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This paper is concerned with the response of confined low-Reynolds-number jets to external modulations of large

amplitudes. The jet formed inside a duct by an orifice plate is submitted to flow perturbations impinging on the

constriction from the upstream side. Vortices are generated in the downstream region, giving rise to conversion from

acoustic oscillation to convective modes. Experiments and simulations are carried out to characterize this important

mode conversion process. It is shown that the convective perturbation phase is a linear function of the distance from

the orifice plate and of the operating frequency. Data can be collapsed into a single curvewith some scatter providing

a scaling rule for the phase. Numerical simulations are carried out and amethod is developed to decompose the local

velocity perturbations into acoustic and convective components. This is used to determine the amplitudes of

upstream and downstream acoustic velocities and of the convective perturbations on the downstream side of the

orifice. It is shown that the acoustic velocity approximated by a bulk oscillation in the orifice vicinity is reduced at

the constriction and that this is simultaneously compensated by the generation of convective perturbations. The

conversion efficiency of this process is characterized. Results obtained can be used to designflow control devices; they

provide insight into the generation of vortices in orifice plate systems submitted to large pressure oscillations and

could be useful to the analysis of vortex instabilities in segmented solid rocket engines.

I. Introduction

M ECHANISMS governing mode conversion in shear flows
are of fundamental and technical interest. It is, for example,

important to determine the receptivity of a shear layer to external
acoustic perturbations [1] or to define the response of a nozzle or
blade row to impinging entropy or vorticity waves [2–5]. Mode
conversion that takes place when a freejet is submitted to acoustic
perturbations has been envisaged to control sound radiation [6–8].
Bias flow perforated grids are considered in sound control appli-
cations for their acoustic damping properties [9,10]. The present
investigation is concerned with the conversion process that takes
place when acoustic perturbations propagate in an internal flow and
impinge on an orifice plate.

This study is motivated by an application to the passive control of
combustion instabilities. This is described inNoiray et al. [11,12] and
is briefly described herein. The principle of the device developed to
this purpose and designated as a dynamical phase converter (DPC) in
the aforementioned references is to convert acoustic perturbations
into a convectivemode. It is then shown that this can be used to adjust
the convective delay to dynamically control the motion of the flame
formed by an injector. In multipoint injection configurations, the
concept requires relatively simple geometrical alterations of injection
channels. It is shown that this can be used to obtain a neutral response
of combustion to incident acoustic waves. The central idea of the
DPC is to modify within a short distance (�1 cm) the phase angle of
incident acoustic perturbations, which modulate a low-Mach-
number flow inside a channel. Because the acoustic wavelengths of
interest (�ac � c=f� 1 cm) are very long, it is not possible to obtain
a sizeable phase shift within a short distance for this mode of
propagation. One may, however, circumvent this problem by first

converting the incoming perturbation into a hydrodynamic mode.
This is achieved by means of a bias flow orifice, a constriction that is
traversed by a mean flow as illustrated in Fig. 1. When acoustic
modulations impinge on this orifice from upstream, they trigger
the shedding of coherent vortices in the confined jet shear layer.
The convection velocity Ucv, of these hydrodynamic perturbations
is typically close to the mean flow velocity �ud in the orifice.
Considering that the Mach number is small M� 1, the “vortex
mode wavelength” �cv � Ucv=f is much smaller than the acoustic
wavelength �ac. It is then easier to obtain significant changes of
the phase angle between the incident acoustic perturbation u00;ac and
the resulting hydrodynamic fluctuation u01;cv within a short distance.
This can be demonstrated by comparing the acoustic and hydro-
dynamic phase shifts corresponding to an axial distance z. Assuming
that the acoustic mode propagates at the speed of sound c and that the
hydrodynamic mode travels at the convection velocity Ucv, one finds
the following:

’ac � arg

�
u01;ac
u00;ac

�
� 2�fz

c
and ’cv � arg

�
u01;cv
u00;ac

�
� 2�fz

Ucv

(1)

The ratio of these phase shifts’cv=’ac � 1=Mcv is equal to the inverse
of the convectiveMach numberMcv � Ucv=c, which is small inmost
injection systems Mcv � 1; correspondingly, the convective phase
shift is much larger than the acoustic phase shift. This indicates that
the convective mode can be used to adjust the delay and develop a
DPC. This, however, requires that the jet established in the duct
be receptive to the incident modulation, a property that clearly
depends on the Strouhal number [6]. Although the process has been
extensively investigated in the case of freejets (see Birbaud et al. [13]
for recent experiments), mode conversion is less well documented in
the confined case [14]. It is known that the vortex generation process
can be quite effective, yielding annular vortices and associated
hydrodynamic velocity fluctuations u01;cv dominating the acoustic
component u01;ac over a wide range of Strouhal numbers. The resul-
tant velocity field on the downstream side of the orifice (u01 � u01;ac�
u01;cv ’ u01;cv) features a significant phase difference 2�fz=Ucv with
respect to the incident acoustic modulation u00. The conversion
process operates in the orifice plate vicinity. Further downstream,
annular vortices are dissipated by viscosity and the remaining
fluctuating velocity is, again, purely acoustic. One aim of this paper
is to characterize this unsteady flow in the orifice near field and,
in particular, determine the convection velocity and conversion
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efficiency of the system for low-Reynolds-number flows under large
perturbation amplitudes typical of those encountered inside injectors
during unstable combustion.

