
AIAA JOURNAL

Vol. 41, No. 3, March 2003

Dynamics of an Internal Flow� eld Driven
by Two Hydrodynamic Instabilities
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Hydrodynamic instabilities in a con� ned � ow 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. In� uence of an unbalanced mass � ow rate between each
side of the obstacle has been carried out over a wide range of mean velocities; an increase of the mass � ow rate
injected downstream of the obstacle implies resonance ampli� cation by wall vortex shedding that strengthens the
instabilities in the chamber. On the other hand, an increase in the mass � ow 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
fnL = nth longitudinal acoustic mode, na=2L, Hz
hc = channel height, m
h t = height of the nozzle throat, m
It = turbulence intensity,

p
.u 02 C v

02/=aM
L = channel length, m
l = distance between the obstacle and the nozzle

locations, m
M = characteristicMach number based on the mass

� ow rate, qm=a½s
p; p0 = mean and � uctuating pressure at the head end, Pa
qm = total mass � ow rate, kg/s
q0 = mass � ow rate of the � rst injecting block, kg/s
q1 = unbalanced mass � ow rate at the � rst injecting

block, kg/s
Re = Reynolds number, qm =w¹
Rx 0 y0 = correlation coef� cient of arbitrary functions of time x 0

and y 0, x 0.t/ ¢ y0.t C ¿ /=
p

x 0.t/2
p

y0.t/2

r = distance between two probes normalized by the channel
height hc

Sx 0 = power spectral density normalized by rms x 0

� uctuations, sx 0x 0=x 02 , Hz¡1

s = characteristic surface area, whc , m2

sx 0 y0 = power spectral density, jsx 0 y 0 jei µx 0 y0

uc = convection speed of coherent structures,m/s
u 0; v 0 = � uctuation velocity components in X , Y direction, m/s
w = channel width, m
X; Y = nondimensionalaxis normalized, respectively,

by l and hc

® = normalized unbalanced mass � ow rate, .q1 ¡ q0/=qm

µx 0 y0 = phase angle, rad
¹ = dynamic viscosity, kg/ms
½ = density, kg/m3

¿ = time delay, s
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I. Introduction

S ELF-SUSTAINED oscillations remain an important topic in
� ow� eld 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 � ow con� gurations and in-
dustrial applications.The works of Rockwell and Naudascher1 and
Rockwell2 provide an overview of experimental studies, as well
as theoretical approaches on free impinging shear layers. When
� ow is establishedin a con� ned chamber, self-sustainedoscillations
can couple with acoustics, a fact which implies different resonance
states. Many works have been conducted on � ow� eld in ducts con-
taining sets of obstacles3¡5 and � ow over cavities.6¡8 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 � ow velocities. Rossiter9

analyzed this mechanism by a change in the number of vortices in
the shear layer. His model allowed researchers10;11 to explain thrust
and pressure oscillations in solid rocket motors.

Other works on � ow inducedin porous tubes indicatedthat acous-
tic oscillationscould be driven by impingementof vortices that sep-
arate and developin the vicinityof the injectionwall. Dunlap et al.12

