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Large-eddy simulation of underexpanded round jets
impinging on a flat plate 4 to 9 radii
downstream from the nozzle

Romain Gojon* Christophe Bogey' and Olivier Marsden?
Laboratoire de Mécanique des Fluides et d’Acoustique
UMR CNRS 5506, Ecole Centrale de Lyon
09134 Ecully, France

Supersonic round jets have been computed by compressible Large Eddy Simulation
(LES) using low-dispersion and low-dissipation schemes. The jets are underexpanded, and
are characterized by a Nozzle Pressure Ratio of NPR = P,./P,m, = 4.03, where P, is
the stagnation pressure and Pymp is the ambient pressure. They have a fully expanded
Mach number of M; = 1.56, an exit Mach number of M. = 1, and a Reynolds number
of Re; = u;D/v = 5 X 10%, where u; and D are the jet fully expanded exit velocity and
the nozzle diameter, respectively. A free jet is first considered. Four jets impinging on a
flat plate normally are then examined. The distance L between the nozzle lip and the flat
plate varies from L = 4.167¢ up to L = 9.32r¢ where ro = D/2, for the impinging jets. The
effects of the plate on the aerodynamic and acoustic properties of the jets are thus studied.
For the free jet, snapshots of density, pressure and vorticity are presented. Mean velocity
fields are displayed, they are in good agreement with experimental data. The near pressure
field of the jet is investigated using Fourier decomposition. A screech tone component is
found, at a frequency comparing well with experimental data and theoretical models. For
the four impinging jets, similarly, flow snapshots and mean flow fields are shown. The
results obtained are similar to the corresponding measurements. The convection velocity
of large-scale structures in the jet shear layers is then evaluated and an expression giving
the average convection velocity between the nozzle lips and the flat plate is proposed. The
near pressure fields are then explored, and the main properties of the aeroacoustic feedback
mechanism occurring between the nozzle lip and the flat plate are presented. The results
are consistent with theoretical models and experimental data.

I. Introduction

Very intense tones were observed experimentally by Powell! and Wagner,? among others, in the acoustic
field of high subsonic and supersonic jets impinging on a flat plate normally. Moreover, as the distance
between the nozzle and the flat plate varies, a staging phenomenon of the main tone frequency was obtained.
Powell! suggested that such tones are generated by a feedback mechanism between hydrodynamic instabilities
propagating downstream from the nozzle to the plate and acoustic waves propagating upstream from the
plate to the nozzle.

For round subsonic impinging jets, Ho & Nosseir® and Nosseir & Ho* built a model to predict the tone
frequencies of the feedback mechanism. This model is based on cross-correlations between microphones in
the near field of impinging jets. Later, Tam & Ahuja® proposed that the upstream-propagating waves of
the feedback mechanism correspond to neutral acoustic wave modes of the jets. They found an allowable
frequency range for each upstream propagating neutral acoustic wave mode of the jet flow using a vortex sheet
jet model. They obtained results in line with the experimental data of Wagner? for high subsonic round jets.
Round supersonic jets impinging on a flat plate normally have been investigated experimentally by Henderson
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& Powell,® Krothapalli et al.” and Henderson et al.® In some cases, a feedback mechanism is observed as in
subsonic jets. This is very often the case when the jet is ideally expanded, but only for some nozzle-to-plate
distances when the jet is imperfectly expanded. Henderson & Powell® suggested that, in the latter case, the
feedback establishes only when a Mach disk forms upstream from the plate. Recirculation zones were also
observed near the flat plate by Krothapalli et al.” More recently, for underexpanded impinging jets, Risbord
& Soria’ explored the instability modes of the jets using ultra-high-speed Schlieren and shadowgraphy
techniques. Axial and helical modes have been identified and the Mach disk located upstream from the
plate has been observed to oscillate. For similar jets, Buchmann et al.'® observed the periodic formation of
large-scale structures in the jet shear layers using a high spatial resolution Schlieren imaging. The complete
feedback mechanism is visible, and includes large-scale structures in the shear layers propagating downstream
from the nozzle to the plate and acoustic waves propagating upstream from the plate to the nozzle. Finally,
Mitchell et al.'' studied the periodic oscillation of the shear layer of underexpanded impinging jets using
time-resolved Schlieren image sequences. Unfortunately, the connections between the different flow features
listed above, namely, the shock-wave oscillations, the periodic shear-layer instabilities, the recirculation zones
near the plate, and the production of tones, remain unclear. In order to understand these interactions, Kuo
& Dowling!'? considered that there is a flux resonance in the region of impact between the Mach disk and
the flat plate, and they developed a 1-D model of the Mach disk motion involving acoustic and entropy
waves. With this model, a resonance condition is found, and for a given mean velocity flow, the frequency
of resonance of the Mach disk motion can be estimated. The predicted resonance frequencies matched the
experimental tone frequencies observed by Powell'® only for small plates, although the model was supposed
to be adapted to all plate sizes. Moreover, the model is only valid when there is no recirculation zones
between the Mach disk and the plate. When the jet is strongly underexpanded and the plate is located in
the first cell of the free equivalent jet, a feedback loop involving disturbances in the shear layer between the
subsonic region downstream of the Mach disk and the supersonic peripheral flow was proposed by Henderson
et al.® Numerical simulations were conducted by Dauptain et al.'% 15 for such configurations, and a modified
model to predict the tone frequencies of the feedback loop was proposed.

