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Abstract

Cold gas experiments are used to study the pressure dascilaiccurring in solid rocket motors (SRM).
Previous studies stated that flow—acoustic coupling is ipainserved for nozzles including cavity. The
nozzle geometry has atffect on the pressure oscillations through a coupling betweeacoustic fluctu-
ations induced by the cavity volume and the vortices travglih front of the cavity entrance.

Passive control of the pressure oscillations is invesijay inserting a solid membrane at the entrance
of the cavity to prevent the vortices to interact with the zZlezavity. An analytical model is adapted for
the passive control geometry to determine the attenuagictorf of the pressure oscillations. Experiments
performed in an axially injected cold flow model demonstthtg passive control with impermeable mem-
brane produces the same pressure oscillations than wheravitg is not present. Passive control with
a membrane with holes allows reducing the pressure osoilicompared to the case without passive
control.

1. Introduction

The present research is an experimental investigationeoh#noacoustic instabilities occurring in a sub-scaled col
flow model of the Ariane 5 solid rocket motor. The phenomeneretbps in the confined flow established in the motor
and involves a coupling between hydrodynamic instabditiad longitudinal acoustic modes.

Aeroacoustic instabilities occur in a wide range of techhapplications. The resulting oscillations are some-
times wanted in systems designed to produce the periodiomeficiently as in musical instruments. Nevertheless,
in most cases aeroacoustic instabilities perturb the tiparas for the Ariane 5 launcher. Then, the present rekearc
finds its interest knowing that these aeroacoustic inst&sillead to pressure and thrust oscillations which rediee
rocket motor performances and could damage the payload.

For technological reasons, large solid rocket motors aneposed of a submerged nozzle and segmented pro-
pellant grains separated by inhibitors, as sketched indiguDuring propellant combustion, a cavity appears around
the nozzle. Vortical flow structures may be formed from theviglstream inhibitor (Obstacle Vortex Shedding - OVS)
or from natural instabilities of the radial flow resultingofn the propellant combustion (Surface Vortex Shedding -
SVS). The hydrodynamic manifestations drive pressurdlasons in the internal flow established in the motor. When
the vortex shedding frequency synchronizes acoustic mofittee motor chamber, resonance may occur and sound
pressure can be amplified by vortex-nozzle interactioritepto pressure and thrust oscillations.
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Figure 1: Internal geometry of the Ariane 5 solid rocket moto

The stability prevision of large solid propellant rocket tors has been an active subject, both in the USA
and in Europe, in the past twenty years. Although these rmaotere predicted stable by classical stability assessment
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methods} 2 such grain segmentation conducted to low amplitude, bihisesl, pressure and thrust oscillations, on first
longitudinal acoustic mode frequencies. These pressuitati®ns have been reported for the Space Shuttle RSRM,
the Titan-34D SRM, the Titan—1V SRMU and the Ariane 5 MPSAll these boosters have a length over diameter ratio
(L/D) in the range 9- 12 and demonstrated similar pressure oscillations, wkatée number of segments. Table 1
yields a comparison of the published vortex-induced csttilh data. Values are not reported in the literature for the
Titan-34D SRM. Zero-peak relative amplitudes are typickdks than 0.5% for pressure oscillations and less than 5%
for thrust oscillations.

First acoustic mode RSRM | SRMU MPS

MPO (0-to-peak) [kPa] - 16.2 25.5
MPO (0-to-peak) mean pressure 0.0025 | 0.005 | 0.0027
Time of occurrence of MPO | 70-75 | 57-64 | 90— 95

Table 1: Comparison of the vortex-induced oscillation dMRO stands for “maximum pressure oscillation”. From.

To support the development of the Ariane 5 P28BS solid motors, the CNES (Centre National d’Etudes
Spatiales) conducted, from 1989 till 2000, the ASSM (Aerwapics of Segmented Solid Motors) research program.
The scientific methodology of the ASSM program was based erutiderstanding of the physical aspects, on their
modeling and on the development of stability assessmetd.tobhe objective of that program was to predict the
pressure oscillation levels and frequencies. That amisitabjective needed to develop direct numerical simulation
codes and to design cold flow experiments and static firingp.te®f course, the program was not limited to the
investigation of the aeroacoustic instabilities. It waspahddressed to the combustion instabilities, the flonctira
coupling, the two-phase flow coupling, among others.

In parallel, the von Karman Institute (VKI) worked betweeéd®1 and 1996 on the identification of such pressure
oscillations, from experiments on cold test bench, diyefdl the booster manufacturer (SNIABPD / Fiat Avio).
With its experience, the von Karman Institute was asked bfESNo join the ASSM program to investigate and
identify the origin of vortices within the combustion chaenland their acoustic coupling with the cavity located at
the base of the solid rocket engihdhis investigation was performed theoretically, experitatly on cold test bench
and numerically between 1996 and 2000 within the ASSM CNE®am® During that period, the VKI had the
opportunity to collaborate with Ti@ (Technical University of Eindhoven), SNPE (Société Nale des Poudres et
Explosifs), ONERA (Gfice National d’Etudes et de Recherches Aérospatiales)eHEeehtrale Paris and ENSMA
(Ecole Nationale Supérieure de Mécanique et d’Aéroteala)iq

2. Earlier works

Anthoineet al® developed a non-linear model, based on vortex-sound themgoint out the fect of the nozzle
design on sound production. The model predicts that, wheonance occurs, the sound pressure |g¥&lpy (or
Prms/Ps in the figures of this report) is a linear function of the MaaimberM?, the excited mode numbgrand the
nozzle cavity volumé/.:

14 Ty . Ve
~ Mo—— 1
Po 7v- 1J OVtot @
where )
7D
Vtot = TL (2)

and wherey is the specific heat ratid) is the internal diameter of the segments &nig the total length of the test
section.

The results of this model are validated by experimental.dAtaveak point in the model is that it is assumed
that the vortex trajectory remains independent of the géxgnoé the cavity. This will appear to be reasonable in the
present case. Note furthermore that if the acoustical gresges are not dominated by the radiation at the nozzle one
will still find that |p’| ~ V¢ but not necessarily thit'| ~ Mo.

The experiments are conducted on axisymmetric cold flow tsagepecting the Mach number similarity with
the Ariane 5 SRM%13The test section includes only one inhibitor and a submengedle. The flow is either created
by an axial air injection at the forward end (figure 3a) or byadial injection uniformly distributed along chamber
porous cylinders (figure 3b). The internal Mach number cands@d continuously by means of a movable needle

1My is the the longitudinal Mach number averaged across the-sexgion of the segment
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Figure 2: Theoretical modeling of the vortex-nozzle intdicn.

placed in the nozzle throat. The acoustic pressure measuaterare performed by piezoelectric transducers. The
signal treatment yields the amplitude and the frequenchefpressure oscillations. The experimental facility with
axial flow injection will be further described.
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(a) Axial injection

L

Cavity

P, Inhibitor Nozzle

——= Porous cylindersAP

(b) Radial injection

Figure 3: Axial and radial cold flow set-ups/8D-scale).

