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A coaxial supersonic facility has been installed in the anechoic room of the Centre Acoustique (LMFA,
Ecole Centrale de Lyon) to reproduce a supersonic fan flow in forward flight. This paper first presents this
new facility and some validation tests. To get further insight into the shock-associated noise, Schlieren
visualizations as well as near- and far-field acoustic measurements have been performed. Shock cell
lengths are shown to be in agreement with the literature, as also the effect of forward flight. A and B
screech modes are investigated. It is found that near-field microphones can well discriminate very well
between those two, and that mode B has a chaotic behaviour. The effect of secondary flow on screech
tones, broadband shock-associated noise and turbulent mixing noise is investigated too. It is shown that
forward flight has an effect on both frequencies and amplitudes of supersonic jet noise components.
Finally, a shock tracking procedure has been developed to estimate shock oscillation amplitudes and

frequency, which is found to be the screech frequency.

1 INTRODUCTION

In modern engines, the exit flow is separated into a
hot core flow and a cold fan flow by two nozzles. In
the latter, there occurs a pressure mismatch at the
exit which entails the generation of a shock cell struc-
ture in the jet. The design of the next generation long
cruise aircrafts will demand additional efforts on the
reduction of shock-associated noise [2, 8]. Weight
reduction concerns lead to introduce light composite
materials in the fuselage of the next Airbus A350 or
Boeing Dreamliner B787 whose sound transmission
loss are weaker than in the case of traditional mate-
rials. Shock-associated noise is then the stronger con-
tributor for the aft cabin interior noise. It can be di-
vided into a broadband component and a narrow band
one.

The work of Harper-Bourne & Fisher [7] is conside-
red as the starting point of research on broadband
shock-associated noise (BBSAN). They introduced a
phased array of stationary acoustic sources positioned
at the end of each shock cell to explain BBSAN emis-
sion. Tam has defined it as a product of the interac-
tion between large scale disturbances and the shock
cell system [24, 25, 28], which has prompted work on
shock cell structure [26]. Aerodynamical as well as
acoustical measurements have provided insight into
the physics of shock-associated noise [14, 21, 22,
23].

Screech is the narrow band shock noise component.
Ever since the pioneering work of Powell [18], it has
been explained as a feedback process. The main

idea is that some hydrodynamic disturbances origina-
ting from the nozzle lip interact with the shock cell pat-
tern as they grow whilst being convected downstream,
this interaction producing acoustic waves. The latter
propagate then in the upstream direction and excite the
shear layer near the nozzle lips, which produces dis-
turbances and closes the feedback loop. Since then,
many investigators have contributed to the understan-
ding of the screech generation process and have pro-
vided means how to annihilate it [4, 5, 13, 19, 20]. In
a unifying effort, it was argued that screech is only a
particular case of broadband shock-associated noise
[27].

The paper is organized as follows. The coaxial fa-
cility and instrumentation are provided in section 2.
First aerodynamic results are presented in section 3
and section 4 deals with acoustic behaviour. The
shock tracking procedure is reported in section 5
and concluding remarks are finally given in section
6.

2 EXPERIMENTAL APPARATUS

2.1 The dual-stream wind tunnel facility

The jet facility of Centre Acoustique - LMFA UMR
CNRS 5509 located at Ecole Centrale de Lyon has
recently been used for single high Reynolds number
subsonic jet studies [3, 6]. A major upgrade offers now
the possibility to study coaxial supersonic jets. A dual-
stream wind tunnel with a supersonic or primary duct
may be embedded in a subsonic or secondary one



(see Fig.1). The flow in the first one originates from
a Centac C60MX2-SH Ingersoll-Rand compressor us-
ing dried air. It can deliver a continuous mass flow rate
of 1kg.s~'. A electrically driven valve downstream of
the compressor permits the regulation of the primary
flow velocity by controlling the mass flow rate. After
that, three electrical resistances, with a 64 kW maxi-
mal power, allow to heat the flow.

The flow in the subsonic duct is generated by an elec-
tronically controlled Neu LAK 4280A ventilator (2 bars
pressure difference) delivering a nominal mass flow

rate of 15kg.s~'.

