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Effect of Nozzle Cavity on Resonance in Large
SRM: Numerical Simulations

J. Anthoine* and J.-M. Buchlin’
von Kdrmdn Institute for Fluid Dynamics, 1640 Rhode-St-Génese, Belgium
and
J.-F. Guéry*
SNPE, 91710 Vert-le-Petit, France

The nozzle design effect on sound production is investigated to improve the understanding of the aeroacoustic
coupling that occurs in solid rocket motors with a submerged nozzle. Earlier analytical and experimental work
demonstrated that flow-acoustic couplingis observed only for submerged nozzles for which the sound pressure level
increases linearly with the nozzle cavity volume. Numerical simulations of the flow-acoustic coupling phenomena
and in particular of the effect of the nozzle cavity volume on the pressure pulsations are performed using the code
CPS. The numerical and experimental pressure spectra are compared. The frequencies are well simulated by the
numerical code even if the pressure levels are overestimated. The nozzle design effect on sound production is also
observed with a reduction of pressure level of 55% when the nozzle cavity is removed. Furthermore, the nozzle
cavity modifies the flowfield around the nozzle head. With the cavity, the recirculation bubble is shorter, and the
flow close to the nozzle head presents high amplitudes of radial mean velocity and fluctuation. That explains why
the vortices break up when interacting with the nozzle head. With the cavity, the vortices shed by the inhibitor
movealong the border of the recirculation bubble and then pass in front of the cavity entrance, where they generate
sound by interacting with the velocity fluctuationsinduced by the cavity volume. This results in a strong interaction

between the vortices and the nozzle, which leads to large pressure oscillations.
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= sound speed

internal diameter of the model
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frequency of the oscillation
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5 mean static pressure
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Introduction

HE presentresearch is a numerical study of aeroacoustic phe-
nomena occurring in large solid rocket motors (SRM) such
as the Ariane 5 boosters. The emphasis is given to aeroacoustic
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instabilities that may lead to internal pressure and thrust oscilla-
tions that reduce the rocket motor performance. The study is carried
out within the framework of a Centre National d’Etudes Spatiales
(France) research program.

The Ariane 5 SRM has a segmented combustionchamber consist-
ing of three propellant grains, separated by inhibitorrings ensuring
thermal protection, and a submerged nozzle (Fig. 1). This acceler-
ator, as other large SRM, presents large-amplitude low-frequency
pulsations.'=> The amplitude of the pressure fluctuations may reach
a few thousands of the static pressure in the combustion chamber
[p'/ps >~ O(1073)]. These vibrationsare damped out to the launcher
and its payload by passive control systems, which can increase cost
and reduce performance.

Solid rocket flows are complex. The propellant combustion gen-
erates a radial flow whose analyticalsolution has been obtained first
by Taylor® in cylindrical geometries and constant mass flow rate.
Then the flow develops longitudinally before reaching the exhaust
nozzle. Three types of hydrodynamic instabilities appear to occur
in solid rocket flows and are organizedin coherent structures, called
vortices. The first type of hydrodynamic instability, called angle
vortex shedding (AVS), can occur at geometrical irregularities such
as grooves in the grain. When developed at the inhibitor rings, the
hydrodynamicinstability is called obstacle vortex shedding (OVS).
In the early studies of the pressure oscillations occurring in SRM,
it was believed that the inhibitors were the only cause of the for-
mation of vortices and of pulsations.!” Dotson et al.* showed that
pulsations could appear without the presence of inhibitors. It was
demonstrated that the Taylor® flow is linearly unstable® and features
another hydrodynamic instability leading to vortices called surface
vortex shedding (SVS).*~ 1!

The vortices generated by the hydrodynamic instabilities de-
scribed (AVS, OVS, and SVS) are advected toward the submerged
nozzle and interactwith it. The sound producedby these interactions
excitesthe acoustic properties of the combustionchamber. When the
vortex shedding frequency synchronizes one of the first longitudi-
nal acoustic modes of the motor chamber, resonant coupling may
occur which leads to self-sustained oscillations. Then the vortices
are generatedat the frequency of that excited acoustic mode, closing
the flow acoustic feedback loop.
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Stability assessment methods based on linear analytical theories
initially predicted most of the large SRM to be stable.!* Recently,
Flandro and Majdalani'® introduced a new term in the stability as-
sessment methods to account for the presence of surface vortex
shedding, which explained the instabilities in existing SRM.

