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Experimental study of the
coherent vorticity in
slightly under-expanded
supersonic screeching jets
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Abstract

The noise generation mechanism of screech tone by shock leakage in underexpended round jets is

experimentally investigated by means of phase-averaged velocity fields. Two jet flows at Mach

numbers 1.10 and 1.15 are measured by a particle image velocimetry apparatus simultaneously

with their near acoustic fields and sorted according to their phase with respect to a screech period.

The coherent vorticity fields are then computed and analyzed. They depict two distinct regions of

high level of vorticity fluctuations. Thanks to the knowledge about shock leakage gathered in

previous studies, the role of both regions in the acoustic generation process is identified and a

region of the flow is recognized as suitable for emitting acoustic waves. Phase-averaged schlieren

visualizations are also computed and used to determine the motion of the first five shocks over a

screech period. For both jets, the peak shock motion is found at the fourth shock tip. This shock is

also located in the region recognized as favorable for the shock leakage to be observed.
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Introduction

Screech noise is a tonal component produced by imperfectly expanded supersonic jets.
It was first identified by Powell1 as a phenomenon emerging from an acoustic feedback
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mechanism. From this pioneering work, it has been accepted that the feedback loop can be

split into hydrodynamic structures convected in the jet mixing layer, and acoustic waves

propagating upstream that initiate the generation of new structures when reaching the

nozzle. Acoustic waves are produced by the interaction between the hydrodynamic structure

and the periodic shock-cell pattern. The principle of this loop is now widely accepted in

aeroacoustics, but the complex mechanisms causing the acoustic radiation and the acoustic

receptivity of the mixing layer remain an ongoing research topic. Fairly accurate models2–5

indeed allow for screech frequency prediction, but the understanding of the process in terms

of gain is necessary for predicting screech intensity. The receptivity has been indirectly

investigated by modifying the acoustic field through the use of reflectors6–9 and absorbent

panels10,11 near the nozzle, and the flow itself with different shapes of nozzle lip,12–15 but has

not yet been modeled. Several theoretical approaches have nevertheless been developed over

time. Tam’s theory16,17 rests upon the linear interaction between the screech instability

waves, and the periodic shock-cell pattern that produces an upstream propagating wave

at screech frequency which travels at the speed of sound. A second theory18–21 relies on the

acoustic emission by shock leakage across the mixing layer, but suffers from a lack of

quantitative data to be fully established. The aim of the present work is to provide such

data complementary with those proposed by Edgington-Mitchell et al.22 for the helical

mode. In particular, the study focuses on the experimental characterization of the coherent

vorticity field that plays a critical role in shock leakage.
Screech displays various modes associated with different frequency stages that depend

upon the nozzle pressure ratio (NPR). These modes are axisymmetric, flapping, or helical

and described in Ramanib’s review23 for round jets. The present study will focus on under-

expanded jets exhausted from a convergent nozzle at low supersonic Mach number, for

which only the axisymmetric modes called A1 and A2 are observed. For two jets, the

velocity and vorticity fields coherent with the screech tone are extracted from particle

image velocimetry (PIV) measurements of the planar velocity field, thanks to phase aver-

aging post-processing. A mechanism for screech radiation based on the shock leakage is

proposed, and a region of possible upstream propagating acoustic radiation is identified.

These results are finally put together with the shock dynamics determined from phase-

averaged schlieren measurements on the same jets to provide a complete picture of screech.

Experimental setup

The present experiments were conducted in the 10 m � 8 m � 8 m anechoic wind tunnel of

the Center for Acoustic at École Centrale de Lyon. The wind tunnel is equipped with a high

pressure compressor and a high flow rate centrifugal fan. In the present experiment, the high

pressure supply is connected to a convergent nozzle24 of exit diameter D¼ 38 mm. A sec-

ondary convergent nozzle coaxial to the primary one of diameter 236 mm is also used and

fed by the fan. The exit plane of this secondary nozzle is located 135 mm upstream of the exit

plane of the primary one. For this study, the NPR of the jets generated by the primary

nozzle are NPR¼ 2.14 and NPR¼ 2.27 that correspond to fully expanded jet exhausted at a

Mach number Mj ¼ 1:10 and Mj ¼ 1:15 and to Reynolds numbers of ReD ¼ 8:5� 105 and

ReD ¼ 8:9� 105, respectively. The NPR is monitored during experiments and was found to

remain constant within �0:3%. The secondary flow is only used for flow seeding purpose

during PIV measurement, with an exit velocity of approximately 10 m/s.
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PIV was applied to measure planar velocity fields of the two jets. Illumination is provided by
a Litron Bernoulli 200–15 laser at 532 nm wavelength with 2�200 mJ pulse energy. The laser
sheet crosses the jet through its axis and covers a usable field of 3D in the axial direction, and
�1:5D around the jet axis in the radial direction. Particle images are acquired by a PCO.edge
5.5 camera mounted perpendicular to the laser sheet at a distance of 1 m. It is equipped with a
135 mm lens and an additional 20 mm extension ring. The images contain 2560 � 2160 pixels
covering a field centered on the jet axis of axial and radial extents 2.9D (110 mm) and 2.4D
(90 mm). The images are separated by 2 ls at a repetition rate of 15 Hz. For each studied case,
data are made of three set of acquisitions shifted by 2.5D that results in a field of physical size
7:4D� 2:4D. The primary jet is seeded by an oil droplet generator, and the secondary flow is
seeded with smoke. The relaxation time of the particles has been recognized as satisfactory in
André et al.25 for this configuration. The post-processing is performed by LaVision DaVis 7
with initial interrogation windows of 32 � 32 (0:04D� 0:04D) pixels decreasing to 8� 8
(0:01D� 0:01D) with 50% overlap and two passes per window size.

