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Dynamics of an Internal Flowfield Driven
by Two Hydrodynamic Instabilities
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Ecole Nationale Supérieure de Mécanique et d’Aérotechnique, 86960 Futuroscope Cedex, France

Hydrodynamic instabilities in a confined flow generated by air injection through porous walls separated by an
emerging obstacle are experimentally characterized. Two different mechanisms of instabilities have been detected:
a vortex shedding phenomenon back to the obstacle location and one developing along the porous wall. The
latter was found to provide most of the acoustic energy. Influence of an unbalanced mass flow rate between each
side of the obstacle has been carried out over a wide range of mean velocities; an increase of the mass flow rate
injected downstream of the obstacle implies resonance amplification by wall vortex shedding that strengthens the
instabilities in the chamber. On the other hand, an increase in the mass flow rate upstream from the obstacle
location favors vortex pairing and self-sustained oscillations, whereas acoustic wave generation by wall vortex

impingement is weakened.

Nomenclature

a = sound velocity, m/s

fu = nthlongitudinal acoustic mode, na/2L, Hz

h, = channel height, m

h, = height of the nozzle throat, m__

It = turbulenceintensity, /(2 + v'2)/aM

L = channel length, m

[ = distance between the obstacle and the nozzle
locations, m

M = characteristic Mach number based on the mass
flow rate, q,, /aps

p, p’ = mean and fluctuating pressure at the head end, Pa

Am = total mass flow rate, kg/s

9o = mass flow rate of the first injecting block, kg/s

q: = unbalanced mass flow rate at the first injecting
block, kg/s

Re = Reynolds number, g,, /wu

R, = correlation coefficient of arbitrary functions of time x’
and y', X'(0) -y (t + 1)/ /X' ()2 ()2

r = distance between two probes normalized by the channel
height &,

Sy = power spectral density normalized by rms x’
fluctuations, s,/ /x2, Hz™!

K = characteristic surface area, wh,., m>

syy = power spectral density, |5,/ Ie[9">"

U, = convection speed of coherent structures, m/s

u',v" = fluctuation velocity componentsin X, Y direction, m/s

w = channel width, m

X,Y = nondimensionalaxis normalized, respectively,
by ! and h,

o = normalized unbalanced mass flow rate, (¢, — q¢)/qn

0,y = phaseangle,rad

" = dynamic viscosity, kg/ms

0 = density, kg/m®

T = time delay, s
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I. Introduction

ELF-SUSTAINED oscillations remain an important topic in

flowfield dynamics. Generally, an impinging shear layer gives
rise to noise radiation that drives through a feedback phenomenon
the initial excitation of the shear layer at the separation point. Ex-
haustive studies have been conducted on this subject because the
problem occurs in a large variety of flow configurations and in-
dustrial applications. The works of Rockwell and Naudascher' and
Rockwell? provide an overview of experimental studies, as well
as theoretical approaches on free impinging shear layers. When
flow is establishedin a confined chamber, self-sustainedoscillations
can couple with acoustics, a fact which implies differentresonance
states. Many works have been conducted on flowfield in ducts con-
taining sets of obstacles’™> and flow over cavities ~# In these cases,
coherent structure shedding generated at geometric discontinuities
can match up with an acoustic mode of the chamber, and the cou-
pling phenomenon induces different types of oscillation behavior
mainly characterized by frequency stages, which depend on sepa-
ration to impingement length and mean flow velocities. Rossiter’
analyzed this mechanism by a change in the number of vortices in
the shear layer. His model allowed researchers'®!! to explain thrust
and pressure oscillations in solid rocket motors.

Other works on flow inducedin porous tubes indicated that acous-
tic oscillationscould be driven by impingement of vortices that sep-
arate and developin the vicinity of the injection wall. Dunlap et al.!?
characterizedthe fluctuating flowfield thatdevelopsalong the length
of a simulated cylindrical port rocket chamber. They described wall
vortex formation and pairing, which give rise to shedding frequen-
cies independent of the acoustic modes of the duct. In addition,
results reported by Griffond et al.!* defined theoretical criteria for
wall vortex appearance and predicted unstable frequencies. Exper-
imental investigations conducted by Avalon et al.'* showed that
self-sustained oscillations occur for characteristic depth-to-length
ratios of the chamber and that wall velocity fluctuations can be
linked to pressure fluctuations. The present studies were undertaken
to investigate experimentally a flowfield in which two hydrody-
namic instabilities occur, that is, shear layer vortex shedding and
wall vortex shedding, in a porous wall confined chamber containing
an obstacle. The setup was designed to simulate the main features
of flowfields inside solid-propellant booster. Simultaneous analy-
sis of pressure and velocity fluctuations were conducted to charac-
terize the possible presence of self-sustained oscillations. Particu-
larly, the two branches of the feedback loop are treated separately
to describe best pressure and velocity field interactions and to show
the influence of each unstable mechanism in the noise-generation
phenomenon. Finally, an unbalanced mass flow rate between each
side of the obstacle location has been found to be a very sensitive
parameter to unstable flow behavior. A large-scale modification of
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flow structure can occur due to the effect of wall injectionboundary
conditions.

