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Effect of Nozzle Cavity on Resonance in Large SRM:
Theoretical Modeling
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and
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Cold gas experiments are used to study the vortex–nozzle interaction, which drives thrust pulsation in solid-
rocket motors. The experiments carried out in an axial � ow model clearly demonstrate coupling of vortex shedding
with acoustical longitudinal resonances of the combustion chamber as observed in actual motors. The amplitudes
of the pressure � uctuations correspond to one-thousandth of the static pressure, which is the order of magnitude
of the observed pulsations in rocket motors. Experiments show that the cavity formed around the nozzle inlet
during combustion is crucial. The pulsation level is proportional to the volume of the cavity. Theory predicts this
relationship if we assume vortex–nozzle interaction to be the main source of sound. The proposed analytical model
does, however, overestimate the pulsation level by an order of magnitude.

Nomenclature
A = nozzle throat area
a = sound speed
D = internal diameter of the model
d = internal diameter of the inhibitor
f = frequency of the oscillation
He = Helmholtz number
hc = width of the nozzle cavity entrance
L = total length
l = inhibitor–nozzle distance
M0 = mean Mach number
Pm = mass � ow rate per surface unit
P = average acoustic power
p0 = mean static pressure
p0 = oscillatory pressure
S = cross surface of the model
Sc = cross surface of the nozzle cavity entrance
Sr = Strouhal number
T = period of the oscillation
U0 = mean � ow velocity
u 0 = oscillatory velocity
Vc = nozzle cavity volume
v = vortex transport velocity vector
Zn = impedance of the nozzle
0 = vortex circulation
° = ratio of speci� c heats
½0 = mean density
! = vorticity vector
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Subscripts

ac = acoustic
m = acoustic mode number

Introduction

T HE present researchis an experimentaland theoreticalstudyof
aeroacousticphenomenaoccurringin large solid-rocketmotors

(SRM), such as the Ariane-5 boosters. The emphasis is on aeroa-
coustic instabilities that may lead to internal pressure and thrust
oscillations that reduce the rocket motor performance and could
damage the payload. The study is carried out within the framework
of a Centre National d’Etudes Spatiales research program.

Large SRM have a submerged nozzle and segmented propellant
grains separated by inhibitors (Fig. 1). During combustion, the re-
gression of the solid propellant surrounding the nozzle integration
leads to the formation of a cavity whose volume varies during the
launch.The hot burnt gas � ow in the combustionchamberoriginates
radially from the burning surface and then develops longitudinally
before reaching the exhaust nozzle. During combustion, the regres-
sion of the burning surface is faster than that of the inhibitor rings.
Then, vortical � ow structures may be formed from the inhibitor.1

This type of hydrodynamicinstabilityis calledobstaclevortex shed-
ding(OVS). In earlystudiesof this typeof oscillation,itwas believed
that the inhibitors were the only cause of the formation of vortices
and of pulsations.1;2

Experiments with SRM with segmented propellant grains, in
which these inhibitors had been removed, did show that pulsations
could appear without the presence of inhibitors.3 In such cases, it
was the perturbation in the propellant surface between two grains
that seem to trigger the formation of vortices. Actually, due to the
gradient in stagnationpressure between the core of the � ow (higher
enthalpy) and the new gas emergingfrom thegrain(lowerenthalpy),
there is a nonuniform velocity pro� le at a given section of the com-
bustionchamber. In a � rst-orderapproximation,this velocitypro� le
can be described by the � ow as a semi-in� nite tube with radial gas
injection at a constant velocity on the side wall. This is called the
Taylor � ow.4 It can be shown that such a � ow is linearly unstable.5

This has been con� rmed by many researchers, who have provided
more advanced theories.6¡8 The idea, therefore, emerged that such
instabilities could occur even in the absence of segmentation, and
this has been con� rmed in both scaled experiments with hot gases9

and recently in cold gas experiments where the combustion pro-
cess is simulated by the injection of air through a porous wall.1;10
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Fig. 1 Internal geometryof the Ariane-5 MPSof the actualcombustion
chamber.

The recent paper by Flandro11 uses this concept of surface vortex
shedding (SVS) to explain the instabilities in existing SRMs.