These quantities are useful to the design of the DPC system, but
the results of the present study are also of interest to some other
applications:

1) Pulsating jets yielding vortex trains are considered in physi-
ological studies of human speech production, which involves
“acoustic-vortex” interactions in the glottis [15]. The analysis of
constricted low-Reynolds-number flows under modulation is also of
importance for blood circulation in the human body [16].

2) In-duct orifice plates are found invarious types of aerospace and
mechanical systems. In certain applications, these structural discon-
tinuities are designed to damp acoustic waves, as proposed, for
example, by Durrieu et al. [17], who used a prototype of anechoic
termination relying on five diaphragms placed in series within a duct.
More generally, a theoretical analysis of the acoustic response of a slit
shaped diaphragmwas proposed byHofmans et al. [18] in the case of
low Strouhal numbers and jet Mach numbers of the order of unity.
For low Mach numbers and Strouhal numbers of the order of
unity, which correspond to the present situation, numerical simula-
tions have been used to predict the aeroacoustic response of in-duct
orifices [19,20]. The role of vortex shedding at the constriction was
emphasized in these studies, but the conversion process from
acoustic to convective modes was not characterized in detail.

3) Vortex shedding from inhibitors in segmented solid propellant
rockets gives rise to low-frequency oscillations that induce undesir-
able thrust oscillations. Inhibitors protruding in the flow constitute a
source of vortices. These vortices impinge on the nozzle generating
pressure oscillations. After reflection at the rocket front head, this
acoustic wave travels back to the inhibitor. An unstable feedback
loop between the vortex shedding and acoustic oscillations can be
established, combining hydrodynamic and acousticmodes. A typical
experimental result obtained in the case of theAriane 5 strap-on P230
engine in a static test firing [21,22] indicates that oscillatory pressure
amplitudes of 0.5% of the mean pressure yield thrust oscillations
of 5% of the mean thrust and an important level of low-frequency
accelerations. Thismechanism has been extensively investigated. An
early interpretation of the phenomenon was proposed by Flandro
[23]. Investigations of this processwere reviewed byVuillot [24]. It is
shown [25] that adaptive control methods could be used to suppress
these self-sustained oscillations. The vortex convection velocity Ucv

plays a crucial role in the determination of the possible frequencies of
oscillation and the definition of instability onset criteria [26].

As pointed out earlier, acoustic-hydrodynamic conversion at a
bias flow constriction is considered for its possible use in acoustic
damping devices [27]. A recent theoretical analysis of this problem
has led to the derivation of the Rayleigh conductivity of an orifice
plate in a duct with flow [28]. This work generalizes Howe’s model
[29] for an infinite rigid plate featuring an aperture yielding a freejet
to the case of a confined jet configurations in which an orifice plate is
placed in a channel. Acoustic energy is transferred to a train of
vortices generated at the orifice lips, and a net absorption of sound is
observed in the conversion process [30]. The same kind of sound
absorptionmechanism operates in the case of confined jets generated

by abrupt area changes [31]. The phase evolution of flow pertur-
bations on the downstream side of the orifice is, however, not
considered in these studies. This is an important aspect of the
problem as it is related to the convection of vortices shed at the sharp
diaphragm edges. It is shown in these previous references that the
acoustic conductivity strongly depends on the vortex convection
velocityUcv. This velocityUcv is taken to be half of themean aperture
velocity �ud in the freejet aperture case [29], while it is assumed that
this quantity is nearly equal to the velocity in the orifice aperture
Ucv � �ud for confined constrictions [28,31]. In these last confi-
gurations, the presence of thewall may be represented by themethod
of images, and the vortex propagation velocity can be determined
by adding image vortices with respect to the wall [32]. The con-
traction effect of the jet also significantly affects the vortex con-
vection velocity and essentially depends on the shape of the
constriction [14,33].

This review of the literature indicates that some useful information
is missing. One point of interest is the relation between the vortex
convection velocity Ucv and the discharge velocity �ud. This directly
affects the prediction of the acoustic damping properties of bias flow
perforated screens. It can be shown that theoretical results are
markedly influenced by the value of the convection velocity. From
studies on acousticallymodulated freejets at lowMach numbers [13],
it is known that phase velocities Ucv may take different values in the
range � �ud=2; �ud� and that this depends on the jet Strouhal number.
This point is less well documented for confined jets. The aim of
the present study will be to examine the mechanism that converts
incident acoustic perturbations into hydrodynamic fluctuations and
measure its efficiency and the resulting convection velocity for low
Reynolds number flows. This investigation is first carried out experi-
mentally in a scale-up version of the very small channels considered
in the flow control application [11,12] (Sec. II). Experimental phase
data described in Sec. III are collapsed into a linear relation that is
then used to determine the vortex convection velocity. Simulations
are carried out in Sec. IV. A special processing method is developed
to identify acoustic and convective components on the downstream
side of the orifice plate. This is used to determine the conversion
efficiency and obtain estimates of the convective velocity fluctuation
on the jet axis. This procedure also yields the convective wave
number and axial phase shift. These results are compared with
experimental data in the last part of this paper.