II. Experimental Setup and Measuring Techniques
A. Test Channel

The experimental apparatus is a 1/40-scale model of the solid-
propellantbooster of Ariane 5. Complete details of the experimen-
tal system are described and relevant aspects of the geometry and
data processing are given by Vetel et al.'> The scale model did not
completely reproduce the actual full-scale motor, but the latter was
roughly similar through the presence of segmented blocks, wall
injection, and submerged nozzle. In terms of internal design, the
test channel was a 0.050-m-wide nonsymmetric two-dimensional
channel. All other dimensions are specified in Fig. 1. As shown in
Fig. 1, two injecting blocks were located in the chamber, and an
obstacle was located between the two injecting blocks; the latter
emerges above the porous walls. The flow was generated by inject-
ing air at ambient temperature from a feeding unit whose mass flow
rate could vary from 0.050 to 0.300 kg/s; the mass flow rate was
estimated (£2%) by measuring the pressure drop caused by a di-
aphragm located downstream of the feeding unit. Injection into the
channel was carried out through a porous wall mainly characterized
by a sintered-bronze sphere Poral plate with 2-pum characteristic
diameter and a flexible metallic woven sieve set at 10 mm above the
Poral plate. The uniformity of the mass flow rate distribution along
the porous wall was controlled by an accurate feeding system. For
eachinjectingblock, airflow was fed into a general manifold divided
into 10 flexible polyamide tubes. In turn, these tubes fed an isolated
cell, and the mass flow rate in each injection cell was controlled by
sonic air inlets. The role of each isolated cell was to feed a given
Poral plate area, where assumption of uniformity has been previ-
ously verified.!® The Poral plate enabled us to isolate the flow in the
chamber while the metallic woven sieve significantly reduced the
injected turbulence in the chamber. Because of the metallic woven
sieve, a significant decrease of the injected turbulence from 10% to
a levellower than 4% could be obtained. A nozzle with sonic throat
was located at the rear end of the chamber to ensure the acous-
tic isolation of the channel from the exterior environment. Every
experimental run presented hereinafter was realized with a sonic
nozzle condition. The height of the nozzle throat /2, could be var-
ied, thereby controlling the mean Mach number M in the chamber.
When our study was focused on the effect of dynamic conditions,
one of the main parameters was the Reynolds number Re, which
was expressed as a direct function of the injected mass flow rate.
Internal velocity was then considered, and with the assumption of a
constant injected mass flow rate, that is, a fixed Reynolds number,
the nozzle throat was progressively closed or opened by stages at
intervals of 0.05 mm to modify the Mach number level.

B. Measurement Techniques

Mean pressure and its fluctuating component were measured at
the head end with a 7261 Kistler piezoelectric quartz transducer
with a worse-case static pressure accuracy of 10 Pa. The dynamic
responseprovidesa fluctuating pressure sensitivity of about0.02 Pa.
Its 33-mm diam allows one to adapt the transducer via a flush mount-
ing at the head end. Acquisition and analysis of the data (more than
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200,000 samples) at 10-kHz frequency made it possible to deter-
mine the mean pressure level, the standard deviation, and the spec-
tral content in the pressure field. Spectral analysis decomposition
was performed with 4096 data blocks with 2.44-Hz frequency res-
olution and a spectral accuracy of about +2.5%. The same control
was applied to the velocity signals, measured by a Dantec 5-um sin-
gle miniature probe and a 5-um X miniature probe. The frequency
response of the hot-wire system was found to be approximately
100 kHz, and data were analyzed with a relevant calibration. The
velocity—voltage relationship was assumed to follow a fourth-order
polynomial. The calibration procedure required variation of veloc-
ities and inclination angles. There were 28 velocities covering the
entire anticipated range chosen, and at each velocity, the probe was
yawed 17 times to cover the angles from —40 to +40 deg. Thus, be-
cause of the hot-wire calibration equation and data acquisition, the
uncertainty of the mean velocity was estimated to be equal to =1%
and that of the fluctuating velocity to £2.5% (Ref. 17). Control of
the injected air temperature was carried out by a K-thermocouple
with a £0.5-K accuracy, which allowed one to estimate the sound
velocity a(£0.08%). Temperature, pressure, and velocity signals
were recorded using an AT MIO-16E10 A/D board with a SC2040
submitting sampling data.