Downstream of the resistances, the tunnels enter
the 10 x 8 x 8m® anechoic chamber of the LMFA.
The supersonic duct then slips within the subsonic
one thank to a flexible pipe. In the exit region of
the wind tunnel, the two ducts are therefore coax-
ial. At the end of them are two contoured conver-
gent axisymmetric nozzles. The primary duct is ter-
minated by a D, =38 mm diameter aluminium nozzle
while the secondary nozzle diameter can be either
Ds=76.5mm or Dy;=200mm, both being made out
of resin. The lip thickness of the aluminium nozzle is
0.5mm.

A calibration procedure permits to link secondary flow
velocity to ventilator rotation speed while the stag-
nation pressure and temperature of the supersonic
duct are measured by total pressure and thermocou-
ple probes as soon it enters the anechoic chamber.
The maximal exit Mach number for both subsonic noz-
zles was 0.43 while the fully expanded Mach number
M ranges up to 1.59, corresponding to a nozzle pres-
sure ratio — NPR — of 4.17, for the supersonic noz-
zle. The NPR is defined as the ratio between the to-
tal pressure and the ambient pressure in the anechoic
room.

A Pitot tube connected to a 2000mmH,O Furness
manometer is used to measure the mean velocity in
planes perpendicular to the nozzle exit plane. A uni-
directional 55P11 Dantec hot wire is plugged into a
CTA Dantec Streamline anemometer so as to mea-
sure turbulent velocity profiles. A thermocouple sen-
sor is fixed on the Pitot tube. Manometer, anemome-
ter and thermocouple output are connected to a NI
PXI analyser linked to a processor. The three sensors
were moved thank to an electrically controlled motor
device.

Only subsonic operating points for both ducts are con-
sidered. The mean velocity profile along with turbu-
lence intensity are shown in Fig. 2. It is visible that the
jet is fully homogeneous in both jet cores. As for turbu-
lence intensity, it is below 1 % within the jet cores and

about 16-17 % in both shear layers. Although the oper-
ating condition of the primary duct is not representative
of what it is meant to become, these measurements
ensure that the coaxial wind tunnel does not suffer from
a severe trouble.

2.2 Instrumentation

A conventional Z-type Schlieren system was used to
visualize the global structure of the choked jet. It con-
sisted of a fibered continuous QTH light source whose
adjustable electrical power ranged up to 250 W and of
two \/8, 107.95mm diameter, 863.6 mm focal length
parabolic mirrors. The off-axis use of the mirrors was
limited to 2a=10° in order to reduce aberrations. A
simple knife edge played the role of the spatial filter.
The Schlieren images were recorded by a Phantom
V12 CMOS camera, capable of 6 kHz frame rate at full
frame size.

Directivity measurements were also led using a
quarter-of-inch microphone mounted on a frame ro-
tating about the center of the coaxial nozzles in the
exit plane at a distance of 1.7m. The microphone
was a PCB 377B01, a B&K 4135 or a B&K 4939 de-
pending on each individual case, whose measured sig-
nal was sampled at 102400 Hz using a NI PX| 5733
board.

Tab. 1 gives an overview of the operating points which
are especially considered in this paper and how they
are considered.

3 AERODYNAMIC RESULTS

3.1 The shock cell structure

In this section, the shock cell structure obtained by
Schlieren visualization is addressed. It was interest-
ing to get a Schlieren picture of the entire jet in order to
see the global structure of the shock cell system. Due
to the relatively large nozzle exit diameter compared
to the Schlieren system mirrors diameter, just one flow
visualization was not sufficient because of the small
number of shock cells that could then be seen. Trans-
lation of the Schlieren system along the jet axis permit-
ted to record images of the flow up to fifteen primary
nozzle diameters away from the exit plane. Because
of the shock motions, the images had to be averaged
to compute a faithful image of the flow. Then, a dedi-
cated algorithm, illustrated further in 5.1, was used to
put the pieces together. The result of this procedure
is displayed in Fig. 3, where thousand consecutive im-
ages were averaged before the montage. It has to be



Figure 1: Sketch of the coaxial facility. Flows run to the left. The supersonic duct is in
red, the subsonic one in blue.
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Figure 2: Left : mean velocity profile against radial position ; U* = U /U, is the ratio of
mean velocity over the primary jet exit velocity (U, = 163 m.s~t)andr* =r/ r, denotes
the radial location divided by the primary nozzle radius. Right : turbulence intensity levels

against r*, computed by the ratio of RMS fluctuating velocity over the mean velocity
difference between the two adjacent flows. The profiles are plotted from 291 measurement
points uniformly distributed in a vertical plane 0.5 D,, downstream of the exit. D, =200 mm.