II. Experimental Configuration

The experimental setup sketched in Fig. 2 comprises two glass
tubes mounted in series on a converging nozzle and connected by a
stainless steel orifice plate. The upstream tube is long enough to
consider that the flow is fully developed. A driver unit (loudspeaker)
is placed at the bottom of the upstreammanifold tomodulate the flow
using harmonic excitations. A laser Doppler velocimetry (LDV)
system based on a continuous He–Ne Laser (35 mW, 632 nm) yields
velocity measurements on the upstream and downstream sides of the
orifice. The Doppler signals are obtained by seeding the flow with
micronic oil droplets (�2 �m in diameter) generated by an air
nebulizer [34]. Simple calculations based on the Stokes drag formula
for spherical oil droplets show little phase and amplitude distortions
between flow and particle velocities for frequencies lower than a few
hundred hertz [35]. Typically, the phase lag is lower than 5 deg for
frequencies lower than 400 Hz. It can thus be assumed that particles
follow the flow in the present experiments. Tomographic images of
the droplet spray are also obtained by means of a solid-state
continuous-wave YAG laser (300 mW, 532 nm) and a side-looking
charge-coupled device (CCD) camera.

The geometry investigated corresponds to a scaled-up version of
the small injection channels used in the DPC application [12,36].
Geometrical parameters and operating conditions defining this
passive control system are gathered in the last column of Table 1. The
channel diameter of 2 mm used in practice is too small to allow
detailedmeasurements of the flow. It is, however, possible to define a
larger-scale setupwith operating conditions yielding ReynoldsRe�
�u0D=� and Strouhal St� fD= �u0 numbers similar to those of the

Fig. 1 Representation of an in-duct orifice plate supporting a mean

flow ( �u) and subjected to an incident acoustic perturbation. Upstream of

the orifice, the velocity fluctuations are purely acoustic (u00 � u00;ac),

whereas the downstream region features acoustic and convective modes

(u01 � u01;ac � u01;cv). Vortex structures are convected at a velocity Ucv.

The orifice discharge flow velocity is �ud � �u0=�
2, where � � d=D is the

orifice-diameter-to-duct-contraction ratio.
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phase-converter device. Values corresponding to the present nu-
merical simulations and experiments are, respectively, gathered
in the first and second columns of Table 1. These parameters also
conserve the dimensionless groups controlling the experimental
configuration, thus fulfilling the Reynolds and Strouhal number
similarity criteria.

III. Experimental Results

It is first interesting to examine visualizations of the mode con-
version process using the tomographic views of the flow in Fig. 3.
The five snapshots correspond to regularly spaced instants in a
modulation cycle at a frequency of f� 50 Hz. The corresponding
flow velocity is �u0 � 0:32 m � s�1, yielding Reynolds and Strouhal
numbers ofRe� 213 and St� 1:56. This Strouhal number is higher
than the values selected in the experiments described herein, which
do not exceed 0.65. This high value is used to reveal the vortex train
generated in the duct. In the tomographic images displayed in Fig. 3,
the particle diameters are larger than the laser wavelength, giving rise
to Mie scattering. Light scattering reaches its maximum in the
forward direction, whereas radiation in the lateral direction is not
uniform and the scattered light intensity is low in the perpendicular
direction. To maximize light intensity, the CCD camera is placed at

an angle with respect to the laser sheet and records images distorted
by the perspective effect. Light rays are also deflected through the
cylindrical-shaped glass tube. It is then necessary to process the raw
data to eliminate these distortions. This operation is not fully accurate
and the transformed images given in Fig. 3 are not precisely
displayed to scale, but nevertheless the general features of the
acoustically excited confined jet are provided. Vortical structures,
which develop in the shear layer downstream of the orifice, are
convected away by the flow at a quasi-constant velocity.

This can be confirmed by examining velocity measurements
performed by means of the LDV system. The axial velocity
component u is only measured with this system. Because the glass
tube diameter is small and gives rise to important beam deflections,
measurements are restricted to a diametral plane on which laser
beams can be correctly focused. In all experiments, the analog signal
delivered by the frequency counter is sampled at 16384 Hz using a
12-bit anolog–digital converter board on a PC.

A reference velocity signal u0	t
 is measured at a location of
z��1:5 cm upstream of the orifice constriction. The response to
imposed harmonic oscillations is then investigated by recording
velocity signals at several streamwise locations on the duct
centerline. The phase shift ’0 is first evaluated between the reference
velocity signal u0	t
 and the loudspeaker signal s	t
: ’0�
arg	Su0s=Sss
, where Su0s is the cross power spectral density and Sss
is the power spectral density of the excitation signal. The phase shift
’1 is then evaluated between the velocity signal u	z; t
 at the current
location z and the loudspeaker signal s	t
: ’1 � arg	Sus=Sss
.
The phase angle ’	z
 between the reference velocity u0	t
 and the
current location velocity u	z; t
 is finally deduced from these data:

’	z
 � arg

�
Sus
Sss

Sss
Su0s

�
� ’1 � ’0 (2)

The modulation amplitude u00 of the reference velocity imposed by
the driver unit is fixed to 0:1 �u0. Evolution of the phase shift ’	z

along the setup centerline is then used to extract an axial wave
number and a phase velocity using

c’ �
!

k
� 2�f

�
d’

dz

��1
(3)