The hydrodynamic instabilities described (OVS and SVS) drive
pressureoscillationsin the combustionchamberof the motor. When
the vortex shedding frequency is synchronized by acoustic modes
of the motor chamber, resonant coupling may occur, leading to self-
sustained oscillations. At full scale, pulsations correspond to an
acoustical pressure amplitude of the order of jp0j=p0 D O.10¡3/ of
the static pressure p0 D ½0a2=° in the reservoir. When an acous-
tical standing wave is assumed, this will correspond to acoustical
velocity � uctuations (in plane waves), which are of the order of
ju 0j=a ’ jp0j=° p0 D O.10¡3/ at the pressurenodes. For a main � ow
Mach numberU0=a D O.10¡1/, which is typical for the combustion
chamber, this corresponds to ju0j=U0 D O.10¡2/. Those acoustical
velocity � uctuations induce viscous boundary layers with vorticity
� uctuation, which are discussed in detail in the literature.11

These pressureoscillationshavebeen reportedfor the Space Shut-
tle Redesigned Solid Rocket Motor, the Titan-34D SRM, the Titan-
IV Solid Rocket Motor Upgrade, and the Ariane-5 Moteur à Proper-
golSolide.1;3;12¡14 All of theseboostershave a length-over-diameter
ratio (L=D) in the range9–12 and demonstratedsimilar pressureos-
cillations, whatever the number of segments. Vortex-driven acous-
tically coupled oscillationswere later observed on subscaledmodel
rockets.9;15;16 Numericalsimulationshavealsobroughtfurtherinfor-
mation on the aeroacoustic processes responsible for vortex-driven
oscillations in SRMs.17¡20 These various studies point out that the
frequency of oscillation increases as the grain surface rises. This
observation typi� es processes that depend on the velocity of the
� ow. The oscillations were, therefore, attributed to a periodic vor-
tex shedding resulting from a strong coupling between the vortices
and the acoustic � eld in the combustion chamber. It is suggested in
the literature that vortex–nozzle interaction is the main aeroacous-
tical source in this feedback loop.3

The present research aims at investigating experimentally and
theoretically the � ow–acoustic coupling phenomena and, in partic-
ular, the effect of the nozzle cavity volume on the pressurepulsation
level. Hence, we assume that the � ow instabilitiesdo occur and can-
not be prevented, and we seek for a minimization of their impact.
This is quite a different approach than a linear theory seeking for
prediction of conditions at which oscillations do not occur at all.
Our � nal aim is the understanding of the aeroacoustic phenomena
that occur in the Ariane-5 booster.

Earlier Cold Gas Experiments
An early interpretationof the phenomenon is due to Flandro and

Jacobs,21 who linked the oscillations to the hydrodynamic instabil-
ity of the sheared regions of the � ow and to the coupled acoustical
response of the motor. Because combustion is believed to take a mi-
nor part in the instability mechanism, most laboratory experiments
were carried out with models operating with cold gases. Cold � ow
experiments in a pipe with one or two inhibitors were conducted,
for example, by Culick and Magiawala,22 Dunlap and Brown,23

Hourigan et al.,24 Mettenleiter et al.25 and Anthoine.26

In these experiments, the vortex shedding is produced at the in-
hibitors, and the con� ned space of the pipe acts as a resonator with
its natural frequencies.Pressure oscillation reaches large amplitude
when the vortex shedding frequency is close to the frequency of
one resonant acoustic mode of the system. Culick and Magiawala22

showed that for their experiment it was impossible to sustain acous-
tic modes with only one inhibitor. The presence of an obstacle
downstream of the shedding point of the vortices provides the nec-

essary acoustical feedback when the vortices interact with it.2;27 In
the case of the Ariane-5 booster, this second obstacle could be the
nozzle.

Another setup designed by Couton et al.28 features a rectangular
two-dimensional channel with wall injection, obstacles simulating
inhibitor baf� es, and a submerged nozzle. The channel resonance
corresponding to the excitation of the � rst longitudinalmodes and
the ampli� cation of the acoustic level was found to depend on the
injected mass � ow rate. Other experiments indicate that the pro-
cess is also controlled by the relative positions of the vortex shed-
ding region and the acoustic resonant mode structure. The acoustic
mode triggers vortex shedding more effectively at locations where
the acoustic pressure features a node and the acoustic velocity an
antinode.1;23 However, in the case of OVS vortex shedding from
a sharp edge, a large acoustical velocity at the vortex shedding
point leads to a large initial absorption that can reduce pulsation
levels.29 The optimal position for strong oscillation levels appears
to be a compromise between initial absorptionand strong feedback.
It appears that, for rigid diaphragms, the vortex-generation point
should be located close to an acoustic velocity antinode to optimize
pulsations.

As discussed, the work of Vuillot et al.,17 Dotson et al.,3 and
Casalis et al.6 has indicated that the presence of inhibitors is not
necessary to drive the oscillations. In our experiments,however, we
will not have a radial cold gas injection,but rather an axial injection
through the forward end of the model. In such a case, an inhibitor is
placed to produce the necessary vortex shedding. We focus on the
interaction of these vortices with the nozzle at the backward end of
the model.

