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Abstract

Experimental measurements in a confined chamber with injection through porous walls were carried out over a range of low

characteristic velocity levels in order to analyse the vortex shedding phenomenon in the wake of an emerging obstacle and its

coupling with the confined chamber acoustics. Two trends were identified at subsonic velocities. At lower velocities, a weak coupling

was observed and the hydrodynamics could force a shifting of the resonant acoustic frequency. Turbulence behaviour greatly in-

fluenced the dissipation of coherent structures. Nevertheless, the coupling phenomenon strengthened at higher velocities. It caused

the natural self-sustained shear-layer to align with the first longitudinal acoustic mode and generated a complete resonant state in

the whole chamber. � 2002 Elsevier Science Inc. All rights reserved.

1. Introduction

Unstable developments in confined flows have been
studied and results clearly show that coupling phe-
nomena between hydrodynamics and acoustics were at
the origin of the unstable behaviour. Brown et al. (1981)
demonstrated that significant amplification of coupling
phenomena can be reached and pointed out that two
conditions are necessary to produce noise: the existence
of an unsteady flow such as a jet or shear-layer, and the
impingement of such a flow on an obstacle. This com-
plex mechanism was also observed both in confined and
in open spaces, as were the impact of a circular jet upon
an edge, the impingement of vorticity concentrations
upon a corner and the oscillations induced by flows over
cavities. Ho and Nosseir (1981) used a high speed sub-
sonic jet impinging on a flat plate in order to highlight
the feed-back loop phenomenon. In fact, this feed-back
loop consists of downstream convected coherent struc-
tures and upstream propagating pressure waves gener-
ated by the impingement of coherent structures on the
plate. The upstream propagating waves excite the thin
shear-layer near the nozzle lip and produce periodic
coherent structures. Ziada and Rockwell (1982) con-

ducted experiments in which mechanisms of coherent
structure impingement on the edge induced forced on
the wedge. The nature of the vortex–wedge interaction
and of the associated force on the wedge were directly
related to the induced velocity at the upstream separa-
tion edge, providing the essential feedback for self-
sustained oscillations. Tang and Rockwell (1982)
underlined the strong dependence of the vortex–corner
interaction. The frequency of oscillation is typically ex-
pressed by the Strouhal number St. Rockwell and
Naudascher (1979) presented frequency jumps and the
occurrence of several stages in the Strouhal number
evolution. Furthermore, it was shown that the resonance
phenomenon between shear-layer oscillations and up-
stream pressure waves may be enhanced by an acous-
ticor by a free-surface standing wave. Hourigan et al.
(1990), Isaacson and Marshall (1982) and Dunlap and
Brown (1981) studied shear-layer oscillations in a con-
fined area containing sets of baffles and commented on
the effect of non-linear resonant energy transfer. The
oscillation frequency depends strongly on the Strouhal
number. In addition to the critical Strouhal number,
the position of the baffles relative to the acoustic mode
structure is an important parameter depending on the
obstacle location with regard to the acoustic velocity
node or velocity antinode.

The aim of our study is to understand the complex
behaviour of the flow in a confined chamber with po-
rous wall injection and to highlight conditions for
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the presence of a hydrodynamic–acoustic coupling
phenomenon. For this purpose, pressure fluctuations at
the head-end of the chamber were recorded and analy-
sed in order to underline possible unstable behaviour
and were correlated with velocity fluctuations. Couton
et al. (1999) already stated on the presence of a non-
linear amplification with the increase of mass flow rate
as well as of the Mach number and Couton et al. (1997)
also numerically demonstrated a strong coupling. But,
this present study focuses essentially on the shear-layer
self-sustained oscillations, specifically following coher-
ent-structure shedding in the wake of an emerging ob-
stacle and impingement area, with regard to the internal
velocity levels in the chamber. A wide range of velocity
levels has been studied to analyse the influence of the
flow field on the coupling phenomenon and acoustic
interference. An analytical model was proposed in order
to analyse and to understand the presence of the cou-
pling phenomenon.

