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1. Motivation and objectives
Twin-jet configurations are widely used in military-style aircraft as well as in civil
airplanes because they are more reliable than a single-jet airplane in the event of the
failure of one jet engine. However, when screech tones are generated by imperfectly
expanded nozzles under certain operating conditions, predicting the aeroacoustics of twin
jets is not as straightforward as it is for a single jet. Particularly in military aircraft such
as F-15 and B-1B, where the twin engines are placed much more closely to each other
than they are on civilian aircraft, interactions of the two jet plumes can dramatically
change the near-field hydrodynamic and far-field acoustic characteristics. Determined
by several parameters, such as the inter-nozzle spacing, nozzle pressure ratio (NPR),
nozzle temperature ratio (NTR), and Mach number, screech tones may be significantly
amplified or suppressed in twin-jet configurations. The aeroacoustics of twin jets are
comprehensively reviewed by Raman et al. (2012).
Meanwhile, rectangular nozzle exits are preferred in modern aircraft because they enable variable aspect ratios and thrust-vectoring capabilities. They are also easy to be
integrated into the airframe. Such benefits have attracted much interest in studying
high-speed rectangular jets for the past few decades. In particular, research on single
rectangular jets with various aspect ratios and operating conditions has been well documented experimentally (Tam 1988; Panda et al. 1997; Alkislar et al. 2003; Heeb et al.
2013; Valentich et al. 2016). In numerical simulations (Nichols et al. 2011, 2012; Brès et
al. 2017a; Wu et al. 2019), researchers have met some success in predicting the screech
frequency. Noting that upstream-propagating narrow-band acoustic waves can be generated by the interaction mechanism between instability waves initiating around the nozzle
lip and shock-cell structures, Powell (1953) and Tam et al. (1986) first suggested screech
frequency prediction formulae for an axisymmetric jet using a characteristic feedback
length scale approximated by the average shock-cell spacing. These are further improved
by Panda et al. (1997), who pointed out that the wavelength of hydrodynamic-acoustic
standing waves near the shear layer appears to be a more appropriate length scale than
the shock-cell spacing. Later, Tam et al.’s theory was extended to rectangular jets, showing good agreement with experimental results (Tam 1988; Shih et al. 1992).
Due to the complex geometries involved in twin rectangular jets, numerically simulating the flow would require large computational resources. Therefore, most studies on twin
rectangular jets to date have relied on experiments. Raman & Taghavi (1998) thoroughly
studied the coupling of twin rectangular jets with an aspect ratio of 4:1 by varying the
jet Mach number and the inter-nozzle spacing. They suggested a simple parameter to
specify the coupling mode (anti-symmetric or symmetric) and also studied the switching
mechanism from the anti-symmetric to symmetric coupling modes. Later, Raman (1999)
considered nozzles with even more complex geometries, such as beveled nozzles, examining their effects on the generation of screech tones in comparison with simple rectangular
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twin configurations. Bozak (2014a) and Bozak & Wernet (2014b) conducted experimental studies to explore twin-jet effects on noise generation of rectangular jets, but their
nozzle operating conditions were limited to the subsonic and low supersonic regimes and
did not include screech.
More recently, the development of appropriate flow simulation software and highperformance supercomputers has enabled massively parallel computations of high-speed
turbulent jets. See Brès & Lele (2019a) for a recent review of the progress and status of
jet large-eddy simulations (LES) for aeroacoustic research. Though challenging, numerical simulations of twin rectangular jets are valuable because they allow us to access the
flow field inside the nozzle and in the very vicinity of nozzle lips, otherwise inaccessible
in experiments. In this sense the purpose of this study is to provide initial assessments
toward LES of twin supersonic rectangular jets. To the best of our knowledge, this work
is the first numerical study of twin supersonic rectangular jets. Based on high-fidelity
LES data, we expect to be able to explain the physical mechanism associated with jet
screech in twin supersonic rectangular jets. Coupling of twin-jet plumes and its effects
on screech dynamics can also be addressed.