This expression provides the phase velocity of travelling pertur-
bations on both sides of the orifice plate and can be used to define the
nature of dominant perturbations. Because the flow is modulated
with a loudspeaker, one expects to find acoustic and convective
waves. Changes in the phase curves will reflect modifications in
propagation regimes. If the propagation is of an acoustic nature, the
phase velocity c’ will be equal to the speed of sound c. If the propa-
gation is dominated by convective perturbations, corresponding to a
hydrodynamicmode, the phase velocity c’ will be equal to the vortex
convection velocity Ucv. In both situations, the phase will evolve
linearly with the axial distance ’� 2�fz=c’. It is convenient to
introduce the mean discharge velocity at the orifice �ud � �u0=�

2,

Fig. 2 Experimental setup used to study flow dynamics of an in-duct

orifice plate configuration under acoustic excitation (not to scale). The

gaseous stream is modulated by a driver unit (loudspeaker) placed at the

bottom of the upstream manifold. The axial velocity u� �u� u0 is
measured by LDV. Tomographic images are acquired by a side-looking

CCD camera.

Table 1 Geometrical parameters andflowconditions used to investigate the acoustic-hydrodynamic conversionmechanismat

the duct constriction. Dimensions are expressed in meters, velocities in meters per second, and frequencies in hertz. The last

column indicates the parameters defining the DPC system used to passively control combustion instabilities [11,12]

Simulations Experiments DPC

Diaphragm thickness, ld 0:5 � 10�3 2:5 � 10�3 0:5 � 10�3

Channel diameter, D 2 � 10�3 1 � 10�2 2 � 10�3

Orifice diameter, d 1:2 � 10�3 6 � 10�3 1:2 � 10�3

Diameter ratio, � � d=D 0.6 0.6 0.6
Inlet velocity, �u0 1.94 0.32 0.5 3.5
Orifice velocity, �ud � �u0=�

2 5.4 0.9 1.3 9.7
Mach,Md � �ud=c 0.016 2:7 � 10�3 3:8 � 10�3 0.028
Reynolds, Re� �u0D=� 258 213 333 466
Frequency, f 400, 600, 1000 21 16, 20, 24, 28, 32 ’ � 400 1000 �
Strouhal, St� fD= �u0 0.41, 0.62, 1.03 0.65 0.32, 0.40, 0.48, 0.56, 0.64 ’ � 0:22 0:57 �
Strouhal, Std � fd= �ud 0.09, 0.13, 0.22 0.15 0.07, 0.09, 0.11, 0.13, 0.15 ’ � 0:05 0:13 �
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where � � d=D designates the orifice-to-duct-diameter ratio. One
can then write c’ � � �ud � � �u0=�2, where � is a coefficient that
depends on the propagation mode. It follows that

’� 2�
fD

c’

z

D
� 2�

1

�

fD

�u0
�2
z

D
(4)

or, equivalently,

’

2�St�2
� 1

�

z

D
(5)

Results are plotted in Fig. 4 using this dimensionless formulation in
which the phase is divided by the product 2�St�2 and represented as
a function of the reduced spatial coordinate z=D (see Fig. 2). The data
points nearly collapse on a single curve in the range of distances
examined, confirming that the flow can be characterized with the two
numbers St and �. Some scatter is apparent for large distances from
the constriction (z=D > 1), the slope of the curve being larger for
higher values of the Strouhal number. Upstream of the orifice
(z=D < 0), nearly vanishing phase values are obtained, which
correspond to 1=�� 1 and thus to a large phase velocity c’ � �ud.
This is typical of acoustic propagation and by closely examining data
in this region, it is found that the phase velocity is approximately
equal to the speed of sound: c’ � c. In the downstream region, for
z=D > 0, the slope of the nondimensional phase 1=� is approxi-
mately equal to unity, indicating that the phase velocity c’ is nearly
equal to the mean discharge velocity �ud at the orifice. This is typical
of perturbations travelling at a convection velocity (c’ � Ucv � �ud).
This velocity is imposed by the vortex train shed from the orifice’s
sharp edges.

IV. Numerical Simulations

It is now interesting to examine this problem with numerical
simulations. The motivation is first to check that numerical flow
solvers can retrieve convective modes observed experimentally. The
second objective is to get the velocity field in the entire domain,
which cannot be obtained experimentally and then extract the
acoustic and convective components from the velocity signal.
Calculations are carried out with the AVBP code developed at the
European Center for Research and Advanced Training in Scientific
Computation and Institut Français de Pétrole [37]. This is a Navier–
Stokes flow solver operating on structured and unstructured meshes.
It can be used to calculate turbulent compressible flows using large
eddy simulations but also to calculate simple laminar flows, like
those considered in the present paper. The flow solver precision is
lower than that of direct numerical solver codes, but is sufficient for a
suitable representation of the unsteadymechanisms of themodulated
flow. A Lax–Wendroff second-order scheme in space and time is
first used to establish the oscillating flow, and calculations are then
pursued with a numerical scheme designated as TTGC, which
provides third-order spatial accuracy [38].

The three-dimensional computational flow configuration is illus-
trated in Figs. 5 and 6. The domain geometry corresponds to one
channel of the DPC system [11,12]. Dimensions are given in Fig. 6.
Themesh comprises 1:66 � 106 cells and is highly refined at the duct
and orifice plate walls to obtain well-resolved viscous layers. In
the present configuration, the flow is laminar and one expects an
axisymmetric response. This symmetry could be used to reduce
the computational load, but the choicewasmade to allow for possible
asymmetric flow dynamics and provide the groundwork for future
studies at higher Reynolds numbers.