A conventional Z-type schlieren apparatus was also used to visualize the flow. It consists
of two f=8 parabolic mirrors of diameter 200 mm separated by 2.5 m, a high-power Cree
XP-L LED as light source, and a knife edge set perpendicular to the jet axis. Images are
recorded at a sampling rate of 18,000 frames per second by a Phantom V12 CMOS camera
equipped with a Sigma 120–400 mm f/4–5.6 lens. The exposure time of the images is 4 ls,
which is approximately equal to 1/40th of the screech period for both jets.

Phase averaging

Particle image velocimetry

Phase-averaged flow description consists in determining the evolution of an arbitrary quan-
tity with its phase with respect to a given periodic phenomenon. A first method consists in
triggering the acquisition of data from a reference signal. This method has for instance been
used in the investigation of the screech phenomenon by Westley and Wolley,26 Panda27 or
Alkislar et al.28 from schlieren visualization, near field pressure, density measurements, or
PIV measurements. The quality of the phase reference, however, rests upon the reference
signal that must be cleaned from any noise contamination. For the screech tone, the refer-
ence signal can be the acoustic pressure measured in the upstream direction of the jet which
is already a well demarcated peak in the spectrum. This is illustrated in Figure 1 by an
example of pressure spectra measured in the nearfield and farfield of the two jets considered
in this study. Nevertheless, even though in the nearfield the screech tone emerge by 26 dB for
Mj ¼ 1:10, and by 34 dB for Mj ¼ 1:15, the broadband noise contribution to the signal
cannot be neglected. Therefore, this signal is in general bandpass filtered to increase the
phase trigger precision. The bandwidth of the filter must be as narrow and as steep as
possible, which requires the use of a high-order filter. Such a filter is associated with a
strong frequency dependent phase lag. As a consequence, a shift of frequency during mea-
surement results in a shift of the phase of the reference signal. PIV measurements involve
long records during which a slight screech frequency drift is likely to occur, due for instance
to a possible small change in flow exhausting conditions. In order to avoid this difficulty, it
is here chosen to record simultaneously the acoustic pressure near the nozzle, and the trigger
signal of the laser Q-switch, as performed by Henderson et al.29 for impinging jets.
The phase in the screech loop at which the Q-switch is triggered is random and can be
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determined from the recording. Similarly to the first method, the reference signal is obtained

from the acoustic pressure signal through a bandpass filtering. However, the signal is numer-

ically filtered during the post-processing. It is therefore easier to design a high-order filter

which can be applied in a zero phase lag way, ensuring no dependency of the reference with

regard to the measured screech frequency. Only an insignificant error remains from the asso-

ciated drift in the acoustic wavelength since both the acoustic source and the microphone are

fixed. The filter used is a 10th-order IRR bandpass filter centered on the screech frequency

with a bandwith equal to 3% of the screech frequency. The filtered reference pressure signal

pref is an almost prefect sinewave from which the phase reference Uref is extracted as follows

Uref ¼ arctan
Hðpref Þ
pref

 !
(1)

where Hðpref Þ is the Hilbert transform of pref. The phase resolution is determined by the

sampling frequency of the acoustic signal, namely 1 MHz in this study, corresponding to a

resolution as small as 4� 10�2 rad for the phase. The number of bins to divide the screech

period is arbitrarily set to 18. All Q-switch events, namely velocity fields, are sorted in those

bins with respect to their phase in the reference signal, and finally, all fields in a given bin are

averaged resulting in velocity fields cleaned from most of the random turbulence contribu-

tion. All the phase-averaged quantities ~q of a given variable q results in

~q ¼ �q þ qscðUkÞ (2)

where �q is the time-averaged value of q ¼ �q þ q0, qsc is the screech associated, or coherent

component, and Uk ¼ 2pi=18 for i ¼ 0; . . . ; 17. In total, 3500 images were recorded per case

to ensure a good convergence for the phase averaging.

Schlieren

Schlieren visualizations do not require an external signal to perform the phase averaging

since the chosen field of view already contains some region of the flow at rest where the
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Figure 1. (a) Acoustic spectrum at 140� with respect to the jet axis and at a distance of 50D. (b) Acoustic
spectrum measured at 110� and 5.5D. — Mj ¼ 1:15, — Mj ¼ 1:10.
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screech is mostly the only contribution. The gray-level signal taken at the point z ¼ 0:7D

and y ¼ 1:0D serves as the reference. The sampling frequency of the record is only approx-

imately three times the screech frequency which is insufficient for estimating the phase with a

satisfying precision by means of the Hilbert transform method. The phase U in the screech

cycle is therefore determined by another mean. For each image, only a short sequence of the

reference signal is considered. It starts three images before the one whose phase must be

determined, and finishes three images after, making a seven-point long signal. This short

signal is fitted by the function

Asinð2pfstk � UÞ þ C; tk ¼ ð�3; � 2; . . . ; 3Þ=facq (3)

from which A, C, and U have to be determined, and fs is the screech frequency obtained

from the schlieren film. When the phase is known for all images, the same sorting and

averaging process is applied as with PIV data.