Flow–Acoustic Coupling
It is now well established that the � ow–acoustic coupling ob-

served in actual SRMs and in cold gas experimentscan be described
as a feedback loop consistingof � ve elements:1) the hydrodynamic
instability of vortical regions of the � ow; 2) the roll-up, growth,
and advection of vortices; 3) the generation of an acoustic pertur-
bation due to the interaction of the vortices with an obstacle, such
as the nozzle (acoustic source); 4) the acoustical response of the
combustion chamber; and 5) the acoustical triggering of the shear
� ow instability.

The hydrodynamicinstabilityof vortical regionsof the � ow leads
to vortex formation (OVS and SVS). The coherencedegree of these
structures depends on the presence of an external acoustic � eld.
When thevorticesinteractwith a surfacelike thenozzlehead,energy
passes from the vortex to the acoustic � eld.30 Part of this acoustical
energy is fed back to the shear � ow instability. The receptivity of
the shear region to the acoustic modulations closes the loop, and a
new vortex is shed. This receptivity is understood for OVS, but is
the subject of research for SVS.

When the acoustical quality factor of the combustion chamber is
low, the acoustical � eld is best described in terms of propagating
waves. For high-quality factors, the sound � eld is best described in
terms of standing acoustical waves (resonance mode). In the � rst
case, wave propagation time from the sound source toward the vor-
tex shedding point is essential in determining the phase condition
for oscillation. This leads to oscillations at � xed Strouhal numbers
SrL D f L=u0 based on the � ow velocity u0 at the nozzle inlet. This
could be called a noncompactedge tone type oscillation.31 Such os-
cillations are observed in the initial phase of the combustion when
the chamber diameter is close to the nozzle throat diameter, corre-
spondingto high � ow Machnumbers in the chamber.The oscillation
modes are predicted by the well-known formula of Rossiter.32

As the combustion proceeds and the diameter of the cham-
ber increases, a shift is observed toward typical resonant behav-
ior. Oscillation frequencies f are close to the resonance frequen-
cies. In � rst approximation, the acoustic standing wave can be
modeled by that of a closed–closed pipe segment of length L .
Hence, the resonances are expected close to Helmholtz numbers
He D f L=a D n=2; n D 1; 2; 3; : : : . The oscillation frequency will
change slowly with the change in � ow velocity. This change ac-
counts for the necessary phase shift needed to compensate for the



306 ANTHOINE, BUCHLIN, AND HIRSCHBERG

change in travel time of vortical structures, which is needed to
obtain a phase shift equal to an integer number of 2¼ along the
feedback loop. This phenomena has been extensively described for
deep cavities33;34 and the � ute.35;36 We will, therefore, call this a
� ute behavior. In this particular case the term corresponding to the
travel time of acousticwaves from the nozzle to the vortex shedding
point should be removed from the formula of Rossiter.32

Limitation of Linear Theories
In a linear theory, the energy losses of the system by radiation,

viscothermal effects, etc., are proportional to the square .jp0j=p0/
2

of the pulsation amplitude. The aeroacoustical sound source pro-
duces an energy that is also proportional to the square .jp0j=p0/

2

of the pulsation amplitude. Hence, we can distinguish three con-
ditions predicted by linear theory: 1) stability, 2) neutrality, and 3)
instability.

For a stable � ow the losses are larger than the production, so
that instabilities will be damped. For a neutral � ow the losses are
equal to the production, so that the amplitude of oscillation is fully
determined by the initial conditions. There is neither growth nor
damping. For unstable condition the losses are smaller than the
production, so that the amplitude will increase exponentially with
time. It is clear that in such a case the rocket should either explode
or there should be another nonlinearsaturationmechanism(than the
destructionof the engine) in the feedback loop, which explainswhy
a � nite steady amplitude jp0j=p0 is reached after some time.

Typically, due to con� nement effects, the hydrodynamic wave-
length of the vortical instability waves cannot be much larger than
the diameter of the combustion chamber. This is con� rmed by lin-
ear stability analysis.6 According to the length-over-diameterratio,
there will be at least six hydrodynamic wavelengths between the
point at which the hydrodynamic instabilities are triggered and the
nozzle. The ampli� cation of such hydrodynamic perturbations is
huge. In the case of a free shear layer as produced at an inhibitor,
the ampli� cation is e2¼ D O.5 £ 10¡2/ per wavelength.For instabil-
ities of the Taylor pro� le, informationis providedby Griffond et al.7

It is clear that after six wavelengthseven a very modest perturbation
of order ju0j=U0 D O.10¡2/, as will result from the observed acous-
tical oscillations (described earlier) will have become so large that
a linear theory does not predict the unsteady � ow at the nozzle.

Indeed, numerical simulations17;20 do clearly show the break-
down within two hydrodynamic wavelengths of the � ow into dis-
crete vortices, a nonlinear saturation mechanism of the � ow in-
stability. Hence, whereas linear theory can be used to predict the
condition at which oscillationsmight occur, once these oscillations
do occur linear theory cannot describe the � ow. Furthermore, in
a self-sustained oscillation process, linear theory cannot predict a
� nite amplitude level of oscillations. Those are two arguments to
consider in a nonlinear theory.