Cold-flow experiments in a pipe with one or two diaphragms, in
whichonly OVS occurs, were conductedto explain the flow acoustic
coupling.'*~1 The influence of radial injected flow and SVS on
the flow—acousticcoupling was then experimentallyinvestigated”!!
Vortex-driven acoustically coupled oscillations were also observed
on subscaled model rockets."?*2! Finally, numerical simulations
were used to highlight the three types of hydrodynamicinstabilities
and their coupling with the acoustics *=%

These various studies point out that the potential source of the
pressure pulsations is the sound production due to vortex—nozzle
interactions.* The nozzle geometry is then expected to play an
importantrole in the amplification of the sound pressure fluctuations.

The present research is aimed at investigating numerically the
flow—acoustic coupling phenomena and, in particular, the effect of
the nozzlecavity volume on the pressurepulsationlevels. That effect
was already observed in cold-flow experiments and explained by a
simple analytical model.!* Therefore, the numerical data will be
compared to the existing analytical and experimental results. Our
final aim is to understand the aeroacoustic phenomena that occurin
segmented boosters such as Ariane 5.

Fig. 1 Internal geometry of Ariane S SRM.

Earlier Analytical and Experimental Results

Flandro and Jacobs?® linked the oscillationsto the hydrodynamic
instability of the sheared regions of the flow and to the coupled
acoustical response of the motor. Because for the low frequencies
investigated combustion is believed to take a minor part in the in-
stability mechanism, most laboratory experiments were carried out
with models operating with cold gases. As discussed earlier, the
work of Vuillot,2?> Dotson et al.,* and Casalis et al.? has indicated
that the presence of inhibitors is not necessary to drive the oscilla-
tions. In our experiments,however, we will nothave 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 nec-
essary vortex shedding, and the confined space of the pipe acts as a
resonator with its natural frequencies. Pressure oscillation reaches
a large amplitude when the vortex shedding frequency is close to
the frequency of one resonant acoustic mode of the system. The
presence of an obstacle downstream of the shedding point of the
vortices provides the necessary acoustical feedback when the vor-
tices interact with it.” In our case, this second obstacle is the nozzle.
We focus on the interaction of the vortices with the nozzle at the
backward end of the model.

Analytical Model

Vortex nozzleinteractionis studiednumericallylaterin this paper.
We first present a simple analytical model.'* A key to our non-
linear approach s to assume that the structure of the vortices reach-
ing the nozzleis independentof the acousticalamplitude. The vortex
formation is triggered by the acoustical flow, but the vortices con-
centrate the vorticity of the entire flow. The acoustical perturbations
have only a minor effect on the amount of vorticity and the path of
the vortex at the nozzle."

When vortices approach the nozzle inlet, their transport velocity
vector is significantly deviated from the acoustical streamlines (po-
tential flow). According to Howe,?’ they produce sound when this
occurs. Hence, we should translate the “impingement” of Flandro

Cavity Nozzle
entrance cavity
(Sc) (Vo)

Fig. 2 Theoretical modeling of the vortex-nozzle interaction.

and Jacobs®® as vortex-sound interactionlocalized at the nozzleinlet
(see Ref. 28). We will now show, by means of an analytical model,
that this interaction is stronger for a submerged nozzle because of
the presence of a cavity around the nozzle head.

The model is based on the vortex—sound theory developed by
Powell?’ and Howe.*® The vortex-sound theory assumes some ex-
isting knowledge of the vortical distributionin the flow and deduces
the aeroacousticalsound production from this knowledge 2 At low
Mach numbers as in this case, the vortex—sound theory yields the
acoustic power given by

P = —p0</(w X p) - u’dV> (1)
v

and represents the time average of the power transfer from the vor-
ticity field to the acoustical field. V' is the source volume (where
w #0) and the brackets indicate the averaging over one period of a
steady oscillation.