Table 1: Overview of the primary duct operating points considered in this paper.

NPR turbulent mixing screech secondary flow collage shock
noise & BBSAN effect on acoustics tracking

2.27 X X

2.33 X

2.54 X

3.17 X X

4.20 X




noted that the two images of Fig.3 have same scale,
which can be verified in measuring the nozzle diameter
visible on the left of both pictures, the flow streaming
to the right. The qualitative evolution of the shock cell
length with the NPR is then obvious : it increases as
the pressure ratio increases. It is also visible that the
shock spacing decreases slightly as one moves further
downstream [7, 22].

The so-called diamond configuration [1] is displayed in
Fig. 3 (bottom). Released from the nozzle, the slightly
underexpanded jet overexpands (white right-pointing
triangle) but then undergoes a compression (dark left-
pointing triangle) which put the jet right back at about
the same condition as at the nozzle exit, hence the
pseudoperiodic shock cell pattern. Moving down-
stream, the shear layer spreads which smooths out the
pressure oscillation.

The jet structure visible in Fig.3 (top) matches quite
good the sketch of an highly underexpanded jet from
[1] as well as the first developments visualized in [17].
The prominent feature of such a jet is the normal shock
called Mach disc, formed at the intersection of inter-
cepting shocks (upstream of the disc) and reflected
ones (downstream). Behind the edges of the Mach
disc, the slipstreams are visible, as slip lines between
supersonic flow that did not go through the disc and
subsonic flow that did.

3.2 Shock cell length

It is possible from the averaged images to measure
the shock spacings and to display their evolution. This
was made for various operating conditions and com-
pared to the results of several investigators. The se-
cond shock cell length is displayed in Fig. 4. The gene-
ral agreement with between the various results is to be
noted.

Another interesting matter to investigate into is the in-
fluence of a secondary flow on the described shock
cell structure. With the 76.5mm secondary nozzle
mounted, it was seen that the shock cells lengthen
as the secondary flow strengthens but very slightly
(less than 3% increase for a secondary flow Mach
number smaller than 0.25). This is qualitatively in ac-
cordance with the analytical model of [12]. A dupli-
cation of the first shock could also be spotted. The
one part of the duplicated shock moves downstream
faster than the other part as the dual stream velocity
increases. This led to the appearance of a lambda
shaped shock.
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Figure 4: Comparison of the 2nd shock cell
length so of the present study with other
investigators. D is the supersonic nozzle exit
diameter. © Norum & Seiner [14], O Panda &
Seasholtz [17], A Nouri & Whitelaw [15], V
present study, ——— linear law of [7] and [22].

4 ACOUSTIC BEHAVIOUR

4.1 Jet screech

Screech tones have been a constant of virtually all
measurements and will be dealt with in this section. To
ensure that we are dealing with screech and not some
other feedback loop, it seemed necessary to investi-
gate into the properties of our narrow band tone and to
compare them with well-known screech characteristics
in circular jets. The nozzle pressure ratio in the vari-
ous acoustic measurements ranges from 1.58 to 3.21,
all of which is below 1.89 generating a subsonic flow,
then uninteresting here.