III. Hydrodynamic Instabilities of the Flow

A. Shear Layer Vortex Shedding

This work falls within the framework of a previous paper written
by the authors.!> As described in Ref. 15, a shear layer develops
from the top of the obstacle by the mixing of the main flow with
the wall injected flow through the second injecting block. Periodic
shedding of vortices was observed, but additional measurements
were made to identify clearly the unstable mechanisms involving
in the shear layer oscillations. Figure 2a shows the spectral distri-
bution of the u’ fluctuating velocity component at several positions
in the Y direction at X = 0.1, that is, close to the obstacle loca-
tion. Under dynamic conditions (M = 0.06 and Re = 0.86 x 10%),
spectra show one single peak at about 240 Hz, whatever the Y
location. This dominant frequency is particularly pronounced in
the high-speed region and the low-speed region of the shear layer,
but disappears in the vicinity of the obstacle height, ¥ ~0.36. To
check as to whether velocity oscillations at 240 Hz were consis-
tent with periodic vortical flow, specific measurements were carried
out. As described in Fig. 2b, one hot wire was held fixed in the
upperregion of the shear layer, Y = 0.52, while another was moved
transversely from this position in the wall injection direction. The
cross-power spectra were then calculated for several transverse lo-
cations of the moving probe. Figure 2b shows the magnitude ISMW7
(£2%) and phase 9“’1 ) (2 deg) of cross-powerspectra at 240 Hz as
afunctionofthe Y location, as well as the profile of turbulenceinten-
sity /t. The magnitude of the cross power was relatively high when
both wires were in the high-speed region of the shear layer and the
phase angle between the two velocity signals was quite low. For
Y < 0.45, the cross-power magnitude drops rapidly, and the phase
angle increases significantly. Then, as Y decreases, the magnitude
increases, and the phase angle approaches 180 deg, which indicates
thataxial velocity fluctuationsin the high-speedregion and the low-
speed region of the shear-layer are in antiphase. The minimum in
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Fig. 2 Velocity spectra near the obstacle location and cross power at
240 Hz.

the cross-power magnitude and the phase change occur near the Y
location of the top of the obstacle, which is located under the max-
imum of the turbulence intensity It at this X location. Therefore,
vortices are periodically shed at 240 Hz, and a measure of velocity
fluctuations in the high-speed region of the shear layer suffices to
estimate the frequency at which vortex shedding occurs.
Experiments then were conducted by changing the dynamic con-
ditions of the flow; Fig. 3 shows the evolution of the predominant
frequency of velocity spectra with regard to the Mach number M

and are parameterized by several Reynolds numbers. Velocity fluc-
tuations were measured in the high-speed region of the shear layer,
that is, in a location higher than the maximum turbulence intensity
location for two axial locations: 1) in the vicinity of the obstacle po-
sition (X =0.16 and Y = 0.52) and 2) at the rear end of the chamber
(X =0.64 and Y =0.75). For the first location, two general trends
canbe pointed out, regardlessof the Reynoldsnumber. First, itcanbe
seen that the peak observedin Fig. 2a at M = (0.06 strongly depends
ondynamic conditionsbecauseits frequencyincreaseslinearly with
the Mach number. Thus, this frequency f, correspondsto the natural
instability of the shear layer generated in the wake of the obstacle.
Second, for M > 0.08, spectraare characterizedby several frequen-
cies. In the Mach number range 0.08 < M < 0.13, for instance, the
natural shedding of vortices is accompanied by the excitation of
the shear layer at another lower frequency. The latter also increases
linearly but remains in the vicinity of the first longitudinal acoustic
mode fi; of the chamber; a response of the shearlayerto the acous-
tics of the chamber in then observed. Indeed, the confined chamber
acts as a resonator where the resonance frequencies match up with
the closed—closed theoretical longitudinal acoustic modes f,, . For
M > 0.11, the different acoustic modes from f,; to f;; appear in
the velocity spectra. Hence, the initial development of the shear
layer shows a well-organized flow pattern on its own hydrodynamic
instability with a response to the first four acoustic modes. Similar
measurements have been performed for the second location studied
downstream from the obstacle location, and Fig. 3 shows significant
changes in the velocity fluctuations. Despite the natural instability
observed for M < 0.08, as well as the response of the shear layer
to the f;; mode for M < 0.13, the appearance of the other acoustic
modes has disappeared. That said, other trends are clearly observed:
Three frequency stages in the vicinity of the first acoustic mode ap-
pear. For each of them, the frequency increases linearly with the
Mach number until a jump that results in a lower value, and then
another linear increase begins. Moreover, each of these three fre-
quency stages matches up closely to the first three subharmonics of
the fundamental hydrodynamic frequency f,. Therefore, these re-
sultsindicatethat vortex pairing occurs between the separationpoint
of the shear layer and the rear end of the chamber as observed in
free shear flows at low- or high-speedexit velocities.!®!° Shear layer
behavior is then characterized by formation of vortices at its nat-
ural unstable frequency f, modulated by an acoustic mode f,; of
the chamber. Consequently, a pairing phenomenon occurs, which
forces the highest unstable frequencies to align with a frequency
fu/n closeto fir.