As shown later in the experimental part, the nozzle cavity pro-
motes higherresonance when the volume of the cavity is larger. The
compressibility of the gas in the cavity volume induces an acoustic
fluctuation u” at the cavity inlet (Fig. 2). When the vortices travel
in front of the cavity entrance, the acoustic velocity #’ is almost
normal to the vortex path v. Therefore, our model should provide an
upper bound for the pulsation amplitude, which after mathematical
developmentsis given by

Ip'l/ps ~ [y /(v — D] Mo(Ve/ Vi) 2)
where
Vi = (1 D*/4)L 3)

A detailed description of the model and of its limitation has been
presented by Anthoine et al.'* When resonance occurs, the sound
pressure level is a linear function of the Mach number, the excited
mode number, and the nozzle cavity volume.

Cold-Flow Experiments

The numerical data presented later will be compared to cold-flow
experiments conducted by Anthoine et al.'*!° The purpose of this
section is to describe briefly the experimental setup and results that
are used later to validate our numerical simulations.

The experimental facility is a 1/30th-scale modular axisymmet-
ric cold-flow model of the Ariane 5 SRM, with a fully axial flow
injected through the forward end. The model (Fig. 3) consists of a
cylindricaltest section, with an inhibitorof orifice diameterd placed
ata distance! from a nozzle with sonic conditionat the throat*! The
internal diameter D of the segments, equal to 0.076 m, is based on
the 1/30th-scalesimilarity with the full-scalemotor obtained by con-
serving the Mach number when 50% of the propellantis burnt. The
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Fig. 3 Axisymmetric setup, 1/30th scale.
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Fig. 4 Evolution of the maximum of the pressure fluctuation, in terms
of Helmholtz number and amplitude: L=393 mm, /=71 mm, and
d=58 mm, nozzle 1; V, =2 x 10~* m°.

total length L and the inhibitor parameters d and / can be modified.
Compressed air is supplied through a porous plate at the forward
end of the test section. That porous plate provides a high-pressure
drop necessary to ensure an acoustic insulation of the test section
from the air supply. Different nozzles can be tested to analyze the
effect of the volume of the nozzle cavity on the pulsation levels.*
Pressure oscillations are acquired by means of a piezoelectric pres-
sure probe and are analyzed to determine the power spectrum with
a frequency resolution of 1.8 Hz.

Pressure fluctuations are measured at the forward end (just down-
stream of the porous plate) for an inhibitor with orifice diameter of
d =0.058 m placed at a distance / =0.071 m from the head of a
nozzle of cavity volume V, ranging from 0 to 2 x 10™* m>. The
exact value of the length L of the test sectiondepends on the nozzle
geometry and is approximately L =0.38 m. The maximums of the
pressure fluctuation amplitudes are plotted vs Mach number M, in
Fig. 4. The evolution of the Helmholtz number (He = fI/a) corre-
sponding to the maximum of the pressure fluctuations is also given
inFig. 4. In Fig. 4, the horizontallines correspondto the longitudinal
acousticmodes of the test sectioncharacterizedby He,. ; = jl/(2L).
Each time the excited frequency is close to an acoustic mode fre-
quency, the pressure fluctuation level is large. The maximum is
reached when it crosses the acoustic mode. Look at Fig. 4: The
maximum of the sound pressure level is observed experimentally
to excite the second longitudinal acoustic mode at a Mach number
M, =0.08. The order of magnitude of the pulsation levels corre-
sponds to the data on pressure fluctuations in SRM reported in the
literature.! 34

The flow—acoustic coupling identified in Fig. 4 relies on the in-
teraction between the vortices and the nozzle. Therefore, the nozzle
geometry is expected to play an important role in the amplifica-
tion of the sound pressure fluctuations. Indeed, by changing the
nozzle design, the downstream obstacle at which vortices generate
the acoustic waves is modified. Anthoine et al.'* showed that the
evolution of the Helmholtz number is similar for all of the nozzles
with a cavity. The maximum of sound pressure levels that corre-
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Fig. 5 Evolution of the maximum sound pressure level vs the nozzle
cavity volume for excitation on the second acoustic mode at M, =0.08:
=71 mm and d=58 mm.

sponds to the maximum of coupling does excite the second longi-
tudinal acoustic mode and does appear at a Mach number of 0.08
whatever the nozzle geometry. However, the amplitude of the max-
imum resonance depends on the nozzle design, as expected from
the application of the vortex—sound theory discussed earlier. When
the volume of the nozzle cavity decreases, the pressure fluctua-
tion lessens. That effect is summarized in Fig. 5. Only the nozzles
presenting a cavity and excitation on the second acoustic mode at
M, =0.08 are considered. The evolution of the maximum sound
pressure level is approximately linear with the nozzle cavity vol-
ume. Such a finding is in agreement with relation (2). The ampli-
tude predicted by our model is, however, too large by two orders of
magnitude.