2. Flow configuration
2.1. Nozzle geometry
In this study we consider twin rectangular nozzles with an aspect ratio of 2:1, as shown
in Figure 1, for future comparisons with experimental measurements conducted in the
Gas Dynamics and Propulsion Laboratory at the University of Cincinnati (Karnam et
al. 2019). The z- and y-axes are taken along the major and minor axes at the nozzle
exit, respectively, and accordingly, the x-axis is taken along the streamwise direction
in the middle of the two nozzles. Starting from a circular cross section at x/h = -22,
a cylindrical straight pipe develops into twin rectangular nozzles that end at x/h =
0. In this nozzle configuration the flow experiences strong acceleration as it travels to
the exit that may damp the turbulent fluctuations, leading to the wrong exit boundary
layer states. In the present computation the nozzle-exit boundary layer state remains
laminar since no additional inflow turbulent forcing is used. Simulations with turbulent
exit boundary layers are planned as the next step. Using the height at the nozzle exit h
as a reference length scale, the equivalent nozzle diameter De is given by 1.5152h. Here,
De is defined as a diameter that yields the same pressure drop between a rectangular
and an axisymmetric duct. Furthermore, the inter-nozzle spacing (center-to-center) s is
given as 3.5h.
2.2. Jet operating conditions
In addition to the design condition (NPR = 3.67), we consider two over-expanded jets
with NPRs of 2.5 and 3, where the NPR is calculated as total pressure over ambient
pressure. Each simulation is carried out under an nozzle temperature ratio NTR of 1;
therefore, jets are considered cold. These conditions are chosen to match those of the
experiments. The fully expanded jet Mach number is defined by Mj = Uj /cj , where Uj
is the fully expanded mean streamwise jet velocity. Here and throughout this study, the
subscript j represents the fully expanded properties, and the subscript ∞ denotes the
free-stream values. With these definitions, the fully expanded jet Mach numbers are given
as 1.22, 1.36, and 1.50 for NPRs of 2.5, 3, and 3.67, respectively. Table 1 summarizes the
operating conditions of each jet.
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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 not to scale.

Case
T1
T2
T3

Description

NPR NTR Mj

Cold over-expanded
2.5
Cold over-expanded
3
Cold ideally expanded 3.67

1.0
1.0
1.0

Ma Tj /T∞

1.22 1.07
1.36 1.16
1.50 1.25

0.769
0.730
0.689

Rej

M∞

470,000 0.005
560,000 0.005
668,000 0.005

Table 1. Summary of operating conditions.

3. Computational setup
3.1. Numerical methods
LES are performed using an unstructured compressible flow solver, CharLES, developed
at Cascade Technologies, in concert with a Voronoi-based mesh generation paradigm (Brès
et al. 2018a). CharLES uses a shock-capturing method based on kinetic energy and entropy preserving schemes (Tadmor 2003; Chandrashekar 2013; Fisher & Carpenter 2013).
In simulations of turbulent jets issuing from a range of complex nozzle geometries under
various operating conditions, CharLES has shown sub-decibel far-field sound prediction
accuracy (Brès et al. 2017b, 2018b). Along the nozzle wall boundaries, we apply the
equilibrium wall-modeling method. At the nozzle inlet, the total pressure and total temperature are specified as boundary conditions such that the desired Mach number and
temperature are achieved at the nozzle exit. To damp unphysical reflections of outgoing waves, the downstream sponge layer is employed for x/h > 150. The sponge layer
parameters such as length and strength are determined in accordance with the recommendations by Mani (2012) and Brès et al. (2017b). For more details of the numerical
methods, refer to Brès et al. (2019b).
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Jet plume
Mesh Internal nozzle Potential core
resolution
Case NPR
dtc∞ /h tsim c∞ /h
size wall resolution
resolution
(Potential core
to 32h)
T1

2.5

145M

0.007-0.014h

T2

3

148M

0.007-0.014h

3.67 154M

0.007-0.014h

T3

0.028-0.056 h
(0 ≤ x/h ≤ 14)
0.028-0.056h
(0 ≤ x/h ≤ 15)
0.028-0.056h
(0 ≤ x/h ≤ 16)

0.056-0.23h

0.001

68

0.056-0.23h

0.001

36

0.056-0.23h

0.001

36

Table 2. Summary of mesh resolutions and characteristic time parameters of the simulation
and post-processing of all cases.

3.2. Mesh generation
We follow a similar mesh generation strategy used an earlier study of a rectangular
screeching jet with an aspect ratio of 4:1 (Wu et al. 2019). To account for the upstreampropagating nature of screech tones, the numerical domain extends from x/h = -100 to
210. In the y- and z-directions it flares slightly from 35h to 60h. Since screech phenomena
are highly sensitive in the immediate vicinity of the nozzle exits, and thus, capturing the
right nozzle exit boundary conditions is important for accurate far-field noise predictions
of turbulent jets, the mesh is carefully refined along the nozzle walls and lips. The regions
along the jet shear layers and around the potential core also need high resolution. To
avoid sharp transitions, we employ the refinement windows for this zone that extend
slightly farther downstream of the end of the potential core. In contrast, given that
farther downstream two rectangular jets merge with each other and behave like a single
axisymmetric jet, the mesh in this region is refined using a cone-type refinement window.
Table 2 presents details of the mesh resolutions and characteristic time parameters of
the simulations for the medium-resolution meshes we consider in this work. The choice
of these mesh resolutions is made based on the mesh sensitivity study presented in the
next section. Note also that for the same level of mesh refinement, the mesh size does
not change significantly as the NPR increases because of the low aspect ratio.