Results

Time-averaged flow features

An overview of the flow structure is first offered through the time-averaged velocity, the

fluctuating velocity, and the spanwise vorticity component x ¼ ou=oy� ov=ox. These fields
are presented in Figure 2, remembering that q ¼ �q þ q0 with qrms

0 ¼ �q02
1=2

. The mean velocity

fields are marked by the shock-cell pattern that characterizes the structure of non-ideally

expanded jets. The end of the first five shock cells where the compression waves are reflected

into expansion waves is indicated by a dashed line. This reflection occurs at the sonic line30

represented by a solid line, whose position is determined by estimating the local static

temperature T following the Crocco-Busemann relation31

T

Tj
¼ Tamb

Tj
þ 1þ ðc� 1Þ

2
M2

j �
Tamb

Tj

 !
u

Uj
� ðc� 1Þ

2

u2

a2j
(4)

where Tamb is the ambient static temperature, Mj ¼ Uj=aj is the jet Mach number based on

the velocity Uj and on the speed of sound aj ¼
ffiffiffiffiffiffiffiffiffi
crTj

p
with Tj the jet static temperature.

The index j denotes the value of a quantity corresponding to the perfectly expanded jet.

Among the other assumptions for its derivation, equation (4) holds for an isentropic flow

and is thus used along the subsonic region frontier to determine the sonic line position.

Nevertheless, the flow across the weak shocks contained in the supersonic jet plume is also

expected to be isentropic, and conditions to use equation (4) might also been satisfied there.

By examining the mean transverse velocity field in Figure 2, it may be observed that the

location of the sonic line is found in good agreement with the position of the shock

cell structure.
The axial velocity fluctuations reach a constant value close to 0.2Uj in the shear layer for

Mj ¼ 1:15 against 0.16Uj for Mj ¼ 1:10. A similar trend is observed for the radial velocity

fluctuations, as it may be better observed in Figure 3. These higher fluctuations must be

linked to the higher acoustic pressure level at screech frequency, refer to Figure 1.
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Figure 3. Evolution of the axial (—) and radial (- - -) peak velocity fluctuations along the mixing layer. —
Mj ¼ 1:15, — Mj ¼ 1:10.

Figure 2. Contour of the mean and fluctuating velocity components and the mean vorticity for Mj ¼ 1:10
(left) and Mj ¼ 1:15 (right). The vertical dashed lines indicate the first five shock positions, and the solid line
indicates the sonic line.
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Krothapalli et al.32 have shown in their experimental study that fluctuations in the mixing
layer of screeching rectangular jets increase with the screech amplitude. This is also observed

in the PIV measurements by André et al.,33 who used a notched nozzle to remove the screech

component, and in the experiment results by Edgington-Mitchell et al.22 and Tan et al.34 for
similar Mach numbers. A turbulence intensity close to 0.16Uj is reported in the former

study, while a turbulence intensity beyond 0.20Uj was found by the latter study.

The time-averaged vorticity is also represented in Figure 2, and no significant difference
between the two jets can be highlighted.

Both jets are forced by screech tone at a Strouhal number approximately equal to

StD ¼ 0:65, which meets the range of frequencies causing instability waves amplification,
and promoting turbulent mixing. The spatial evolution of the jet momentum thickness com-

puted following the method proposed in André et al.,25 is plotted in Figure 4. The spreading

rate is found to be ddh=dz ’ 0:046, which is a higher value than for unforced jets.35

Phase-averaged flow features

Coherent velocities

It has been observed in the previous section that the two jets have a similar structure, but
they differ by their velocity fluctuation levels. The screech associated contribution (2) of the

velocity fluctuations is now investigated independently from turbulent fluctuations. Figure 5

displays the coherent axial and radial velocity fluctuations, and the coherent vorticity.
For all these quantities, the magnitude is found lower for the Mj ¼ 1:15 jet than for the

Mj ¼ 1:10. It is not expected to observe a direct simple link between the coherent fluctua-

tions, and the screech tone level. The latter is indeed determined by a complex generation
mechanism; moreover, the screech forcing does not correspond to a classical configuration

of excited flows.36

A second general observation concerning the velocity fluctuations is the noticeable mod-
ulation of uscrms and vscrms by the shock cells, already described in the literature.22,37–40 Besides,

uscrms is found to be maximum inside a region bounded by the sonic line, to be minimum at

the lip line, and to be weak in the low-speed region of the mixing layer. Conversely, vscrms is
maximum near the lip line and decreases beyond. These two features are the signature of a
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Figure 4. Evolution of the momentum thickness along the mixing layer. — Mj ¼ 1:15, — Mj ¼ 1:10.

Mercier et al. 213



convected vortex of size close to the local mixing layer thickness. The tilting of the shock

cells also produces coherent fluctuations in both directions that appear in the jet core.

Additionally, the potential core is affected by coherent fluctuations induced by the passage

of the large structures in the mixing layer. It should finally be noted that the modulation of

uscrms is not spatially synchronized in the inner and the outer mixing layer regions. Indeed,

except for the first three shock cells of the Mj ¼ 1:15 jet, in the supersonic region maximum

levels of uscrms occur barely in the middle of the shock cells with respect to the streamwise

direction, whereas they are aligned with the shock tips in the low-speed region. This behav-

ior is similar with the experimental observations by Ecker et al.39 in a Mj ¼ 1:4 overex-

pended jet, or by Edgington-Mitchell et al.22 in aMj ¼ 1:45 jet, even though the maximum is

found shifted toward the center of the shock cells in the present case in comparison with the

two latter studies. This difference possibly arises from the difference in screech mode

between these two studies in which helical mode is observed, whereas A1 and A2 modes

of the present study are axisymmetric.