Plotting the contours of pressure fluctuation amplitudesugHelmholtz number (representing frequency) and
longitudinal Mach number (representing tifhéentifies flow-acoustic coupling when the vortex sheddingoupled
to one of the acoustic resonant modes of the test sectiargibg the fluctuation level to large value (figure 4a). An
extensive study of thefkect of the nozzle cavity geometry has been made at ¥Rlbw-acoustic coupling is mainly
observed for nozzles including cavity. The nozzle geomedi/an ect on the pressure oscillations through a coupling
between the acoustic fluctuations induced by the cavitynaeland the vortices travelling in front of the cavity entranc
(figure 4b). When resonance occurs, the sound pressure hevebses linearly with the chamber Mach number, the
frequency and the cavity volume. When removing the nozzl@ydhe pressure oscillations can be reduced by one
order of magnitude. Such a finding is in good agreement wittatralytical model.

2Since the combustion of solid propellant is radial, the imdiameter, and consequently the cross-section, of the segments is increasing
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Figure 4: Major results of the experimental approach. Qantd pressure amplitude (a) and maximum pressure levels
with cavity volume (b) for the axial injection.

3. Experimental facility

The experimental facility is a/30-scale modular axisymmetric cold flow model of the Ariangotd rocket motor,
with a fully axial flow. The VKI cold flow model provides exacegmetric and Mach number similarity with the
full-scale motor when 50% of the propellant is burnt. Thatlfedombustion condition corresponds to the maximum
of pulsations. The Mach number, based on the mean flow vglotihe segments, is of the order oflO Since the
Reynolds number, based on the same velocity and on the segdiameter, is of the order of-20 in the full-scale
motor, the viscousfects are negligible and do not influence the flow properti¢gerdfore, exact Reynolds number
scaling is not required as long as it is large enough.

The facility consists of a cylindrical test section, withiahibitor, and a submerged nozzle with sonic condition
at the throat® ®> The experimental model is sketched in figure 3a. The intetiamheterD of the segments is equal to
76 mm. The test section is made of 2 to 6 interchangeable segrokdiferent lengths to make possible the variation
of the total lengthL. This allows the influence of the Helmholtz number to be aredlyby varying the acoustic
mode frequencies of the test section. The available lerfgththe individual segments are 30, 55 and 85 mm and
measurements are obtained for a total length ranging frddmi® to 400 mm. The relative position of the inhibitor
with regard to the total length can also be modified, progdmvestigation of dierent inhibitor-nozzle distancés
Three inhibitors of internal diameterequal to 58, 62 and 68 mm are considered, although some testargied out
without inhibitor. The inhibitors have a thickness of 1.5 rand a sharp edge.

The test section is connected to a compressed air tanl8ahVat 1.2 MPa. The temperature of the fluid in the
test section is around 290 K, while the static pressure igngibetween 170 kPa and 420 kPa depending on the Mach
number. The minimum static pressure value guarantees soniitions at the nozzle throat. The exact temperature
and pressure are controlled in real-time during each tespa&n. The circulation of the air along all the connecting
pipes produces acoustic noise that could interact with to@stic measurements carried out in the test section. The
insertion of a porous plate at the forward end aims to ensuiracaustic insulation of the test section from the air
supply, by providing a high pressure drfpThis pressure drop is of the order of magnitude of the stagssure in
the test section.

3.1 Nozzle geometry and needle system

The submerged/30-scale nozzle, with a throat diameter of 30 mm, whose leétdrawing is given in figure 5, is close

to the geometry of the real one. The corresponding Mach nuwmtbihe segments is equal to 0.09 and corresponds
to mid-combustion (50% of the propellant burnt). The maiarelateristic of this nozzle is the appearance of a cavity
around the convergent. During combustion, the cavity valuraries as explained in section 2. At 50 % of the
combustion, the geometry is close to that drawn in figure 5gurE 5b provides a photography of the experimental

with time, which leads to a reduction of the Mach number with titldach number is then inversely proportional to time evolution
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submerged nozzle with its cavity. A similar nozzle with aodirdiameter of 37 mm allows increasing the Mach number
range. It presents the same submerged cavity and is used&brafithe tests presented in this paper.

Nozzle 1

Throat
30 mm

Convergent

Nozzle head

Flow

(a) Detailed drawing (b) Photograph
Figure 5: Detailed drawing and photograph of the submergedla with the needle.

In the Ariane 5 booster, the flow-acoustic coupling is chi@@med by a shift of the instability mode frequency
with respect to time and a frequency jump between the ingtatsiodes. Then, time evolution has to be considered in
the experiments. As the combustion is radial, the internattvinumber in the segments varies as the inverse of time.
To simulate correctly the Mach number evolution in a cold floadel, one should realize an axisymmetric test section
whose internal diameter could increase with time. Such awehis technically dficult to achieve. The internal Mach
numberMy is defined by:

v Yo

Co piCo
whereUg is mean axial velocityg, is the speed of sound apd is the cold air density in the test section. As a sonic
throat nozzle ends the test section, the massrfliscgiven by:

3)

mS

=yK 4
Co y+1 s )
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AP ( 1+ ’;JMS)“"” AP
= yl2=—2 2
wheresS is the cross-area of the segmemtss the throat area arfé; is the static pressure in the test section. For small
Mach number iy ~ 0.1), K depends only on the specific heat rati¢for cold air,K = 0.58). Applying the definition
of the speed of soum:g = yRT and the state equatid®, = p;RT, whereT is the static temperature aiiis the gas
constant for air, provides:

A
Mo = K5 5)

A pressure change in the segmenffeets the Reynolds number but does not modify the Mach nunaser,
indicated by equation 5. So, the only way to vary the Mach nremidto change the nozzle throat aveéy using a
movable needle, displaced along the axis of the nozzle iga). Then, instead of increasing the segments internal
diameter with respect to time as for the Ariane 5 boostemtzzle throat section is reduced. Thiffeience should be
kept in mind when discussing the results. Indeed, in thegotesub-scale model, the geometry of the segments, of the
inhibitor and of the nozzle lip are fixed. On the other handjrduthe propellant combustion in the Ariane 5 booster,
the diameter of the propellant interface varies compareddanhibitor and nozzle throat diameters. Table 2 gives the
nominal experimental conditions (without needle) andrthaige when the needles are used. They are also compared
to the Ariane 5 full-scale booster parameters.

3.2 Instrumentation

The acoustic pressure fluctuations are measured with agdetac transducer Model 106B50, called further PCB
probe, connected to the amplifying power unit Model 483B@&h from PCB Piezotronics Inc. As the PCB probe
can only measure pressure fluctuations, it is calibratatusisinusoidal pressure generator (Model CA250 Precision
Calibrator from Larson Davis). It gives a signal of 114 dBf(r20 uPa) at 250 Hz. In all the experiments, the PCB
probe is placed just downstream the porous plate and is flasimted on the wall of the test section. It corresponds to
the “forward end” measurement point commonly used in saaket experiments.
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VKI model | Typical SRM
50s (95 s)

D [m] 0.076 1.9 (2.6)
A[x10%m?] 254-10.75 6400
d[m] 0.058-0.068 1.6 (1.8)
L [m] 0.13-0.393 24.1
[ [m] 0.046-0.334 9.7
Po [x10PPa] 17-42 44 (49)
afm-s7] 338 1085
Mo 0.03-0.14 0.13 (0.07)
Flow injection axial radial

Table 2: Comparison between cold flow experimental conafitiand typical SRM parameters.