B. Wall Vortex Shedding

Figure 4a presents a transverse distributionof axial velocity spec-
tra at location X = 0.80 (Re = 0.86 x 10° and M = 0.09). For small
values of Y close to the injecting wall, fluctuations are character-
ized by a broadband spectrum centered around a frequency peak.
When the probe is moved in the positive Y direction, energy con-
tained in the frequency broadband decreases, and low-frequency
energy increases. Close to the midheight of the chamber, Y ~ 0.46,
a particular peak is no longer observed. Therefore, velocity fluc-
tuations show a broadband spectra when recording in the vicinity
of the wall. Spectral response with such a relatively large range of
frequencies is well-known in high-speed turbulent jets?® and in the
wake of cylinders?!' The latter was identified as consistent with a
nearly regular array of vortices whose natural shedding frequency is
notstationarybut slightly deviates from a mean. To confirm whether
or not this trend holds in the present experiment, the measurements
carried out in the vicinity of the injecting wall were similar to those
performedin the shearlayer (Fig. 2b). Nevertheless, the phase angle
relationship cannot be extracted from cross-power spectra because
velocity fluctuations are not centered on any one single peak. Thus,
this phase angle was approached with cross-correlationcalculations
between a velocity signal measured at a fixed probe far away from
the wall injection, Y = (.46, and a signal from a second probe mov-
ing from this position toward the wall injection. Figure 4b shows
temporal cross-correlationcoefficients between the two velocity sig-
nals as a function of r, which is the ratio of the distance between
the two probes to the channel height /.. When the probes are close
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to each other, r =0.01, the maximum of R, «, OCCurs near T = 0,
which shows that the axial velocity fluctuations are essentially in
phase. As r increases, the peak correlationmoves to increasingmag-
nitudes of time delay, which reach a quadrature situation at around
r =0.25. Beyond this transverse location, the curves go through an
inversion and retrace the phase changes in the inversion form. For
the larger value of r presented, that is, for the moving wire close to
the porous wall, velocity fluctuations are out-of-phase. Thus, these
results are consistent with the hypothesis of vortices that separate
and develop along the wall injection.

To estimate the influence of dynamic conditions on wall vortex
shedding frequencies, Fig. 5 shows the change of velocity spectra
with regard to the Mach number for three Reynolds numbers. What-
ever the Reynolds number level, similar behavior is observed; the
involved frequenciesincrease as a function of Mach number. More-
over, the centered frequency increases linearly with the Mach num-
ber, which seems to indicate that the vortex sheddingphenomenonis
mainly driven by a natural hydrodynamic frequency. Furthermore,
as observed for velocity fluctuationsin the shear layer, the Reynolds
number does not affect the excited frequencies, which depend only
on the Mach number. However, the increase of the Mach number
has an effect on the depth of the broadband; the higher the velocity
level, the larger the frequency band, raising the energy distribution
on larger frequency scales.

C. Effects on Pressure Field

A resonance phenomenon in a confined chamber may enhance
a high level of oscillations in the flow when velocity and pressure
fluctuations align with each other. Thus, hydrodynamicinstabilities
are responsible for acoustic emission, and a feedback phenomenon
takes place. To demonstrate the presence of such a coupling, Fig. 6
shows the spectral response of the shear layer in the wake of the

emerging obstacle (X =0.64 and Y =0.71) and in the wall flow in
the rear end of the chamber (X =0.98 and ¥ =0.07) with regard to
Mach number level for Re =1.62 x 10°.