Discrete Vortex Models
Vortex–nozzle interaction can be studied numerically.17;20;37

However, we seek a simple analytical model. In contrast to the
work of Lovine and Waugh,38 Vuillot,17 Casalis et al.,6 Griffond et
al.,7 Griffond and Casalis,8 and Flandro and Majdalani,11 we do not
seek a prediction of conditions at which the combustion is stable.
We assume that it is unstable, and we are looking for a way to min-
imize the thrust oscillations.A key point of our nonlinear approach
is to assume that the structure of the vortices reaching the nozzle
is independent of the acoustical amplitude. The vortex formation
is triggered by the acoustical � ow, but the vortices concentrate the
vorticity of the entire � ow. The acoustical perturbations have only
a minor effect on the amount of vorticity and the path of the vortex
at the nozzle.39

In the case of SRMs, Flandro40 and Dotson et al.3 suggest that
sound is produced by the impingement of the vortices on the wall
of the nozzle inlet. When vortices approach the nozzle inlet, their
transport velocity vector is signi� cantly deviated from the acous-
tical streamlines (potential � ow). Following Howe,41 they produce
sound when this occurs. Hence, we should translate the impinge-
ment described by Flandro as vortex–sound interaction localized at

the nozzle inlet.42 We will now show that this interactionis stronger
for a submerged nozzle because of the presence of the cavity.

We will make this plausibleby means of an analyticalmodel. The
model is based on the vortex–sound theory developed by Powell43

for subsonic � ows in free-� eld conditions.Howe44 proposed a gen-
eralizationto internal � ows.The vortex–sound theoryassumessome
existing knowledge of the vortical distribution in the � ow and de-
duces the aeroacoustical sound production from this knowledge.42

At low Mach numbers such as thoseoccurringhere, the time average
acoustic power P is given by

P D ¡½0

½ Z

V

.! £ v/ ¢ u0 dV

¾
(1)

where V is the source volume (where ! 6D 0). The brackets indicate
the averaging over one period of a steady oscillation.

In Howe’s approximation,44 which is valid for a source that is
small compared to the acoustic wavelength and at low Mach num-
bers, the vortices have the character of a dipole source. A dipole is
associatedwith a force. In this case, the forcedensity in the � ow cor-
responds to the Magnus force on the � uid particles experienced by
an observer moving with the � uid as a result of the Corriolis accel-
eration ¡.! £ v/. The breakdown of the vorticity distribution into
discretevorticesas describedin theprecedingparagraphimplies that
.! £ v/ is independentof theamplitudeu 0 D ju0j of theacousticalve-
locity.To performacousticalwork, thisforceneedsan acousticaldis-
placementof � uid particles.The power is proportionalto the acous-
tical particle velocity u0. If we assume that the acoustic � eld is rep-
resented by a resonant mode of a closed–closed pipe segment with
a velocity node (ju 0j D 0) at the nozzle, we cannot understand that
vortices produce any acoustical energy. It is actually the deviation
of the actual acoustical � ow from this crude model that does allow
the vortices to produceacousticalenergy.This is due to the presence
of the cavity around the nozzle inlet for a submerged nozzle. Fur-
thermore, the fact that the nozzle is not a closed wall will result into
some acoustical energy losses by radiation, which we discuss later.

The vortex–sound theory yields the acoustic power given by
Eq. (1) and representingthe time averageof the power transfer from
the vorticity � eld to the acoustical � eld. When the vortex transport
velocity vector v is parallel to the acoustic streamlines (u0), the vec-
torial tripleproduct in Eq. (1)vanishes.There is noacousticalenergy
production.To producesound, the vorticesshouldcross the acoustic
streamlines, corresponding to the potential � ow streamlines.42 The
larger is the angle between the two vectors, the stronger the acoustic
production. We will further assume that the vortices follow a path
as shown in Fig. 2. When the vortices travel in front of the cavity
entrance,the acousticvelocityu0 is almost normal to the vortex path
v. This vortex path will result in a maximum of sound production.
Our model should, therefore, provide an upper bound for the pul-
sation amplitude. Furthermore, the acoustic power is stronger if the
acoustic � uctuationu 0 is higher. The vorticesshould reach this point

Fig. 2 Theoretical modeling of the vortex–nozzle interaction.
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at the right time. As vortices are convected along the chamber, the
acoustical � eld is directed in the direction of the vortex convection
velocity and sound production will be weak. Sound production can
occur as a result of vortex pairing, but this has a quadrupole char-
acter. We neglect such effects. Therefore, one should estimate the
acoustic � uctuation u 0 induced by the nozzle cavity volume.