In the present work, the LES of five round jets are carried out in order to investigate the feedback
mechanism occurring between the nozzle lip and the flat plate for impinging jets. In particular, the spectral
and hydrodynamic properties of the jets are studied and compared with experimental data and theoretical
models. The paper is organized as follows. The jets parameters and the numerical methods used for the
LES are given in section II. The aeroacoustic properties of the free jet is then presented in section III, and
compared with experimental data and theoretical models. The four jets impinging on a flat plate are then
described in section IV, and the feedback mechanism is studied by evaluating the convection velocity and
describing the near pressure fields of the jets. Concluding remarks are given in section V.

II. Parameters

II.A. Jets parameters

Large-eddy simulations are performed for four jets impinging on a flat plate with nozzle-to-plate distances
L/rg of 4.16, 5.6, 7.3 and 9.32, and for a free jet, as shown in table 1. The jets are referred to as JetL4,
JetL5, JetL7 JetL9, and Jetfree, respectively. The ejection conditions of the jets and the nozzle-to-plate
distances are similar to the conditions in the experiments of Henderson et al.® The jets have a Nozzle
Pressure Ratio of NPR = P,/P,, = 4.03, a fully expanded Mach number of M; = 1.56, a Reynolds
number of Re; = u;D/v =5 x 10* and an exit Mach number of M, = 1. They originate from a pipe nozzle
whose lip thickness is equal to 0.17g. At the nozzle exit, a Blasius boundary-layer mean velocity profile is
imposed with a boundary-layer thickness of dg;, = 0.15r.

II.B. Numerical parameters

The unsteady compressible Navier-Stokes equations are solved on a cylindrical mesh (r, 6, z) by using an
explicit six-stage Runge-Kutta algorithm for time integration, and low-dispersion and low-dissipation explicit
eleven-point finite differences for spatial derivation.'®17 At the end of each time step, a relaxation filtering
is applied to the flow variables in order to remove grid-to-grid oscillations and to dissipate subgrid-scale
turbulent energy.'® 19 The radiation conditions of Tam & Dong?° are implemented at the inflow and lateral
boundaries of the computational domain. A sponge zone combining grid stretching and Laplacian filtering



Mj Rej L/’I“O
JetL4 156 5x10* 4.16
JetL5 156 5x10* 5.6
JetL7 156 5x10* 7.3
JetL9 1.56 5x10* 9.32
Jetfree 1.56 5 x 10% -

Table 1. Jet parameters: fully expanded Mach number M ;, Reynolds number Re;, and nozzle-to-plate distance L/7¢.

is also employed to damp the turbulent fluctuations before they reach the lateral boundaries. The present
solver has been previously used?!:22 to simulate 3-D round jets at a Mach number M, = 0.9. Adiabatic
conditions are imposed to the nozzle walls and to the flat plate. A shock-capturing filtering is applied in order
to avoid Gibbs oscillations near shocks. It consists in applying a conservative second-order filter optimised in
Fourier space at a magnitude determined each time step using a shock sensor.?? This method was successfully
used by de Cacqueray et al.?* for the LES of an overexpanded jet at Mach number M, = 3.3. Moreover,
low-amplitude vortical disturbances, not correlated in the spanwise direction,?' are added in the boundary
layer in the nozzle, at around z = —ry and r = 0.90r¢, in order to generate velocity fluctuations at the nozzle
exit. The strength « of the forcing is fixed to 0.02 to obtain turbulent intensities between 5% and 10% of
the fully expanded jet velocity at the nozzle exit. This value is similar to those used in Bogey et al.?! The
axis singularity is treated with the method proposed by Mohseni & Colonius.?® Notably, the first point close
to the axis is located at r = Ar/2, where Ar is the radial mesh size. Finally, a reduction of the effective
resolution near the origin of the polar coordinates is implemented,?® in order to increase the admissible time
step of the simulation.

Ny Ng Ny number of points
Jetl4 500 512 668 171 x 108
JetL5 500 512 764 195 x 106
JetL7 500 512 780 200 x 10°
JetlL9 500 512 847 217 x 108
Jetfree 500 512 1561 400 x 108

Table 2. Mesh parameters: number of points in the radial, azimuthal and axial direction, and total number of points.

The simulations are carried out using an OpenMP-based in-house solver, and a total of 180, 000 iterations
are computed in each case for the steady state. The simulation time is thus equal to 10007¢/u;. The
cylindrical meshes (n,, ng, n,) contain between 171 and 400 million points, as reported in table 2. The
variations of the radial and axial mesh spacings are represented in figure 1.
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Figure 1. Representation of: (a) radial mesh spacings, and (b) axial mesh spacings: —— JetL4, — — JetL5,
— — — JetL?7, JetL9 and + + + Jetfree.