A decrease in screech frequency and a jump at some
point were clearly noticed while continuously increas-
ing the NPR, which is in accordance with the screech
behaviour. The frequency jump betrays the modal fea-
ture of screech in circular jets, first addressed in Pow-
ell’s pioneering work [18]. The separation between the
first two modes occured approximately at the expected
position [19]. The directivity of the narrow band tone
was also measured in a horizontal plane centered on
the nozzle in 10° steps from # = 30° (downstream)
to 6 = 130° (upstream), 0 being the angle from the
nozzle outlet axis to the microphone position. For each
position, a narrow band spectrum was recorded, which
permitted to compare the strengths of the various har-
monics of the tone. It appeared that the fundamental
tone was prominent in the upstream and downstream
directions and that the first harmonic dominated at
6 = 90°. This is consistent with directivity properties of
screech tones [13, 18].



ERRRRRLEE

Figure 3: Collage of several axially translated mean Schlieren pictures of a single stream jet. Top :
NPR =4.20, eight images put together. Bottom : NPR = 2.33, four images put together.

To be more quantitative in the determination of
the nature of the narrow band tone in the mea-
surements, one can compare the measured fre-
quencies of the fundamental tones with the pre-
dicted screech frequencies, by means of some an-
alytical formulee. Two different expressions were
considered here. The first one was proposed by
Powell [18] :

fo= 1 doo
® " 3(NPR—NPR.)/2 D,

1 'Y/('Y*l)
with NPRC:(%> :

where fs is the screech frequency, NPR. the crit-
ical nozzle pressure ratio approaching 1.89 for
air and a., the speed of sound in ambient
medium. The second estimation is given by Raman
[20]

(1)

Ue
fs = AT ujas) (2)
where u. is the convection velocity of turbulent struc-
tures in the shear layer of the jet, evaluated here at
70% of the jet fully expanded velocity u;, and s the
shock cell spacing of the imperfectly expanded jet,
measured from Schlieren visualizations. It is worth not-
ing that these expressions do not account for the modal
behaviour of screech tones. Tab. 2 shows the result of
this comparison for some operating conditions that will
show up in the following. It is believed that the agree-
ment between measured and computed frequency is
acceptable, and it has to be noticed that the measured
frequency lays in each case between the two predicted
frequencies.

As a conclusion to this narrow band tone charac-
terization, it seems reasonable to assume that the

tone arising in the present study be indeed a screech
tone and not a spurious reflection or any other arte-
fact.

4.2 Screech modes

As already pointed out in section 4.1, the screech has
a modal behaviour. Two modes or stages are discer-
nable in this NPR range. By following Powell [18], the
first two modes are referred to as A and B modes. Ac-
tually, since Merle [11], the first stage has been divided
into two parts, A1 and A2. Only one of them is visi-
ble here. The reader can refer to [19] about screech
modes.

Two quarter-of-inch microphones have been set just
upstream of the nozzle exit in a vertical plane cen-
tered on the nozzle, one below the jet and the other
above it. Time signals provided by the transducers
are shown in Fig.5 over a short interval. One strik-
ing feature showed here is the true sinusoid which de-
notes a strong screech tone. Also remarkable is the
clearly defined relationship between the two measured
signals at each NPR. At the lower one, one can ob-
serve two in-phase signals which indicate a symmetric
screech stage. Mode A is indeed a symmetric one. At
the upper NPR, the signals obviously show an oppo-
site phase relation which is consistent with a antisym-
metric B mode. The literature distinguishes between
several antisymmetrical stages but more microphones
would be needed to investigate further in this direc-
tion.

One interesting feature is the behaviour of B mode.
Displaying the entire measured signal (one second



Table 2: Comparison between the measured frequency of the fundamental
narrow band tones and the predicted screech frequencies.

NPR measured frequency | screech prediction error screech prediction error
(Hz) from [18] (Hz) from [20] (Hz)

2.27 5669 4869 0.14 6463 0.14

2.54 3939 3719 0.06 4773 0.2

duration), the unsteadiness of the screech level is to
be noted. The steadiness of the microphone out-
puts for the modes A and B are compared in Fig.6.
Few studies [11] pointed out the instability of B mode.
Others [9, 19] revealed the unsteadiness of D mode.
Further input are needed to explain these instabili-
ties.

Along with screech tones, broadband shock-
associated noise (BBSAN) and turbulent mix-
ing noise are also supersonic jet noise com-

ponents and will be addressed to in the follow-
ing.