2. Experimental set-up and measuring techniques

2.1. Test channel

The principle of the test channel has been fully de-
scribed in previous works by Couton et al. (1996), but
the main features are briefly summarised. In order
to simulate potential mechanisms in solid-propellant
rocket motors, some essential features of both hydro-
dynamic and geometric design of the internal chamber
were reproduced. In terms of internal design, the test
channel (Fig. 1) was a non-symmetric 2D channel 0.623
m long (L), 0.05 m wide (w) and 0.028 m high (hc). The
channel was composed of three injection blocks whose
lengths were 0.064 m for the first, 0.253 m for the second
and 0.264 m for the third one. The simulation of the
combustion was performed by injecting air at ambient
temperature through the porous walls of the blocks. A
feeding system provided an accurate mass flow injection

Nomenclature

a ¼
ffiffiffiffiffiffiffiffi
crT

p
, sonic velocity (m/s)

fnL ¼ na=2L, nth longitudinal acoustic mode (Hz)
ht height of the nozzle throat (m)
hc channel height (m)
L channel length (m)
P mean pressure at the front-head (Pa)
P 0 fluctuating pressure (Pa)
qm mass flow rate (kg/s)
s ¼ whc, characteristic surface area (m2)
T temperature of the flow (K)
uc coherent structure velocity (m/s)
uv ¼ qm=qs, characteristic velocity based on the

mass flow rate (m/s)
u0 characteristic fluctuation velocity (m/s)
vw wall injection velocity (m/s)

w channel width (m)
X, Y, Z non-dimensional axis normalised respec-

tively by L, hc and w
s time delay (s)
l dynamic viscosity (kg/ms)
q density (kg/m3)

Dimensionless parameters
M Mach number
Rec ¼ quvhc=l, Reynolds number
Rew ¼ qvwhc=l, wall injection Reynolds number
Ru0p0 ðsÞ temporal correlation coefficient of the pres-

sure and the velocity fluctuations
St Strouhal number
c specific heat ratio

Fig. 1. Experimental configuration.
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rate through porous walls and ensured a constant in-
jection velocity vw all along the blocks. In all the results
presented in this paper, the first block was not fed with
air. This block represented the ignition propellant block
that burns rapidly. As shown in Fig. 1, between each
block, i.e. between the first and the second block and
between the second and the third block, an obstacle
emerged above the porous walls. As there was no air
injection through the first block, we focused our velocity
study on the second obstacle and within its wake. The
head-end was closed while a submerged nozzle was lo-
cated at the rear-end. The height ht of the throat could
be varied in order to modulate the characteristic Mach
number inside the chamber. The porous walls were
mainly characterised by a sintered-bronze sphere Poral
plate with a 2 lm characteristic diameter to isolate
the flow in the chamber while the sonic conditions at
the nozzle throat ensured the acoustic isolation of the
channel from the exterior environment. In terms of hy-
drodynamics, the 1/40 scale model was based on a solid
rocket motor with the conservation of Mach and
Strouhal numbers. Since the objective of this study was
to understand the influence of the mean velocity level uv
inside the chamber, the total mass flow rate qm was fixed
at 0.065 kg/s while the height of the nozzle varied from 2
to 4 mm. The nozzle throat was progressively closed step
by step at intervals of 0.05 mm, which imposed a mean
pressure change from 3:4� 105 to 1:43� 105 Pa. Thus,
the variation range of mean velocity level uv was from 12
to 30 m/s. The complete details of the experimental
conditions are given in Table 1.

2.2. Measurement techniques

The measurements of the mean pressure and of its
fluctuating component were made at the head-end with
a piezo-electric quartz transducer, whose sensitivity was
about 10 Pa and its cut-off frequency was 13 kHz. For
every pressure measurement, more than 200,000 samples
were recorded at a 10 kHz frequency and spectral
analysis decomposition was made with blocks of 4096
data. This allowed an estimate of the spectral energy
response with an error <5%.

The injected air temperature was controlled by a K-
thermocouple in order to precisely evaluate the sonic
velocity a in the chamber. The accuracy of the thermo-
couple was 0:5 �C which induced an accuracy of 0.08%
for the evaluation of a.

Velocity measurements were conducted with a 5 lm
single miniature wire. The frequency response of the hot-
wire system was found to be �100 kHz and the analog
signal from the anemometer was digitised through a 16-
bit resolution analog to digital converter. Data were
directly analysed in conjunction with a relevant cali-
bration. The calibration of the probe was carried out
with 40 different velocity levels from 4 to 60 m/s at
normal pressure level. From the hot-wire calibration
equation and data acquisition, the uncertainty of the
mean velocity was <2% and of the fluctuating velocity
5%. Furthermore, The Reynolds number Rec, based on
the mean velocity level uv and the channel height hc was
maintained constant even when uv strongly increased. In
fact, the characteristic Reynolds number Rec may be
written as qm=wl.