CPS Code

The acoustic investigationcarried out experimentally proved the
strong effect of the nozzle design on the sound pressure levels. The
purpose of the following sections is to simulate the same operating
conditions using the numerical code CPS. The CPS code is sup-
ported by the Centre National d’Etudes Spatiales and SNPE and is
based on PATRIC code, which has been developed and upgraded
for 15 years at SNPE,?*3334 and which is applied to CFD compu-
tations of unsteady flows in SRM. Today the code is used to solve
the two-dimensional axisymmetrical, plane, and three-dimensional
Navier—Stokes equations for laminar or turbulent flows with a cell-
centered finite volume method. To simulate vortex shedding, two-
equation turbulencemodels, such as the (g, w) or (k, €) models, are
not efficient without specific treatments for coherent structures >’
These improved models are currently under study in CPS, but are
notused in the present paper. However, the time-dependentsolution
of the complete Navier—Stokes equations without a specific turbu-
lence model allows direct simulation of all of the structures larger
than the mesh cell size.2* This approach correspondsto a very large-
eddy simulation (VLES) without subgridmodels. In this case, a grid
dependency analysis has to be performed to investigate the conver-
gence. The computations presented in this paper have been carried
out applying such a VLES approach.

The code also includes the possibility for treating the chemical
reactionsof multispeciesand the couplingbetweena gas phase and a
condensed phase, inert or not. The code has moving mesh facilities.
The behavior of the propellant goes from simple laws (regression
rate) to several couplings (erosive burning, pressure response) as
well as structure or regression rate coupling. All of the models are
coupled to each other.

Two computations have been carried out to simulate the ex-
perimental test section (Fig. 3). Two nozzles, submerged and not
are considered. For the two investigations, the two-dimensional
axisymmetrical, unsteady Navier-Stokes equations are solved
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under the assumption of a laminar flow, with inert gas at y
constant. The second-order spatial discretization is applied, and
the time integration uses the explicit second-order Runge—Kutta
scheme.

Numerical Simulation with Submerged Nozzle

The aim of the simulation is to obtain data, such as flowfield
results, that are not available from the experiments. Because the
validation of the code is first needed, the experimental test section
is simulated. However, it has been decided not to consider the pres-
ence of the needle in the nozzle. Therefore, the computations are
performed for the nominal experimental conditions corresponding
to a Mach number M, =0.09. Even if that Mach number does not
correspondto the maximum of pressureoscillationsobservedexper-
imentally at My = 0.08, the comparison between the experimental
and numerical data will be made at M, =0.09.

The first case to be simulated with the CPS code is the axial
injected flow configuration with the submerged nozzle, as shown in
Fig. 6. The nozzle has the same geometry as experimental nozzle 1
with a throat diameter of 0.03 m (Fig. 3). The cylindrical numerical
domain has an inner diameter D of 0.076 m. The total length L is
equal to 0.393 m and an inhibitor of 0.058 m inner diameter d is
placed at / =0.071 m from the nozzle head.

Mesh and Boundary Conditions

The numerical domain consists of quadrilateralcontrol cells, with
refinements between the inhibitor and the nozzle head and in the
nozzle cavity and throat (Fig. 7). The grid is composed of 13591 el-
ements. A grid-dependencyanalysis proved thata higherrefinement
is not necessary and that the VLES approach is correct>®

The cold air is injected axially by imposing a constant mass flow
rate through the forward end of the numerical domain considered
as a hard-wall from the acoustics (Fig. 6). To allow comparison to
the experimental data, the mass flow rate per surface unit is equal
to 66.3 kg/s/m%. The boundary condition at the exit of the nozzle
correspondsto apressureof 10 kPa. The bottom part of the numerical
domain is the axis of symmetry. All of the other boundaries are
characterized by a no-slip condition with the walls at 285 K.
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Fig. 8 Comparison of pressure spectrum for the simulation with a
submerged nozzle. The numerical and experimental signals are both
obtained at x =0.0115 m and r =0.038 m (point 1).