4.3 Effect of the secondary flow on the jet noise

The influence of the secondary stream on jet noise
characteristics is now considered. Firstly, directivi-
ty properties of BBSAN and turbulent mixing noise
are displayed in Fig.7 where no secondary flow is
set.  Turbulent mixing noise is especially visible
at 6 =30°, while BBSAN consists in the broadband
humps peaking at higher frequencies than the fun-
damental screech tone and is visible for greater an-
gles. The characteristics of these noise compo-
nents are consistent with their known features [25, 27,
29].

It was observed that the turbulent mixing noise
level decreased with secondary flow velocity for a
wide range of primary and secondary flow veloci-
ties. This tendency is explained by lesser velocity
gradients across the inner shear layer, which repre-
sents the major contribution to mixing noise emis-
sion.

The effect of secondary flow on screech tones and
BBSAN is displayed in Fig.8. The screech amplitude
is seen here to increase slightly, which is in general
the case. The screech frequency consistently falls
when the secondary flow strengthens. This can be ex-
plained by a simple argument. If one assumes that
a secondary flow has little effect on the inner part
of the feedback loop (that is, within the flow — this
seems correct as far as the shock cell spacing is con-
cerned, see 3.2), the tone producing process will re-
main unchanged as a secondary flow arises. The
whole effect will then concentrate on the outer part
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Figure 8: Effect of the secondary flow Mach number
M, on acoustic spectra, NPR = 3.17,0 = 90°, D, =
200mm. © My =0,0M =0.07,V My =0.34.

of the loop, which is the sound propagation outside
the choked flow. A contrary velocity in this part will
slow down the upstream propagation acoustic waves
and then have a similar effect to that of a decrease
in the speed of sound. Looking back at Eq.(1) or
Eqg. (2), a decrease in the screech frequency is to be
expected, which is indeed correlated by the experimen-
tal results.

Secondary flow has the same effect on BBSAN fre-
quency as on screech frequency. Moreover, it seems
that the sound level decreases more often than not as
the secondary flow strengthens, but this is not always
the case. This could imply that other effects have to be
accounted for.

The last section is devoted to develop a shock track-
ing procedure to characterize screech-induced shock
oscillations.

5 SHOCK OSCILLATIONS

5.1 Shock tracking procedure

Shocks in a screeching jet oscillate at the screech fre-
quency [16]. In order to see that, a sampling fre-
quency greater than twice the screech one is needed.
In the NPR=2.27 case from Fig.5 (left), the screech
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Figure 5: Time signals from two microphones located on either side of the nozzle
(denoted by © and 0). Left, NPR=2.27 and right, NPR = 2.54.
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Figure 6: Time signals over one second recorded from one microphone located on the
nozzle. Left, NPR=2.27 and right, NPR =2.54.
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Figure 9: Left : axial oscillation of the tip of the first shock for NPR=2.27 ; right : power spectral
density of the axial position signal, spectral resolution of 10 Hz. Parameters of tracking procedure are :
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frequency was 5669 Hz. Synchronized Schlieren ac-
quisition was made at a sampling frequency of 20 kHz
which was then enough to track the motion of the
shock. No secondary flow is considered in this sec-
tion.

A pattern matching algorithm developed by Kegerise
& Settles [10] was adapted. The idea is to iso-
late a reference image and then track the motion of
a reference patch within the reference image in the
subsequent ones. This is done by finding the mini-
mal error in a correlation map. Errors are defined
as:

E(io, jo, Aé, Aj) = > > [91(io + 84, jo + 67)
5i &5 (3)

—g2(io + 6i + Ad, jo + 65 + Af))?

In Eq. (3), E is the error estimation between the refe-
rence image of grayscale pixel 2D function g; and
any of the subsequent images of grayscale map g-.
(40, jo) are the coordinates of the selected reference
point, centered on a distinctive shock pattern whose
motion one seeks to determine. The reference patch
isa(2n+1) x (2m + 1) pixel large window centered
on (i, jo). It is defined by the summation interval over
(61, 8j) € [| — n;nl|] x [| — m;m|]. One computes the
error between this reference patch and any patch of
same size moving in a window of candidates for the
new position of (i, j0), according to Ai € [| — N; N|]
and Aj € [| — M; M]|]. This procedure delivers a map
on which the better match between the two pictures is
found by searching the minimal error. Looping over a
whole range of consecutive Schlieren images makes it
possible to track down the radial and axial motions of
shocks.