4. Mesh sensitivity study
In this work the LES are started by interpolating a steady solution obtained for a
skeleton mesh onto more refined meshes. Flow statistics are then collected after two or
three flow-through times to remove the initial transient solutions after the interpolation.
Since the numerical domain is extended farther downstream of the nozzle exit, the initial
transient solutions persist over quite a while. To identify the grid resolution required for
capturing the important features of the nozzle interior flow, a grid sensitivity study is
conducted by successively refining the mesh inside the nozzle. This can be more efficiently
done by limiting the region of nozzle exterior flow downstream of the nozzle such that
the downstream sponge layer is applied at x/h = 3, which corresponds to approximately
2De . We generate four different meshes for NPR = 3, as summarized in Table 3. More
specifically, the low-resolution mesh (R2) is generated from the skeleton mesh (R1) by
scaling the cells by a factor of 1/2 in all directions. Similarly, the medium-resolution
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Case Mesh size
R1
R2
R3
R4

3M
31M
83M
123M

Internal nozzle Thickness of wall
t c /h
wall resolution refinement window sim ∞
0.02-0.08h
0.01-0.04h
0.007-0.028h
0.007-0.028h

0.220h
0.220h
0.224h
0.385h

42
30
30
30

Table 3. Summary of meshes with various internal nozzle wall resolutions and total duration
of simulation.

mesh
√ (R3) is obtained from the low-resolution mesh by scaling the cells by a factor of
1/ 2. Compared with the medium-resolution mesh (R3), the R4 mesh has the same cell
size at each refinement level, but the internal nozzle wall refinement region is extended
to farther away from the wall.
Figure 2 shows the time-averaged pressure and temperature contours obtained using meshes with four different internal nozzle wall resolutions. Overall, each simulation
captures consistent flow structures. As the near-wall resolution increases, the shock-cell
structures become sharper and clearer. A comparison between the R3 and R4 meshes
reveals that refining the internal nozzle wall region leads to improvements in the flow
field even downstream of the nozzle exit.

5. Preliminary results: near-field flow statistics
Figure 3 visualizes the mean streamwise velocity contours normalized by the fully
expanded jet velocity, taken in the mid-plane cross section along the (a) major, (b) minor,
and (c) center axes for NPR = 2.5. Though the contours show only part of the numerical
domain, the actual domain extends from −100h to 210h in the streamwise direction.
The full domain is bounded by a conical surface, flaring in the y- and z-directions.
The diameter of the cone is 35h at the inlet and 60h at the outlet. The preliminary
results presented in this section are obtained for NPR = 2.5 after 68 acoustic time units
(tsim c∞ /h). Noting that typical jet simulation runs for, at least, hundreds of acoustic
times to predict the far-field noise reasonably, our results are significantly limited in time
horizon. The short time record for averaging causes a slight asymmetry between the mean
streamwise velocity profiles and turbulent kinetic energy contours of the twin nozzles in
the downstream portion of the jets (as shown in Figure 4), where the jet interactions
involve dynamics in large time scales.
As shown in Figure 3(a,b), the LES capture that oblique shocks formed at each nozzle
throat propagate downstream and meet the nozzle lipline, followed by a series of shock
cells. They are similar to those observed in imperfectly expanded jets exhausted from a
nozzle that is not designed by the method of characteristics. Furthermore, twin configuration induces interactions of the inner shear layers of two jets as they spread. Figure 3(c)
shows that the two jet plumes are not closely coupled with each other near the nozzle
exits (x/h = 0) but that they do start interacting around x/h = 5. The onset of twin-jet
coupling may be determined by several parameters such as the spacing between nozzles
and the Mach number.
As previously stated, we also consider jets with NPRs of 3 and 3.67. Figure 5 compares
the mean streamwise velocities along the minor and center axes for all three cases. When
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Figure 2. Contours of mean pressure (a,c,e,g) and temperature (b,d,f,h) in the mid-plane cross–
section along the minor axis, normalized respectively by the ambient pressure and temperature.
From top to bottom: R1, R2, R3, and R4 meshes.

the NPR is increased, the shock-cell spacing becomes elongated and the potential core
region is extended farther downstream. A similar trend has also been reported in experiments and other numerical studies of imperfectly expanded jets (Johnson et al. 2017).
Moreover, the onset of twin-jet coupling occurs early for higher NPRs.