As will be shown in the experiment section, the nozzle cavity
promotes higher resonance when the volume is larger. The com-
pressibility of the gas in the cavity volume Vc induces an acoustic
� uctuation u 0 in the cross section Sc (Fig. 2) such that, from mass
conservation, it follows that

½0u
0 Sc ’

Vc

a2

dp0

dt
(2)

where we made use of the cavity being small comparedto the acous-
tical wave length (¸ » L). The acousticvelocityu0 is the component
of u0 normal to the vortex path taken positive when it is directed
from the cavity toward the main � ow.

Assuminga harmonicallyoscillatingacoustic� eld (u 0 D ju 0jei2¼ f t

and p0 D jp0jei2¼ f t ) and applying the perfect gas law (½0a2 D ° p0 ),
one can write

ju 0j D 2¼ f Vc

° Sc

jp0j
p0

(3)

The maximum of acoustic power is then expressed from Eq. (1)
by

Pmax » ½0jvjju0j
Z

V

j!j dV » ½0jvjju0j.¼ D0/ (4)

where 0 is the circulation of the vortex, jvj is approximated by
half of the mean � ow velocity U0=2, and ju0j is given by Eq. (3).
As explained earlier, in our model, vortices produce sound only
when passing in front of the cavity entrance. We do expect that
for maximum pulsation the vortex will pass along the cavity at the
time corresponding to maximum power generation. A weighting
coef� cient has to be introduced in Eq. (4) to take into account the
time fraction Tc duringwhich the vortex travels in front of the cavity
entrance compared to the vortex shedding period T D 1= f . This
coef� cient is equal to

Tc

T
D 2hc=U0

1= f
D 2hc f

U0

(5)

Then, when it is assumed that Tc=T ¿ 1, the generatedacoustical
power becomes

P » ½0
U0

2

2¼ f Vc

° Sc

jp0j
p0

¼ D0
2hc f

U0

(6)

The cross section Sc of the cavity entrance can be assumed parallel
to the test section axis, Sc D ¼ Dhc (Fig. 2). The circulation 0 is
given by

0 » lv.U0=2/ » U 2
0

¯
4 f (7)

where lv is the distance in which the vortex accumulates vorticity,
assumed to be equal to the distancebetween two successivevortices
[lv »U0=.2 f /]. When the perfect gas law ½0a2 D ° p0 is assumed,
Eq. (6) transforms to

P » ½0
U0

2
2¼ f Vc

½0a2¼ Dhc
jp0j¼ D

U 2
0

4 f
2hc f

U0

(8)

or, after simpli� cation,

P » .¼=2/M 2
0 f Vc jp0j (9)

On the other hand, when it is assumed that the acoustic losses
are dominated by the radiation at the nozzle, the acoustic power

is the work of the � uctuating pressure per unit time, which can be
expressed as

P D hp0u 0i ¼ D2

4
»

jp0j2

2

¼ D2

4

1
Zn

(10)

where

Zn D .p0=u 0/nozzle (11)

This impedanceis expectedto be reasonablydescribedby a quasi-
stationary model.45 The key idea is to calculate the � uctuations of
the pressure at the nozzle inlet by means of a subsonic � ow model
and to consider the Mach number constant in spite of the pressure
unsteadiness:

dM0 D 0 ! d.u=a/ D 0 ! .u 0=u/ D a0=a (12)

Knowing that a D
p

.° p=½/, and assuming isentropic evolution
p½¡° D cst, one gets

u0=u D a 0=a D 1
2
.p=½/0=.p=½/ D [.° ¡ 1/=2° ]p0=p (13)

or, with ° p D ½a2 ,

½au 0 D M0[.° ¡ 1/=2]p0 (14)

Hence, the impedance of the nozzle reduces to

Zn D
2½a

M0.° ¡ 1/
(15)

Therefore,when Eqs. (9), (10), and (15) are combined, the acous-
tic power is given by

P » ¼

2
M2

0 f Vc jp0j »
jp0j2

2

¼ D2

4

M0.° ¡ 1/

2½a
(16)

leading to

jp0j »
8½a

.° ¡ 1/D2
M0 f Vc (17)

or, by the use of the perfect gas law and equation f=a D j=.2L/,

jp0j=p0 » [¼° =.° ¡ 1/] j M0.Vc=Vtot/ (18)

where

Vtot D .¼ D2=4/L (19)

When resonanceoccurs, the sound pressure level is a linear func-
tion of the Mach number, the excited mode number, and the nozzle
cavity volume. In the next section we compare the results of this
model with experimental data.

A weak point in our model is that we assume that the vortex
trajectory remains independent of the geometry of the cavity. This
appears to be reasonablein the present case.Note, furthermore, that
if the acoustical energy losses are not dominated by the radiation at
the nozzle, we will still � nd that jp0j » Vc , but not necessarily that
jp0j » M0.