Coherent vorticity

Two regions in the shear layer where xsc
rms exhibits large values can be observed in the

fluctuating vorticity map in Figure 5 (refer to white contours). They correspond either to

high-velocity regions or lower velocity regions. For Mj ¼ 1:10, the maximum of xsc
rms is first

obtained in the high-velocity region for z=D < 3. In the same axial range, high values of xsc
rms

are also visible as local maxima in the lower velocity region. For z=D > 3, values in the high-

Figure 5. Statistics of the coherent component in the Mj ¼ 1:10 (left) and the Mj ¼ 1:15 (right) jets. Note
the change in scale between the Mj ¼ 1:10 and Mj ¼ 1:15 jets. The vertical dashed lines indicate the first five
shock positions and the solid line corresponds to the sonic line.
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velocity region decrease, and the maximum is located in the lower velocity region.
For Mj ¼ 1:15, the two regions of local maximum for xsc

rms are again observed. The region
in the low-speed side appears to extend further downstream than that in the high-speed side.
The same pattern is also visible in recent results obtained by Edgington-Mitchell et al.41

The time evolution of the coherent vorticity xsc over of the screech period is shown in
Figure 6. A low-pass Gaussian filter of standard deviation two grid points (0.02D) has been
applied to the images in order to improve the readability. A well-organized pattern of

Figure 6. Snapshot of the coherent vorticity xscðUÞ, for Mj ¼ 1:10 (left) andMj ¼ 1:15 (right). The vertical
dashed line indicates the first five shock positions, the solid line corresponds to u ¼ 0:85Uj, and the
isocontours are provided by the Q-criterion.
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positive and negative vorticity spots can be seen. The positive vorticity here corresponds to
vortex cores whereas the negative vorticity must be associated with saddle points since the
mean flow is not included.

The line corresponding to �u ¼ 0:85Uj, that is close to the sonic line, is also superimposed.
Following the path of this line, the flow is deflected toward outside in region of high vor-
ticity, and toward the core of the jet at the saddle points. This behavior can be observed with
more details in the films provided in supplementary material for both jets. The time evolu-
tion of the high coherent vorticity xscð/Þ spots is shown, in addition with the coherent
velocity field (uscð/Þ; vscð/Þ), and with time-averaged axial velocity contours. In order to
better identify the flow deflection, the line at which �u ¼ 0:85Uj is also plotted in green and
the line at which �u þ uscð/Þ ¼ 0:85Uj is plotted in blue.

Near the nozzle, the vorticity spots are in opposition of phase in the inner and the outer
part of the mixing layer for both jets. Downstream, this phase shift tends to decrease with
increasing z/D. The varying phase shift indicates a difference of phase velocity in the two
regions of high vorticity fluctuations shown in Figure 5. The next paragraphs are dedicated
to the analysis of these two regions.

A first analysis consists in comparing the Q-criterion and the vorticity field, as illustrated
in Figure 6. The Q-criterion can only be calculated in the PIV plane, which yields

Q ¼ ðXijXij � SijSijÞ=2 ¼ � @usc

@y

@vsc

@x
� 1

2

@usc

@x

� �2

þ @vsc

@y

� �2
 !

(5)

where Xij and Sij are the anti-symmetric and symmetric components of the velocity gradient
tensor. The contour in solid line corresponds to a convenient Q-criterion value, and the
dotted line corresponds to the contour of a tenth of that value. As well illustrated by the
Mj ¼ 1:10 jet between z=D ¼ 1 and z=D ¼ 3, the high level of vorticity in the supersonic
region is not connected to the vorticity in the low speed region by contours of Q-criterion.
The same feature is also observed in the Mj ¼ 1:15 case, but the lower signal-to-noise ratio
prevents from providing an unambiguous result. Beside, this observation is supported by the
spatial distribution Qrms of the rms fluctuation of the Q-criterion presented as a contour
superimposed to the vorticity fluctuations in Figure 7. This figure also depicts phase con-
tours that will be analyzed later. The relevant point to observe at this step is the symmetrical
expansion of Qrms around the high vorticity region located in the low speed side of the
mixing layer, but that does not include the inner high vorticity region.

High values of Q-criterion indicate that the outer region of high vorticity is associated
with the screech coherent structures. The second region of high vorticity appearing in inner
side of the mixing layer is less immediate to interpret. To address this question, the analysis
is focused on the flow features around vortices. At this stage, the phase-averaged results still
contain too much noise for the maps to be unambiguously interpreted. Therefore, we pro-
pose a dedicated data treatment to provide smoother vorticity fields that consists in aver-
aging the flow field around an arbitrary chosen vortex over different phases in the screech
period. This processing is carried out by defining a rectangular window that contains the
chosen vortex. For the first phase step the window is centered around the vortex. For the
next phase step, a second window initially at the same position as the first one is considered.
A 2D cross-correlation is then computed between the coherent vorticity field xsc in each
window. The position of the maximum of correlation indicates the spatial shift to apply to
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the second window to track the vortex. The process is repeated for the following phase steps
by considering each time the window of the previous phase step as new reference. The result
of the procedure is a set of flow fields, all containing the same vortex at different phase steps,
and approximately at the same position in the window. This set of fields is averaged to
obtain smoothed flow features denoted by < >. The average resulting from this process is
intrinsically biased by the spatial growth of the vortex, but this bias can be reduced by
considering areas where the spatial evolution of the vortices pattern is weak. For both jets,
vorticity maps displayed in Figure 6 show that this constraint is roughly respected between
z ¼ 1:5D and z ¼ 3D. The vortex tracking will therefore be restricted to this region. The bias
introduced by the spatial growth of the vortex is estimated by performing averages across 6,
12, and 18 phase steps which corresponds to tracking the vortex over 1/2, 3/4, and 1 wave-
length. The three results which are not presented here are similar, indicating that the effect
of the spatial growth of the vortex can be neglected. Only the Q-criterion for Mj ¼ 1:15 is
found to strongly vary with the number of steps, and the initial position of the vortex.
This lack of convergence can be linked together with the poor signal-to-noise ratio already
observed in Figure 6. In the following, the first window is initially centered around z ¼ 1:5D
and y ¼ 0:55D, its axial and radial extents are 1:30D and 0:45D.

