match very well, capturing fundamental screech
tone and its harmonics at many observer locations.
Furthermore, the high-fidelity LES database is used to compute two-point spatial correlations between the twin jets. The results are utilized to identify twin-jet coupling
modes, which suggest anti-symmetric coupling in both the minor and major directions.
Nonetheless, these modes are determined in a global sense, and the presence of multiple modes cannot be resolved. Instead, coherence analysis (Raman & Taghavi 1998) or
spectral proper orthogonal decomposition (SPOD) (Schmidt et al. 2018; Towne et al.
2018) will provide better insights into the dominant flow structures/coupling modes at
screech frequencies, completing the identification analysis. Quantification of jet flapping
frequencies in comparison with the screech frequencies will be useful to investigate the
screech tone generation mechanisms. Moreover, staging behavior of twin rectangular jets
can be examined through cross-correlation analysis of various NPRs. Studies of coupling
mechanisms and their effects on the jet screech are currently under way and planned for
future publication (Jeun et al. 2021). Achieving a right nozzle-exit boundary layer state
is another area of urgent interest.
The ultimate goal of this project is to construct reduced-order models for twin rectangular jet screech using high-fidelity LES data. Recently, data-driven modes (SPOD
modes) enriched by a physics-based method (using Gabor wavepackets) showed promising results to leverage coarse-grid LES for homogeneous isotropic turbulence and a roughwall turbulent boundary layer (Ghate et al. 2020a; Ghate & Lele 2020b). The authors
expect to extend such an approach to address screech dynamics of twin rectangular jets
in the future.
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