The static pressures upstream and downstream of the pdetesape used to control the sonic condition at the
nozzle and to characterize the pressure drop at the poratss plhey are acquired using Validyndfdrential pressure
transducers, model CD15, equipped with well adapted dagphr

The needle is moved by means of a step-by-step rotating mibterneedle position is measured with an optical
turn counter placed on the motor axis and providing 360 gyiee turn. Each pulse corresponds to a vertical displace-
ment of 000757mm Since the needle penetration length is equal to 24 mm aridtestconsists of 50 measurements
points, the distance between them i48mm which gives around 0.0014 variation of the Mach number. fiéedle
displacement is synchronized with the data acquisitiogianm. It means that the acquisition program starts only when
the needle has reached one position. During the acquisitiemeedle is not moving to guarantee constant Mach num-
ber. At the end of the acquisition, the needle motor restamsove the needle to its next position. Knowing the needle
penetration, the internal Mach number can be computed wir@n sonditions at the nozzle throat are achieved.

The PCB acoustic pressure fluctuations are acquired by ndaa$AS1601 acquisition card controlled by
Testpoint. The signals from the PCB are first filtered at 3 kiHze PCB signals are amplified by a factor 200 (gain
of 10 at the PCB amplifying power unit and of 20 at the filtertunAs indicated above, an acquisition of the optical
counter, of all the validynes and of the PCB is taken ever Omn variation of the needle position. This is done
50 times to cover the complete range of the needle displateme the complete range of the Mach number. At each
needle step, the acquisition frequency of the PCB is 7.5 kidz65536 data points are saved on the hard disk. For the
optical counter and for the validynes, only the averageeshre saved for each neeedle step. The 65536 PCB data
points are analyzed to determine the power spectrum of #nspre fluctuations. All the computations are performed
using the Matlab software. The spectrum is averaged on Ikblof 8192 data with an overlapping of 0.5. That gives
a frequency resolution of 0.92 Hz.

4. Identification of flow-acoustic coupling

The flow-acoustic coupling has been defined in section 2.idieistified when
¢ the vortex shedding is occurring at an acoustic mode freguefhithe chamber and is jumping between the
acoustic modes ;
e the vortex shedding excites the acoustic properties ofebiesection ;
e the acoustic of the test section modifies the vortex sheddigiency evolution.

It is worth attempting to derive an analytical model to potdhe conditions for the occurrence of flow-acoustic
coupling. This model is based on Rossiter’s apprdédch.

The generation of self-sustained sound resonance in a efeends on the phase of the acoustic oscillation at
which a vortex shed by the upstream obstacle reaches thestteam oné® This phase is determined by the time
T, needed by a vortex to travel the distance between the obstdcl the present model, the upstream obstacle is the
inhibitor while the downstream one is the nozzle. The adeadimeT, of the vortices to cover the distance between

the obstacles is given by
I
Ty=—=T(M-0q) (6)
Uy
wherel is the inhibitor-nozzle distance), is the vortex transport velocity, = 1/ f is the vortex shedding period and
is the number of vortices located between the inhibitor Aedibzzle, called the stage numher= 0.25 is a correction

factor that is justified hereafter.
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Let us assume that vortex-nozzle interaction generates@ustc wave. This wave will propagate and reflect
at the closed upper end of the test section. If dissipationdoiex shedding at the inhibitor, pressure response of the
porous plate and friction are neglected, the incident wawkeinterfere with the reflected wave to form a standing
acoustic waveé? Figure 6 displays the acoustic velocity shapes for the tves lingitudinal standing acoustic waves.
The modes of the test section are approximate by that forsdlalosed chamber. Thus, the acoustic velocities are nil
at both extremities.

Figure 6: Acoustic velocity fluctuation shapes—— : first acoustic mode.---- : second acoustic mode.
L=393mm;l =71 mm.

To facilitate coupling with an acoustic mode, vortices hawvde shed near a pressure node (acoustic velocity
antinode). Thus, the inhibitor should be close to an acowstiocity antinode. The inhibitor position exemplified in
figure 6 promotes excitation of the second acoustic modeasagiit in the cross-section of the acoustic velocity antsod
for the second mode. Then, when vortices interact with tiezleg sound is produced. This sound can be propagated
by the acoustic mode only if it is generated near a velociyen@coustic pressure antinode). Thus, the nozzle should
be located close to an acoustic pressure antinode. Therefar vortex shedding at the inhibitor is assumed to be in
phase with the acoustic velocity, while the source at theledz in phase with the acoustic pressure. Since the acousti
velocity in a standing wave lags a quarter oscillation pkbehind the pressure oscillatidrintroduced a correction
factora = 0.25 in equation 6.

Equation 6 can also be written in term of a Strouhal numbeedbas the vortex transport velocity:

fl
Sty = U= m-0.25 @)

\"

At resonance, the vortex shedding frequency is equal to btie@coustic mode frequencies:
ico
2L

where| is the acoustic mode numbey, is the speed of sound andis the total length of the test section. The vortex
transport velocityd, is related to the mean flow velocityp upstream the inhibitor by:

(8)

f=1faj=

2
Uy = kiUt = 2 () Uo = ko ©
VC
wherek, is the ratio of the vortex transport velocity, to the jet velocityUe;. For a circular jet exhausting in an
unbounded space, it is shown in the literature that the kgtis equal to 6 — 0.6.2°-22 When the jet exhausts in
a pipe, like in our model, the surrounded wall slows down tbdiges and the rati, is reduced.C,. is the “vena
contracta” cofficient of the jet generated by the inhibifsrD is the test section internal diameter ahig the inhibitor
internal diameterk is the ratio of the vortex transport velocity, to the velocityUy upstream the inhibitor. From the
experimental investigation of the vortex propertie,. = 0.68 andk = 1.19. Therefore, equation 9 leadskp= 0.47.
Finally, by combining equations 7 to 9, one gets a relatiokifig the Mach numbeWM, to the excited mode
numberj, the stage numben, the relative position of the inhibitor compared to the ttgagth of the test sectiokL
and to the relative internal diameter of the inhibitor conggito the test section diametiiD:

Ce j I(dY
Mo = 2k, m—0.25L \D (10)
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When resonance occurs, the selection of the acoustic fndepends on the relative positibfL of the inhibitor
compared to the acoustic mode shape (figure 6). Indeed, ltbhigh sound pressure levels and to obtain a maximum
of acoustic receptivity at the inhibitor, the inhibitor nile as close as possible to an acoustic pressure node thighes
acoustic velocity fluctuations). Then, the coupling wilkac for that acoustic mode only when an integer number of
vorticesm are present between the inhibitor and the nozzle. The flaustc coupling will excite that acoustic mode
with that number of vortices only for some Mach numb&y depending on the geometrical parametéts andd/D)
so that relation 10 is respected.

Equation 10 can also be written in term of the Helmholtz nuntbe= fl/cy, based on the speed of sound:

k, (d)\°
_m (g _
He = M, CVC(D) (m- 0.25) (11)

5. Example of flow-acoustic coupling

Figure 4a shows the pressure fluctuation spectrum plottediséviach numbeMg and frequency for an inhibitor of

58 mm internal diameter placed at 71 mm from the head of thmeuped nozzle (Figure 5). Oscillation frequencies

f are close to the resonance frequencies. In first approxamétie acoustic standing wave can be modeled by that of
a closed-closed pipe segment of lengthin the Mach number range between 0.072 and 0.082, the fnegud the
peak f = 850 Hz) is very close to the second longitudinal acoustic enfoequency of the test section estimated by
fac2 = Co/L, wherecy is the speed of soundd = 338 nys) andL is the total lengthl{ = 0.393 m). The oscillation
frequency seems to vary slowly and linearly with the Mach ham This change takes care for the necessary phase
shift needed to compensate for the change in travel time miicab structures which is needed to obtain a phase shift
equal to an integer number ofr 2long the feedback loop. This phenomena has been extgndizstribed for deep
cavitie$*2°and the flute®2” We will therefore call this a flute behavior.