Figure 6 allows one to compare these spectra with the spectral
response of the head-end pressure fluctuations. All of the frequency
stages in velocity spectra generated by vortex merging are exactly
reproduced in the evolution of pressure fluctuations in the vicinity
of the first longitudinal acoustic mode. This comparison clearly re-
veals the influence of vortex dynamics on pressure field; through
impingement of vortices on the nozzle localized in the rear end of
the chamber, pressure waves are generatedand amplified by the con-
finementof the chamber. In addition, it was obvious from Fig. 3 that
pressure oscillations had a strong influence on shear layer fluctua-
tions at separation with appearance of longitudinal acoustic mode
frequenciesin the velocity response at the top of the obstacle. How-
ever, another trend can be observed in pressure field behavior. By
the increase of the Mach number, the first four acoustic modes are
excited. For example, the f;; mode is the most excited frequency
for M <0.1, and up to this level, the second acoustic mode f,;
becomes the predominant frequency. A transition from f,; to f3;
occurs at M ~ (.14, and the f;; mode appears for M > 0.18. This
selective excitation of acoustic modes from the fundamental one
to its first three harmonics could be linked to the velocity fluctua-
tions measured near the injecting wall (Fig. 6). One can then make
the assumption that the wall vortex shedding phenomenon acts by
selecting the acoustic mode at which resonance occurs.

Correlation measurements between the fluctuating velocity and
the fluctuating pressure were introducedin an attemptto evaluate the
influence of one on the other. Figure 7a presentsa characteristicR,
correlation coefficient (1%) computed with velocity fluctuations
recordedin the shearlayerat (X =0.64andY =0.71) for M =0.18.
The change of R,y with regard to the time delay t allows one to
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observe clearly the emergence of two peaks at which the correlation
levels are significant. An analytical model proposed by Vetel et al.?
satisfactorily explained these two peaks. The first, associated with a
negative time delay 77, underlines the first branch of the feedback
loop: a pressure wave creates a forced oscillation in the shear layer
resulting in the formation of a coherent eddy and then continues
its propagation up until the head end of the chamber. The second
peak, associated with a positive time delay t+, represents the other
branch of the feedback loop, that is, the generation of sound by
vortex impingement on the nozzle.

Additionalresults are also plotted on Fig. 7a. In fact, because vor-
tex merging implies frequency changes in the shear layer between
separation and impingement, the same pressureand velocity signals
were filtered to estimate the influence of the fundamentalresonance
frequency fi; on the feedback phenomenon using a low-pass fil-
ter, as well as of all harmonics using a high-pass filter. The cutoff
frequency of the filter was chosen to be the half-frequency of the
f1r and f>; modes. The new results show that minor changes occur
for the T~ peak; the R,/ level for low-pass filtered signals appears
to be slightly lower than the one for raw signals, which in its turn
is slightly lower than that reached by applying the high-pass filter.
Indeed, the response of the shear layer is sensitive to all modes,
and the fi; mode is the least excited in the pressure field. On the
contrary, an inverse trend is clearly shown for positive time delay
7. Even if using a high-pass filter slightly decreasesthe R,y peak
correlation, the R,/ level is greatly increased when the velocity
signals are filtered with a low-pass filter reaching levels up to 20%.
This result shows that noise generationby impingement of the shear
layer on the nozzle occurs mostly around frequencies close to the
fiL mode, which is in agreement with the presence of frequency
stages in the first acoustic mode behavior in pressure and velocity
spectra of Fig. 6.

Correlation coefficients were also estimated with velocity fluctu-
ations recorded close to the injecting wall (X =0.98 and ¥ = 0.07)
for the same Mach number (Fig. 7b). It is obvious that, whatever
filter was employed, a strong T+ correlationis observed with a level
higher than 50%. Therefore, wall vortex shedding contributes to
generate pressure waves, and the high R, level reached clearly
demonstrates that wall instability is the predominant noise source.
Spectraof pressureoscillationshave actually shown that most of the
energy is concentrated on harmonic modes, whereas the f;; mode,
for which the coupling phenomenon occurs, contributes to only a
small part of the pressure fluctuation signal. Furthermore, charac-
teristic frequencies of wall vortex shedding increase with regard to
the Mach number, thereby implying the selectivity process of the
excited modes. That said, wall velocity spectrain Fig. 6 showed the
presence of two frequency stages for M > 0.14.

Figure 7b may provide further information on this point; no cor-
relation at negative time delays is observed for raw and high-pass
filtered signals; yet, with the low-pass filter, a peak appears, which
indicates that receptivity of wall velocity fluctuations is detectable
at the fi, frequency. Compared with the distribution of velocity
spectra (Fig. 6), note that the two frequency stages occur when the
characteristicfrequencyband of wall vortex sheddingis out of range
of the first acoustic mode. Thus, it appears possible to force wall
vortex shedding by acoustic oscillations. As stated by Beddini**
and Liou et al.,** a change of injection velocity strongly modifies
flow transition in porous-walled duct flows and, in this way, the
fluctuating flowfield structure.