The boundary conditions used in the calculations are as follows:
1) Inlet section: A velocity profile fitted on the experimental data

(see Fig. 7) is imposed at this boundary. The corresponding mean
velocity �u0 is 1:94 m � s�1. A harmonic modulation of 10% of the
amplitude of the mean flow profile is added. Three calculations
are carried out for different driving frequencies (see Table 1). The
injected gas is air at ambient temperature (300 K).

2)Duct and orifice plate walls: A no-slip adiabatic wall condition
is applied on this boundary.

3) Outlet volume coflow: It is useful to generate a coflow around
the duct to allow air entrainment and hinder the development of
recirculation in the downstream volume. A steady velocity profile is
imposed on this annular section with a mean velocity of 2 m � s�1 to
guide the jet flowing out of the duct toward the outlet section. The
velocity profile is flat from the external boundary to the duct region.
It vanishes at the duct to obtain matching conditions with the no-slip
duct wall boundary.

4) Outlet volume wall: A no-slip wall condition is imposed.
5) Outlet section: The domain is designed to allow the outward

radiation of acoustic waves. A nonreflecting treatment applied at the

Fig. 3 Tomographic images of the unsteady flow on the downstream side of the orifice plate. Images correspond to regularly spaced phases in an

oscillation cycle at f � 50 Hz, corresponding to a Strouhal number of St� fD= �u0 � 1:56, where �u0 � 0:32 ms�1 and D� 1 cm.

Fig. 4 Reduced phase variations as a function of the reduced axial

distance z=D from the constriction orifice. The phase is obtained by
comparing the velocity signal u�z; t�measured on the duct centerline and

a reference velocity u0�t�detected at z=D��1:5.Data points correspond
to Strouhal numbers St� fD= �u0 comprised between 0.3 and 0.65.
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outlet includes a relaxation factor that keeps the mean pressure
around a predetermined ambient value [39].

After stabilization of the steady flow, the inlet velocity is modu-
lated over at least four cycles to reach a periodic regime. Fluctuating
velocity vector fields u0 calculated for three different modulation
frequencies (see Table 1) are displayed in Fig. 8. For each frequency,
three instantaneous vector fields are shown at successive phase
angles. The velocity vectors are colored by the azimuthal component
of the fluctuating vorticity & defined by

&� @u
0
r

@z
� @u

0
z

@r
(6)

This quantity is deduced from the three-dimensional Cartesian
velocity field issued from the calculations after transformation in

cylindrical coordinates. The modulated flows corresponding to the
three Strouhal numbers (0.4, 0.6, and 1) exhibit vortex shedding
at the orifice lip and the subsequent convection of vortex rings. As
expected, these annular structures feature different longitudinal
dimensions depending on the driving frequency, and their wave-
length decreases as the Strouhal number St is augmented.
Confinement yields elliptical flow patterns, especially in the low-
frequency cases (f� 400 and 600 Hz). The fluctuating vorticity
takes values between �2 � 103 and 2 � 103 s�1, corresponding to
maximum azimuthal velocities around the vortex cores of about
1 m � s�1. The maximum level is of the same order for the three
modulation frequencies investigated. Vortex ring generation is
illustrated for the highest modulation frequency f� 1000 Hz in
Fig. 9 by plotting nine phases during a cycle of oscillation. Vorticity
is identified with a Q-criterion isosurface plotted in the three
dimensions, which provides a good estimation of the vortex locations
[40]. The plots feature some small-scale fluctuations induced by
the discrete differentiation required to estimate the Q criterion. The
constant displacement of successive vortex rings between the
different phases indicates that the convectionvelocity is constant and,
in this case, approximately equal to the orifice plate discharge
velocity Ucv ’ �ud � �u0=�

2.
In the problem considered in this paper, the acoustic wavelength is

large comparedwith the typical dimensions of the domain of interest.

Fig. 5 System geometry and unstructured mesh used in the 3-D calculations reported in this paper: a) close-up view in the channel constricted region,
b) axial slice of the entire computational domain, and c) mesh footprint on the system surface in the orifice vicinity.

Fig. 6 Boundary conditions used in the present calculations. The figure

is not drawn to scale; the dimensions are in millimeters. Inlet section:

modulated velocity profile. Duct and orifice plate boundaries: No-slip
conditions. Annular coflow: Constant velocity profile. Outflow volume:

Slip wall condition and acoustic nonreflecting boundary for the outlet

section (a coarse mesh is used in this volume).

. .

Fig. 7 Velocity profile imposed at the duct inlet. Symbols: measure-

ments in the upstream channel of the setup described in Fig. 2. Solid
line: profile used in the numerical simulations. Flow velocity:
�u0 � 1:94 m � s�1.
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The domain is acoustically compact and, there is strictly speaking no
acoustical part in the problem. In this situation, themotion in the near
field of the orifice can be considered to be essentially incompressible.
One could then argue that there is no acoustics if the definition of
acoustics is linked to compressibility (if, for instance, the sound
velocity is implied in the definition). It is, however, possible to
distinguish two types of motions: the first is a bulk modulation
synchronized with the applied acoustic field and the second
corresponds to a hydrodynamic mode generated at the orifice.
Whereas the bulk mode features a nearly constant phase and pro-
pagates at a nearly infinite phase speed, the hydrodynamic mode
travels at a finite phase speed corresponding to the convection
velocity in the jet flow formed at the orifice. One expects that, in this
case, the volume flow will be conserved over the domain of interest
and the mode conversion taking place at the orifice will only modify
the flow profile. Accordingly, there will be no delay in volume flow.
These features are, in fact, retrieved from the simulations.