3
7 005
= 1
£ 0.04 ] WALL 2
S ” Ba1
g 003 —» :
= MASS FLOW b4
= 002 { RATE INLET . 5
T |
& 001 f—» i AR
8 SYMMETRY AXIS 7 '9 6
0 0.05 0.1 0.15 02 0.25 0.3 0.35 04

Axial position [m]

Fig. 6 Geometry of the numerical domain with submerged nozzle, boundary conditions, and position of the virtual sensors.

0.08

0.04

0.03

0.02

Radial position [m]

0.01

0.29 03 0.31 0.32 0.33

I

T
0.34 035 0.36 037 0.38 039

Axial position [m]

Fig. 7 Mesh downstream of the inhibitor.



378 ANTHOINE, BUCHLIN, AND GUERY

Unsteady Simulation

The simulationstarts by carryingout aboutone 100,000iterations,
to obtain an unsteady pressure signal with a good convergence of
the solution. Then, the unsteady simulation is restarted for a phys-
ical time of 0.2 s for computation of the sound pressure level. The
variations of the pressure, density, and velocity components at 21
virtual sensors, indicated in Fig. 6, are saved. Some of the sensors
correspondto the experimental pressure fluctuation probes. The un-
steady signals are analyzed to determine the response spectrum by
computing the Fourier transform. The computation time of 0.2 s
provides a frequency resolution of 5 Hz.

Figure 8a shows the sound pressure spectrum for the sensor 1.
(The spectrafor the other sensorsare given in Ref. 36.) The pressure
spectrumat the forward end contains four peaks located at 410, 840,
1270, and 1725 Hz, respectively. They correspond to the excitation
of'the first fourlongitudinalacousticmodes. The first one is the more
energetic one with a maximum sound pressure level of 2350 Pa,
correspondingto p’'/p, =1.3 x 1072

The numerical sensor 1 is placed at the same location as one of
the experimental probes. Therefore, the numerical and experimen-
tal sound pressure spectra can be compared in Fig. 8. The simula-
tion predicts correctly the pressure peaks in the frequency domain.

0.05

However, the experimental levels are one order of magnitude below
those obtained from the numerical computations. Even by taking
into account the acoustic losses induced by the porous head end,
the numerical levels are still too high.*® The overestimation could
be explained by turbulent dissipation or two-dimensional to three-
dimensional transition. Because the computationsare performed ap-
plying a two-dimensional VLES approach, the three-dimensional
turbulent dissipation is not simulated. In axial flow injection, the
vortex ring shed by the inhibitor becomes rapidly unstable lead-
ing to a three-dimensional mode behavior. That transition is not
simulated numerically in the present two-dimensional axisymmet-
rical computations. However, two-dimensionalto three-dimensional
transition has been observed from three-dimensional computations
in presence of radial combustion.?* Because the transitionto a three-
dimensional mode destroys the symmetry of the coherent struc-
tures, their interaction with the nozzle generates weaker pressure
fluctuations. That could explain the difference between the exper-
imental and numerical levels. Globally, the frequencies are well
simulated by the numerical code even if the pressure levels are
overestimated.

A sequence of vorticity fields is provided in Fig. 9. Each
vortex shed by the inhibitor impinges on the nozzle head and
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breaks up. A part of it is kept prisoner in the nozzle cavity while

the rest is escaping through the nozzle throat. Pairing may also be
observed.

Mean Flow

The mean values of the magnitude and fluctuation of the velocity
are obtained by averaging the unsteady simulation over five periods
of vortex shedding. The streamlines are provided in Fig. 10a. The
recirculation bubble behind the inhibitor develops over an axial dis-
tance of x/ h = 6.2, where / is the inhibitorheight. Anthoine et al.”’
have carried out an experimental investigation with an inhibitor—
nozzle distance, suchas!/h =27, and have shown that the length of
the recirculationbubble behind the inhibitoris approximately equal
to 12h. For the shorter inhibitor-nozzle distance used in this nu-
merical simulation (// h = 8), the recirculationbubble is, of course,
limited to 84. It was expected that the recirculation would develop
over the area between the inhibitor and the nozzle and that the at-
tachment point be located on the nozzle head. The streamlines of
Fig. 10a prove that the recirculationbubble is shorter than those ex-
pected. Three other bubbles appear in the nozzle cavity. The Mach
number magnitude of the first recirculation bubble in the nozzle
cavity is as strong as that found in the recirculation behind the in-
hibitor. Those high Mach number M, values in the nozzle cavity
come from the part of vorticity entering the cavity when a vortex

breaks up on the nozzle head. Figure 10b shows the velocity vector
field.