For the impinging jets, the minimal axial mesh spacing, near the nozzle lip and the flat plate, is equal
to Az = 0.0075rg, and the maximal axial mesh spacing, between the nozzle and the plate, is equal to



Az = 0.0157¢ for JetL4 and JetL5, and to Az = 0.03rg for JetL.7 and JetL9. The minimal radial spacing
is Ar = 0.0075r9 at » = rg, and the maximal radial spacing is Ar = 0.06r for 5r9 < r < 15rg. Then,
for r > 157y, a sponge zone is implemented. For the free jet, the grid is the same in the radial direction,
but differs in the axial direction far from the nozzle with a maximal axial mesh spacing of Az = 0.03r( for
5rg < z < 301, and a sponge zone for z > 30ry. These discretizations allow acoustic waves with Strouhal
numbers up to Stp = fD/u. = 6.4 to be well propagated, where f is the frequency. Finally, note that grids
are stretched at rates lower than 1% outside the sponge zones, in order to preserve numerical accuracy.

III. Results for the free jet

The results obtained for the free jet are first described for validation of the numerical set-up and for
comparison with the results for the impinging jets.

III.A. Flow snapshots

In order to illustrate the shear-layer development downstream of the nozzle, a snapshot of the vorticity
norm obtained in the plane (z,r) is presented in figure 2. The shear layer develops rapidly downstream of
the nozzle exit with both small and large turbulent structures, in agreement with the Reynolds number of
Re; = 5% 10%. The end of the jet potential core appears to be located around 17.5r¢. Lau et al.?” proposed
an empirical model for the length of the potential core z, for isothermal jets with Mach number up to 2.5,
which writes

D424+ 1IM? (1)
D; J
where D; and M are the fully expanded diameter and the Mach number of the jet.

For the present free jet, the parameters M; = 1.56 and D; = 2.2mm give a potential core length of
zp = 1579. Tam et al.?® included in the expression (1) the temperature ratio between the stagnation and the
ambient temperatures in order to take into account compressibility effects. This expression gives z, = 17.57¢.
A good overall agreement is thus found between the present result and the empirical expression derived by
Tam et al.?8
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Figure 2. Snapshot in the (z,r) plane of the vorticity norm |w| for Jetfree. The colour scale ranges up to the level of
10u./D.

In order to visualize both the flow and acoustic fields, a snapshot in the (z,r) plane of the density and
the fluctuating pressure is provided in figure 3(a). A shock-cell structure, typical of an underexpanded jet,
is obtained with around ten shock cells visible. Because the jet is highly underexpanded, a Mach disk is
found in the first cell, at z = 2.35ry and shear layers can be observed in figure 2 between the subsonic
and the supersonic region downstream of the Mach disk. This is in agreement with the results of Powell,?
Henderson,?® and Addy,?® who noted that a Mach disk is generated in underexpanded jets for NPR > 3.8
or 3.9. In the pressure field, acoustic waves and two acoustic contributions can be seen. First, circular
wavefronts are visible and seem to originate from the first five cells. They are due to the interactions
between the shocks and the turbulence in the jet shear layers. Upstream propagating acoustic waves can
also be observed on each side of the jet, in the vicinity of the nozzle. For the comparison, a Schlieren picture
of an underexpanded jet obtained by André et al.3! is displayed in figure 3(b). The fully expanded Mach
number of the jet is M; = 1.55 and the exit Mach number is M, = 1. A great similarity is noted with



the computed jet. In particular, the Mach disk is clearly visible in the first cell as well as the shear layers
downstream.
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Figure 3. (a) Snapshot in the (z,7) plane of the density in the jet and close to the flat plate, and of the fluctuating

pressure for Jetfree. The colour scale ranges from 1 to 3 kg.m™3 for the density and from —2000 to 2000 Pa for the
pressure; (b) Schlieren picture of an underexpanded jet obtained by André et al.>* for a M = 1.55 and M. =1 jet.

III.B. Mean fields

The mean axial and radial velocity fields are presented in figure 4, where the experimental PIV results of
André et al.3' are also displayed. The geometry of the shock-cell structure and the levels obtained in the
LES and in the experiment are in good agreement.
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Figure 4. Mean fields in the (z,r) plane of (a) axial and (b) radial velocities for Jetfree. The colour scale ranges from
0 to 600 m.s~! for the axial velocity and from —150 to 150 m.s~ ' for the radial velocity; the PIV results of André et
al.®! for a M = 1.55 and M. = 1 jet are displayed in the black rectangles.

In figure 4(a), the length of the first shock cell L, of the jet appears to be 3.207. This result is identical
to those of Henderson et al.® for a similar free jet. Besides, the length of the first cell can be estimated by
using a first-order shock solution based on the pressure ratio ps/pa, where p; is the pressure perturbation
of the shock-cell structure and ps + p, is the actual pressure in the jet. This solution was first proposed by
Prandtl? in 1904. Later, the following approximated solution was given by Tam & Tanna:33

WDjB
231

L,= ~ 1.3068D, (2)



where g7 is the first zero of the zero-order Bessel functions of the first kind and g = ,/M? — 1. This

expression is called Prandt formula. Expression (2), for the present jet, provides Ly = 3.45r, which is
slightly larger than the measured and computed values. Later, the expression (2) was improved by Pack3
by calculating the first forty coefficients of the model of Prandtl,?? yielding Ls = 1.223D, hence L; = 3.20r
for the present jet, which is similar to the values reported above.