V. Acoustic-Hydrodynamic Conversion

To analyze the unsteady velocity field, it is interesting to
distinguish the different types of perturbations and separate acoustic
and convective components. This is done here by considering the
axial fluctuating velocity component u0z on the centerline designated
as u0 in the following development. On the upstream side of the
orifice plate, the unsteady components of thefloware of acoustic type
only. In the downstream region, the propagation mode is of mixed
type with an acoustic field superimposed to the hydrodynamic fluc-
tuations. A part of the incident acoustic energy serves to generate the
train of vortices, but the energy conversion is incomplete and an
unknown amount of acoustic energy remains in the downstreamflow.
It is then logical to try to extract the convective and acoustic

components that form the velocity perturbation. Considering the
velocity on the centerline, the convective fluctuating component u0cv
induced by vortex rings (Biot–Savart integral) can be characterized
by an axial wave number kcv. In the present situation, the geometrical
dimensions are so small compared with the acoustic wavelengths
envisaged that the acoustic velocity component can be considered
to be a bulk oscillation in the vicinity of the duct constriction. For
acoustic waves, propagation might take place in the two axial
directions and it would be difficult to define a constant phase speed.
This, however, raises no difficulty as long as the Helmholtz number
He� kacz� 1 remains small and the bulk oscillation approx-
imation is valid. For harmonic perturbations, the total centerline
velocity fluctuation is then given by

u0 � u0ac � u0cv �R� ~uace�j!t� �R� ~ucvejkcvz�j!t� (7)

where kcv � !=Ucv designates the convective wave number, ~uac and
~ucv represent the velocity fluctuation amplitudes, and R�. . .� is the
real part of the complex signals. With this approximation, one may
write the complex velocity signal in the following form:

~u	z
e�j!t � ~uace
�j!t � ~ucve

jkcvz�j!t (8)

where ~u	z
 is the complex amplitude of the harmonic velocity
fluctuation u0	z; t
 �R� ~u	z
e�j!t�. The discrimination between the
bulk oscillation due to acoustic propagation and the convectivemode
induced by downstream vortices is based on the very different phase
velocities associated with these modes.

It is now possible to extract the bulk and convective components
~uac and ~ucv and the convective wave number kcv from the simulation
as follows. The procedure uses the velocity data at a set of discrete
points on the z axis in combination with an analytic signal
representation of these velocityfluctuations. Inwhat follows,u0i	t
 �

Fig. 8 Modulated flow at different forcing frequencies. Fluctuating velocity vectors are colored by the azimuthal component of the fluctuating vorticity

&�
@u0r
@z
�
@u0z
@r

. Flow velocity: �u� 1:94 m � s�1. Channel diameter: D� 2 mm.

Fig. 9 Q-criterion isosurface colored by the axial velocity. The nine phases correspond to regularly spaced instants in an oscillation cycle. Modulation

frequency: f � 1000 Hz. Flow velocity: �u0 � 1:94 m � s�1. Modulation amplitude: u00= �u0 � 0:1. Channel diameter: D� 2 mm. Strouhal number:

St� fD= �u0 � 1.
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u0	zi; t
 corresponds to the fluctuating velocity signal at the center-
line location zi, i� 1; . . . ; N.

1) For the set of streamwise locations zi on the central axis, an
analytic representation of the velocityfluctuation ûi is constructed by
taking the Hilbert transform of the real velocity signal u0i	t
 provided
by the simulations:

û i � u0i � jH	u0i
 (9)

where H denotes the Hilbert transform. This representation is often
used in signal processing to demodulate narrow band signals
including a carrier and a message. One thus obtains a complex
representation ûi	t
 of the real fluctuating signal u0i	t
.

2) Because bulk and convective components are harmonic
functions, the analytical representation ûi	t
 is also a time harmonic
function: ûi � ~uie

�j!t. Now, the complex amplitude ~ui of this signal
is identified with the components appearing in Eq. (8):

~u i � ~ui;ac � ~ui;cve
jki;cvzi (10)

where ~ui;ac, ~ui;cv, and ki;cv denote local values for the bulk and con-
vective fluctuations and the convective wave number, respectively.

3) Assuming that preceding quantities remain constant over the
spatial range �zi�1; zi�1�, it is possible to derive expressions for ~ui;ac
and ~ui;cv as functions of the three complex values ~ui�1, ~ui, and ~ui�1.
This can be done by noting that these values belong to a common
circle in the complex plane. The center is at ~ui;ac and the radius equals
j ~ui;cvj.

4) The last unknown ki;cv is easily retrieved by substituting the
values obtained for ~ui;ac and j ~ui;cvj in the previous step in Eq. (10)
written for i� 1, i, or i� 1. This can also be used to crosscheck the
results.