As shown in Fig. 1, a cartesian co-ordinate system (X,
Y, Z) was chosen with its origin located at the bottom of
the obstacle and with the X-axis oriented along the main
flow direction. For the purpose of the present study, all
velocity measurements reported were recorded at the
centre of the chamber, i.e. for Z ¼ 0. Furthermore, X
and Y were normalised with the length between the lo-
cation of the obstacle and the rear-end of the chamber
for X, i.e., 280 mm, and with the height of the channel
for Y, i.e., 28 mm.

3. Mean velocity influence on the internal flow character-

istics

3.1. Fluctuating pressure field

The variation of the root-mean-square of the pres-

sure fluctuations
ffiffiffiffiffiffi
P 02

p
, measured from the front-head

transducer, with uv is presented in Fig. 2. Two different
amplification stages are noted. The first, Stage I, extends

from uv levels of 12–26 m/s and a gradual linear increase

of
ffiffiffiffiffiffi
P 02

p
is observed concurrently with the increase of the

mean velocity. This increase was obtained with an in-
creasing throat height ht because, with a fixed mass flow
rate qm, the sonic nozzle condition controlled the veloc-
ity as well as the pressure in the chamber according to
the nozzle height ht. In Stage I, the ratio of the pressure

fluctuations
ffiffiffiffiffiffi
P 02

p
and the mean pressure P at the front-

head varied from 0.001 to 0.01%. The second stage,

Stage II, is mainly characterised by a higher increase offfiffiffiffiffiffi
P 02

p
with increasing uv. For 266 uv 6 28 m/s, an abrupt

change in the root-mean-square pressure fluctuations
occurs and beyond theses values, the change is also

Table 1

Experimental conditions

Front-head pressure P 1:43� 105–3:40� 105 Pa

Mass flow rate qm 0.065 kg/s

Characteristic mean velocity uv 12–30 m/s

Mach range 0.035–0.086

Global Strouhal number St 2.23–5.60

Characteristic Reynolds number Rec 71,300

Wall injection Reynolds number Rew 3,800

Air temperature 298 K

Mode f1L 278 Hz

f2L 556 Hz
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linear but displays a characteristic slope 30 times as high
as that of the first stage. Nevertheless, pressure fluc-
tuations collected at the front-head remain very
low compared to the values of the average pressure. For

instance, the
ffiffiffiffiffiffi
P 02

p
/P ratio reached 0.07% at the maxi-

mum mean velocity uv of 30 m/s. In order to analyse
these differences in amplification, the spectral analysis of
the pressure fluctuations was performed.

Representative frequency spectra of the front-head
pressure fluctuations are shown in Fig. 3, where uv is
presented for each spectrum. Each amplification stage is
illustrated by frequency spectra. For instance, at
uv ¼ 16:5 m/s, the spectrum is mainly characterised by
the presence of one single peak. The complete fluctua-
tion energy is concentrated at a fundamental frequency
of 270 Hz. This frequency is close to the theoretical
fundamental longitudinal acoustic mode f1L: In fact,
noise created by the flow in the confined chamber mat-
ches up with the internal acoustics. In the transition
between Stages I and II, the shapes of spectra do not
change radically. Amplification of the root-mean-square
of the pressure fluctuations organises itself mostly at the
fundamental frequency (f1L), even if a weak energy
concentration can be seen at the second harmonic fre-
quency (�540 Hz), for uv ¼ 26:5 m/s and most evidently
in Stage II. For uv P 29 m/s, the first four harmonic
frequencies are present in the pressure fluctuations but
spectra obtained are always mostly characterised by
increasing fluctuating energy around the first longitudi-
nal acoustic mode. The magnitudes and frequencies of
the first and second dominant spectral peaks are plotted
in Fig. 4 for a complete range of mean velocity values
(9 < uv < 30 m/s).

First of all, as already underlined above, the magni-
tudes of the highest peak close to the first longitudinal
acoustic mode exceed all others, specifically the second

acoustic longitudinal mode, whatever the velocity level
uv. But the change in the fluctuation energy of the fun-
damental frequency f1L does not increase linearly. A
maximum of energy at the first longitudinal acoustic
mode f1L is obtained for approximately uv ¼ 17 m/s, i.e.
at Stage I, and then a steep rise is observed beyond the
mean velocity uv of 26 m/s. Actually, this maximum in

Fig. 2. Root-mean-square of pressure fluctuations at head-end versus mean velocity level uv.