Without any further treatment, noisy results were
achieved. Indeed, turbulent fluctuations of density
imply fluctuations of refraction index and hence of

grayscale level on the Schlieren pictures. Conside-
ring two different images, turbulent fluctuations at one
position are uncorrelated. As a consequence, turbu-
lence will interfere in the pattern matching algorithm
and bring the procedure to fail occasionally, hence the
noise. But shocks are well defined in the Schlieren
visualizations (see 3.1) and can be at the first sight
isolated because of their low grayscale levels. This
simple statement can be built on to purified the com-
puted shock motion if one transforms all the images
prior to applying the algorithm in the following way :
one clips the bright enough pixels and stretches the re-
maining intensity levels from 0 to the maximum level
(255 for 8-bit pictures). The cutoff grayscale level
is chosen so as to discriminate between the darker
shocks and their brighter surroundings. So, all turbu-
lent fluctuations visible outside the shocks are crushed
and the results of the matching algorithm are much
cleaner.

The axial oscillation of the tip of the first shock for the
quoted case of NPR=2.27 or M;=1.15 is given in
Fig. 9 over a 2048 images interval corresponding to just
above 0.1s. One can get from this plot that the ampli-
tude of oscillation of the first shock cell is of about 4-5
pixels or 0.5mm, which is close to the 0.6 mm Panda
[16] found at M; =1.19. ltis visible in Fig. 9 that the dy-
namic range and the frame rate of the displayed signal
are limited. This will be corrected in subsequent stud-
ies. It also has to be said that this tracking procedure
is practically limited to the first shock in most cases be-
cause one needs well defined shocks and pronounced
intensity contrast to the surroundings to get clean re-
sults.



5.2 Application to the determination of
oscillation frequencies

From the successive axial position signal, one can
compute the power spectral density of the oscillating
movement, as displayed in Fig.9 (right). The striking
feature of this spectrum is the dominant narrow band
peak visible at 5670 Hz (+ 5Hz), which corresponds
almost exactly to the measured acoustic screech fre-
quency of 5669 Hz (+ 0.5Hz). This result confirms
that the screech makes the whole jet oscillate at its fre-
quency, which is in agreement with the work of Panda
[16].

6 CONCLUDING REMARKS

This paper presented the first results obtained in the
upgraded jet facility of the Centre Acoustique (LMFA
& Ecole Centrale de Lyon). A Schlieren system has
been mounted to gain some insight into the structure of
an underexpanded supersonic jet and to compare it to
some known features. While setting a secondary flow,
a lengthening of the shock spacings was observed as
well as a duplication of the first shock and the for-
mation of a lambda shape. Acoustical measurements
were also made in an anechoic environment. The so-
called A mode and B mode of screech were investi-
gated. It is shown that the signals from two opposite
microphones are well in-phase and in opposite phase
relation for A and B modes respectively. Mode B dis-
plays some chaotic variations. The general acoustic
properties of the three supersonic jet noise compo-
nents were displayed. The influence of a secondary
flow seems to read as follows : a diminution of the tur-
bulent mixing noise, a decrease in screech frequency
along with a slight increase in its amplitude and a de-
crease in broadband shock-associated noise peak fre-
quency coming with a decrease in its amplitude. Fi-
nally, a shock tracking algorithm has been developed
and results confirm that a screeching jet oscillates at
the screech frequency.

This work is currently in progress. Pressure probe sur-
veys are to be made along with laser Doppler velocime-
try (LDV) in order to better understand the physics of
the shock cells and to link it with the Schlieren visu-
alizations. Phase averaging of the latter should allow
to obtain another point of view on jet oscillation. LDV
measurements should also allow to investigate into the
evolution of turbulence across shocks. Finally, a sen-
sitivity enhanced Schlieren system will be mounted,
especially to further work on the growth of instabili-
ty waves in the shear layer between primary and se-
condary flow.
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