This process provides the bulk and convective fluctuating
velocities and the wave number as a function of the axial coordinate
z. It is important to note that the choice of the spatial step discre-
tization �z results from a tradeoff. If the spatial sampling zi is too
coarse, assumptions made on the unknowns’ uniformity over the
span �zi�1; zi�1� are invalid. If the spatial sampling is too refined, the
three complex values ~ui�1, ~ui, and ~ui�1 are too close on the common
circle, leading to large uncertainties in the determination of ~ui;ac and
~ui;cv.
It is not too difficult to deal with this tradeoff and adjust the

parameters to obtain reliable estimates. The followings results were
obtained for a sampling�z=D� 0:25 from z=D��1 to z=D� 2:5
by postprocessing the different cases presented in Fig. 8. It is worth
examining first the evolution of the mean centerline velocity �u	z

plotted in Fig. 10. This quantity is extracted from time evolution
signals over four periods of oscillation. For axial locations
z=D 
 �1, the mean velocity �u	z
 takes a constant value equal to
that imposed at the duct inlet �u	z=D��1
 ’ 2:5 m � s�1 (see
Fig. 7). It then rapidly increases within 1 diameter to reach its
maximum value at the constriction location �u	z=D� 0
 ’
9 m � s�1. The orifice plate is located at z=D� 0. The centerline
velocity then slowly decreases away from the constriction in the
downstream direction. It would eventually reduce to the bulk flow
velocity �u0 once the vortices are dissipated further downstream, but

this was not checked due to the limited size of the computational
domain.

Time traces of the axial velocity fluctuation component u0 on the
centerline axis are examined in Fig. 11 for a modulation at
f� 600 Hz. The set of plots in these figures corresponds to different
axial locations z=D. Brighter plots indicate increasing axial
locations. The set of raw fluctuating velocity signals in Fig. 11a
features different time lags within an envelope for the amplitude.
Convective modes are responsible for these times lags whereas the
envelope is due to the bulk oscillation associated with the acoustic
component of the fluctuating velocity, as will be shown next. The
extracted acoustic components of the raw signals are displayed in
Fig. 11b. Dark lines corresponding to time traces in the region
upstream of the constriction (z=D < 0) are all superimposed,
indicating that the acoustic component impinging on the constriction
is barely affected by its presence on the upstream side. Bright
lines correspond to time traces in the downstream region of the
constriction z=D > 0. They also barely collapse into a single curve,
but with a reduced amplitude of oscillation. This indicates that the
bulk oscillation associated with the acoustic velocity fluctuation is
suddenly diminished at the constriction location. Extracted con-
vective components are displayed in Fig. 11c. This component is
absent upstream of the constriction (dark lines) and becomes
dominant in the downstream region (bright lines). It is found that a
rapid conversion of acoustic to hydrodynamic perturbations takes
place at the constriction and that the amplitude of the convective
component is progressively amplified.

Using the same processing method, results are now presented in
Fig. 12 as a function of the reduced spatial coordinates z=D. The
relative fluctuation velocity signals are plotted in Fig. 12a at eight
instants in an oscillation cycle indicated by different gray levels.
Amplitudes of extracted acoustic and convective velocity compo-

.

Fig. 10 Mean centerline velocity profile �u�z� in the vicinity of the
constriction located at z=D� 0. The bulk flow velocity in the duct is
�u0 � 1:94 m � s�1.

a)

b)

c)
Fig. 11 Time traces of normalized velocity fluctuations u0�zi; t�= �u�zi� at
different axial locations zi: a) raw fluctuating velocity signals u0,
b) extracted acoustic component u0ac, and c) extracted convective

component u0cv. Simulation: f � 600 Hz, �u0 � 1:94 m � s�1, and

D� 2 mm. The darkness of the plots indicates increasing axial locations

from z=D��1 (dark line) to z=D� 2:5 (white line).
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nents are given in Fig. 12c. These components are then used together
with the phase velocity to reconstruct the velocity time traces shown
in Fig. 12b. These reconstructed signals closely reproduce the raw
data indicating that thewave extractionmethod described previously
effectively decomposes the perturbation in its components. For
the three cases explored, one notices that the velocity fluctuation
amplitude remains constant in the upstream region (z=D < 0) and is
of bulk oscillation type. A wavelike pattern is observed in the
downstream region of the orifice, which is dominated by convective
perturbations. The mode conversion process taking place at the
orifice is well highlighted in Fig. 12c. It is interesting to note that this
process yields a relative convective velocity perturbation that is about
equal to the relative acoustic perturbation u0ac= �u	z
 � �u0cv= �u	z
,
where � is a conversion efficiency that is, in the present case, of the
order of unity and �u	z
 designates the mean centerline velocity in the
local section. It is probable that � depends on the geometry of the
orifice plate and also, to some extent, on the Strouhal number
�� �	�; St
, but this has not been investigated. Now, because the
mean flow is incompressible, the mean centerline velocity �u	z

remains constant in the upstream region and increases sharply at the
diaphragm by a factor of 1=�2 (see Fig. 10). This yields a simple
relation between the velocity fluctuations on the two sides of
the constriction: u0cv ’ u0ac=�2. Another interesting feature is that the
amplitude of the convective component increases in the downstream
direction, and this is particularly visible at the highest modulation
frequency of f� 1000 Hz. This can be interpreted in terms of a
hydrodynamic stability analysis, which indicates that perturbations
are amplified and that this process is most effective for jet Strouhal

numbers of the order of 0.3. It turns out that the Strouhal number
based on the orifice diameter and the discharge velocity, Std�
fd= �ud, is, in this case, 0.216,which is not far from the preferred value
for freejets. The growth of the convective component on the jet axis is
alsowell observed in similar experiments carried out on freejets [13].