Fig. 3. Change of the pressure spectral response versus mean velocity

level uv.
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magnitude appears with a frequency shift, close to the
fundamental frequency. In fact, the frequency increases
linearly by 40 Hz approximately and this linear evolu-
tion is obtained for 166 uv 6 18 m/s. Beyond uv ¼ 18
m/s, after an abrupt jump in frequency, no particular
evolution of the fundamental frequency is observed.

To sum up, flow disturbances create pressure fluc-
tuations in the whole chamber which correspond with
the natural acoustic frequency. According to Plourde
(1994), it is the presence of an obstacle that creates the
development of a turbulent shear-layer in its wake. The
non-linear nature of the evolution of the shear-layer
may interfere with the pressure field. In fact, two dif-
ferent mechanisms are underlined with the pressure
fluctuating study. A resonant phenomenon on the mag-
nitude close to the fundamental frequency energy f1L at
Stage I as well as a large increase in fluctuating energy
for the full range of frequencies at Stage II. The stability
theory of Michalke (1972) states that the frequency of
oscillations in the shear-layer depends on the impinge-
ment phenomenon. For a better understanding of the
phenomenon, our experimental set-up intended to study
the velocity fluctuations in the shear-layer as well as the
possible links between the velocity and the pressure
fluctuations.

3.2. Mean and fluctuating velocity field

The mean flow field has already been studied in pre-
vious works by Couton et al. (1996) and Plourde et al.
(1996). These works mainly focused on the organisation
of the whole flow in the chamber on both sides of the
obstacle location with various injection wall conditions.
All the experiments reported here were conducted with
a porous plate of 2 lm sintered-bronze characteristic
sphere diameter. This enables the whole chamber to be
isolated from injection noise upstream of the injecting
porous walls and avoids the dissipation of energy fluc-
tuations in the chamber itself. Previous works showed
that upstream of the obstacle location (X < 0), the flow
was laminar with velocity distribution like Taylor’s
(1956) well-known analytical profiles, which were ob-
tained for a simple geometry presenting no discontinu-
ities.

In the wake of the obstacle, a turbulent shear-layer
developed. Analysis of the fluctuating velocity spectra
was important in order to understand the vortex shed-
ding phenomenon and its potential link with the
acoustic field. First of all, one might expect that the
anemometer would respond to the acoustic velocity as-
sociated with the pressure wave. Quantitative analysis of
the data reveals that this is not the case. As formerly
indicated, the normalised pressure fluctuation amplitude
at the head-end is 10�4 of the mean pressure. In such a
condition, the amplitude of the acoustic velocity at the
obstacle position would be approximately equivalent to
ða=cÞð

ffiffiffiffiffiffi
P 02

p
=P Þ.

Fig. 5 shows the spectra of the anemometer wire
downstream of the obstacle location outside and inside
the shear-layer for uv ¼ 27 m/s. These data show that
outside the shear-layer, the main energy organises itself
at the first acoustic mode, at nearly 270 Hz while inside
the shear-layer, the most energetic frequency is close to
480 Hz. Furthermore, energy contained at a frequency
close to 270 Hz is much higher than that outside the
shear-layer. For the spectrum obtained outside the
shear-layer, the anemometer wire was located just above
the shear-layer development, energy of the fluctuating

Fig. 4. Change of the magnitude and frequency of the most energetic

frequency versus mean velocity level uv.

Fig. 5. Characteristic fluctuation velocity spectra in the obstacle area.
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velocity is 2:3� 10�4 of the sound velocity while energy
of velocity fluctuation is 1:8� 10�3 of the sound velocity
in the shear-layer (X ¼ 0:01, Y ¼ 0:80), that is nearly
one order of magnitude higher. This suggests that the
velocity fluctuations measured in the shear-layer corre-
spond to a vortex creation. Fig. 6 presents the change of
fluctuation velocity spectra as a function of uv levels at
two different locations in the shear-layer. The first lo-
cation is at X ¼ 0:15 and Y ¼ 0:54, that is in the vicinity
of the obstacle in the separated shear-layer region. A
major change in spectra of responses is clearly identified.
Although no particular peak is observed at low mean
velocities such as uv ¼ 13:9 m/s, spectra are mainly
characterised by a peak in magnitude at a frequency
close to 250 Hz for uv ¼ 16:4 m/s. However, the fre-
quency of this peak increases with rising uv. For exam-
ple, the dominant frequency is close to 270 Hz at
uv ¼ 18:9 m/s and close to 450 Hz at 26.3 m/s. Con-
currently, the magnitude of this peak is also a function
of uv. For 13:96 uv 6 18:9 m/s, magnitudes sharply rise
and beyond uv ¼ 18:9 m/s, a slight decrease in the
magnitude of the most energetic frequency is observed.
For a mean velocity of 26.3 m/s, a second peak is present
in the spectra at a frequency close to 270 Hz, which
corresponds to the first longitudinal acoustic frequency.
For mean velocity levels above 26.3 m/s, the most en-
ergetic peak occurs at a frequency close to the first
longitudinal acoustic mode f1L while the not-so-power-
ful second one is still present at 480 Hz. At X ¼ 0:71, at
which turbulence levels are higher, the spectra do not
clearly present a dominant peak for velocity levels below
23.9 m/s. Although a peak does emerge at a frequency
varying from 250 to 500 Hz, depending especially on the
velocity level, spectra are mainly characterised by tur-