characterizedthe � uctuating� ow� eld thatdevelopsalong the length
of a simulated cylindricalport rocket chamber. They describedwall
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.13 de� ned theoretical criteria for
wall vortex appearance and predicted unstable frequencies. Exper-
imental investigations conducted by Avalon et al.14 showed that
self-sustained oscillations occur for characteristic depth-to-length
ratios of the chamber and that wall velocity � uctuations can be
linked to pressure� uctuations.The present studies were undertaken
to investigate experimentally a � ow� eld in which two hydrody-
namic instabilities occur, that is, shear layer vortex shedding and
wall vortex shedding, in a porous wall con� ned chamber containing
an obstacle. The setup was designed to simulate the main features
of � ow� elds inside solid-propellant booster. Simultaneous analy-
sis of pressure and velocity � uctuations 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 pressureand velocity � eld interactionsand to show
the in� uence of each unstable mechanism in the noise-generation
phenomenon. Finally, an unbalanced mass � ow rate between each
side of the obstacle location has been found to be a very sensitive
parameter to unstable � ow behavior. A large-scale modi� cation of
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� ow structurecan 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-
propellant booster 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.15 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 speci� ed 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 � ow was generated by inject-
ing air at ambient temperature from a feeding unit whose mass � ow
rate could vary from 0.050 to 0.300 kg/s; the mass � ow rate was
estimated (§2%) by measuring the pressure drop caused by a di-
aphragm located downstream of the feeding unit. Injection into the
channelwas carried out througha porous wall mainly characterized
by a sintered-bronze sphere Poral plate with 2-¹m characteristic
diameter and a � exible metallic woven sieve set at 10 mm above the
Poral plate. The uniformity of the mass � ow rate distribution along
the porous wall was controlled by an accurate feeding system. For
each injectingblock, air� ow was fed into a generalmanifolddivided
into 10 � exible polyamide tubes. In turn, these tubes fed an isolated
cell, and the mass � ow 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 veri� ed.16 The Poral plate enabled us to isolate the � ow in the
chamber while the metallic woven sieve signi� cantly reduced the
injected turbulence in the chamber. Because of the metallic woven
sieve, a signi� cant decrease of the injected turbulence from 10% to
a level lower 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 h t 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 � ow rate.
Internal velocity was then considered, and with the assumption of a
constant injected mass � ow rate, that is, a � xed 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 � uctuating 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 � uctuatingpressuresensitivityof about0.02 Pa.
Its 33-mm diamallows one to adapt the transducervia a � ush mount-
ing at the head end. Acquisition and analysis of the data (more than

Fig. 1 Experimental con� guration; all sizes are in millimeters.

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 � eld. 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,measuredby a Dantec 5-¹m sin-
gle miniature probe and a 5-¹m 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 C40 deg. Thus, be-
cause of the hot-wire calibration equation and data acquisition, the
uncertaintyof the mean velocity was estimated to be equal to §1%
and that of the � uctuating 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.15 As described in Ref. 15, a shear layer develops
from the top of the obstacle by the mixing of the main � ow with
the wall injected � ow 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 0 � uctuating velocity component at several positions
in the Y direction at X D 0:1, that is, close to the obstacle loca-
tion. Under dynamic conditions (M D 0:06 and Re D 0:86 £ 105),
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, Y ¼ 0:36. To
check as to whether velocity oscillations at 240 Hz were consis-
tent with periodicvortical � ow, speci� c measurementswere carried
out. As described in Fig. 2b, one hot wire was held � xed in the
upper region of the shear layer, Y D 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 jsu 0

1
u 0

2
j

(§2%) and phaseµu 0
1
u0

2
(§2 deg) of cross-powerspectra at 240 Hz as

a functionof the Y location,as well as the pro� le of turbulenceinten-
sity It. 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 signi� cantly. Then, as Y decreases, the magnitude
increases, and the phase angle approaches180 deg, which indicates
that axial velocity� uctuations in the high-speedregion and the low-
speed region of the shear-layer are in antiphase. The minimum in
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a)

b)

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
� uctuations in the high-speed region of the shear layer suf� ces to
estimate the frequency at which vortex shedding occurs.

Experiments then were conductedby changing the dynamic con-
ditions of the � ow; Fig. 3 shows the evolution of the predominant
frequency of velocity spectra with regard to the Mach number M

and are parameterizedby several Reynolds numbers. Velocity � uc-
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 vicinityof the obstaclepo-
sition (X D 0:16 and Y D 0:52) and 2) at the rear end of the chamber
(X D 0:64 and Y D 0:75). For the � rst location, two general trends
canbepointedout, regardlessof theReynoldsnumber.First, it canbe
seen that the peak observed in Fig. 2a at M D 0:06 stronglydepends
on dynamic conditionsbecauseits frequencyincreaseslinearlywith
the Mach number.Thus, this frequency fn correspondsto the natural
instability of the shear layer generated in the wake of the obstacle.
Second, for M > 0:08, spectra are 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 � rst longitudinalacoustic
mode f1L of the chamber; a responseof the shear layer to the acous-
tics of the chamber in then observed. Indeed, the con� ned chamber
acts as a resonator where the resonance frequencies match up with
the closed–closed theoretical longitudinal acoustic modes fnL . For
M > 0:11, the different acoustic modes from f2L to f4L appear in
the velocity spectra. Hence, the initial development of the shear
layer shows a well-organized� ow pattern on its own hydrodynamic
instability with a response to the � rst four acoustic modes. Similar
measurements have been performed for the second location studied
downstreamfrom the obstacle location, and Fig. 3 shows signi� cant
changes in the velocity � uctuations. Despite the natural instability
observed for M < 0:08, as well as the response of the shear layer
to the f1L mode for M < 0:13, the appearanceof the other acoustic
modes has disappeared.That said, other trendsare clearly observed:
Three frequency stages in the vicinity of the � rst 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 � rst three subharmonicsof
the fundamental hydrodynamic frequency fn . Therefore, these re-
sults indicatethatvortexpairingoccursbetween the separationpoint
of the shear layer and the rear end of the chamber as observed in
freeshear � ows at low- or high-speedexit velocities.18;19 Shear layer
behavior is then characterized by formation of vortices at its nat-
ural unstable frequency fn modulated by an acoustic mode fnL of
the chamber. Consequently, a pairing phenomenon occurs, which
forces the highest unstable frequencies to align with a frequency
fn=n close to f1L .