The flow close to the nozzle head (x =0.3575 m) exhibits high
amplitudesof the radial mean velocity (Fig. 11). The negative values
are induced by the nozzle convergence, whereas the positive ones
prove that a part of the flow enters into the nozzle cavity. At the
limit, on the nozzle head, the flow splits in two streams. One goes
through the throat, the other gets into the cavity. That observation
should be linked to the fact that the recirculation bubble attached
to the inhibitor is limited to an axial distance of x//h =6.2. Both
observations explain why the vortices break up when interacting
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with the nozzle head, generating strong pressure fluctuations. A part
of the vorticity is staying in the cavity, while the rest is exhausting
through the throat.

Figure 12 provides the contour of velocity fluctuations for both
components. The important axial velocity fluctuations close to the
wall are induced by the recirculationbubble. They also presenthigh
values on all of the inhibitor-nozzle distances, whatever the radius,
due to the flow acceleration induced successively by the inhibitor
and the nozzle convergence. The radial velocity fluctuations are
higher in the shear layer generated by the inhibitor and exhibit the
effect of the vortices. Therefore, it is normal that their largest am-
plitude appears close to the nozzle head, where the vortex breakup
occurs.

Figure 13 provides a comparison of the computed streamlines
with those obtained experimentallyusing a particle image velocime-
try (PIV)!® technique. The experimental flowfield analyzed is of
limited area because of the PIV window used. The two flowfields
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are similar. The center of the recirculation bubble (x., r.) attached
to the inhibitor is well reproduced by CPS, as shown in Table 1. To
be more quantitative, profiles of mean velocity and of velocity fluc-
tuation are compared in Fig. 14. The axial and radial mean velocity
profiles are close, even if some deviations are observed at the limits
of the recirculation bubble, where the velocity gradients are impor-
tant. Although particular care was devoted to the application of the
PIV technique, the image acquisition in an axisymmetrical model
is delicate to implement, specially close to the wall. The shapes
of the profiles of velocity fluctuation, in particular the position of
their maximum values, are well reproduced by CPS, although the
fluctuation amplitudes are always overestimated by the code. The
overestimation could be explained, in part, by the turbulence dissi-
pation and the difference in the acoustic resonance levels. Indeed,
the velocity fluctuation is due to the vortices and jet acceleration,
but also acoustic resonance. The PIV measurementis carried outin
an experimental model that produces acoustic pressure fluctuation
of 120 Pa, correspondingto acoustic velocity fluctuation of 0.3 m/s.
The CPS computationyields pressure fluctuation of 2350 Pa, which
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Fig. 13 Comparison of streamlines between numerical simulation and

#Origin is on the axis at the inhibitor section.

cold-flow experiment.

0.05

0.04

0.03

0.02

Radial position [m]

o
2

0.32

oo
o T
©

03 0.34

Axial position [m]

a) Axial velocity fluctuations

0.05

0.04

0.03

0.02

Radial position [m]

0.01

036 0.38

o v
0.32 034

Axial position [m]
b) Radial velocity fluctuations
Fig. 12

0.38 0.38

Contours of velocity fluctuations.



ANTHOINE, BUCHLIN, AND GUERY 381

0.036 | CPS - axial velocity
E — — — — PIV-axial velocity
0.032 - ——— CPS - radial velocity
F ———— PIV - radial velocity
= 0028 F A~ TTTo——
£ e SIS
c 0024 | \
2 E /
= [
w 002 i
Q F 7
a [
g 0016 |
'g F
o 0012 :—
0.008 |
0.004 |
E 1 T IS I N L n n P
20 10 0 10 20 30 40 50 60 70 80

Mean velocity [m/s]

a) Mean velocity profiles

0036 F o~ TS
N ;T e
ooz )/
F \ Al
T 0.028 F \\ .
£ o /-
g 0.024 |- // L=
= L »~ 7/
g 0.02 - / / -
F/ -
= oo Bl /'/
8 ] v GPS - axial velocity
3 El 1/ — — — — PIV - axial velocity
0.012 | ‘ " 4
[a et F K4 ——— GPS - radial velocity
0.008 ;1] //: ———— PIV-radial velocity
ey
0.004 H/ 1
Hy 1
0 Bt vt b b e b b b b by b b b bl
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Velocity fluctuation [m/s]
b) Velocity fluctuation profiles