The shock-cell size seems to decrease with the downstream distance in figure 4(a). This evolution is
due to the growth of the shear layer and to the dissipation of the shock-cell structure. The decrease of the
normalized shock-cell size is presented in figure 5 for the present jet and for the jets of André et al3' A
good agreement is found between the present jet and the experimental results.>! A linear variation of the
shock-cell size is also obtained, as observed by Harper-Bourne & Fisher?® for instance.
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Figure 5. Normalized lengths of the first ten shock cells in — @ — the present jet, and the experimental jets of André
et al.®' with — e — M, = 1.50, M; =1.35, —e — M; =1.15 and — ¢ — M; = 1.10.

For the first eight cells of the present jet, the mean velocity field provides a total size of 20.5ry. For
underexpanded supersonic jets, Harper-Bourne & Fisher®® and Seiner & Norum?3® obtained an empirical
expression for the size of the first eight cells, which writes Ly = 1.118D. For the present jet, the formula
provides L; = 21.5rg, which is consistent with the above value.

Finally, the Mach disk located at zjp; = 2.3rg is a normal shock wave. For a normal shock, the Rankine-
Hugoniot jump condition leads

uy (Y —1)MI+2 3)

up (Y +)M3?
where u; and us are the velocities upstream and downstream of the normal shock wave respectively, and
M is the upstream Mach number. In the present jet, one sets u; = 595 m.s~' and M; = 2.75 before the
Mach disk and us = 166 m.s~! after the Mach disk. The latter value compares very well with the value
Uy, = 164 m.s™! predicted by the Rankine-Hugoniot jump condition. The Mach disk position z3; and
diameter Dj; can also be estimated from the mean velocity field, yielding zp; = 2.3rg and Dj; = 0.25r.
Experimentally, Addy>3® observed a Mach disk for jets with a N PR exceeding 3.9, and obtained the following
empirical expressions:

;ﬂ — 0.65VNPR (4)
J
%—M =0.36vVNPR — 3.9 (5)

J
The Mach disk positions and diameters obtained from the present simulation, the experiments of Addy?°
and expressions (4) and (5), are plotted as a function of the Nozzle Pressure Ratio in figure 6. A good overall
agreement is found. It can be noted that expression (4) slightly overestimates the position of the Mach disk
for NPR < 6.

III.C. Acoustic results

The sound pressure level (SPL) obtained near the nozzle exit at z = 0 and r = 2r¢ is displayed in figure 7
as a function of the Strouhal number Stp = fD/u.. One tone emerges 15 dB above the broadband noise at
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Figure 6. (a) Position and (d) diameter of the Mach disk at the end of the first shock cell obtained: e for Jetfree, X
in the experiment of Addy®°® and using expressions (4) and (5).

a Strouhal number of Stp = 0.38. Such a result is typical of a screeching jet, see for instance in Westley &
Woolley,3” Tam & Tanna,?3 Panda,® and André et al.3' The tone at Stp = 0.38 can therefore be attributed
to the generation of screech noise by the jet.
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Figure 7. Sound pressure level (SPL) at » = 279 and z = 0 as a function of the Strouhal number for Jetfree.

The near pressure fields in the (z,7) plane have been recorded every 50" time step. The results are
arranged in the M x N matrix:

Pl pP: . PN
Pl pP? . PN
Pall — 2 2 2 (6)
Py Py . Py
where N is the number of samplings, and M = n, X 2n, is the total number of points in a (z,7) plane. The
pressure field obtained at a given time is thus provided by one column of P,;;. A Fast Fourier Transform is
applied to each row of the matrix P,;. In this way, for a given frequency, the amplitude and the phase fields
can be displayed. For the tone at Stp = 0.38, they are given in figure 8. The amplitude field in figure 8(a)
exhibits a cell structure different from the shock-cell structure. Such a structure is observed in the presence
of an hydrodynamic-acoustic standing wave, as is the case in supersonic screeching jets, see in Panda.?® The
typical cell length in this structure is equal to the wavelength L, of the standing wave formed between the
downstream propagating large-scale structures in the shear layers and the upstream propagating acoustic
waves. The screech frequency fs associated with this wavelength is provided by the model of Panda:38
Ue

S L) "

where u. is the mean convection velocity of the structures in the shear layers and ¢y is the ambient sound
speed. For the present jet, the cell structure in figure 8(a) shows a spatial periodicity of Lg, ~ 2.5r9. The



mean convection velocity, computed from cross-correlations of axial velocity fluctuations in the shear layers,
see in section IV, is u. = 0.65u;, where u; is the fully expanded jet velocity. Expression (7) thus leads to a
screech Strouhal number of Stp = fsD/u. ~ 0.38, which is in agreement with the tone frequency of figure 7.
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Figure 8. Amplitude (a) and phase (b) fields in the (z,r) plane obtained for the dominant tone frequency of Jetfree at
Stp = 0.38.