B. Wall Vortex Shedding
Figure 4a presents a transversedistributionof axial velocity spec-

tra at location X D 0:80 (Re D 0:86 £ 105 and M D 0:09). For small
values of Y close to the injecting wall, � uctuations 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 ¼ 0:46,
a particular peak is no longer observed. Therefore, velocity � uc-
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 jets20 and in the
wake of cylinders.21 The latter was identi� ed as consistent with a
nearly regular array of vorticeswhose natural sheddingfrequencyis
not stationarybut slightlydeviatesfrom a mean. To con� rm 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
performed in the shear layer (Fig. 2b). Nevertheless,the phase angle
relationship cannot be extracted from cross-power spectra because
velocity � uctuations are not centered on any one single peak. Thus,
this phase angle was approachedwith cross-correlationcalculations
between a velocity signal measured at a � xed probe far away from
the wall injection, Y D 0:46, and a signal from a second probe mov-
ing from this position toward the wall injection. Figure 4b shows
temporalcross-correlationcoef� cientsbetweenthe two velocitysig-
nals as a function of r , which is the ratio of the distance between
the two probes to the channel height hc. When the probes are close
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Fig. 3 Main frequencies of velocity spectra versus M with regard to Reynolds number Re level: 1) near the obstacle and 2) in the rear end of
the chamber: ¦, Re = 0.86 ££ 105; ¥, Re = 0.96 ££ 105; ¤, Re = 1.14 ££ 105; ££, Re = 1.29 ££ 105; , Re = 1.45 ££ 105; +, Re = 1.62 ££ 105; and M,
Re = 1.94 ££ 105 .

to each other, r D 0:01, the maximum of Ru 0
1u0

2
occurs near ¿ D 0,

which shows that the axial velocity � uctuations are essentially in
phase.As r increases,the peak correlationmoves to increasingmag-
nitudes of time delay, which reach a quadrature situation at around
r D 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 � uctuations 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 in� uence of dynamic conditions on wall vortex
shedding frequencies, Fig. 5 shows the change of velocity spectra
with regard to the Mach number for threeReynolds numbers.What-
ever the Reynolds number level, similar behavior is observed; the
involved frequenciesincreaseas a functionof Mach number. More-
over, the centered frequency increases linearly with the Mach num-
ber, which seems to indicate that the vortexsheddingphenomenonis
mainly driven by a natural hydrodynamic frequency. Furthermore,
as observedfor velocity� uctuations in 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 con� ned chamber may enhance

a high level of oscillations in the � ow when velocity and pressure
� uctuations 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 D 0:64 and Y D 0:71) and in the wall � ow in
the rear end of the chamber (X D 0:98 and Y D 0:07) with regard to
Mach number level for Re D 1:62 £ 105.

Figure 6 allows one to compare these spectra with the spectral
response of the head-end pressure � uctuations.All of the frequency
stages in velocity spectra generated by vortex merging are exactly
reproduced in the evolution of pressure � uctuations in the vicinity
of the � rst longitudinalacoustic mode. This comparison clearly re-
veals the in� uence of vortex dynamics on pressure � eld; through
impingement of vortices on the nozzle localized in the rear end of
the chamber,pressurewaves aregeneratedand ampli� ed by the con-
� nement of the chamber. In addition,it was obvious from Fig. 3 that
pressure oscillations had a strong in� uence on shear layer � uctua-
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 � eld behavior. By
the increase of the Mach number, the � rst four acoustic modes are
excited. For example, the f1L mode is the most excited frequency
for M < 0:1, and up to this level, the second acoustic mode f2L