IV. Influence of Boundary Conditions

To estimate the strength of the two oscillation sources, the
mass flow rate between the two injecting blocks, that is, from
one side of the obstacle to the other, was unbalanced. To do so,
all experiments were conducted with a constant Reynolds number
(Re =0.86 x 10%), which implies a constant total mass flow rate,
and the mass flow rate of each injecting block was modified. When
q is considered as the new mass flow rate injected through the first
injectingblock and g, is the mass flow rate of the same block without
unbalanced flow, the boundary condition modification is quantified
by the « parameter. One can evaluate general modifications of the
flowfield due to these new boundary conditions. Figure 8 presents
longitudinalmean velocity profiles normalized by the maximum ve-
locity in each section for three different« levels and at a fixed Mach
number M = 0.096. In the wake of the obstacle, a region of the flow
in which shear is significant is pointed out for « = 0. Nevertheless,
velocity gradients weaken rapidly, and beyond X = 0.40, profiles
are no longer modified and remain similar until the rear end of the
chamber. One can see that when the mass flow rate through the
first injecting block is increased, that is, for @ = 15%, no significant
changes occur because velocity profiles conform quite well with
those obtained for the &« =0 case. Unlike o =0 and 15%, velocity
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profiles are clearly modified when mass flow rate is smaller at the
firstinjectingblock (@ = —15%). In fact, evenif profiles at X =0.08
and 0.16 are quite comparable, profile shape presents stronger gra-
dients close to the injecting wall for X > 0.24. In this configuration,
the velocity profile is continuously modified all along the chamber
length to such a point that difference in the profile shape is observed
forY <0.4. Therefore, it seems that a negative value of the o param-
eter affects the flowfield in the vicinity of the wall injection, whereas
a positive value does not appear to modify the mean flowfield be-
havior. Thus, it can be interesting to study how the hydrodynamic
instabilities of the flow are modified for the two « cases.

A. Positive o Case

The change of velocity fluctuationspectra with regardto the Mach
number for o« =15% are shown in Fig. 9 for the same two loca-
tions as those described in Fig. 3. At the first location close to the
obstacle location (Fig. 9a), the presence of a natural vortex shed-
ding frequency is detected with a linear evolution with the Mach
number. Without boundary condition changes (o = 0) indicated by
dotted lines in Fig. 9a, it is obvious that the same instabilities are
observed, but shear layer characteristic frequencies have changed.
First, the natural frequency f, is higher than the « =0 case; indeed,
the velocity difference between the high-speed region and the low-

speedregionof the shearlayeris higher than the « = 0 case. Second,
forced oscillations of the shear layer at the fi, frequency appears
for alower Mach number, M =~ 0.065. Direct consequencesof these
changescan be seen for the secondlocation studied (Fig. 9b), down-
stream from the obstacle location. As observed for the @ = 0 case,
the natural frequency f, has disappeared in the velocity spectra,
whereas fluctuations occur at frequencies close to f, /2 and f,/3,
which are in the vicinity of the first longitudinal acoustic mode.
Pressure fluctuations spectra also shown in Fig. 9c are character-
ized by three successive stages, each of them described by a linear
increase of the frequency around the f;; mode. These frequency
stages are then directly linked to the phenomenon occurring in the
shear layer. Thus, by increasing the mass flow rate through the first
injecting block, the pairing mechanismis favored, which underlines
the presence of the coupling phenomenon between hydrodynamics
and acoustics. Under these conditions, how does the wall vortex
shedding behave, given such boundary condition modification?
Figure 10 compares spectra of velocity fluctuations recorded in
the rear end of the chamber and close to the porous wall for the
two o cases at M =0.9. For « =0 (Fig. 10b), the spectrum in-
volves a large frequency band centered around a given frequency.
For oo = 15% (Fig. 10a), it can be seen that the frequency of the dom-
inant peak increases, and the bandwidth of the excited frequency is
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Fig. 8 Normalized longitudinal mean velocity profiles downstream from the obstacle location vs a.

larger. Moreover, excitation of low frequencies less than 300 Hz
is observed, which indicates an intense turbulent behavior of the
flowfield. Because the vortex peak becomes increasingly broad, the
ability of wall vortex sheddingto generate sound has been estimated
with R,y calculations. A correlation is present at a positive time
delay, which indicates that, as already seen (Fig. 7b), vortex devel-
opment close to the injecting wall generates sound by impingement
on the nozzle. Nevertheless, a significant differenceis observed be-
tween the two cases on the R,/ levels reached, 38% for a =0
(Fig. 10c) and only 15% for o =15% (Fig. 10d). From these re-
sults, the o parameteris significanton velocity—pressureinteraction,
which could alter noise generation by wall vortex impingement and
affect the overall noise level.