Experimental Investigation
Experimental Setup

The experimentalfacility is a 1
30 -scalemodularaxisymmetriccold

� ow modelof theAriane-5solid rocketmotor,with a fully axial � ow
injected through the forward end. The model (in Fig. 3) consists of a
cylindricaltest section,with an inhibitorof ori� ce diameterd placed
at a distance l from a nozzle with sonic condition at the throat.26;46

The internal diameter D of the segments, equal to 0.076 m, is based
on the 1

30 -scale similarity with the full-scalemotor obtainedby con-
serving the Mach number when 50% of the propellant is burnt. The
total length L and the inhibitor parameters d and l can be modi� ed.
The test section is supplied with compressed air. The circulationof
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the air along all of the connectedpipes produces acoustic noise that
could interactwith the acousticmeasurements carried out in the test
section. The insertion of a porous plate at the forward end aims to
ensure an acoustic insulationof the test section from the air supply,
by providing a high-pressure drop.46 This pressure drop is of the
order of magnitude of the static pressure in the test section.

In the Ariane-5 booster, the � ow–acoustic coupling is character-
ized by a shift of the instabilitymode frequencywith respect to time
and a frequency jump between the instability modes. Because the
combustion is radial, the combustion chamber diameter increases
with time, and the internalMach number in the segments decreases.
Therefore, � ow–acoustic coupling is identi� ed by plotting the evo-
lution of the Strouhal number as a function of the Mach number,
which is a measure of the combustion time.3 A sonic throat nozzle
ends the test section and the internal Mach number M0 is de� ned,
under low Mach number approximation, by

M0 D
U0

a
D

Pm
½ f a

D
µ

2 C .° ¡ 1/M2
0

° C 1

¶.° C 1/=2.° ¡ 1/
A

S
D K

A

S

(20)

where K depends only on the speci� c heat ratio (for cold air,
K D 0:58). Thus, the only way to vary the Mach number M0 is
to modify the nozzle throat area A. We use a movable needle to
control A (Fig. 3) (Ref. 46).

The � ow–acousticfeedbacklooprelieson the interactionbetween
the vortices and the nozzle. The nozzle geometry is then expected
to play an important role in the ampli� cation of the sound pressure
� uctuations. Different nozzle geometries are designed. They are
sketched in Fig. 4. Nozzle 1 is the submerged nozzle representing
the actual nozzle geometry at 1

30
scale. For the second nozzle, a part

of the cavity is � lled. The cavity volume is reduced by 49% and
the cavity depth by 60%, changing slightly the total length of the
test section. In the third nozzle, the cavity is � lled up to the nozzle
head. The nozzle lip has disappeared, but the backward facing step
at the end of the segment is still present.The fourth nozzle has to be

Fig. 3 Axisymmetric setup ( 1
30 -scale).

Fig. 4 Different exhaust nozzle geometries.

compared to the second one: The backward facing step disappeared
after a segment of 76-mm diam was kept through the far end of the
cavity. Comparing nozzles 3 and 4 to nozzle 2 will show whether
the pressure � uctuations are more ampli� ed by the presence of a
nozzle lip or by the backward facing step. For nozzle 5, the lip
geometry is changedcompared to nozzle2, whereas nozzle6 is only
the convergent-divergentsection without a cavity. For all of these
nozzles, the throat diameter is equal to 30 mm, and the convergent
and divergent parts keep the same geometries. The only differences
are coming from the cavity.

A piezoelectricpressureprobe (PCB 106B60) from Piezotronics,
Inc., allows measurement of the acoustic pressure � uctuations.The
probe is placed just downstream of the porous plate. The acous-
tic pressure � uctuation data are acquired by means of a DAS1601
acquisition card controlled by Testpoint. The signals are � ltered at
3 kHz and acquired at 7.5 kHz. 16,384 samples are saved on the
disk and analyzed to determine the power spectrum of the pres-
sure � uctuations. The spectrum is averaged on 7 blocks of 4096
data with an overlapping of 0.5. It gives a frequency resolution of
1.8 Hz.

Example of Flow–Acoustic Coupling

Figure 5a shows the pressure � uctuation spectrum plotted vs
Mach number M0 and frequency for an inhibitor of 58-mm internal
diameter placed at 71 mm from the head of nozzle 1 with a cavity
(Fig. 4). A peak is observedaround 850 Hz and its frequencyseems
to vary linearly with the Mach number. This corresponds to a � ute

a)

b)

Fig. 5 Distribution of the amplitude of a) pressure � uctuations and b)
zoom between 780 and 900 Hz: L = 393 mm, l = 71 mm, and d = 58 mm,
nozzle 1. The gray level indicates amplitude as shown by scale next to
the graph.
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Fig. 6 Distribution of the amplitude of velocity � uctuations: L =
393 mm, l = 71 mm, and d = 58 mm, nozzle 1. The gray level indicates
amplitude as shown by scale next to the graph.