Fig. 14 Comparison of velocity profiles between numerical simula-
tions and cold-flow experiments at x =0.3 m.

the complex Fourier coefficient C for the pressure and velocity
components:

2 nT
C = —iwt dr 4
— /0 ge )

where 7 is the integer number of elapsed periods, T is the period
associated to the selected frequency f, w =2 f is the angular fre-
quency, ¢ is the physical variable (pressureor velocity components),
and 7 is the time.

Profiles of the Fourier coefficient modulus are given in Fig. 15
for the pressure and velocity components. These profiles are plotted
along a line passing through the inhibitoredge (at r =0.029 m) and
parallel to the symmetry axis. One can observe the nodes and anti-
nodes of pressure and velocity induced by the acoustics upstream
the inhibitor. The nodes of pressure coincide with the antinodes
of velocity, as expected. The profiles corresponding to the second
acousticmode ( f>, = 840 Hz) reveal a number of half-periodsequal
to two times those of the first acoustic mode (f;; =410 Hz). More-
over, the amplitude of the pressure and axial velocity moduli is
higher for fi; than for f5;.

Because the radial velocity modulus is almost nil upstream the
inhibitor, the acoustic waves are plane in that part of the domain.
The deviation of the acoustic waves induced by the inhibitor ap-
pears through jumps in the modulus. Downstream of the inhibitor
(x =0.29 m), the pressure and velocity moduli show maxima whose
positionsdo not vary with the frequency,but theiramplitudesare dif-
ferent. Fourier analyses prove that, upstream of the inhibitor, mean
flow disturbances are purely acoustic, whereas downstream, both
acoustics and hydrodynamics (vortex shedding) are present.

Figure 15a also shows a comparison of the numerical and exper-
imental profiles of the Fourier coefficient modulus for the pressure.
The experimental pressure modulus is scaled up to the numerical
one based on their amplitudes at x =0 m because the simulation
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Fig. 15 Profiles of the Fourier coefficient modulus for the two first
acoustic modes.

and the experiment do not lead to levels in the same order of mag-
nitude, as explained before. The measured data are obtained from
an experiment involving seven piezelectric probes. The computed
and experimental variations of the Fourier coefficient of the pres-
sure calculated at the first and second acoustic modes are in good
agreement.

Influence of Nozzle Geometry

The next case simulated with the CPS code is the axial injected
flow configuration with a convergent-divergentsection nozzle with-
outa cavity. The objectiveis to checkif the strongeffect of the cavity
volume on the amplification of the sound pressure level can be sim-
ulated numerically. The geometrical parameters and the boundary
conditions are identical to those of the simulation with the sub-
merged nozzle. The mesh is generated similarly and is composed of
23,863 elements.
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Unsteady Simulation

The unsteady computation is performed for a physical time of
0.2 s, after getting a converged unsteady signal. Figure 16 provides
the pressure spectrum at point 1 for the simulation without a cavity
at the nozzle, which can be compared to Fig. 8a. Without a cavity,
only two peaks appear in the pressure spectrum at 430 and 930 Hz.
Removing the cavity reduces the total length L of the numerical
domain from 0.393 to 0.36 m. Therefore, the frequencies f,.; of the
longitudinalacousticmodes, givenby f..; =ia/(2L), areincreased
compared to the simulation with a submerged nozzle. Moreover,
instead of getting an unique peak around the first acoustic mode,
two distinct peaks at 405 and 455 Hz appear, as shown in Fig. 16.
The second peak could be the hydrodynamic mode.

The most energetic mode is at 455 Hz with a maximum sound
pressure level of 1050 Pa, corresponding to p’/p, =5.9 x 1073,
Such a pressure level is 55% smaller than those of the submerged
nozzle. Therefore, in agreement with the the analytical prediction
and the experimental observations(Fig. 5), CPS predictionsconfirm
the strong effect of the nozzle design on the flow—acoustic coupling
and on the amplification of the pressure fluctuations. Although the
numerical reduction of 55% is not as important as the experimental
decrease of 90% (at M, = 0.09), the effect is also observed numer-
ically.