In figure 8(b), a 180 degree phase shift with respect to the jet axis is visible. This indicates that the mode
at Stp = 0.38 is sinuous or helical. More precisely, using a Fourier decomposition of the fluctuating pressure
on 32 sensors regularly-spaced in the azimuthal direction, at z = 0 and r = 2ry, it turns out to be helical.
This mode is compared in figure 9 with the dominant screech tones found in the experiments of Powell et
al.3 for round supersonic underexpanded jets. These tones are associated with varicose modes (Al and
A2), with sinuous and sometimes helical modes (B), with helical modes (C'), and with sinuous modes (D).
The screech tone in the present jet falls in the vicinity of tones C, in agreement with the results reported
above. Consequently, both the frequency and the nature of the screech mode in Jetfree are consistent with

the theoretical predictions of Panda®® and the measurements of Powell et al.?”
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Figure 9. e Dominant screech tone frequencies obtained in the experiments of Powell et al.®® as a function of the fully
expanded Mach number M ;; X dominant screech tone frequency in Jetfree.

In the next section, jets with the same exit conditions as Jetfree impinging normally on a flat plate for
four different nozzle-to-plate distances are presented. The positions of the plate with respect to the shock-cell
structure of Jetfree are shown in figure 10. For JetL4, with L = 4.167(, the plate is located in the first half of
the second cell of the shock-cell structure, where the velocity increases and the pressure decreases with the
axial distance on the jet centerline, whereas for JetL5, with L = 5.6rg, it lies in the second half of the second
cell, where velocity decreases and pressure increases. For JetL.7 and JetL9, with L = 7.3r¢ and L = 9.32ry,
the plates are located in the first halves of the third and of the fourth cells of the shock-cell structure,



respectively. These remarks are of interest, given that, according to Henderson et al.,® the occurrence of
intense tones in imperfectly expanded impinging jets depends on the location of the plate in the shock-cell
structure of the corresponding free jet.
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Figure 10. Mean density field in the (z,r) plane for Jetfree. The colour scale ranges from 1 to 3 kg.m~3. The black
lines correspond to the position of the plates for the impinging jets.

IV. Results for the impinging jets

IV.A. Flow snapshots

In order to illustrate the flow fields in the impinging jets, isosurfaces of density are displayed in figure 11
for JetL9. In the jet, a shock-cell structure appears clearly between the nozzle and the plate in blue an red.
The boundaries of the mixing layers are also well visible in cyan. In addition, longitudinal structures can be
seen on the outer border of the first shock cell. They have been described in different experiments, including
those by Arnette et al.*® They are due to small perturbations at the nozzle exit, which are amplified by
Taylor-Goertler-type instabilities, and are specific to underexpanded jets.

Figure 11. Isosurfaces of density for JetL9. The blue, cyan and red isosurfaces correspond to the values of 0.8, 1.25
and 2.5 kg.m ™3, respectively. The nozzle and the flat plate are represented in grey.



Snapshots of the vorticity norm obtained in the (z,7) plane for JetL4, JetL5, JetL7 and JetL9, are
presented in figure 12. In JetL4, in figure 12(a), large vortical structures of typical size 0.2r( are found in
the shear layers. They are strongly correlated in the azimuthal direction (not shown here). The distance
between the two sliplines visible downstream of the Mach disk at z ~ 2r¢, equal to 0.57¢, is larger than that
in the free jet, equal to 0.23rg, which results from a larger diameter of the Mach disk. In JetL5, JetLL7 and
JetL9, the shear layers develop in the same way as in Jetfree with both small and large turbulent structures.
The distance between the sliplines downstream of the Mach disk is also the same as in Jetfree.
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Figure 12. Snapshots in the (z,r) plane of the vorticity norm |w| for for (a) JetL4, (b) JetL5, (c) JetL7 and (d) JetL9.
The colour scale ranges up to the level of 10u./D.

Snapshots of density and fluctuating pressure in the (z,r) plane are provided in figure 13 for the four
jets. In figure 13(a), for JetL4, one shock cell appears in the density field. Compared to the free jet where
the Mach disk is located at zp; = 2.3r¢, the cell here is shorter, with z;; = 1.85ry. The Mach disk is also
thicker than in the free jet. An annular oblique shock is visible around the Mach disk, as in Jetfree. The
temporal evolution of the jet shows a strong axial motion of the Mach disk, as experimentally observed by
Risborg & Soria.? Moreover, the periodic motion of the Mach disk is synchronized with the strong spherical
sound waves visible in the pressure field. In figure 13(b), for JetL5, the first cell of the shock-cell structure is
similar to that in Jetfree. A Mach disk forms upstream from the plate, at z = 4.25r¢, in the second cell. In
the pressure field, sound waves seem to propagate from the region of the impact. In figure 13(c), for JetL7,
the two first cells of the shock-cell structure resemble those in Jetfree. Two acoustic contributions are visible
in the pressure field. First, wavefronts centered around the annular oblique shock of the first cell appear.
They are due to the interactions between the oblique shock and the turbulence in the shear layers. A second
acoustic contribution seems to come from the region of impact. Finally, in figure 13(d), for JetL9, a Mach
disk forms upstream from the plate at z = 7.7r¢, in the third cell. The pressure field looks like the pressure
field of JetL7.