Figure 11 shows the change of the nondimensional pressure fluc-
tuations root-mean square with regard to the Mach number, and one
can see that the noise generation is sensitive to the « value. For the

nominal case, & =0, the evolution of «/p’*>/p with M can be de-
scribed by a linear increase up to M approximately equal to 0.085,
followed by a higher growth. When the mass flow rate is increased
through the first injecting block up to 10%, a similar shape is fol-
lowed by the mean pressure fluctuationlevel. However, fora = 15%,
although wall vortex contributionis lower in sound generation,one
can see that the overall noise level increases for M > 0.08. Then,
with higher value of «, this tendency is confirmed with a much
higher level whatever the Mach number is for the « =25% case.
The change in boundary conditions underlines a strong influence
on flowfield behavior. On the one hand, wall vortex instability is
altered, and consequently, noise generation is also altered; on the
otherhand, the vortex pairing occurringin the shearlayeris favored.
Therefore, the increase of the noise level observed indicates that an
increase of the mass flow rate through the first injecting block tends
to favor shear layer instability to the detriment of wall instability,in
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such a way that the shear layer instability becomes the predominant
source of oscillationof the flow. Thus, it may be interestingto study
flowfield organizationby decreasing the mass flow rate through the
first injecting block, that is, for negative values of the o parameter.

B. Negative o Case

Figure 12 presents spectra of wall velocity fluctuations (X =0.98
and Y =0.07) as a function of the Mach number for ¢ = —15%.
Wall vortex shedding is mainly characterized by broadband veloc-
ity spectrawith a main frequencypeakincreasinglinearly with Mach
number; a similar trend was observed for the other studied « levels.
However, unlike the @ = 15% case (Fig. 10), the involvedbandwidth
is much smaller than those observed for « = 0 and 15%. Moreover,
correlation coefficient R,/ estimated at M = 0.09 reaches the level
of 66%, which indicates a stronger influence of wall instability on
the pressure field. Therefore, a negative value of « favors noise gen-
eration by wall vortex shedding, which is the trend opposite that
observedfor a positive value of @. Under these conditions, the shear
layer response to such a behavior has been evaluated. Figure 13
shows the evolution of velocity spectra obtained for the two charac-
teristic locations presented in Fig. 9. Close to the obstacle location,
the decrease of mean velocity levels in the high-speed region of
the shear layer induced by a decrease of the mass flow rate in-
jected through the first injecting block provides a decrease in the
slope of the natural frequency f, linear evolution with Mach num-
ber (Fig. 13a). Consequently, this frequency appearsto be lower than
the f1;, mode forlow Mach numbers butreaches the value of the first
acoustic mode at M = 0.08. Then, for higher Mach numbers, sev-
eral linear growths and jumps of the excited frequency are observed.
Moreover, a similar behavioris observed at the other location stud-

ied (Fig. 13b), despite broadband background velocity fluctuations.
Pressure fluctuations spectra, also shown in Fig. 13c, allow one to
evaluatehow the two instabilitiesact on the resonance phenomenon.
First, for M < 0.08, the f1, resonanceis accompaniedby linearevo-
lution of a broadband frequency (from f =150 Hz at M =0.053
to f ~280 Hz at M =0.08) emanating from the wall vortex shed-
ding frequency influence (Fig. 13). Second, the influence of shear
layer instability is also underlined by the presence of several fre-
quency stages similar to those observed in the shear layer velocity
fluctuations. Nevertheless, this behavior cannot possibly be due to
vortex merging. Indeed, contrary to the « =0 and 15% cases, the
frequency stages occur near the shear layer separation and, more-
over, natural instability frequency are not high enough to provide
subharmonic frequencies in the vicinity of the fj; acoustic mode.
Another mechanism is consequently responsible for this behavior.
As first described by Rossiter,” the feedback loop can be expressed
as follows:

mT =1/u.+1/a(l — M) (1)

in which 7 is the vortex shedding period, / is the distance between
shear layer initiation and impingement points, u. is the convection
speed of vortices, and m is to the number of vortices. The first
term on the right-hand side of Eq. (1) represents the time for a
vortex to travel from the shear layer formation to the impingement
location, and the second term is the time for the acoustic pulse
generated by vortex impingementto travel back until the shear layer
initiation point, perturbing the velocity fluctuations to contribute to
a subsequent vortex. If this feedback loop is responsible for the
shear layer behavior observed here, an integer number of vortices
should fit between the obstacle location and the nozzle location -2
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To check this assumption, values of m have been estimated for each
frequency stage occurringin the velocity fluctuations. Therefore, the
mean convection speed of vortices also needs to be estimated. The
measure of u., nonetheless, remains difficult because the flowfield
is quite complex, but this estimation can be deduced from the time
delays T~ and T, which are expressed as'>