becomes the predominant frequency. A transition from f2L to f3L

occurs at M ¼ 0:14, and the f4L mode appears for M > 0:18. This
selective excitation of acoustic modes from the fundamental one
to its � rst three harmonics could be linked to the velocity � uctua-
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 � uctuating velocity and
the � uctuatingpressurewere introducedin an attempt to evaluatethe
in� uenceof oneon the other.Figure 7a presentsa characteristicRu 0 p 0

correlation coef� cient (§1%) computed with velocity � uctuations
recordedin the shear layerat (X D 0:64 and Y D 0:71) for M D 0:18.
The change of Ru0 p0 with regard to the time delay ¿ allows one to
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Fig. 4a Velocity spectra near the wall vs Y.

Fig. 4b Cross-correlation coef� cients vs ¿ .

observe clearly the emergenceof two peaks at which the correlation
levels are signi� cant. An analyticalmodel proposedby Vetel et al.22

satisfactorilyexplained these two peaks. The � rst, associatedwith a
negative time delay ¿ ¡, underlines the � rst 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 ¿ C, 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, becausevor-
tex merging implies frequency changes in the shear layer between
separationand impingement, the same pressureand velocity signals
were � ltered to estimate the in� uence of the fundamental resonance
frequency f1L on the feedback phenomenon using a low-pass � l-
ter, as well as of all harmonics using a high-pass � lter. The cutoff
frequency of the � lter was chosen to be the half-frequency of the
f1L and f2L modes. The new results show that minor changes occur
for the ¿¡ peak; the Ru 0 p0 level for low-pass � ltered 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 � lter.
Indeed, the response of the shear layer is sensitive to all modes,
and the f1L mode is the least excited in the pressure � eld. On the
contrary, an inverse trend is clearly shown for positive time delay
¿ C. Even if using a high-pass � lter slightly decreases the Ru 0 p0 peak
correlation, the Ru0 p0 level is greatly increased when the velocity
signals are � ltered with a low-pass � lter reaching levels up to 20%.
This result shows that noise generationby impingementof the shear
layer on the nozzle occurs mostly around frequencies close to the
f1L mode, which is in agreement with the presence of frequency
stages in the � rst acoustic mode behavior in pressure and velocity
spectra of Fig. 6.

Correlation coef� cients were also estimated with velocity � uctu-
ations recorded close to the injecting wall (X D 0:98 and Y D 0:07)
for the same Mach number (Fig. 7b). It is obvious that, whatever
� lter was employed, a strong ¿ C correlationis observedwith a level
higher than 50%. Therefore, wall vortex shedding contributes to
generate pressure waves, and the high Ru0 p0 level reached clearly
demonstrates that wall instability is the predominant noise source.
Spectra of pressureoscillationshave actually shown that most of the
energy is concentratedon harmonic modes, whereas the f1L mode,
for which the coupling phenomenon occurs, contributes to only a
small part of the pressure � uctuation 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 spectra in 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
� ltered signals; yet, with the low-pass � lter, a peak appears, which
indicates that receptivity of wall velocity � uctuations is detectable
at the f1L frequency. Compared with the distribution of velocity
spectra (Fig. 6), note that the two frequency stages occur when the
characteristicfrequencybandof wall vortexsheddingis out of range
of the � rst acoustic mode. Thus, it appears possible to force wall
vortex shedding by acoustic oscillations. As stated by Beddini23

and Liou et al.,24 a change of injection velocity strongly modi� es
� ow transition in porous-walled duct � ows and, in this way, the
� uctuating � ow� eld structure.