Making a zoom between 780 Hz and 900 Hz (figure 7a) shows thatltipe of the evolution for Mach number
between 0.072 and 0.082 idl@dirent than the slopes for lower or higher Mach numbers. Thati@n of the slope of
the frequency evolution can only be produced by the acoussisnance of the test section due to a vortex shedding
at that frequency. To confirm thigfamation, one has to demonstrate that the vortex shedding®et the second
longitudinal acoustic mode frequency.

Figure 7b shows the contour of the velocity fluctuations raesss by with the hot wire located at 13 mm
from the wall and at 37.5 mm downstream the inhibitor. Théne, hot wire is on the path of the vortices shed by
the inhibitor?® proved that the hot wire signal is mainly determined by thaiwal velocity fluctuations produced
by the flow and is not sensitive to the acoustics. Indeed apiolss correspond to acoustical pressure amplitude of
the order of|p’|/po = O(10°%) of the static pressurgg = pocé/)/ in the reservoir. When an acoustical standing
wave is assumed this will correspond to acoustical veldtitgtuations (in plane waves) which are of the order of
IU'|/co = |p'l/ypo = O(1073) at the pressure nodes. For a main flow Mach nurlgcy = O(1071), this corresponds to
|u'|/Ug = O(1072), which is negligible compared to the velocity fluctuatigeserated by the flow (for instance, vortex
shedding). Therefore, the spectrum of the signal acquirdd tve hot wire (figure 7b) allows determination of the
vortex shedding frequency. That frequency appears to sporal to the second longitudinal acoustic mode frequency
(figure 7a). So, vortex shedding occurs at one of the acomstite frequency and excites the acoustic properties of the
test section. Furthermore, the resonance modifies thexagrexlding frequency evolution (figure 7b). Without acausti
resonance, the slope of the vortex shedding frequency tawmolwould correspond to a constant Strouhal number. This
is observed byduring the initial phase of the combustion. These obsamatprove the occurrence of a flow-acoustic
coupling of the flute type in our model.

Figure 4a can also be plotted in term of Helmholtz nunider= fl/cq instead of frequency. Asl| andcy are
constantHe is a non dimensional representation of the pressure fluostueitequency. Figure 8a shows the pressure
fluctuation spectrum plotted versus Mach numiidgrand Helmholtz numbete. Finally, the maximum of the pressure
fluctuation values are plotted versus Mach number in figur&8b evolution of the Helmholtz number corresponding
to the maximum of the pressure fluctuations is also given uréd@b. In such plot, the longitudinal acoustic modes of
the test section characterized Bg..; = jI/(2L) correspond to horizontal lines. For such test conditi@@eh time
the excited frequency is close to an acoustic mode frequémeypressure fluctuation level is large. The maximum is
reached when it crosses the acoustic mode.

Looking at figure 8b, the maximum of the sound pressure levebserved experimentally to excite the second
mode at a Mach numbé equal to 0.082. It is worth applying an analytical model deped on purpose and based
on Rossiter's approach (equation 10) to compareMgevalue at which the maximum of the sound pressure level is
observed. The inhibitor is placed at 26 % from the end of teedection. Then, the excited mogwill be preferably
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Figure 7: Contour of pressure fluctuations (a) and velocitgtélations between 780 and 900 Hz (b)= 393 mm ;
| =71 mm ;d =58 mm ; submerged nozzle.
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Figure 8: Contours of pressure fluctuations (a) and evaiuticthe maximum of the pressure fluctuation, in terms of
Helmholtz number and amplitude (H).= 393 mm ;| = 71 mm ;d = 58 mm ; submerged nozzle.

the second longitudinal acoustic mode, as its acousticspresnode is theoretically at 25 % from the test section
backward end (figure 6). From equation 10:

Cwe | 1[dV 0.68 2 71\(58\> 015
MO = = _— ey = (12)
2k, m-025L\D 2%047)\m-0.25/\393/\76 m-0.25
a flow-acoustic coupling is predicted to occur at a Mach nunelgeal to 0.086 withm = 2 vortices located between

the inhibitor and the nozzle. Such a finding is in good agreemeéth numerical simulatiorf§ and experimental
observation obtained from PIV (Particle Image Velocimpmeasurement®.

6. Passive control of pressure oscillations

As explained in the previous section, the best solution &msfve control of the pressure oscillations is to replaee th
submerged nozzle by a non integrated nozzle (without cawitgwever, in practice this integration allows orientatio
of the nozzle through a flexible bearing to provide adaptatibthe rocket trajectory during the launch. For evident
practical reasons, it is then not possible to remove thgiat®on.
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The flow-acoustic feedback loop relies upon the interadbiemveen the vortices and the nozzle. Therefore, the
general idea of the passive control of pressure oscillai®to prevent the vortices to interact with the nozzle gavis
indicated by the original analytical model developed byhmeet al® and based on vortex-sound theory (relation 1),
the nozzle geometry is expected to play an important rolaeraimplification of the sound pressure fluctuations. This
has been proved experimentdlRfigure 4b). So, the best solution for passive control of tlesgure oscillations is to
replace the submerged nozzle by a non integrated nozzleoutitavity). However, in practice this integration allows
orientation of the nozzle through a flexible bearing to plev@daptation of the rocket trajectory during the launch. Fo
evident practical reasons, the removing of the integrationld involve a lot of other modifications in the operation
of the launcher. So, alternative ways should be first ingag#d. The following solutions are proposed to achieve this
goal:

e Insertion of a membrane (impermeable or permeable) in fobrihe cavity entrance to prevent vorterzzle
interaction ;

¢ Modification of the inhibitor geometry (3D shaped, outlying reduce the vortex coherence ;

¢ Installation of a resonator (Helmholtz resonator or quast@velength tube) to damp the pressure oscillations.

6.1 Insertion of a membrane

The idea is to prevent the vortices to interact with the nezavity while passing in front of the cavity entrance by
inserting a solid membrane at the entrance of the cavity. fifliemembrane to be tested is completely impermeable
(figure 9a) and is expected to damp completely the presswi#tations, since the flow-acoustic coupling should
disappear. In fact, the results should be similar to thosaioéd without cavity at the nozzle. This membrane is then
the best solution for passive control of integrated noztlewever, using a solid membrane, the integrated nozzle
cannot be surrounded by propellant. The last propellanh gteould be between the inhibitor and the membrane. This
will result in a reduction of the performance of the launcgiserce the ratio of propellant mass to inert mass is reduced.

To overcome this problem of propellant mass reduction, éxtidea is to use a permeable membrane for passive
control (figure 9b). That membrane presents 16 small cirdqwdies through which the flow coming from the propellant
combustion can exit the nozzle cavity. The diameter of tHeshis equal to 6 mm. The motor performance should
not be dfected by this membrane but the vortices are still able toactevith the acoustic fluctuations induced by the
cavity volume. It is however expected that this interactidlh be weaker than without membrane producing smaller
pressure oscillations.