The averaged axial and radial coherent velocities < usc > and < vsc > are shown as vector
plots superimposed on the averaged coherent vorticity < xsc > in Figure 8. In addition to
the coherent vorticity and velocities, the mixing layer is delimited from region of potential
flow by gray lines at position where �xþ < xsc >¼ 0:1maxð�xþ < xsc >Þ. For both jets, the
maximum of �xþ < xsc > is close to 9 Uj=Dj and found at the center of the mixing
layer in the upstream limit of the domain. Finally, contours of the Q-criterion are
added for Mj ¼ 1:10 only, Mj ¼ 1:15 being omitted for clarity. Results shown in Figure 8
forMj ¼ 1:10 andMj ¼ 1:15 jets are very similar, and their main features are summarized in
the sketch Figure 8(e). The flow consists of a vortex turning anti-clockwise, associated with a
stagnation point upstream and downstream. The stagnation points are equivalent to

Figure 7. Contours of the phase Uxsc every p=2 superimposed on xsc
rms. The dotted line is an isocontour of

the Q-criterion fluctuations Qrms, and the white lines indicate the location of maximum xsc
rms. (a) Mj ¼ 1:10

and (b) Mj ¼ 1:15.
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vortices turning clockwise when the time-averaged vorticity is removed, as in the present
case where only < xsc > is considered. According to the contours of Q-criterion, and to the

analysis proposed in the previous paragraphs, the vortex lays near the lip line at the center of
the mixing layer. The vortex also deforms the boundary of the mixing layer. The convection

velocity of this deformation is linked with the vortex convection velocity, and is close to
0.55Uj.

40 The relative velocity between the flow in the potential core and the vortex in the

mixing layer is thus around 0.45Uj. Therefore, in the field of view displayed in Figure 8,
positive curvature of the mixing layer boundary implies potential core flow acceleration,

whereas negative curvature implies flow deceleration. When the average value of the velocity
is removed, to only examine < usc >, low speed and high speed, respectively, turn into

positive and negative value for < usc >. The combination of the vortex associated rotating
flow in the mixing layer, and of its effect in the potential core, gives rise to two regions of
strong axial velocity gradients in the radial direction near the inner boundary of the mixing

layer, between the vortex core and the stagnation points. At the same positions, the radial
velocity gradient is far weaker. Thus, gradients of the axial velocity component come in the

form of vorticity in the inner part of the mixing layer, shifted by approximately a quarter of
the screech hydrodynamic wavelength apart from the vortex core.

The phase shift between the two regions of high vorticity tends to decrease when z
increases, as already mentioned above. In order to bring a quantitative analysis of this

(a) (b)

(c) (d)

(e)

Figure 8. Spatially averaged vorticity around a vortex initially centered at z=D ¼ 1:5. (a) and (b) Mj ¼ 1:10.
(c) and (d) Mj ¼ 1:15. Arrows represent usc in their respective directions. Gray lines show the iso-vorticity
contour �x þ xsc ¼ 0:1Maxð�x þ xscÞ. Green lines show Q-criterion contours. (e) Diagram of
the phenomenon.
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phase shift evolution, and of the associated convection velocities, the phase Uxsc is intro-
duced as the argument of the second term of the Fourier series of the vorticity field at every
position. The result is presented in Figure 7 as a contour superimposed on the coherent
fluctuations of the vorticity through lines separated by p=2. For Mj ¼ 1:10, there is a sharp
jump of phase across the shear layer that tends to decrease in magnitude with increasing
z/D. For Mj ¼ 1:15, this same strong jump decreases from z ¼ 1:5D to z ¼ 3:5D and
increases again downstream. The existence of such a sharp jump sustains that the evolution
of the vorticity associated with the screech related structures in the mixing layer is in some
ways independent from the vorticity spots laying in the supersonic region, which interact
with the shock tips. Two lines that follow the maximum of the coherent vorticity fluctua-
tions are defined for each case in Figure 7. The phase difference DUxsc between the coherent
vorticity along the two lines is shown in Figure 9(a). At the nozzle exit, the vorticity is in
opposition of phase between the outer and the inner sides of the jet. The difference decreases
monotonically with the axial distance indicating that the phase velocity of the vorticity is
greater inside than outside the mixing layer. A convective velocity can be computed from the
differentiation of the phase dUxscðzÞ=dz through a linear regression of Uxsc within the moving
window ½z� Lsc=4; zþ Lsc=4�, where Lsc is the shock cell length. It yields

UcðzÞ ¼ 2pfs
dUxsc=dz

(6)

Here, the filter width is chosen to keep the oscillation related to the shock-cell pattern as
shown in Figure 9(b) and (c) with the resulting convective velocity. The ripple is more
intense on the convective velocity measured in the low-speed region upstream of the third
to the fourth shock tip. Beside, this ripple increases downstream of this region when the
high-speed convective velocity is considered. Contrary to what is observed from density
measurements by Rayleigh scattering in Panda38 or by Schlieren measurements42,43 on the
phase velocity that partially arises from the modulation of the hydrodynamic perturbation
by the acoustic field, the present convective velocity calculated from the vorticity only

(a) (b)

(c)