bulent energy dissipation for a wide frequency range.
When increasing mean velocity levels uv, the energy of
fluctuating velocities mainly organises itself at a fre-
quency close to f1L. It should be noted for the highest
velocity that the dominant peak is sharper and centred
at 270 Hz as if the coherence of the structures
strengthens towards the downstream end of the channel.

Spectral analysis once again confirmed two different
behaviour patterns of the entire flow depending on the
level of uv. Spectral responses were drawn over a wide
range of mean velocity levels uv at two different loca-
tions (see Fig. 7). More than 60 spectra for different
velocity levels were used to draw it. This figure shows
the change in the fluctuation velocity as a function of the
frequency and the mean velocity level uv. Magnitudes of
the spectra are represented in grey; the darker the
shades, the higher the magnitude. This pseudo-three-
dimensional representation allows the most energetic
frequencies and their evolution according to uv to be
extracted. Fig. 7a shows this pseudo-three-dimensional
representation with velocity fluctuations recorded from
a location close to the obstacle position while Fig. 7b
presents measurements made at the rear end, close to the
submerged nozzle.

In the vicinity of the obstacle, i.e. in the separated
region, it is clearly evident that the most energetic fre-
quency increased linearly while uv increased from 12 to
30 m/s. The shear-layer organises itself at its natural
frequency, depending exclusively on the hydrodynamic
conditions. The higher the velocity, the higher the vortex
shedding frequency. This behaviour has been well de-
scribed in free mixing layers for example. As the natural
destabilisation of the shear-layer reaches the natu-
ral resonant frequency of the whole chamber, around

Fig. 6. Spectral analysis of fluctuation velocity component downstream of the obstacle position and its change with the mean velocity uv.
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270 Hz, a resonant phenomenon appears between the
hydrodynamics and the acoustics. When uv increases,
the frequency of the vortex shedding also increases and
then the resonant state forces the acoustic resonance to
shift. The outcome is observed in Fig. 4 with a 40 Hz
shift in the first acoustic mode. Over the same velocity
range (12 < uv < 28 m/s), the fluctuating velocity spec-
tra do not present a particular energetic frequency at the
rear-end of the chamber in Fig. 7b. This demonstrates
that structures created in the separation zone lose their
coherence on their way from the obstacle position to the
submerged nozzle location. Structures created at a spe-
cific frequency in the separation zone are dissipated ei-
ther by turbulence mixing or by interference with wall
mass transfer; or the vortices are not initially sufficiently
powerful to retain their coherence. The fact remains that
the close link between acoustics and hydrodynamics
diminishes rapidly. This is observed for the first acoustic
mode jump obtained at uv ¼ 18 m/s. Beyond this ve-
locity level, the vortex shedding frequency continues to
increase up to uv ¼ 28 m/s. It is important to underline
that at the rear-end, in this velocity range, although
spectra are mainly characterised by turbulence dissipa-
tion, a low energy level is present at the same frequency

as that of the vortex shedding frequency in the separa-
tion zone. This indicates that, under these conditions,
structures are still present in the shear-layer and that a
specific frequency emerges in the spectral response of the
velocity fluctuations. A dotted-line is drawn in Fig. 7b in
order to show this evolution. For 28 < uv < 30 m/s, the
vortex shedding frequency suddenly jumps from 480 to
270 Hz as shown in Fig. 7a. In Stage II, the frequency of
the most energetic peak does not vary. At the same time,
as already observed in Fig. 6, energy fluctuations
strengthen at a frequency close to the first longitudinal
acoustic mode (270 Hz). This indicates that vortices in
the shear-layer match up with the natural acoustics of
the whole chamber and that a resonant phenomenon
between the hydrodynamics and the acoustics interacts
with the shear-layer. It seems that vortices are suffi-
ciently powerful and manage to keep their coherence in
spite of turbulence dissipation during their convection
along the second injection block. The impingement of
vortices upon the submerged nozzle creates noise at such
a level that resulting pressure waves, travelling upstream
of the flow, might have driven the vortex shedding
phenomenon in the separation zone. Thus, to underline
the close link between fluctuating pressure and velocity

Fig. 7. Velocity spectral analysis with the mean velocity uv at two different locations: (a) at (X ¼ 0:01, Y ¼ 0:46) near the obstacle location; (b) at

(X ¼ 0:57, Y ¼ 0:75) in the rear-end.
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fields, specific studies were conducted and are presented
in the following section.