(a) Impermeable membrane (b) Permeable membrane (c) Membrane in
test section

Figure 9: The two membranes for passive control of presssciélations.

The analytical model (relation 1) is adapted for the passvetrol with permeable membrane to determine
the attenuation factor of the pressure oscillations. Tiierince compared to what was done previougbyobtain
equation 1 is that

¢ the cross-surfac8 of the cavity entrance is reduced to the section of the 16shaléhe permeable membrane
S; = 47rDﬁ, whereDy, is the diameter of the holes in the membrane,

¢ the mean distance over which the vortex travels in front efdfvity entrance is reduced to the mean distance in
vortex path direction over the hole cross-surfade;, /4.

The compressibility of the gas in the cavity voluMeinduces an acoustic fluctuatiohthrough the cross-surface
S. of the holes of the membrane such that from mass conseniafmlows:

Vedp

poU’Se = 2 dt (13)
0

10
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where we made use of the fact that the cavity is small comparéte acoustical wave lengti ¢ L). The acoustic

velocity U’ is the component af’ normal to the vortex path taken positive when it is direcrednf the cavity towards

the main flow. Assuming a harmonically oscillating acoufiitd (U = |u'|€Z " andp’ = |p'|€% ', wheref is the

acoustic frequency), one can write:

_ 2nfVe
,00(%30

At low Mach numbers as occurring here, the time average sicqusver® is given by the vortex-sound theory
developed b$t* and:

Ul 'l (14)

P = —Po(f(w X V) - u'dV) (15)
v

whereV is the source volume (wher@ # 0). The brackets indicate the averaging over one period déadyg
oscillation. The maximum of acoustic power is then exprésse

) ) Uo 2rfV , U3
Prnac ~ poMIU| f @IV ~ polVIUI(DT) ~ po— = /D22 (16)
\Y; poCOSC 4f

where|V| is approximated by half the mean flow velocltly/2, |u’| is given by equation 14 and the circulatibris
given by:

17)

wherel, is the distance on which the vortex accumulates the vortiaisumed to be equal to the distance between two
successive vortices$,(~ Ug/(21)).

However, vortices produce sound only when passing in frérnthe holes of the membrane. We do expect
that for maximum pulsation the vortex will pass along theityaat the time corresponding to the maximum power
generation. A weighting cdigcient has to be introduced in equation 16 to take into acciwgrtime fractionrl; during
which the vortex travels in front of the cavity entrance camgal to the vortex shedding peridd= 1/f. Another
weighting codicient has to take into account the portion of the vortex riagging in front of the holes, since the holes
cross-surface is smaller than the vortex ring surface. Befficients are equal to

E Aholes _ 2f7TDh 47TD§ _ 27TfDﬁ
T Avortex 44Uy nDDy DUq

(18)
Then, combining equations 16 and 18 and usfg= 47rDﬁ, the generated acoustical power becomes, after
simplification:
2
T /
P~ §|v|gfvc|p | (19)

On the other hand, assuming that the acoustic losses aradiguiby the radiation at the nozzle, the acoustic
power is the work of the fluctuating pressure per unit timealfdan be expressed as:

., nD? |p?aD? 1
PO~ 1 g,

where Zn = (E,) (20)
u nozzle

This impedance is expected to be reasonably described ysisgationary modeéf The key idea is to calculate
the fluctuations of the pressure at the nozzle inlet by mefiassabsonic flow model, and to consider that the Mach
number is constant in spite of the pressure unsteadiness:

dMo=0  — d(—):o 5~ (21)

Knowing thatcy = /yp/p and assuming isentropic evolutigp™ = cst, one gets:

v G _1(p/p) _y-1p
e e Ll S 22
u ¢ 2(p/p) 2y p (22)

or, withyp = pc2,

-1 ,
>=p (23)

pCoU" = Mo

11
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Hence the impedance of the nozzle reduces to:

2pco
Zn= ——— 24
" Moly - D ey
Therefore, when equations 19, 20 and 24 are combined, teeyreeoscillation level is given by:
Pl %y Ve nD?
Ly — h Viot = —L 25
Po  4(r-1) OVtot wnere b 4 (25)

This last equation should be compared to equation 1. Whemaese occurs, the sound pressure level is still
a linear function of the Mach number, the excited mode nuraberthe nozzle cavity volume. A weak point in this
model is that it is assumed that the vortex trajectory remaidependent of the geometry of the cavity inlet (presence
or not of the permeable membrane).

The attenuation factor of the pressure oscillations cam ieeexpressed by comparing equations 1 and 25. When
using the permeable membrane shown in figure 9b, the atienusigiven by:

/
| pcontrol| T

2 (26)

/
| pno control|

Experiments are also performed in the axially injected dtd model (figure 3a), with and without passive
control. The two membranes are made of brass and have adisilkifi2 mm. They have the same length than the last
segment of the axial model. So, this last segment can becegplay one of the passive control membrane keeping the
total lengthL constant, as shown in figure 9c. This figure has to be comparfgiutre 3a. To guarantee zero pressure
balance on both sides of the membrane, a slit of 1.5 mm exattesen the membrane and the nozzle head.

Pressure fluctuations are measured for an inhibitor witficerdiameter ofd = 0.058 m placed at a distance
| = 0.071 m from the head of the submerged nozzle. The exact valhe lengthL of the test section depends on the
nozzle geometry and is arouhd= 0.38 m. The results are provided in figure 10b for the impebigemembrane and
in figure 10c for the permeable membrane and can be compagredbtoerged nozzle without membrane (figure 10a)
and to the nozzle without cavity (figure 10d). The last reBak been presented earfer.

The evolution of the Helmholtz number is similar for the svged nozzle without passive control and the same
nozzle with permeable membrane. This evolution ifedént for the two other test cases (impermeable membrane and
without cavity). That means that the vortex shedding doe#testhe second longitudinal acoustic mode within the
same Mach number range for the two first cases, but not fomthdatest. The maximum of sound pressure levels
that corresponds to a coupling on the second acoustic mquaepatMy = 0.08. But the amplitude of the maximum
resonance is influenced by the use of passive control.

The maximum of the pressure fluctuation is plotted versushvtaamber for the dferent test cases in fig-
ure 11. Without cavity, the pressure fluctuation levels rieraamilar whatever the Mach number indicating that vortex-
acoustical coupling has disappeared. In such conditi@ptéssure level is reduced by a factor above 10. As expected,
the passive control with impermeable membrane producesatme pressure oscillations than when the cavity is not
present, so a reduction by a factor above 10. This proves #gai the pressure oscillations are induced by the pres-
ence of the cavity, through a coupling between the acousiitutions induced by the cavity volume and the vortices
traveling in front of the cavity entrance, as already expdithrough the analytical model.

However, using an impermeable membrane, the integratedenoannot be surrounded by propellant, which
results in a reduction of the performance of the launchezxpkained before. To overcome this problem of propellant
mass reduction, the passive control of the pressure dfmilfais then obtained using a permeable membrane. Of
course the attenuation of the pressure oscillations istless without cavity or with the impermeable membrane.
Still, the permeable membrane allows reducing the pressailations by a factor 1.5 compared to the case without
passive control (attenuation factor of 0.67). This atté¢ionds close to the analytical model predictiory4) given by
relation 26.