IV.B. Mean flows

The mean velocity fields obtained in the (r, z) plane are presented in figure 14. A good agreement is found
with the measurements of Henderson et al.® For JetL5 and JetL7, however, shock cells are slightly shorter
in the simulation than in the experiment. For JetL4, in figure 14(a), the effects of the flat plate on the
first shock cell mentioned previously are clearly visible. For JetL5 and JetL9, a second cell and a third cell,
respectively, cannot fully form before the plate, and a Mach disk is generated close to the wall. On the
contrary, for JetL7, in figure 14(c), the two first cells of the shock-cell structure appear to spread over the
entire space between the nozzle and the plate, and no Mach disk is created upstream from the plate. Finally,
for JetL4, JetL5 and JetL9, recirculation zones are found on each side of the jet near the plate, in agreement
with the experiments of Henderson & Powell,® Krothapalli et al.” and Henderson et al.® These results are
also in line with the observations of Kuo & Dowling'? who noted the appearance of a recirculation zone
when the distance between the Mach disk and the flat plate exceeds 1.2rg. This distance is indeed equal to
2.3rg, 1.3579 and 1.6rg for JetL4, JetL5 and JetL9.
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Figure 13. Snapshots in the (z,r) plane of the density in the jet and close to the flat plate, and of the fluctuating

pressure for (a) JetL4, (b) JetL5, (c) JetL7 and (d) JetL9. The colour scale ranges from 1 to 3 kg.m™2 for the density
and from —2000 to 2000 Pa for the pressure.
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Figure 14. Mean velocity fields in the (2, r) plane for (a) JetL4, (b) JetL5, (c) JetL7 and (d) JetL9. The colour scale
ranges from 0 to 500 m.s~?!

8 9.32

. The experimental results of Henderson et al.® are represented in the black rectangles.

IV.C. Convection velocity

The convection velocity u. of the large-scale structures in the jet shear layers has been estimated. It has
been calculated at the center of the shear layer, whose position is given by the maximum of the root mean
square of velocity fluctuations. The resulting path for JetL9 is for example displayed in figure 15. Along
this path, axial velocity cross-correlations are computed to obtain the convection velocity. The results are
shown in figure 16(a) for the free jet and the impinging jets.

Z/T’o

Figure 15. Root mean square values of velocity fluctuations for JetL9. The color scale ranges from 0 to 100 m.s™'.

The black line shows the position of the maximum values.
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Figure 16. (a) Convection velocity of the large scale structures in the shear layers for JetL4, —-— JetL5,

— — — JetLT7, JetL9 and + + + Jetfree. The dashed vertical grey lines correspond to the end of the cells in
the shock-cell structure of the free jet. (b) Mean convection velocity between the nozzle and the plate for: X the four
impinging jets and — — — the expression 8.

The convection velocity in the shear layers is not constant but varies according to the shock-cell structure.
In the first cell, the convection velocity increases between the nozzle lips and the position of the Mach disk,
as the velocity inside the jet grows, and then decreases down to the end of the cell, following the velocity
reduction in the jet downstream of a Mach disk or an oblique shock. Similar variations can be seen for all
cells. They are consistent with the experimental results obtained by Westley & Woolley?” and by André



et al3! for imperfectly expanded round jets. The modification of the first shock cell in JetL4 described

earlier is also visible in figure 16, with a maximum of the convection velocity reached around z;; = 1.85r
for JetL4 but around zp; = 2.3rg for the other jets. Moreover, for Jetfree, the convection velocity tends to
a value around u. = 0.65u; in the downstream direction, which is in good agreement with the experimental
observations of Harper-Bourne & Fisher,?® who found u, = 0.70u; using a crossed-beam Schlieren technique.

Given the variations of the convection velocity in figure 16, it does not appear relevant to use the same
convection velocity between the lip and the plate for all nozzle-to-plate distances, as was the case in the
model of Ho & Nosseir® and Nosseir & Ho* to predict the frequencies of the feedback mechanism. Indeed,
the average convection velocity between the nozzle and the flat plate for the four impinging jets, displayed
in figure 16(b), varies from 0.54u; for JetL4 up to 0.59u; for JetL9. It can be approximated by the average
convection velocity

< Ue > (L) = 065UJ - (065U7 - O5Ue)m (8)
which is represented in figure figure 16(b) for a nozzle-to-plate distance ranging from L = 2rg to L = 10rq.
Expression (8) tends to 0.65u; for large distances L, in agreement with the result of Jetfree, and tends to
0.5u. near the nozzle, as expected.

IV.D. Pressure spectra

The sound pressure levels obtained at r = 2ry and z = 0 are plotted in figure 17 as a function of the Strouhal
numbers Stp = fD/ue. The Strouhal number of the tones whose levels are 5 dB higher than the broadband
noise are given in table 3.
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Figure 17. Sound pressure levels (SPL) at » = 279 and z = 0 as a function of the Strouhal number for (a) JetL4,

(b) JetL5, (c) JetL7 and (d) JetL9.