4. Identification of a coupling phenomenon

The study of velocity fluctuations, presented above,
underlines the influence of the mean flow velocity in the
chamber. The vortex shedding frequency is controlled
by the flow dynamics as well as by vortex energy. In
Stage II, where 26 < uv < 30 m/s, vortices are suffi-
ciently energetic to keep their coherence between the
obstacle location and the submerged nozzle position.
The coherence of the structure is observed despite higher
turbulence levels than those obtained in Stage I (12 <
uv < 26 m/s). As a result, the impingement of structures
on the nozzle may provide a sufficient sound source to
control the vortex shedding itself.

It is of interest to establish the link between the self-
sustained shear-layer and the acoustics of the chamber.
In order to quantify the link between the hydrodynamic
and the acoustic fields, the temporal correlation coeffi-
cient of the pressure and the velocity fluctuations is
defined as:

Ru0P 0 ðsÞ ¼ u0ðtÞP 0ðt þ sÞffiffiffiffiffiffiffiffiffiffiffi
u0ðtÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffi
P 0ðtÞ2

q ð1Þ

This temporal correlation coefficient is also a spatial
coefficient because the pressure fluctuations were re-
corded with the transducer located at the front-head of
the chamber when the velocity fluctuations were mea-
sured in the shear-layer. For the evaluation of a possible
feed-back loop, the pressure fluctuations at the front-
head were compared with the velocity fluctuations, i.e.
the hot wire was located at (X ¼ 0:71, Y ¼ 0:89) in the
vicinity of the nozzle location. The characteristic change
in Ru0P 0 ðsÞ levels for different mean velocities are shown
in Fig. 8.

At uv ¼ 15 m/s, no strong correlation between the
pressure fluctuations and the velocity fluctuations ap-
pears; Ru0P 0 ðsÞ does not exceed a 4% correlation and its
evolution is mainly characterised by a regular trigono-
metric shape at a frequency close to the fundamental
acoustic frequency (�270 Hz). This particular shape is
induced by the acoustic field, organised as shown before
around the first acoustic longitudinal mode. For uv ¼ 30
m/s, correlation levels are higher and the shape of
Ru0P 0 ðsÞ with a time delay s shows two potential corre-
lation times. The first one is located at approximately
s ¼ �10 ms and the second is identified at s ¼ 5 ms. In
fact, with increasing velocity uv, two correlation areas
are well observed with a negative time delay and a
positive time delay. The values of the correlation coef-
ficient are higher for the negative time delay s� than for
the positive time delay sþ: Pressure and velocity-fluctu-
ation fields strengthen their correlation, reaching �14%
at the negative time delay s� and more than 8% at the
positive time delay sþ. As observed in Fig. 8, it is difficult
to establish the time delay s for the highest correlation
levels because of the trigonometric shape of Ru0P 0 ðsÞ.
Using the Hilbert’s transform, the magnitude function
AðsÞ of the velocity–pressure correlation was calculated.
In fact, a convolution integral of Ru0P 0 ðsÞ provided the
Hilbert transform eRRu0P 0 ðsÞ:
eRRu0P 0 ðsÞ ¼ Ru0P 0 ðsÞ � 1=ðpsÞ ð2Þ
The magnitude function AðsÞ, also called the envelope
signal of Ru0P 0 ðsÞ, was calculated as

AðsÞ ¼ eRR2
u0P 0 ðsÞ

�
þ R2

u0P 0 ðsÞ
�1=2

ð3Þ

The envelope signal is drawn in dotted lines in Fig. 8. As
the time delays vary widely with increasing uv, the
change of the correlation coefficient Ru0P 0 ðsÞ is drawn in
Fig. 9 for a large range of uv. In this pseudo-three-
dimensional figure, the horizontal axis shows uv and the
vertical axis represents the time delay s while the Ru0P 0 ðsÞ
values are represented in different grey levels. Two