6.2 Modification of the inhibitor geometry

Pressure fluctuations are first obtained for inhibitors oé¢hditerent internal diametersl (= 58, 62 and 68 mm,
corresponding to inhibitor heights equal to 9, 7 and 4 mmrapeetively), placed at 71 mm from the head of the
submerged nozzle. Figure 12 shows the evolution of the maximof the pressure fluctuation, in terms of Helmholtz
number and amplitude, versus the Mach numidigrfor the three inhibitors. The Mach numbt, is computed
upstream the inhibitor and does not take into account thibitohinternal diameter or height. Following the excitati

of an acoustic mode, resonance appears for higher Mach muvhiea the internal diameterof the inhibitor increases,

12
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(c) Submerged nozzle with permeable membrane (d) Nozzle without cavity

Figure 10: Evolution of the maximum pressure fluctuationteirms of Helmholtz number and amplitude, for sub-
merged nozzle without passive control (submerged nozzldmerged nozzle with permeable membrane, submerged
nozzle with impermeable membrane and nozzle without cavity0.071 m ;d = 0.058 m.

so whenh decreases. Since the ra@i./k, increases (flow acceleration), the Mach number to get resenshould
augment in accordance with equation 10.

The dfect of an increase of the inhibitor diameter on the Mach nursx@milar to a raise of the inhibitor-nozzle
distance, as indicated by equation 10. Indeed, if we want@pkesonance on the same acoustic mode and for the
same number of vortices (same values ahdm), the Mach numbeM, has to be increased when augmenting the
inhibitor-nozzle distancéor when diminishing the inhibitor heiglit This justifies the conclusion that the important
inhibitor parameter would be the ratfith.

Without inhibitor, the level of pressure fluctuation remsonstant and very [owP{y,s/Ps = 104) whatever
the Mach number (figure 12d. When the inhibitor is far away oemkhe inhibitor height is small fh = 18), the
pressure level variations are similar to those withoutbitbi, meaning that there is no flow-acoustic coupling since
the inhibitor operates like an isolated obstacle, excepént high Mach number for which the vortices can still reach
the nozzle. When reducing thgh ratio, peaks in pressure evolution appear meaning thahaese is occurring. For
I/h = 10, the level is amplified t®;,s/Ps = 1073, The maximum is reached fdyh = 8 (Pyms/Ps = 3.5 x 10°9).
Therefore, approaching the inhibitor closer to the nozelecreasing the inhibitor height has thifext of raising the
sound resonance level. That higher resonance comes frorarast vortex nozzle interaction resulting from more
powerful vortices impinging on the nozzle. Indeed, in axgécted flow, the vortices become weaker as they are
traveling downstream of the shedding poifitThus, approaching the inhibitor closer to the nozzle hasffeet to
reduce the vortex transport distance, while increasingnthigitor height has theféect to decrease the vortex transport
time (increasing flow velocity). In both cases, the vortiaes stronger when interacting with the nozzle leading to

13
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Figure 11: Evolution of the maximum pressure fluctuationstfie submerged nozzle without passive control, the
submerged nozzle with permeable membrane, the submergeieneith impermeable membrane and the nozzle
without cavity.l = 0.071 m ;d = 0.058 m.

higher pressure levels. Of course, there should be an optivalue of the/h ratio below which the pressure levels
lessen. At the limit, when the ratio tends to zelre-(0), the vortices have no time to be generated and flow-a@ousti
coupling does not occur.

All the previous tests are done considering inhibitors vethircular opening coaxial with the segments (ax-
isymmetric shape). The pressure fluctuations are then a¢éssuned for 3D-shaped inhibitors placed at a distance
| = 0.071 m from the head of the submerged nozzle. The inhibitesiggned for this purpose are plotted in figure 13.
Figure 13a shows an inhibitor of diameté= 58 mm with outlying opening (center shifted by 5.5 mm). The-se
ond inhibitor (figure 13b) has an axisymmetric openidg=<(58mm) but randomly drilled at five locations. The last
inhibitor has a crenel-shaped opening sectabe 68 mm) made of seven crenel cuts (figure 13c).

Figure 14 shows the evolution of the maximum of the pressuruations, in terms of Helmholtz number and
amplitude, versus the Mach number for the 3D-shaped irdrihit The nominal case (axisymmetric inhibitor with
d = 58 mm) is shown in figure 14d.

With the inhibitor with outlying opening, the level of press fluctuations lessens and both the frequency and
pressure level variations are similar to those obtainel gvit 68 mm (figure 12c¢). The heightof that inhibitor varies
from 3.5 mm to 14.5 mm, but has the same influence on the freguad pressure levels than decreasing the inhibitor
height in the complete perimeter, as happens for the irdribit 68 mm, where the heigltis constant and equal to
4mm

The evolution of the maximum of the pressure fluctuationstiier inhibitor with axisymmetric opening but
randomly drilled is similar to that obtained with= 62 mm (figure 12b). In both cases, the cross-section of the
inhibitor is increased, as indicated in table 3, which rssnla shift of the Mach number range compared to the nominal
case (figure 14d). This shift was already found analyticalielation 10. From relation 1, the pressure oscillatiam®s a
linearly proportional to the Mach number. Therefore, atsifithe Mach number should be associated to a proportional
increase of the pressure oscillations. However, the pre$svel amplitude associated to the randomly drilled iitbib
is slightly decreased. Taking into account the expectecase due to the Mach number shift, thigeetive reduction
of the pressure oscillations is equal to 25%. So, the asynursdiape of the drilled inhibitor allows to reduce the
pressure level amplitude.

Regarding the crenel-shaped inhibitor with the same inf@neter than the nominal case, the conclusions are
similar than for the drilled inhibitor. The excitation remaon the second acoustic mode but for a higher Mach number
due to the increase of the cross-section (table 3) compart@ hominal case. This shift of the Mach number is again
proportional to the increase of the cross-section. Takirig account the expected increase of pressure oscillations
level due to the Mach number shift (relation 1), theeetive reduction of the pressure level is equal to 33%. The
cross-section of the crenel-shaped inhibitor is very sintib the one obtained with the inhibitor df= 62 mm (figure
12b). However, for the axisymmetric inhibitad € 62 mm), the increase of the pressure level compared to theénabm
case is equal to 67%, while the expected augmentation asymrescillations due to the Mach number shift associated
to the cross-section increase (relation 1) is 29%. Thesefor the same cross-section corresponding to the exaitati
of the same acoustic mode at the same Mach numidge<(0.11), the axisymmetric inhibitor provides a net increase