Figure 9. (a) Vorticity phase lag between the low- and high-speed regions for — Mj ¼ 1:10, — Mj ¼ 1:15,
(b) Mj ¼ 1:10, and (c) Mj ¼ 1:15: convective velocity derived from the spatial phase evolution of the vor-
ticity. — Low-speed side, — high-speed side, ��� fitted convective velocity, � � � schlieren data from
Mercier et al.40
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represents the hydrodynamic component. It is therefore demonstrated here that even in the
supersonic region, where the mean flow undergoes compressions and expansions induced by
the shock cells, the screech associated component remains unaffected when passing across
the shock tips. The axial evolution of Uc is also provided in dashed line by a linear fit
computed over the whole domain. The convective velocity increases with the axial distance
as already observed in Mercier et al.,40 with a similar rate in the low and high-speed regions.
In addition, the linear trend of the phase velocity computed from schlieren data obtained by
the authors in a previous study40 is presented for the Mj ¼ 1:10 jet in dotted line. This trend
compares well with that obtained in the low speed side. The result for the Mj ¼ 1:15 case
derived from the previous schlieren visualizations is not presented since it is found strongly
sensitive to the range of the derivative computation due to the high level of modulation of
the hydrodynamic wave by the shock cells and the acoustic field.

In the end, two regions of high vorticity, which are related to two distinct phenomena
induced by the screech feedback loop, are identified. The vorticity region that lays near the
lip line in the low-speed side seems to correspond to the structures that dominate schlieren
visualization and that are generally accounted for in the frequency prediction models.
However, the coherent vorticity spots convected in the inner part of the mixing layer are
more likely to interact directly with the shock tips.

A noise generation mechanism for screech

The interaction between the coherent structures and the shock-cell pattern that leads to the
generation of the screech tone has already been investigated by many authors. The
mechanisms identified in these studies can be divided into two main classes. The acoustic
radiation would result from the shock leakage across the mixing layer,18–22,44–46 or the
interaction between the instability wave and the shock-cell pattern would give rise to super-
sonic phase velocity perturbation, and therefore acoustic generation in the upstream direc-
tion.16,47,48 This second point of view brings up some issues if, for instance, the broadening
of the wave number spectrum due to the growth and decay of the instability wave was
considered and confronted to the narrowness of the screech tone observed in acoustic spec-
tra. Similarly, the A2 mode does not meet the requirement of this theory in terms of wave
numbers as pointed out in Mercier et al.40 On the other hand, the mechanism by which the
compression wave of the shock cell leaks across the mixing layer has been analyzed numer-
ically and appears to be eligible for modeling the screech acoustic source. Suziki and Lele19

obtained satisfactory results by using a direct numerical simulation combined with geomet-
rical acoustics on an idealized mixing layer. Berland et al.20 directly observed the shock
leakage phenomenon in their large eddy simulation of a planar jet.

In what follows, the hypothesis of screech tone radiation induced by a shock-leakage
process is favored. From Suziki and Lele19 and Shariff and Manning,21 the shock leakage
occurs in supersonic flows convecting vorticity spots, and in particular at the saddle points
between two vortices as also shown in Berland et al.20 The periodic passages of vorticity
spots are directly associated with the coherent flow depicted in Figure 6. Two regions of high
coherent vorticity have been identified above, near the lip line in the low speed region, and in
the supersonic region. This second component directly interacts with the shock tips in a
similar fashion as the idealized academic cases19,21 and would therefore be considered
as responsible for the shock leakage. Suziki and Lele19 also demonstrated that the
acoustic wave front is bended toward the upstream direction by passing across positive
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vorticity spots. This second mechanism can be applied to the acoustic wave emerging from

the shock leakage and that propagates into the high coherent vorticity region located near

the lip line. This interaction would consequently increase the upstream directivity of the

screech acoustic waves. As such a directivity is a necessary condition of the screech, this

bending of wavefronts is supposed here to play a significant role in the screech phenomenon.

In order to efficiently bend the wave front, the wave leaking at the saddle point of the inner

high coherent vorticity region must meet a maximum of coherent vorticity near the lip line.

A necessary phase shift between these two regions should therefore be around p if the shock

leakage was omnidirectional, or to a smaller phase shift if an upstream directivity already

resulted from the shock leakage as it is observed by Suzuki and Lele19 or Shariff

and Manning.21

Based on this proposed mechanism, the feedback of the screech resonant loop rests upon

high vorticity fluctuations ixsc
rms in the inner region of the mixing layer defined by the inner

white line in Figure 7, high vorticity fluctuations oxsc
rms in the outer region, and a suitable

phase shift DUxsc given in Figure 9. In order to evaluate the local ability of the shear layer to

sustain this mechanism, the following function C is introduced

CðzÞ ¼ Gið ixsc
rmsÞGoð oxsc

rmsÞG/ðDUxscÞ (7)

where Gi, Go, and G/ are respectively three gain functions associated with the inner vorticity,

the outer vorticity, and the phase shift between them. Gain functions are unknown, but in a

first guess, one may simplify the shock leakage phenomenon by assigning a linear depen-

dency to these functions. This is probably oversimplified, but more cases than available in

this study would be required to identify these gain function. Following this principle, Gi can

be Gi ¼ ixsc
rms and Go be Go ¼ oxsc

rms. It seems reasonable to guess that G/ should be

maximum for DUxsc�p and minimum for DUxsc ’ 0. Since in the present case, DUxsc

varies between 0 and p, G/ can simply be G/ ¼ DUxsc=p.
The spatial evolution of the function C(z) with these gains is shown in Figure 10.