6. Further considerations on the sensitivity of nozzle exit conditions
This section addresses the sensitivity of simulations. Jet noise, particularly screech
tones, is known to be very sensitive to the nozzle exit boundary layer states (Bogey et al.
2012; Zaman 2012; Brès et al. 2018b). Preliminary comparisons between the LES data
and experimental measurements (private communication, not shown here), however, seem
to represent that the current LES do not predict the correct nozzle exit flow statistics.
The results presented in this work are obtained using modest near-wall resolution meshes
without employing turbulent inflow forcing, yielding laminar exit boundary layers (Brès
et al. 2018b). In addition, we want to investigate whether we are applying the correct
inlet boundary conditions leading to the right nozzle exit boundary layer states. We
slightly modify the total pressure at the nozzle inlet from the given operating condition
and examine how flow statistics in the immediate vicinity of the nozzle exit change.
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Figure 3. Mean streamwise velocity contours normalized by the fully expanded jet velocity for
the NPR = 2.5 over-expanded jet: (a) in the mid-plane cross section along the major axis, (b)
in the mid-plane cross section along the minor axis, and (c) in the xy-plane along the center
axis between twin nozzles.

For this purpose, we generate a low-resolution mesh (70M) from the medium-resolution
mesh for NPR = 2.5 (145M) by scaling the cells by a factor of 2 in all directions. By
slightly changing the inlet total pressure from NPR = 2.5, we compare the resulting
normalized mean streamwise velocities measured (a) along the jet centerline in the minor
axis (i.e., y/h = 0 and z/h = 1.75) and (b) along the center axis of two nozzles (i.e.,
y/h = z/h = 0) in Figure 6. It is clear that the simulations are extremely sensitive
to slight changes in the boundary conditions at the nozzle inlet. As the NPR changes,
shock strength both upstream and downstream of the nozzle exit, spacing and phase of
shock-cell structures, and the spreading rate of inner shear layers leading to the onset of
twin-jet interactions vary dramatically. In addition to the mean statistics, many secondorder statistics and boundary layer states undergo a change.
Nevertheless, the comparisons between experiments demonstrate that the inlet total
pressure that corresponds to an NPR of 2.5 as the given experimental condition produces
the best match. This indicates that the discrepancy between the LES results and the
experiments is not caused by the mismatch in NPR conditions at the inlet. The next
step is to implement synthetic turbulence (Brès et al. 2018b) to see whether improved
capture of the turbulent boundary layer inside the nozzle would yield better agreement
with experimental results.

62

Jeun, Wu & Lele

Figure 4. (a) Turbulent kinetic energy (TKE) contours normalized by the squares of the fully
expanded jet velocity and (b) the normalized mean streamwise velocity measured in the mid–
plane cross section along the minor axis of each nozzle for the NPR = 2.5 over-expanded jet.

7. Conclusions
In this work we use LES to examine the near-field flow statistics of twin supersonic rectangular jets with an aspect ratio of 2:1 at various operating conditions. LES are performed
using a fully unstructured compressible flow solver, CharLES, with a Voronoi-based mesh
generation paradigm. We aim to provide a high-fidelity LES database that matches well
the experimental measurements and numerically supplements the flow statistics inside
the nozzle and around the nozzle lips, which are typically inaccessible in experiments.
Screech is a highly sensitive phenomenon in such regions; thus, this study will be able to
help elucidate the fundamental physics behind the generation of screech tones.
As a first step toward a experimentally validating LES database, we study the sensitivity of mesh resolutions and inlet boundary conditions in the LES. Based on the preliminary results presented in this brief, however, the solutions seem to be under-resolved;
therefore, it is premature to directly compare the current LES with experimental measurements, which are still unpublished. Sharp converging-diverging sections inside the
nozzles and the resulting shock-boundary layer interactions make predicting the correct
nozzle exit flow statistics quite challenging. The meshes will be refined further in the
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Figure 5. Normalized mean streamwise velocities measured (a) along the jet centerline in the
minor axis (i.e., y/h = 0 and z/h = 1.75) and (b) along the center axis of two nozzles (i.e.,
y/h = z/h = 0) for jets with various NPRs.

Figure 6. Normalized mean streamwise velocities measured (a) along the jet centerline in the
minor axis and (b) along the center axis of two nozzles for NPR = 2.5.

near-nozzle region as well as in the potential core region. Another way to improve the
nozzle exit boundary layer state, which is laminar in the LES but appears to be turbulent in the experimental data, is by applying synthetic turbulence condition upstream.
Comparisons with experiments are deferred to future after more complete simulations,
including those with turbulent boundary layers become available.
Ultimately, we intend to use the experimentally validated data to study the coupling
mechanism between twin rectangular jets. By comparing it with that of a single jet, we
will discuss its impact on the amplification or suppression of screech. To explore flow
structures relevant to jet screech, modal analysis such as spectral proper orthogonal
decomposition (Schmidt et al. 2018; Towne et al. 2018) could be adopted to the resulting database to construct reduced-order models of screech dynamics of twin supersonic
rectangular jets.
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