It is next interesting to examine the convective wave number kcv
and deduce from this quantity the evolution of the convective
velocity of vortices Ucv along the centerline axis using Eq. (3):

Fig. 12 Spatial representation of centerline velocity fluctuations: a) raw signals; and b) signals reconstructed from the extracted acoustic velocities ~uac,

convective velocities ~ucv, and convectivewave number kcv (the darkness indicates different instants in the oscillation cycle); and c) extracted amplitudes of

acoustic □ and convective ○ components. Results are normalized by the local value of the mean centerline velocity �u� �u�zi� given in Fig. 10.

Fig. 13 Evolution of the vortex convection velocity Ucv normalized by

the discharge velocity �ud � �u0=�
2 as a function of the normalized

distance to the constriction z=D. �u0 � 1:94 m � s�1, D� 2 mm, and

� � d=D� 0:6.
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Ucv � 2�f=kcv	z
 � 2�f	d’=dz
�1. This is done in Fig. 13, which
shows that the ratio Ucv=ud remains close to 1 for the range of
Strouhal numbers explored (0.4–1.0). The convection velocity does
not depend on the forcing frequency and is nearly equal to the orifice
mean discharge velocity �ud � �u0=�

2. The corresponding phase shift
may then be deduced from the values of Ucv (’� !z=Ucv) and
plotted in Fig. 14 using the reduced coordinates employed in the
experimental data reduction [Eq. (5)]. Phase shifts obtained numeri-
cally follow the experimental data points, confirming the validity of
the correlation established earlier.

Finally, it is worth examining if themode conversion process gives
rise to nonuniformmodulations of thevolumeflow rate. It is clear that
the mean flow is incompressible because the flow Mach number is
low M � �u=c� 1. But the constriction induces the shedding of
coherent vortex rings when the flow is acoustically modulated, and
these convective structures generate large flow perturbations down-
stream of the constriction. Hydrodynamic velocity perturbations
induced by these structures on the centerline exhibit convective
wavelike patterns as shown in Fig. 12 in the downstream region of the
orifice plate whereas the bulk oscillation due to acoustics is reduced.
However, it is important to remember that this only describes the
fluid motion on the centerline. Whereas the acoustic flow is one
dimensional, hydrodynamic perturbations in the downstream region
correspond to three-dimensional ringlike vortices. In a given cross
section downstream of the constriction, convective axial velocity
perturbations will be positive or negative depending on the radial
location in the duct, but the net volume flow rate remains essentially
constant. This is demonstrated in Fig. 15, in which the evolution of

the fluctuating volume flow rate _V 0, calculated by integrating the
volumetric flux over the duct cross section, is plotted as a function of
the axial location z=D. It is shown that there is no delay or attenuation
of the volume flow rate fluctuation on the downstream side of the

constriction. This is an important aspect when considering injection
systems fed with reactants. The response of such orifice plates to
acoustic perturbations does not change the supply of reactants, but
only modifies the velocity field distribution. Part of the energy
conveyed by the bulk oscillation motion is transferred to the
hydrodynamic perturbation. Although the volume flow rate oscil-
lation remains unchanged because the flow is incompressible, mode
conversion has occurred and the resulting vortices are eventually
dissipated further downstream, leaving an acoustic modulation of a
reduced amplitude.

VI. Conclusions

The dynamics of confined jets established in a duct by an orifice
plate is examined in this paper for lowReynolds flows. The system is
submitted to large pressure oscillations that are converted by the
orifice into a convective mode. Combined experiments and numeri-
cal simulations indicate the following.

1) It is possible to collapse phase data by making use of a
normalized phase and a reduced axial coordinate and to extract the
same scaling rules from the experimental data and from numerical
simulations.

2) The convection velocity of vortices generated in the confined jet
by external modulations of the flow is equal to the mean discharge
velocity at the orifice plate. This result holds for a broad range of
frequencies: Ucv ’ �u0=�

2, where �u0 is the mean flow velocity in the
duct.

3) Digital processing based on theHilbert transform can be used to
extract acoustic and convective components from the centerline
velocity signals, yielding an interesting description of the mode
conversion process taking place at the orifice lip.

4) The incident acoustic perturbations generate three-dimensional,
nearly axisymmetric vortex rings. In the geometry investigated
corresponding to an orifice-to-duct-diameter ratio of � � 0:6, the
convective component on the centerline and on the downstream side
of the orifice plate is about equal to the incident acoustic velocity
fluctuation divided by the orifice-to-duct-section ratio u0cv ’ u0ac=�2.
The conversion efficiency is high; it modifies the perturbed velocity
distribution but does not induce volume flow rate modulations.

This type of systemmay be placed in reactant injection channels to
control the response of flames to flow oscillations, a principle
explored in multipoint burners to damp collective flame effects. This
provides an effective way to produce flow perturbations of shorter
wavelengths when subjected to the acoustic excitations of large
wavelengths.
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