For JetL4, in figure 17(a), three tones emerge at Strouhal numbers St; = 0.475, Sto = 0.645 and
Sty = 1.29, with St3 = 2S5t5. The dominant tone, at Sto = 0.645, emerges 20 dB above the broadband noise.
It corresponds to the axially pulsing motion of the Mach disk noted in figure 13(a). These results agree with
the experiments of Henderson et al.,® who obtained a fundamental tone frequency at Stp = 0.67, and with
the simulation of Dauptain et al.,'® who also found an axially pulsing mode for a similar impinging jet. For
JetL5, in figure 17(b), several tone frequencies are observed at Strouhal numbers between 0.4 and 2. The
fundamental tone frequency, emerging around 10 dB above the broadband noise, is visible at Sts = 0.525.
This value is consistent with the experimental findings of Henderson et al.,* who measured a fundamental
tone at Stp = 0.52 for the same jet. For JetL7, in figure 17(c), two tone frequencies emerge around 6 dB
above the broadband noise. The dominant tone obtained at St; = 0.44 compares well with the fundamental
tone frequency observed® experimentally at Stp = 0.42. Finally, for JetL9, in figure 17(d), the fundamental
tone frequency corresponds to a Strouhal number of St; = 0.43.

Sty Sty Sts
JetL4 0.475 0.645 1.29

JetL5 0.525 - -
JetL7  0.44 0.54 -
JetL9  0.43 - -

Table 3. Strouhal numbers emerging in the spectra of figure 17. The Strouhal number of the dominant tone in each
case appears in bold.

For JetlL4, JetL7 and JetL9, a Mach disk forms just upstream of the flat plate, and strong tones are
obtained. On the contrary, for JetL7, the emerging tones are weak. These results are consistent with the
experimental results of Henderson & Powell® who noted that the feedback mechanism establishes when there
is a Mach disk upstream from the plate and ceases when there is a conical shock wave instead.

IV.E. Tone frequencies

In order to explain the tone frequencies measured for supersonic impinging jets, Powell! suggested that a
feedback mechanism establishes between the nozzle lips and the flat plate. This mechanism consists of two
steps. First, in the jet shear layers, a coherent structure is convected downstream from the nozzle to the
plate. The structure impinges on the plate, and generates an acoustic wave propagating upstream towards
the nozzle. This wave is then reflected by the nozzle lip, which excites the shear layer, and leads to the
formation of a new coherent structure. The fundamental period Tj of this feedback loop corresponds to the
sum of the time necessary for a coherent structure to travel downstream from the nozzle to the plate and
the time of propagation of an acoustic wave from the plate to the nozzle, yielding

L
1 L N+p
T:/ Ay =P 9

Ll AN o5 N ©)

where u.(z) is the convection velocity in the shear layers, ¢y is the speed of sound, p is a phase lag at the
nozzle exit, and the mode number N indicates the number of time the feedback mechanism occurs during
the fundamental period Tj.

Powell! argued that the phase lag p is not necessarily zero because the reflection of the acoustic wave on
the nozzle lips and the creation of a coherent structure in the shear layer are not simultaneous phenomena.
In experiments, Krothapalli et al.” found for instance p = 0 for subsonic round jets and p = —0.4 for
supersonic round jets. Later, Ho & Nosseir® and Nosseir & Ho? investigated the near field pressure of jets
impinging on a flat plate normally, and proposed an empirical model for predicting the frequencies of the
feedback mechanism, this model writes

N L L
_ L 10
f <UC>+CO ( )

where < u. > is the mean convection velocity of the large-scale structures in the shear layers between the
nozzle and the plate. Here, the phase lag p is considered null.

The Strouhal numbers of the dominant tone frequencies collected in table 3 for the present jets are shown
in figure 18 as a function of the nozzle-to-plate distance L/rg. The experimental tone frequencies obtained



by Henderson?® for underexpanded supersonic round jets characterized by Nozzle Pressure Ratios of 3.80,
4.03, 4.15 and 4.50 as well as the tone frequencies predicted by the expression (10) are also displayed. In the
latter case, the mean convection velocity < u. > (L) is given by the proposed expression (8).
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Figure 18. Strouhal number of the tone frequencies obtained: e for the present impinging jets, [J experimentally by
Henderson et al.® for NPR = 4.03 and X experimentally by Henderson2?® for NPR = 3.80, 4.15 and 4.50. The grey
lines show the values predicted by the expression (10).

A good agreement is found between the simulation and the experimental data. Moreover, the tone
frequencies seem to be well predicted by the model of Ho & Nosseir® and Nosseir & Ho? using expression (8).
The dominant tone frequencies in JetL4 are associated with the second and third modes of the model. As
the nozzle-to-plate increases, a switch from the second mode to the third mode is obtained for JetL5, and a
second switch from the third mode to the fourth mode happens in JetL7 and in JetL9. The dominant tone
frequencies thus remain between St = 0.43 and Stp = 0.645 for the present jets. Such a staging behaviour
of the dominant tone frequency as the nozzle-to-plate distance varies, is typical of feedback mechanisms, see
the experiments of Wagner? and Henderson,?? among others.