For both jets, C takes low values near the nozzle, then rises to a plateau, and finally

decreases downstream of a given position. The plateau is comprised between the second

and the fifth shock tip for Mj ¼ 1:10 and between the first and the fourth for Mj ¼ 1:15.

Figure 10. Spatial evolution of the function C (7) arbitrarily normalized. — Mj ¼ 1:10, — Mj ¼ 1:15.
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The range of maximum C is interpreted as the region where shock leakage is most likely to
occur, and where the upstream directivity of the radiated acoustic waves should be maxi-
mum. The range found in this study is consistent with those determined in the literature for
similar jets.4,5,18,40,41,49

The results here presented, and obtained from phase-averaged vorticity fields, constitute
a restricted sample of flows hosting the screech phenomenon. Despite that, original phe-
nomena are pointed out, in particular the presence of a vorticity layer directly interacting
with the shock tips, and convected at a velocity higher than that of the screech associated
large structures. To the knowledge of the authors, this layer has not been considered in
frequency prediction models even though they all rest upon the convection velocity of the
hydrodynamic wave interacting with the shock-cells. It would be of great interest, regarding
screech modeling purposes, to reproduce such results for more Mach numbers, and not only
for axisymmetric modes. A larger database would allow to assess models fed by each of the
two convective velocities and could bring up correlations between the screech amplitude and
the vorticity field.

Shock motion

PIV measurements are well suited to study the vorticity and other flow features relying on
the velocity field. However, a second essential contributor to the shock leakage is the shock
cell structure of the jet. A very convenient method to observe shocks in flows is the schlieren
visualization that emphasis density gradients. Furthermore, coupled with a high-speed
camera, schlieren apparatuses allow to study the dynamic of the shocks. In the following,
we take advantage of the periodic nature of the screech phenomenon to investigate the
screech associated shock motion through phase averaging, following the method described
in section Phase averaging.

The dynamic of the shock cells in a screeching jet was first studied by Panda50 through
schlieren visualizations and a dedicated instrumentation capable of detecting the passage of
a shock into a light beam. The phase-averaged displacement of the first four shock tips of
two jets exhibiting axisymmetric, and flapping screech modes were measured. The displace-
ment was found to increase with the axial position of the shock tip. The complex and large
motion of the core of the shock cells was also pointed out. More recently, the shock tip
motion was measured by André et al.51 who showed a positive correlation between the
amplitude of the shock motion and the screech sound level. These two studies provide
accurate data on the shock motion for a given shock cell, but do not easily offer a global
picture of the shock motions and of the vorticity field. There is nevertheless a clear interest,
for modeling purpose, to determine the phase relationship between the shock motions and
the coherent vorticity. Consequently, a shock-tracking procedure is developed and applied
on the phase-averaged schlieren visualizations for both jets at Mj ¼ 1:10 and Mj ¼ 1:15.
Outcomes of the shock tracking are phase-averaged shock tip positions that will be syn-
chronized with the phase-averaged PIV results.

Shock tracking procedure

The shock tracking procedure is based on the phase-averaged schlieren visualizations.
An example of schlieren results at six phases over a screech period are presented for the
Mj ¼ 1:15 jet in Figure 11. This figure also aims at describing the tracking procedure.
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For each tracked shock, a probed line plotted in white in the figure is defined. According to
equation (2), the gray-level profile ~g ¼ �g þ gsc is extracted for each value Uk of the phase
along this line. The profile obtained for k¼ 0 is arbitrarily defined as the reference. Then, the
cross-correlation function of each profile with the reference one is computed to determine
the axial position of the shock Dz relative to this reference. The cross-correlation is deter-
mined with a resolution of one pixel, which is of the same order as the amplitude of the

Figure 11. Left: snapshot of the phase average schlieren gray level, gsc (top) and ~g (bottom), over a screech
period. Center: gray level across the white line. Right:þ cross-correlation function between the instanta-
neous and the reference gray levels, — Gaussian fit.
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shock motion. To increase this cross-correlation resolution, the top of the correlation func-

tion is fitted with a Gaussian curve from which the position of the maximum correlation can

be obtained, as illustrated in Figure 11.

Results

The positions of the first five shocks are displayed in Figure 12 with respect to their average

position over a screech period. This figure depicts the phase lag between the motion of the

shocks and their amplitudes. For a quantitative analysis, a fitting sinusoidal function is

computed in each case and superimposed in dashed line on the phase average results.

A nearly perfect match between the actual shock motion and the sinusoidal function is

observed for all shocks except the fifth shock of the Mj ¼ 1:10 jet that would require to

consider also the first harmonic to obtain a better agreement. At this stage, it would be

interesting to conduct a complementary study for the following shocks to observe if this

property also arises for the Mj ¼ 1:15 jet and if it could be linked with the acoustic radiation

of the screech first harmonic. Table 1 summarizes the measured amplitudes of the shock

Figure 12. Position of the first five shock tips SN during a screech period. Left: Mj ¼ 1:10, right: Mj ¼ 1:15.
— measured position, ��� sine-fitted position.

Table 1. Peak to peak amplitude of the shock motion for the first five
shock cells.

Dzpp=D ð�10�3Þ
Mj S1 S2 S3 S4 S5

1.10 2.5 9.5 13 15 12

1.15 4.7 14 21 26 24
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motions. The motion amplitude of the first shock for Mj ¼ 1:15 is found identical as the one
measured by André et al.51 for the same jet, but using a different method. However, the
amplitude of the second shock is found 25% lower in the present study, perhaps because of
the phase averaging that smooth the shocks and reduces the contribution of the extremum
events. The value obtained in the present study is also found one order of magnitude lower
than those obtained by Panda50 for the same screech mode, but neither the same Mach
number nor the same experimental conditions, that turns into a screech amplitude of 149.5
dB against 144 dB measured by André et al.51 at a similar position. The amplitude of the
shock motion is found to be maximum at the fourth shock for both jets. This shock location
falls in the range of highest values taken by the C function plotted in Figure 10 which is
consistent with the hypothesis that this region of the flow sustains the feedback loop.