14



J. Anthoine and M. R. Lema.

0.45 o Hse\mhollz number — 5.0E-03 0.45 — [u}] Hselmholtz number — 5.0E-03
F 1° acoustic mode E = 1% acoustic mode E
[T g Jusecs DD Fammeno useos
04 4™ acoustic mode 5 ElS 04 |—o— P, /P, El
F |l—o— ] F ]
03s 5 E 4.0E-03 03s | E 4.0E-03
F - 3.56-03 o - 3503
03| ] 03| ]
é F— - 30603 é Fmm —3.08-03
5 o025 E 0" S 025 E "
S F ] o c o ] a
N r - 25603 % N F 25603
© o E o ° - E -
2 o2f 5 ] 2 o2fF 5
£ - _ _ _ goeBSt__ 3 2.0E- £ - _____ EEL-1-EECE Py
e F DDDDDDDDDDDDDDDE 4 20803 £ - D DDDDDDDDDDDDDDWB—D — 20803
T oisf 1 T o5 B
r — 1.5E-03 F — 1503
01f 1 X 01 im—‘_nr\ at=talotal 1 X
E o g—He—& o LOE-03 e 55, 5 o L0E-03
0.05 - M 50604 0.05 - 3 5.08-04
o bissenad (A TR T, 4 RS Py o bmscced Jossad R WS N BRI i PR
0.05 006 007 008 009 01 011 012 013 014 005 006 007 008 009 01 011 012 013 014
Mach number Mach number
0.45 o HSKe\mholtz number — 5.0E-03 1200 — [u}] Hﬁglmholtz number — 5.0E-03
F 1° acoustic mode E | 1° acoustic mode E
|- oo gammenoe Jusecs [ |- = - Fammcno Luseos
04 4™ acoustic mode B L 4™ acoustic mode B
E PundP. E 1000 |- (=0 Pw/P ]
oss b < 4.0E-03 L - 4.0e-03
I 35603 - - 35E-03
03| ] 800 [~ ]
é - === — = ——— -~ — ] 30802 ¥ [ J30e03
s oF e & F wof Lrseas &
N F 25603 2 600 [- 25603
2 o2f E S T E o
£ ---- - ——-——- - - - - - - —- 1 2.0e-03 Qo i - 2.0€-03
[3) F oooo w = 3
T 015 1 400 |EHTTOO0000000000000000000000000000000000000
r < 1.5€-03 L - 15E-03
01| g ] i ]
OO000000- 0000000000 ooooogoogoog 1 1.0E-03 200 - 1.0E-03
005 = - 5.0e-04 i - 5.06-04
o BT 1990004 b D p eicodl WIS PYNSIO g 4 PP | oe+00
0.05 006 007 008 009 01 011 012 013 014 005 006 007 008 009 01 011 012 013 014
Mach number Mach number
(c) d=68 mm,l/h=18 (d) Without inhibitor

Figure 12: Evolution of the maximum of the pressure flucumtiin terms of Helmholtz number and amplitude.
L =393 mm ;| =71 mm ; submerged nozzle.

006

(a) Outlying opening (b) Axisymmetric opening but randomly drilled (c) Crenel-shaped opening (same diameter)

Figure 13: 3D-shaped inhibitors.

of pressure level by 37%, while the asymmetric inhibitoe(®l-shaped) provides a net reduction of 33%.

These results also confirmed that, as expected from rel&fiotine increase of the cross-section of the inhibitor is
associated to a proportional shift of the Mach number, asgalan figure 15. The Mach number that crosses the second
acoutic mode versus the opening area follows a linear dgeoland, therefore, if the opening area of the inhibitor is
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Figure 14: Evolution of the maximum of the pressure fluctugtin terms of Helmholtz number and amplitude for the
3D-shaped inhibitors. Submerged nozzle=;0.071 m ;d = 0.058 m.

higher than 3 x 10-3m?, the second longitudinal mode of the present setup is ndtegkc
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Figure 15: Evolution of the Mach number that crosses thermkemoustic mode versus opening area dfedént
inhibitors.

As conclusion, the asymmetry of the inhibitor provides anpiging way of reducing the pressure oscillations.
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Inhibitor Opening area | Mach number Maximum Pyms/ Ps
[x10°3m?] | ratio [x1074] | ratio | Net increase<)
or reduction (-)
d =58 mm 2.642 1 0.085 6 1 0
d=62mm 3.019 1.14 0.11 10 1.67 +37%
Drilled 2.838 1.07 0.095 5 0.83 -25%
Crenel-shaped 3.032 1.14 0.11 5.2 0.87 -33%

Table 3: Opening area of the inhibitors (the two first areyaxisetric ; the two last are asymmetric) and corresponding
Mach number for excitation of the second acoustic mode.

These results have also been observed recently by ONER&(ar@NES supported activity}.performed a paramet-
ric investigation with diferent asymmetric inhibitor shapes, including crenel-sdaphibitors and showed that all of
them provide a reduction of the pressure oscillation levidiswever, it was not possible to determine experimentally
the dfect of the diferent parameters (type of asymmetry, number and heigheafrémel cuts, ...).

6.3 Installation of a resonator

Resonators are acoustical elements used to attenuateutg abnarrow band frequencies both in ducts and tubes. A
simple resonator comprises a cavity enclosing a mass ofvalr,a narrow opening to the outside. In this way, the
mass of air fectively acts as a “spring” at the resonant frequency of thétg and under those conditions absorbs
appreciable sound energy exciting the resonance. Two tfpesonators were designed and tested in the experimental
set-up: the quarter wavelength tube and the Helmholtz s¢ean

6.3.1 Quarter wavelength tube

The quarter wavelength tube is a tube closed at one of iteraily and connected through its other extremity to the
test section, in which pressure oscillations need to be @dmgs sketched in figure 16. The frequency at which the
guarter wavelength tube could act as a damper is controflatsbengthl;. The maximum attenuation is achieved
when the cross-section of the quarter wavelength tube reatttat of the test section to which it is connected, which
is technically impossible in our case. In the present setheptest section has a diameter of 0.076 m and the diameter
of the quarter wavelength tube cannot be larger than 0.01 m.

p

Quarter wavelength tube

Figure 16: Sketch of the quarter wavelength tube.

As its name indicates, the quarter wavelength tube has #hi¢inat equals to the wavelength of the mode to be
attenuated divided by 4. The total distance that the acowstve travels within the resonator is then half a wavelength
So, the pressure pulse fed into the quarter wave tube istedlback from the end of the tube to the test section half a
cycle later. At this time, the oscillating pressure in th&t ection is in opposite phase to the reflected pulse, sathat
rarefaction now exists at the tube entrance. When the reflgetssure pulse meets the rarefaction, attenuation of the
oscillating component of the test section is obtaifred@his resonator is quite insensitive to its position as losig &
in the pressure anti-node and its construction has a low €bstonly drawback is that it has a narrow frequency range
of effectiveness and it is very sensitive to the manufacture hengt
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The fundamental resonant frequency of a quarter wavelgngthis given by equation 27,

Co
n_4u
wherecy is the speed of sound anhglis the length of the resonator.
Two resonators of that type are tested to damp the pressditiatisns obtained for the nominal configuration
(I = 0.071 m,d = 0.058 m,L = 0.393 m, submerged nozzle). One of them is designed to atierihe second
longitudinal acoustic mode observedMg = 0.08, while the second one is designed to damp the third eiconede
at Mg = 0.14. The corresponding frequency and wavelength tubeHearg 873 Hz and 0.098 m for the second mode
resonator and 1309 Hz and 0.066 m for the third mode resonator
Figure 17a shows the pressure fluctuation amplitude and k#tmnumber in function of the Mach number
when the quarter wavelength tube designed to damp the semmustic mode is applied. Figure 17b provides the
results when using the second quarter wavelength tuberdEbitp attenuate the third acoustic mode. The results
plotted in these two figures have to be compared to figure 14w cbmparison of the pressure fluctuation levels
for the three cases is also shown in figure 18. Both tubes ectiiécamplitude of the pressure fluctuations when the
Helmholtz number matches the acoustic mode for which theg baen designed: in the interval 0.88V < 0.09
for the second mode (figure 17a) and whdp > 0.12 for the third mode (figure 17b). The attenuation of thedth
mode proves to be mordfective in the present range of Mach number. As it was show#f ttiye resonators have
to be designed and built for the optimun length in order to imé&e the acoustic damping of the longitudinal mode
frequency, and a small deviation is enough to decreasaahtgthe dficiency, which can explain the loweffieiency
of the resonator for the second mode. Another explanatithei®oo small ratio between the resonator cross-section and
the test section cross-section. As said before, that rhtiald be as close as possible to 1, which was not technically
possible here (the ratio for the present test is equal t90.02

(27)
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Figure 17: Evolution of the maximum of the pressure fluctuatin terms of Helmholtz number and amplitude, with
two different quarter wavelength tubes used as resonators. Sudhergzle | = 0.071 m ;d = 0.058 m ;L = 0.393 m.