mode as de� ned earlier. Creating a zoom between 780 and 900 Hz
(Fig. 5b) shows that the slopeof the evolutionfor Mach numbersbe-
tween 0.072and 0.082is different than the slopes for lower or higher
Machnumbers.In theMachnumberrangebetween0.072and0.082,
the frequencyis very close to the second longitudinalacousticmode
frequencyof the test sectionestimated by fac;2 D a=L . The variation
of the slope of the frequency evolution can only be produced by the
acoustic resonanceof the test section due to vortex shedding at that
frequency. To con� rm this af� rmation, one has to demonstrate that
the vortex sheddingoccursat the second longitudinalacousticmode
frequency.

Figure 6 shows the contour of the velocity � uctuationsmeasured
with the hot wire located at 13 mm from the wall and at 37.5 mm
downstream the inhibitor. There, the hot wire is on the path of the
vortices shed by the inhibitor. The velocity � uctuations induced by
the acousticwaves arenegligiblecomparedto thosegeneratedby the
� ow [ju 0j=U0 D O.10¡2/] (Ref. 47). The hot-wire signal is mainly
determined by the vortical velocity � uctuations produced by the
� ow and not by the acoustics.Therefore, the spectrum of the signal
acquired with the hot wire (Fig. 6) allows determinationof the vor-
tex sheddingfrequency.That frequencyappears to correspondto the
secondlongitudinalacousticmode frequency(Fig. 5b). Thus, vortex
shedding occurs at one of the acoustic mode frequency and excites
the acoustic properties of the test section. Furthermore, the reso-
nance modi� es the vortex shedding frequency evolution (Fig. 6).
Without acoustic resonance, the slope of the vortex shedding fre-
quency evolution would correspond to a constant Strouhal number.
This is observedbyDotsonet al.3 during the initial phaseof the com-
bustion.These observationsprove the occurrenceof a � ow–acoustic
coupling of the � ute type in our model.

Figure 5a can also be plotted in term of Helmholtz number
He D f l=a instead of frequency f . Because l and a are constant,He
is a nondimensional representation of the pressure � uctuation fre-
quency.The maximumsof the pressure� uctuationvaluesare plotted
vs Mach number in Fig. 7. The evolution of the Helmholtz num-
ber corresponding to the maximum of the pressure � uctuations is
also given in Fig. 7. In such a plot, the longitudinal acoustic modes
of the test section characterized by Heac; j D jl=.2L/ correspond
to horizontal lines. For such test conditions, each time the excited
frequency is close to an acoustic mode frequency, the pressure � uc-
tuation level is large. The maximum is reached when it crosses the
acoustic mode.

When Fig. 7 is considered, the maximum of the sound pressure
level is observed experimentally to excite the second mode at a
Mach number M0 equal to 0.08. It is worth applying an analytical
model developeddeliberatelyand based on Rossiter’s approach32 to
compare the M0 value at which the maximum of the sound pressure
level is observed.That model26 providesa relationlinking the Mach

Fig. 7 Evolutionof the maximumof the pressure � uctuation, in terms
of Helmholtz number and amplitude: L = 393 mm, l = 71 mm, and d =
58 mm, nozzle 1.

number M0, at which � ow–acoustic coupling is predicted to occur,
to the excited mode number j , the stage number m, the relative
positionof the inhibitor compared to the total length of the chamber
l=L , and the relative internal diameter of the inhibitor compared to
the chamber diameter d=D,

M0 D Cvc=2kv[ j=.m ¡ 0:25/].l=L/.d=D/2 (21)

where Cvc is the vena contracta coef� cient of the jet generated by
the inhibitor,and kv is the ratio of the vortex transportvelocity to the
jet velocity.From the experimental investigationof the vortex prop-
erties in axial � ow conditions reported in Ref. 39, it turns out that
Cvc D 0:68 and kv D 0:47. From Eq. (21), a � ow–acoustic coupling
is predicted to occur at a Mach number equal to 0.086 on the sec-
ond acoustic mode with two vortices located between the inhibitor
and the nozzle. Such a � nding is in good agreement with numerical
simulations20 and experimental observation obtained from particle
image velocimetry measurements.39

Nozzle Design Effect

The � ow–acoustic feedbackidenti� ed in the precedingparagraph
relies on the interactionbetween the vortices and the nozzle. There-
fore, the nozzlegeometry is expectedto play an important role in the
establishment of the amplitude of the sound pressure � uctuations.
Indeed, by changing the nozzle design, the downstream obstacle at
which vortices generate acoustic waves is modi� ed.