Fig. 8. Fluctuating velocity-pressure correlation coefficient at two different mean velocity levels uv.
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trends are clearly observed in Fig. 9. Firstly, the level of
the mean velocity uv is a determining factor in the cor-
relation phenomenon between hydrodynamics and the
pressure field. Moreover, a strong correlation at s� is
observed with lower mean velocity levels uv. For ex-
ample, as soon as uv reached 24 m/s, strong correlation
coefficient levels are obtained, in contrast with that
found with positive time delays. Secondly, it seems clear
in Fig. 9 that the time delay, both for positive and
negative values, varies with uv. In fact, the higher the
mean velocity the less the time delay. What is more,
Ru0P 0 ðsÞ is significantly higher for positive time delays sþ,
over mean velocity limits of 28–30 m/s, the maximum
velocity levels in such an experimental configuration.
How can these two kinds of correlation be explained? In
order to understand these mechanisms, an analytical
model is tested to interpret the correlation data with
some assumptions for s� and sþ time delays.

4.1. Model of correlation time delay

First, it is important to assume that the feed-back
loop, as described by Ho and Nosseir (1981), is inter-
fered with by the presence of a self-sustained shear-layer
oscillation, within the mean velocity uv range studied.
Secondly, according to its definition, a strong correla-
tion between the velocity fluctuations measured at the
rear-end of the chamber and the pressure fluctuations
from the front-head transducer at negative time delay s�

indicates the correlated phenomenon occurs first at the
front-head before the hot wire at (X ¼ 0:71, Y ¼ 0:89)
detected it. Indeed, if a pressure wave creates a forced
oscillation in the shear-layer resulting in the formation

of a coherent eddy, this pressure wave would continue
its convection at a velocity close to the sonic velocity a.
Since pressure wave velocity exceeds by far the charac-
teristic velocity of the structure, pressure fluctuations
occur prior to velocity fluctuations. This is schematically
indicated in Fig. 10 in which these features described
above may be modelled as follows. Considering the ve-
locity of the coherent structures uc constant, the negative
time delay s� can be written as

s� ¼ d0
uc

� d1
a� uv

ð4Þ

in which d0 and d1 are respectively the distance between
the obstacle position and the hot-wire location and the
distance between the obstacle and the front-head of the
chamber. Although the mass flow rate is uniformly in-
jected all along the chamber, i.e. the characteristic
velocity increases linearly from the front-head to the rear-
end, we assume as a first approximation that the ratio
uc/uv is constant. Likewise, the positive time delay sþ can
be modelled, assuming that the impinging structures
upon the nozzle generate a sufficient noise to provide a
driving pressure wave. In contrast to the negative time
delay s�, the correlation at positive time delay sþ indi-
cates the hot wire detects the correlated phenomenon
ahead of the pressure transducer. Assuming that co-
herent structures are convected in the shear-layer, then
impinge on the nozzle throat creating significant pres-
sure waves, these waves travel upstream of the main flow
before impinging on the front head (Fig. 10). So sþ may
be modelled as

sþ ¼ d2
uc

þ d3
a� uv

ð5Þ

Fig. 9. Change of Ru0P 0 ðsÞ versus the mean velocity level uv.
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in which d2 represents the distance between the hot-wire
location and the nozzle location and d3 represents the
distance between the front-end and the nozzle location.
In order to check all the above assumptions, we com-
pare both analytical s� and sþ models and the times at
which a strong correlation is obtained.

Fig. 10 presents a comparison of experimental and
analytical results of time-delay correlations. We first
assume the presence of the feedback loop at every
mean velocity level studied (12 < uv < 30 m/s), so that
expressions for s� and sþ have a physical meaning.
Moreover, the convection velocity of structures is as-
sumed to be constant and equal to 60% of the mean
velocity level uv. In fact, Ho and Nosseir (1981) found
the convection speed of the large coherent structures to
be 0.6 of the jet exit speed. Lau et al. (1972) or Neuwerth
(1973) confirmed this value in a low speed and a high
speed jet respectively. With these assumptions, equa-
tions for s� and sþ time delays were computed at the
same location as the experimental velocity measure-
ments. Results are shown by a dotted-line in Fig. 10. As
already stated, the higher the velocity the smaller the
time delay sþ, as well as s�. The time delay at which the
highest AðsÞ envelope signal correlation is reached, is
also shown in Fig. 10 by dots for both negative and
positive time delays. It indicates good agreement be-
tween the experimental and analytical results; but as
observed in Fig. 10, this agreement is achieved for both
sþ and s�, beyond uv ¼ 20 m/s. As shown by the ex-
perimental results, sþ and s� correlation magnitudes
become significant for uv ¼ 24 m/s and the feedback
loop is present in the flow only at the highest velocity
studied. This explains, then, why the analytical results
were not in as good agreement in the low velocity range.