(a) (b)

(c) (d)

Figure 13. Left:Mj ¼ 1:10 and right:Mj ¼ 1:15. (a) and (b) Fitted sine of the normalized vorticity xsc in the
high-speed (�) and low-speed (�) regions and the shock position (� � �) over a screech period at the first
five shock tip stations. (c) and (d) Phase of the vorticity in the high-speed (�) and low-speed (�) regions and
the shock position (•) against the axial position. The straight lines are the best fitted lines.
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In addition, the noisiest screeching jet also corresponds to the jet exhibiting the largest shock
motion. All the present findings are in agreement with the previous study by Mercier et al.,40

where the fourth shock has been identified as the screech source from an analysis of the
near acoustic field, without excluding that other shocks may also produce lower amplitude
acoustic waves.

In order to put against each other the shock motion and the vorticity field, the same
procedure as for shock tracking from schlieren data has been applied to the phase-averaged
axial velocity field form PIV measurements. Due to limitations in data processing, only the
motion of second and third shocks has been properly captured and is used to synchronize
the phase-averaged fields calculated from the PIV data with those obtained from schlieren
visualizations. The evolution during a screech period of the shock position and of the vor-
ticity along the lines of maximum vorticity defined in Figure 7(a) and (b) is superimposed in
Figure 13 for each shock location. For the sake of readability, only the fitted sinusoidal
functions of the phase-averaged data are presented after being normalized in amplitude.
The phase of these three quantities has been extracted for each shock position, and is
presented in Figure 13(c) and (d) with an arbitrary reference so that the phase of the vor-
ticity in the low-speed region is zero at the first shock. Firstly, the phase lag between the
vorticity in the high-speed and low-speed regions decreases with the axial distance as already
noticed in Figure 10. Secondly, it appears clearly that in the case of the Mj ¼ 1:10 jet, the
phase of the shock motion is not synchronized with the vorticity. The same remark also
holds for the Mj ¼ 1:15 jet but with a smaller phase shift. The complexity of the shock
motion, which results from the interaction between the aerodynamic field and the shock-cell
pattern, but also from the acoustic field surrounding the jet that imposes unsteady boundary
conditions, is well illustrated with this analysis.

Conclusion

The understanding of screech acoustic radiation is a major concern in aeroacoustics for
establishing a model able to predict the screech amplitude. The shock leakage mechanism is
here considered as the most probable process for describing screech radiation. Previous
works have shown that shock leakage arises in mixing layers that contain a strong level
of coherent vorticity, but this flow component has been little investigated in the past.
In order to offer a better view of the coherent vorticity field, a phase averaging processing
has been applied to the velocity fields acquired with a PIV system in the present study.

A complex structure of the spanwise vorticity field has been pointed out in mode A1 and
A2 jets. It can be divided in two regions of high coherent vorticity levels that are convected
at distinct phase velocities: one is located in the supersonic region of the flow and the other is
located near the jet lip line in the subsonic region. The phase shift between these two regions
is close to p near the nozzle and decreases further downstream. This phase shift may play an
important role in the generation of the acoustic feedback of screech. The high vorticity
region in the supersonic region might be responsible for shock leakage, and the vorticity
near the lip line might be responsible for the upstream directivity. Those two statements lead
to determine a region between the shock tip numbers 3 and 5 for Mj ¼ 1:10 and numbers 2
and 4 for Mj ¼ 1:15, where acoustic waves responsible for screech feedback are most likely
to be emitted. A similar phase averaging is also carried out with schlieren visualizations
from which the periodic motion of the shock tips is determined. For both jets, the fourth
shock is found to have the largest motion amplitude. These observations together with that

226 International Journal of Aeroacoustics 18(2–3)



obtained for the same jets in Mercier et al.40 provide a strong confidence in stating that for

the A1 and A2 modes, the shock number four has a major role in the acoustic feedback

of screech.
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Appendix

Notation

a Speed of sound, m/s
d Nozzle diameter, m
fs Screech frequency, Hz
g Schlieren visualization gray level
G Gain function

Lsc Shock-cell length, m
M Mach number

NPR Nozzle pressure ratio
p Pressure, Pa
q Generic quantity
Q Level of the Q-criterion
SN Shock tip number N
T Temperature, K
u Axial velocity, m/s
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U Norm of the velocity, m/s
v Radial velocity, m/s
y Radial coordinate, m
z Axial coordinate, m
c Heat capacity ratio
dh Momentum thickness, m
U Phase with respect to a screech period, rad
x Vorticity component, 1/s

Superscript

�pp Peak-to-peak value of a fluctuating quantity
_~ Phase-averaged quantity
�� Time-averaged quantity

�sc Coherent quantity, qsc ¼ ~q � �q
�0 Fluctuating quantity, q ¼ �q þ q0

< � > Quantity averaged by the vortex tracking procedure
i� Quantity referring to the inner region of the mixing layer
o� Quantity referring to the outer region of the mixing layer

Lowerscript

�i Quantity referring to the inner region of the mixing layer
�j Quantity referring to the equivalent ideally expended jet
�k Index related to the instant in the screech period
�o Quantity referring to the outer region of the mixing layer

�rms Rms value of a fluctuating quantity
�amb Quantity referring to the ambient conditions
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