IV. In� uence of Boundary Conditions
To estimate the strength of the two oscillation sources, the

mass � ow 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 D 0:86 £ 105), which implies a constant total mass � ow rate,
and the mass � ow rate of each injecting block was modi� ed. When
q1 is consideredas the new mass � ow rate injected through the � rst
injectingblockand q0 is the mass � ow rate of the sameblockwithout
unbalanced� ow, the boundary condition modi� cation is quanti� ed
by the ® parameter. One can evaluate general modi� cations of the
� ow� eld due to these new boundary conditions. Figure 8 presents
longitudinalmean velocitypro� les normalizedby the maximumve-
locity in each section for three different® levels and at a � xed Mach
number M D 0:096. In the wake of the obstacle, a region of the � ow
in which shear is signi� cant is pointed out for ® D 0. Nevertheless,
velocity gradients weaken rapidly, and beyond X D 0:40, pro� les
are no longer modi� ed and remain similar until the rear end of the
chamber. One can see that when the mass � ow rate through the
� rst injecting block is increased, that is, for ® D 15%, no signi� cant
changes occur because velocity pro� les conform quite well with
those obtained for the ® D 0 case. Unlike ® D 0 and 15%, velocity
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Fig. 5 Evolution of velocity spectra at wall (X = 0.98, Y = 0.07) with M.

Fig. 6 Comparison of shear layer and wall vortex shedding with pressure spectra at the front head.

pro� les are clearly modi� ed when mass � ow rate is smaller at the
� rst injectingblock (® D ¡15%). In fact, even if pro� les at X D 0:08
and 0.16 are quite comparable, pro� le shape presents stronger gra-
dients close to the injecting wall for X ¸ 0:24. In this con� guration,
the velocity pro� le is continuouslymodi� ed all along the chamber
length to such a point that difference in the pro� le shape is observed
for Y · 0:4. Therefore, it seems that a negativevalueof the ® param-
eter affects the � ow� eld in the vicinityof the wall injection,whereas
a positive value does not appear to modify the mean � ow� eld be-
havior. Thus, it can be interesting to study how the hydrodynamic
instabilities of the � ow are modi� ed for the two ® cases.

A. Positive ® Case
The changeof velocity� uctuationspectrawith regardto theMach

number for ® D 15% are shown in Fig. 9 for the same two loca-
tions as those described in Fig. 3. At the � rst 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 (® D 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 fn is higher than the ® D 0 case; indeed,
the velocity difference between the high-speed region and the low-

speed regionof the shear layer is higher than the ® D 0 case. Second,
forced oscillations of the shear layer at the f1L frequency appears
for a lower Mach number, M ¼ 0:065. Direct consequencesof these
changescan be seen for the secondlocation studied(Fig. 9b), down-
stream from the obstacle location. As observed for the ® D 0 case,
the natural frequency fn has disappeared in the velocity spectra,
whereas � uctuations occur at frequencies close to fn=2 and fn=3,
which are in the vicinity of the � rst longitudinal acoustic mode.
Pressure � uctuations 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 f1L mode. These frequency
stages are then directly linked to the phenomenon occurring in the
shear layer. Thus, by increasing the mass � ow rate through the � rst
injectingblock, 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 modi� cation?

Figure 10 compares spectra of velocity � uctuations recorded in
the rear end of the chamber and close to the porous wall for the
two ® cases at M D 0:9. For ® D 0 (Fig. 10b), the spectrum in-
volves a large frequency band centered around a given frequency.
For ® D 15% (Fig. 10a), it can be seen that the frequencyof the dom-
inant peak increases, and the bandwidth of the excited frequency is
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a)

b)

Fig. 7 Cross-correlation coef� cients between pressure � uctuations and a) shear layer velocity � uctuations and b) wall velocity � uctuations.

Fig. 8 Normalized longitudinal mean velocity pro� les downstream from the obstacle location vs ®.

larger. Moreover, excitation of low frequencies less than 300 Hz
is observed, which indicates an intense turbulent behavior of the
� ow� eld. Because the vortex peak becomes increasinglybroad, the
ability of wall vortexsheddingto generatesoundhas been estimated
with Ru 0 p0 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 signi� cant difference is observed be-
tween the two cases on the Ru 0 p0 levels reached, 38% for ® D 0
(Fig. 10c) and only 15% for ® D 15% (Fig. 10d). From these re-
sults, the® parameter is signi� canton velocity–pressureinteraction,
which could alter noise generationby wall vortex impingement and
affect the overall noise level.

Figure 11 shows the change of the nondimensionalpressure � uc-
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, ® D 0, the evolution of
p

p02=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 � ow rate is increased
through the � rst injecting block up to 10%, a similar shape is fol-
lowedby themeanpressure� uctuationlevel.However, for® D 15%,
although wall vortex contribution is 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 con� rmed with a much
higher level whatever the Mach number is for the ® D 25% case.