Beyond uv ¼ 24 m/s, structures in the shear-layer are
sufficiently powerful to keep their coherence. However,
for 24 < uv < 28 m/s, impingement upon the sonic
nozzle is not sufficient to force the vortex shedding fre-
quency to match up with the acoustic waves, i.e. it is not
strong enough to provide a feed-back loop. With higher
mean velocities (28 < uv < 30 m/s), more significant
correlations are detected at sþ, showing that impinge-
ment of coherent structures in these conditions generates
energetic pressure waves, strong enough to force the
vortex shedding at one of the acoustic modes. Correla-
tion at s� are also consolidated as well as the pressure
fluctuation field in the whole chamber. Thanks to the
agreement with the simple analytical analysis, it is then
clear that the feed-back loop generates a resonant state
between the natural acoustic, coherent structures and
self-sustained oscillations in the whole chamber. This is
in fact responsible for the amazing agreement between
the increase in the root-mean-square pressure measured
at the front-head location and the corresponding vortex
shedding frequency and the first longitudinal acoustic
mode of the chamber.

5. Conclusion

Flow in a confined chamber with injection through
porous walls was conducted in order to analyse the
potential instability behaviour of the whole flow. Ex-
periments were carried out at a constant mass flow rate
fixing the Reynolds number of the flow. The character-
istic internal velocity was varied over a range of 12–30
m/s, that is in very low subsonic range. First, it should
be underlined that internal velocity is a predominant

Fig. 10. Comparison between the experimental results of time delays and the analytical results.
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parameter in the flow stability and two different trends
are identified. Over the first velocity range (Stage I),
coherent structures are produced in the separated shear-
layer at a frequency that is independent of the natural
acoustics of the chamber. Indeed, we show that the
higher the internal velocity, the higher the vortex shed-
ding frequency. The frequency varies over a wide fre-
quency range, from �200 to 480 Hz. In fact, when the
natural oscillation of the shear-layer is in the vicinity
of the first longitudinal acoustic mode, it forces the
acoustic frequency to increase with regard to the in-
crease of the vortex shedding frequency. However, this
link between the hydrodynamics and acoustics is not
sufficiently strong to force a complete coupling of the
flow. In fact, flow conditions cannot maintain the co-
herence of the structures. Turbulence in the shear-layer
creates a high dissipation rate and vortices are dissipated
in the wake of the obstacle. Then, no energetic coherent
structures impinge upon the sonic throat, which could
be a major source of noise. When mean velocity levels
increase beyond 28 m/s, the structures are strong enough
to keep their coherence from the obstacle to the rear-end
of the chamber, i.e. from separation to impingement.
Despite high turbulence rates in the wake of the obsta-
cle, impingement of coherent structures at the rear-end
of the chamber could strengthen the acoustics and then
force the vortex shedding phenomenon to align with the
pressure field. A coupling phenomenon between acous-
tics and hydrodynamics occurs generating a highly un-
stable development in this type of flow.

One of the major questions concerns the influence of
the Reynolds number on this flow organisation as well
as the influence of the injecting walls on the vortices. A
non-linear amplification phenomenon may be observed
with the increase of the internal mean velocity level in
the chamber at a fixed mass flow rate, and thus for a
particular Reynolds number, Rec. As stated above, the
Reynolds number is one of the most important pa-
rameters in the stability analysis of porous injecting
walls and its influence could be important in the cou-
pling phenomenon too. Moreover, in all the experi-
ments presented herein, experimental conditions have
especially forced the first longitudinal acoustic mode.
However, it will be necessary to further analyse the effect
of the predominant higher acoustic frequency on vortex
shedding. Furthermore, turbulence could have an impact
on the whole flow organisation. First, the impact of the
injecting walls on turbulence development has not yet
been studied; it could interact with the vortex shedding
mechanism, i.e. with vortex coherence. Secondly, tur-
bulence in such a flow is complex and occurs with a wide
range of characteristic scales, whether hydrodynamic or
acoustic scales. Within the scope of a solid propellant

rocket motor study, it may be necessary to examine
whether turbulence effects could be large enough to
avoid the damage of a hydrodynamic–acoustic coupling.
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