The main characteristicof thenozzleused in the precedingsection
appeared to be the presence of a cavity around the convergent part
of the nozzle, as depicted in Fig. 1. The present section is devoted
to analyzing the effect of the nozzle cavity on the sound pressure
levels. In the � rst part, different nozzle geometries are compared in
terms of pressure � uctuations measured at the forward end of the
test section. When the cavity volume is large enough, the longitu-
dinal acoustic modes of the test section are not the only modes to
be excited. Another frequency corresponding to the excitation of a
localizedacousticalmode of the nozzlecavity is also observed.That
phenomenonis not discussedfurther because it does not correspond
to pulsationsobserved in the actual rocket motor.

Pressure � uctuations are measured for an inhibitor with ori� ce
diameter of d D 0:058 m placed at a distance l D 0:071 m from
the head of the nozzle. The exact value of the length L of the test
section depends on the nozzle geometry and is around L D 0:38 m.
The maximum pressure � uctuation amplitudes are plotted vs Mach
number M0 in Fig. 8a for all of the nozzles with a throat diameter
of 30 mm. The evolution of the Helmholtz number (He D f l=a)
correspondingto the maximum of the pressure � uctuations is given
in Fig. 8b where the horizontal lines correspond to the theoretical
acoustic modes of the test section.
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a) Pressure � uctuation level

b) Helmholtz number

Fig. 8 Evolution of the maximum pressure � uctuations for nozzles
1–6: l = 0.071 m and d = 0.058 m.

The evolution of the Helmholtz number is similar for all of the
nozzles except for nozzle 6, without a cavity. That means that the
vortex shedding does excite the second longitudinal acoustic mode
within the same Mach number range for all of the nozzles. The
maximum sound pressure levels that correspond to the maximum
of coupling appear at M0 D 0:08, whatever the nozzle geometry.
However, the amplitude of the maximum resonancedepends on the
nozzle design.

The maximum pressure� uctuationis plottedvs Mach number for
the differentnozzle geometriesin Fig. 8b. The orderof magnitudeof
the pulsation levels correspond to the data on pressure � uctuations
in SRM reported in the literature.3 When the nozzle cavity volume
decreases(from nozzle1 to 2), the pressure� uctuationdrops.Filling
the cavity up to the nozzle head (nozzle 3) has the effect of reducing
the pressure level by a factor of 5 compared to nozzle 2. Nozzle 4
is obtained from nozzle 2 by removing the backward facing step at
the end of the segment. Under such conditions, the pressure level
is reduced by a factor of 10 and the amplitude measured for nozzle
4 is similar to that obtained for the nozzle without a cavity (nozzle
6). Without a cavity, the pressure � uctuation levels remain simi-
lar whatever the Mach number, indicating that vortex–acoustical
coupling has disappeared.Finally, the effect of the nozzle head ge-
ometry is shown by nozzle 5. This nozzle presents a smaller cavity
volume than nozzle 2, which results in fainter pressure � uctuations
compared to nozzle 2.

The cavity volume plays an important role in the pressure � uctu-
ations’ magnitude as expected from the application of the vortex–

sound theory discussed earlier. That effect is summarized in Fig. 9.
Only the nozzles presenting a cavity and excitation on the second

Fig. 9 Evolution of the maximum sound pressure level vs the nozzle
cavity volume for excitation on the second acoustic mode at M0 = 0.08:
l = 71 mm and d = 58 mm.

acoustic mode at M0 D 0:08 are considered. The evolution of the
maximumsoundpressurelevel is approximatelylinearwith the noz-
zle cavity volume.Such a � nding is in agreementwith relation (18).
The amplitudepredictedby our model, however, is too large by two
orders of magnitude. The measurements did not allow veri� cation
of the predictedMach number dependence.This could be due to the
existence of acoustical energy losses in the cavity, which are more
important than the radiation losses at the nozzle. The trajectory of
the vortex at the nozzle inlet is, furthermore,strongly in� uenced by
the upstream con� guration,20 which should be taken into account
for a quantitative prediction of amplitude.

Conclusions
Experimental data obtained in a cold gas model of a solid-

propellantrocketmotor has beenpresented.The data clearlydemon-
strate the occurrence of a � ute mode in which vortex shedding at
a diaphragm couples with acoustical resonances of the cavity. The
order of magnitude of the amplitude of the pulsation corresponds
to those observed in actual motors and depends strongly on the
design of the nozzle. In particular, when an integrated nozzle is
used, the pulsation increases linearly with the volume of the cavity
formed around the nozzle inlet. This linear dependenceis explained
by a simple analytical model based on vortex sound theory. The
amplitude, however, cannot yet be predicted by our model. These
experiments also indicate that sound is not necessarily produced
by an actual impingement of the vortices with the nozzle, but is
rather a continuous process during the approach of the vortex. The
sound producedduring vortex ingestionby the nozzle might be less
important.
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