IV.F. Fourier decomposition of the pressure field

The near pressure fields of the impinging jets have been recorded every 50 time step and decomposed using
a Fast Fourier Transform the same way as the pressure field of Jetfree. The amplitude fields thus obtained
for the dominant tone frequencies are shown in the top views of figure 19, and the phase fields are displayed
in the bottom views.

As there is no phase shift on both sides of the jet axis in figure 19(e), the fundamental tone frequency
of JetL4 is associated with a varicose mode. This result is consistent with the axially pulsing motion of the
Mach disk reported previously and with the experiments of Henderson et al.® who obtained symmetrical
jet oscillations for a similar impinging jet. On the contrary, a 180 degree phase shift is visible with respect
to the jet axis in the phase fields of the dominant tone frequencies of JetL5, JetL7 and JetL9, indicating a
sinuous or helical mode. More precisely, based on a Fourier decomposition of the fluctuating pressure on 32
sensors regularly spaced in the azimuthal direction at z = 0 and r = 2r(, the mode is helical for the three
cases.

Information on the sound sources are also provided by the amplitude and phase fields of figure 19. For
a better description, let a be the angle at the impingement region between the upstream direction and the
waves propagating from the flat plate, as illustrated in figure 19(a). For the dominant tone frequency of
JetL4, in figures 19(a) and 19(e), two acoustic contributions are revealed. Indeed, two regions of constructive
interferences appear in the amplitude field. The first acoustic contribution can be seen in the shear layers
of the jet and in the near field on each side of the nozzle, for 0 < a < 20 degrees. This contribution
corresponds to the upstream propagating acoustic waves which close the feedback mechanism. The second
contribution is visible for 40 < o < 70 degrees and seems to be generated from a point located on the plate
at r ~ 3rg. This position coincides with an intense spot in the amplitude field. Destructive interferences can
be seen for o ~ 30 degrees between the two acoustic contributions in figure 19(e) with a strong reduction
of the amplitude in this direction. The far-field noise in the sideline directions is thus mainly due to the
second contribution and the localisation of the intense spot in the amplitude field on the plate at r ~ 3rg
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Figure 19. Amplitude (top) and phase (bottom) fields obtained for the dominant tone frequency in (a) and (e) JetL4
(Stp = 0.645), (b) and (f) JetL5 (Stp = 0.525) (c) and (g) JetL7 (Stp = 0.44) and (d) and (h) JetL9 (Stp = 0.43).

in figure 19(a) corresponds to the acoustic source found experimentally by Henderson et al.,® for a similar
impinging jet, on an annular region on the plate, at r = 2.6ry. For the dominant tone frequencies of JetL5
and JetL9, two acoustic contributions can similarly be noted. The second contribution seems to come from
a point located on the plate at r ~ 4ry. Finally, for the dominant tone frequency of JetL7, there is no clear
destructive interferences. Only one acoustic contribution appears to propagate from the region of impact.

V. Conclusion

In this paper the flow and near pressure fields of a free jet and four impinging underexpanded jets have
been presented. They have a fully expanded Mach number of M; = 1.56, a Reynolds number of Re; = 5x 10%
and an exit Mach number of M, = 1. The free jet is first investigated. Flow snapshots of vorticity, density
and pressure as well as mean velocity fields are shown. The results, including the shock-cell structure,
are consistent with experimental data, empirical and theoretical models. A tone frequency associated with
screech noise is obtained in the near pressure field of the jet. Its frequency and helical nature agree well
with the model of Panda3® describing the formation of an hydrodynamic-acoustic standing wave and with
the measurements of Powell et al.°

The four impinging jets are then studied. Flow snapshots and the mean fields of the jets are presented
and compared with experimental data and with the results of the free jet. The convection velocity in the
shear layers of the jets is evaluated. An expression yielding the mean convection velocity between the nozzle
and the flat plate, for nozzle-to-plate distances L ranging from 27y to 10rg, is then proposed. The near



pressure fields reveal several tone frequencies. A staging phenomenon of the main tone frequency with the
nozzle-to-plate distance is found, which is typical of an aeroacoustic feedback mechanism occurring between
the nozzle lip and the flat plate. The different models existing for the mechanism are presented and the
model of Ho & Nosseir® and Nosseir & Ho? is applied using the expression (8) giving the average convection
velocity < u. > (L). A very good agreement is found for the tone frequencies obtained. Finally, the nature
of the dominant modes is identified. The results are consistent with experimental and numerical results.
Notably, the strength of the feedback mechanism appears to be correlated with the formation of a Mach disk
upstream of the plate, as noted by Henderson & Powell.

In further work, the underlying physics of the feedback mechanism will be explored. This will be done
by extracting the most energetic modes by proper orthogonal decomposition and by using dynamic mode
decomposition. The effect of the Mach disk position and motion on the feedback mechanism will then be
studied.
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