" =d, [uf +dy/a(l — M) )

v =—d; Ju; +diJa(l — M) 3)

where u_ is the mean convection speed between the obstacle lo-
cation and the velocity probe and u" the mean convection speed
between the velocity probe and the nozzle location. Therefore, the
mean convectionspeed between the obstacle location and the nozzle
location can easily be obtained from

(d +ds)fue = dy fuf +ds[u; )
To obtain an estimation of u, with high accuracy, correlation coeffi-
cient R, hasbeen calculated with velocity fluctuationsrecorded at
X =0.64 and Y =0.75. This position actually provides satisfactory
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Fig. 13 Shear layer and pressure oscillation behavior vs M for o= —15%.

correlation levels for positive as well as negative time delays. As
shown in Fig. 14, the existence of = and 77 is strongly observed
with R, levels at about 20%, especially for M > 0.7, where ve-
locity fluctuations begin to show frequency stage behavior, as seen
in Fig. 13. Then, when Eqgs. (2-4) are used, the convection speed
is computed, and the mean convection Mach number M, =u./a is
plotted in Fig. 14 as the Mach number increases. Observe in the
linear evolution of M. with Mach number that the ratio of the mean
convectionspeed of vortices to the mean velocity of the flow reaches
a constantvalue M. /M = 0.32. Therefore, by use of Eq. (1), the val-

ues of m were estimatedfor each frequencystage, thatis, for each os-
cillation period T'. The results, also plotted in Fig. 14, show that, for
all stages, m almost remains at a constant value whatever the Mach
numberis. Moreover, these values are close to an integer, from eight
for the first stage to five for the fourth stage. For each oscillation
stage,anintegernumber of vorticesis then presentbetween the shear
layerinitiationat the top of the obstacleand the nozzlelocation, spot-
lighting the vortex dynamic adaptation to follow the first resonance
frequency, which underlines the presence of a strong coupling phe-
nomenon between shear layer instability and pressure oscillations.
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Thus, in the negative @ case, and contrary to the positive « case,
the two instabilities of the flowfield are amplified. This implies,
as shown in Fig. 15, that the pressure fluctuation level drastically
increases, reaching 50% more than the o« =0 case at M = 0.09. It is
once again evident that wall vortex shedding appears to be the main
source of flow oscillationbecauseits amplification contributesmore
to noise generation than does shear layer amplification.

V. Conclusions

Simultaneous pressure and velocity oscillation measurements in
an injecting flow containing an emerging obstacle have shown two
differenthydrodynamicinstabilities. Wall instability is identified as
a natural instability of the flow induced by a porous wall, and im-
pingement of wall vortices on the nozzle localized in the rear end
of the chamber is responsible for pressure wave generation. The
linear increase of the broadband wall vortex shedding frequencies
with regard to the mean velocity level induces a resonance state
and triggers the acoustic mode selectivity process. In addition, the
shear layer generated at the top of the obstacle in the main flow
is characterized by a coupling phenomenon where periodic vortex
shedding frequencies organize in the vicinity of the first acoustic
mode through vortex pairing mechanisms. Experiments conducted

to destabilize the flow between each injecting blocks, that is, on
either side of the obstacle, have shown different types of instability
behavior. By the increase of the mass flow rate through the first
injecting block, the shear layer coupling phenomenon is amplified
to the detriment of wall vortex development. On the contrary, a de-
crease of the first injecting block flow rate implies amplification of
the two instability sources of the flow. Moreover, the coupling phe-
nomenon of the shear layer instability with acoustics is no longer
described by vortex merging but by a modification of the number
of vortices presentat a given time between separationand impinge-
ment. Thus, these results underscore that a small unbalanced mass
flow rate can imply a change of flow behavior and noise sources, as
well as self-sustained oscillation mechanism.

The present results have shown the sensitivity of the unstable
mechanisms with regard to the wall injection conditions. Neverthe-
less, it would be interesting to study whether a complete trigger
of wall vortex shedding by pressure waves could appear by chang-
ing, for instance, the pseudoturbulence levels, that is, by chang-
ing the porous wall properties. In addition, if self-sustained oscil-
lations appear at wall simultaneously with a shear layer coupling
phenomenon,each unstable mechanismis able to drive pressure os-
cillations. Under such conditions, one instability could control the
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otherone. On the other hand, because the feedbackloop characteris-
tics are determined by velocity level and separation to impingement
length, it may be possible to observe two self-sustained oscillation
mechanisms if an adaptation of the longitudinal location of wall
vortex appearance occurs.
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