The change in boundary conditionsunderlines a strong in� uence
on � ow� eld behavior. On the one hand, wall vortex instability is
altered, and consequently, noise generation is also altered; on the
other hand, the vortex pairingoccurringin the shear layer is favored.
Therefore, the increase of the noise level observed indicates that an
increase of the mass � ow rate through the � rst injecting block tends
to favor shear layer instability to the detriment of wall instability, in
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Fig. 9 Shear layer and pressure oscillation behavior vs M for ® = 15%.

such a way that the shear layer instabilitybecomes the predominant
source of oscillationof the � ow. Thus, it may be interestingto study
� ow� eld organizationby decreasing the mass � ow rate through the
� rst injecting block, that is, for negative values of the ® parameter.

B. Negative ® Case
Figure 12 presentsspectra of wall velocity � uctuations(X D 0:98

and Y D 0:07) as a function of the Mach number for ® D ¡15%.
Wall vortex shedding is mainly characterized by broadband veloc-
ity spectrawith a main frequencypeakincreasinglinearlywith Mach
number; a similar trend was observed for the other studied® levels.
However, unlike the ® D 15% case (Fig. 10), the involvedbandwidth
is much smaller than those observed for ® D 0 and 15%. Moreover,
correlationcoef� cient Ru 0 p0 estimated at M D 0:09 reaches the level
of 66%, which indicates a stronger in� uence of wall instability on
the pressure � eld. Therefore, a negative value of ® favors noise gen-
eration by wall vortex shedding, which is the trend opposite that
observedfor a positivevalue of ®. Under these conditions, the shear
layer response to such a behavior has been evaluated. Figure 13
shows the evolutionof 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 � ow rate in-
jected through the � rst injecting block provides a decrease in the
slope of the natural frequency fn linear evolution with Mach num-
ber (Fig. 13a).Consequently,this frequencyappearsto be lower than
the f1L mode for low Mach numbersbut reaches the valueof the � rst
acoustic mode at M D 0:08. Then, for higher Mach numbers, sev-
eral lineargrowthsand jumps of the excited frequencyare observed.
Moreover, a similar behavior is observed at the other location stud-

ied (Fig. 13b), despite broadbandbackgroundvelocity � uctuations.
Pressure � uctuations spectra, also shown in Fig. 13c, allow one to
evaluatehow the two instabilitiesact on the resonancephenomenon.
First, for M < 0:08, the f1L resonanceis accompaniedby linear evo-
lution of a broadband frequency (from f ¼ 150 Hz at M D 0:053
to f ¼ 280 Hz at M D 0:08) emanating from the wall vortex shed-
ding frequency in� uence (Fig. 13). Second, the in� uence of shear
layer instability is also underlined by the presence of several fre-
quency stages similar to those observed in the shear layer velocity
� uctuations. Nevertheless, this behavior cannot possibly be due to
vortex merging. Indeed, contrary to the ® D 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 f1L acoustic mode.
Another mechanism is consequently responsible for this behavior.
As � rst described by Rossiter,9 the feedback loop can be expressed
as follows:

mT D l=uc C l=a.1 ¡ M/ (1)

in which T is the vortex shedding period, l is the distance between
shear layer initiation and impingement points, uc is the convection
speed of vortices, and m is to the number of vortices. The � rst
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
generatedby vortex impingement to travel backuntil the shear layer
initiation point, perturbing the velocity � uctuations 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 � t between the obstacle locationand the nozzle location.19;25
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Fig. 10 Comparison of wall velocity spectra (X = 0.98, Y = 0.07) for two ® cases and associated cross-correlation coef� cients vs ¿ .

Fig. 11 In� uence of positive ® values on the normalized rms pressure � uctuations at the front head.

To check this assumption,values of m have been estimated for each
frequencystageoccurringin thevelocity� uctuations.Therefore,the
mean convection speed of vortices also needs to be estimated. The
measure of uc , nonetheless, remains dif� cult because the � ow� eld
is quite complex, but this estimation can be deduced from the time
delays ¿ ¡ and ¿ C, which are expressed as15

¿C D d1

¯
uC

c C d2=a.1 ¡ M/ (2)

¿ ¡ D ¡d3

¯
u¡

c C d4=a.1 ¡ M / (3)

where u¡
c is the mean convection speed between the obstacle lo-

cation and the velocity probe and uC
c the mean convection speed

between the velocity probe and the nozzle location. Therefore, the
mean convectionspeedbetween the obstacle locationand the nozzle
location can easily be obtained from

.d1 C d3/=uc D d1

¯
uC

c C d3

¯
u¡

c (4)

To obtain an estimationof uc with high accuracy,correlationcoef� -
cient Ru0 p0 has been calculatedwith velocity� uctuationsrecordedat
X D 0:64 and Y D 0:75. This position actuallyprovides satisfactory
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Fig. 12 Wall velocity spectra vs M and cross-correlation coef� cient at M = 0.09 for ® = ¡¡15%.