Mean Flow

The averaged computation is performed over five periods of the
vortex shedding at 930 Hz. The streamlines are provided in Fig. 17.
Figure 17 can be compared to Fig. 10a of the submerged nozzle.

For the nozzle without a cavity, the recirculation bubble behind
the inhibitorextends over the whole space between the obstacle and
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Fig. 16 Pressure spectrum for the simulation without cavity at the
nozzle; numerical signal is obtained at x =0.0115 m and r=0.038 m
(point 1).
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Velocity profiles are plotted in Fig. 18 for both velocity compo-
nents and for the two nozzles with and withouta cavity. Close to the
inhibitor, the velocity profiles are similar for both nozzle geometries.
When the nozzle head is approached, deviations are observed for
radius greater than 0.024 m, especially for the radial mean velocity
and fluctuation.

Because the two nozzle geometries lead to different spreadings
of the recirculation bubble behind the inhibitor, the flow around the
nozzle head and, then, the vortex—nozzle interaction are completely
different. The mean vortex paths for the two nozzle geometries are
illustratedin Fig. 19. Whenitis known that the vorticesare shed from
the inhibitor edge, the mean vortex path corresponds to the mean
flow streamline starting from the inhibitor edge. Of course, the real
vortices are not following this path, but their averaged paths can
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be approximated by this mean flow streamline. For the submerged
nozzle, the vortices shed by the inhibitor move along the border
of the recirculation bubble and then toward the cylindrical wall
because of the positiveradial velocities developing between the end
of the bubble and the nozzle head. Then, the vortices pass in front
of the cavity entrance, where they generate sound by interacting
with the velocity fluctuations induced by the cavity volume. This
results in a strong interaction between the vortices and the nozzle.
When the cavity is removed, the vortices follow the border of the
recirculation bubble that ends at the nozzle head and then escape
directly throughthe nozzle withoutinteracting with it. That explains
the weaker pressure fluctuations measured without a nozzle cavity.

Conclusions

The nozzle design effect on sound production was investigated to
improve understanding of aeroacoustic coupling in SRM.

Earlier analytical and experimental studies have demonstrated
that, in the case of a purely axial injected flow, flow—acoustic cou-
pling is observed only for submerged nozzles. The maximum res-
onance amplitude is highly dependent on the nozzle design. The
sound pressure level increases quite linearly with the nozzle cavity
volume.

Numerical simulations of the flow—acoustic coupling phenom-
ena and, in particular, of the effect of the nozzle cavity volume on
the pressure pulsations have been performed using the code CPS.
The numerical pressure spectra were compared to the acoustic pres-
sure measurements performed in an axisymmetric cold-flow model
of the Ariane 5 SRM. The frequencies are well simulated by the
numerical code, even if the pressure levels are overestimated. The
evolutionsof the computed and experimental Fourier coefficients of
the pressureare in good agreement. Without the cavity, the pressure
levelis 55% smaller than those of the submerged nozzle. Moreover,
instead of getting an unique peak around the first acoustic mode, two
distinct peaks are observed in the pressure spectrum. Although the

numerical reductionof 55% of the pressurelevel is not as important
as the experimental decrease of 90%, the nozzle design effect on
sound productionis also observed numerically.

Furthermore, the nozzle cavity resonance modifies the mean flow-
field around the nozzle head. With the cavity, the recirculation
bubble attached to the inhibitor is limited to an axial distance of
x/h=6.2, where h is the inhibitor height, compared to x/ h = 8§ for
the nozzle without a cavity. The reattachement point of the recircu-
lation bubble is not located on the nozzle head. The flow close to the
nozzle head also presents high amplitudes of radial mean velocity
and fluctuation. At the limit, on the nozzle head, the flow splits in
two streams. One goes through the throat, the other gets into the
cavity. These observations explain why the vortices break up when
interacting with the nozzle head. A part of the vorticity is staying
in the cavity, while the rest is exhausting through the throat. With
the cavity, the vortices shed by the inhibitor move along the border
of the recirculation bubble and then pass in front of the cavity en-
trance where they generate sound by interacting with the velocity
fluctuations induced by the cavity volume. This results in a strong
interactionbetween the vorticesand thenozzle, which leadsto large-
pressure oscillations.
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