Fig. 13 Shear layer and pressure oscillation behavior vs M for ® = ¡¡15%.

correlation levels for positive as well as negative time delays. As
shown in Fig. 14, the existence of ¿¡ and ¿ C is strongly observed
with Ru0 p0 levels at about 20%, especially for M > 0:7, where ve-
locity � uctuations begin to show frequency stage behavior, as seen
in Fig. 13. Then, when Eqs. (2–4) are used, the convection speed
is computed, and the mean convection Mach number Mc D uc=a is
plotted in Fig. 14 as the Mach number increases. Observe in the
linear evolution of Mc with Mach number that the ratio of the mean
convectionspeedof vortices to the mean velocityof the � ow reaches
a constantvalue Mc=M D 0:32. Therefore,by use of Eq. (1), the val-

ues of m were estimatedfor each frequencystage, that is, for each os-
cillationperiod T . The results, also plotted in Fig. 14, show that, for
all stages, m almost remains at a constant value whatever the Mach
number is. Moreover, these valuesare close to an integer, from eight
for the � rst stage to � ve for the fourth stage. For each oscillation
stage,an integernumberof vorticesis thenpresentbetweenthe shear
layer initiationat the topof theobstacleand thenozzle location,spot-
lighting the vortex dynamic adaptation to follow the � rst resonance
frequency,which underlines the presence of a strong coupling phe-
nomenon between shear layer instability and pressure oscillations.



434 VÉTEL, PLOURDE, AND DOAN-KIM

Fig. 14 Estimation of the convection speed of shear layer vortices and computed m values via cross-correlation coef� cients vs M for ® = ¡¡15%.

Fig. 15 Comparison of normalized rms pressure � uctuations at the front end for three values of ®.

Thus, in the negative ® case, and contrary to the positive ® case,
the two instabilities of the � ow� eld are ampli� ed. This implies,
as shown in Fig. 15, that the pressure � uctuation level drastically
increases, reaching 50% more than the ® D 0 case at M D 0:09. It is
once again evident that wall vortex shedding appears to be the main
sourceof � ow oscillationbecauseits ampli� cation contributesmore
to noise generation than does shear layer ampli� cation.

V. Conclusions
Simultaneous pressure and velocity oscillation measurements in

an injecting � ow containing an emerging obstacle have shown two
differenthydrodynamicinstabilities.Wall instability is identi� ed as
a natural instability of the � ow 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 � ow
is characterized by a coupling phenomenon where periodic vortex
shedding frequencies organize in the vicinity of the � rst acoustic
mode through vortex pairing mechanisms. Experiments conducted

to destabilize the � ow 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 � ow rate through the � rst
injecting block, the shear layer coupling phenomenon is ampli� ed
to the detriment of wall vortex development. On the contrary, a de-
crease of the � rst injecting block � ow rate implies ampli� cation of
the two instability sources of the � ow. Moreover, the coupling phe-
nomenon of the shear layer instability with acoustics is no longer
described by vortex merging but by a modi� cation of the number
of vortices present at a given time between separationand impinge-
ment. Thus, these results underscore that a small unbalanced mass
� ow rate can imply a change of � ow behavior and noise sources, as
well as self-sustainedoscillation 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 pressureos-
cillations. Under such conditions, one instability could control the
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other one. On the other hand, becausethe 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.

Acknowledgments
This research was sponsored by the Centre National d’Etudes

Spatiales (CNES). We give special thanks to Michel Pons, Direc-
tor of the Solid Propulsion Department, for his tireless aid. These
studies were performed within the framework of the “Aerodynam-
ics of Solid Segmented Motors” research program of the CNES,
concerning the Solid Propellant Motor/P230 of Ariane 5, and as a
result of a research convention with the Of� ce National d’Etudes et
de Recherches Aérospatiales.
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