6.3.2 Helmholtz resonator

The Helmholtz resonator is an acoustic filter element. lffieatively a mass on a spring (single degree of freedom
system), where the large voluriveis the spring and the volume of air in the neck is the mass. diédogy is plotted
in figure 19 and equations 28 and 29 give the equivalent valiiemss and sfiness, respectively:

m= poS IN (28)
Szp()C2
K === (29)

Taking into account that in a spring-mass system the naperéd of the oscillation is established framr =

2r, or
m
T—27T1,R (30)
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Figure 18: Evolution of the maximum amplitude of the presdluctuation with two dierent quarter wavelength tubes
used as resonators. Submerged noztke §.071 m ;d = 0.058 m ;L = 0.393 m. Submerged nozzlé¢ += 0.071 m ;
d=0.058 m;L =0.393 m.
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Figure 19: Main design parameters of the Helmholtz reseraatd its analogy to the spring-mass system

1 1 K
f=——=_— . /= 1
" r 727 \Vm (31)

ReplacingKk andmfrom equations 28 and 29 in equation 31, the resonant frexyusfrthe Helmholtz resonator

is given by:
c S
= o \ V(in + 26) (32)

The correction factof depends on the radius of the neck, It has been found in literature that when the
Helmholtz resonator is mounted as a a br&hthe correction factor is:

the natural frequency, results

26 =17r (33)

Relation 32 has three degrees of freedadm $ andly). However, there are several limitations coming from
the experimental set-up which have to be respected duringekign process: the radius of the nechkust be lower
than 0.0065 m and the lengtk bigger than 0.03 m. By means of these two values, of equaficem8 knowing the
fundamental resonance frequencies of the nominal confignrdhe volumeV of the resonator can be determined and
is indicated in table 4.

Acoustic mode| Frequency [Hz][ V [x10°m?]
2nd 873 12.4
3rd 1309 5.5

Table 4: Helmholtz resonator.

In order to determine the radilisand the lengtly out of the target volum¥, two more design conditions have
to be respected:
R>r Y >2r
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From these conditions, only the resonator attenuatingehersl acoustic mode can be designed. Table 5 sum-
marizes the main dimensions of this resonator.

Acoustic mode| Frequency [Hz]| In[m] | r[m] V [m] Y[m] | R[mM]
2nd 873 0.03 | 0.0065| 124x 10°° | 0.026 | 0.0125

Table 5: Dimensions of Helmholtz resonator for the atteionatf the second acoustic mode frequency

The transmission cdicient of this resonator can be calculated using equatiol 8ere the viscosity losses
are neglected, which means that there is no net dissipatienesgy from the pipe into the resonator.

1
ay = CZ (34)
1+ INt20 &
2 Nt C
45 (27rf, Y

This transmission cdicient becomes zero at the resonance frequency of the Hdlmteslonatorf, = fy =
2 A /m, as plotted in figure 20a. At this frequency large velocitypéitndes exist in the neck of the resonator, and

all acoustic energy transmitted into the resonator caviynfthe incident wave is returned to the main pipe, with such
a phase relationship as to be reflected back towards theesourc

ol o o Ny
750 800 850 900 950 1000

f. [Hz]

(a) Attenuation cofficient (b) Picture

Figure 20: Attenuation cdicient and picture of the Helmholtz resonator designed feistcond acoustic mode

With a modification of the design parametégs S andV, the attenuation curve produced by the resonator can
be wider for the same resonance frequency, but with the disadges of higher transmission @agent, which means
that the resonator attenuates a wider range of frequengideds &ectively.

The resonator presented in figure 20b is tested with the redmonfiguration. The evolution of the pressure
fluctuation amplitude and Helmholtz number in function & tMach number is presented in figure 21. This figure has
to be compared to figure 14d. At the frequency of the secondsdicomode, the maximum pressure fluctuations are
attenuated by a factor of 2. However, even though the attiEmuia good, the range of frequency where the Helmholtz
resonator is fective is very narrow. As plotted in figure 20a, an attenumatid at least 30% is obtained between
860 Hz and 890 Hz, which corresponds to a frequency bandwid89 Hz. Looking at figure 7b, the evolution of
the frequency with Mach number during the acoustic coupbrgpproximated by line called “slope 2” for which the
slope is 3000 HMach. Therefore, a frequency bandwidth of 30 Hz corresptmddMach range of 0.01. This is fully
coherent with the results of figure 21 where the Helmholtomasor proves to befigcient in the Mach number range
between 0.08 and 0.09. As it has been already explainedirétjgency bandwidth where the resonatorfieeive
can be modified by changing the cavity and the neck dimensitdnis can be improved in future designs, where some
constraints presented in the present experimental se&gube removed, like the maximum radius and the minimum
length of the neck.
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Figure 21: Evolution of the maximum of the pressure fluctuatin terms of Helmholtz number and amplitude, with
the Helmholtz resonator. Submerged nozile 0.071 m ;d = 0.058 m ;L = 0.393 m.

Finally, if we compare the pressure fluctuation obtainechwlite quarter wavelength tube (designed for the
second mode) and the Helmholtz resonator (figure 22), teawdtion factor is quite similar. The Helmholtz resonator
gives slightly lower values of the pressure amplitude atMiaeh number that crosses the second mod&s@< M <
0.086) but they are higher betweerd9® < M < 0.1, even higher than when no resonator is used. It looks like th
pressure fluctuation response with the Helmholtz resoma®ishifted to higher Mach numbers. This behaviour of the
pressure fluctuations with the Helmholtz resonator shoalfuither studied under fierent flow conditions and with
different designs of the resonator itself. This task has to beidered as crucial in future projects if this way of passive
control of pressure oscillations is selected.

3.5E-03
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B 1/4 tube, 2nd mode
3.0E-03 N Helmholtz resonator
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Figure 22: Evolution of the maximum amplitude of the pressiluctuation using either a Helmholtz resonator or a
quarter wavelength tube. Submerged noztle 0.071 m ;d = 0.058 m ;L = 0.393 m.
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7. Conclusions

The presentresearch is an experimental study of aeroégphshomena occurring in large solid rocket motors (SRM).
The emphasis is given to aeroacoustic instabilities that lead to pressure and thrust oscillations which reduce the
rocket motor performance and could damage the payload.eliqars work, original analytical models, in particular
based on vortex-sound theory, cold flow experiments and rinatesimulations pointed out the parameters control-
ling the flow-acoustic coupling and théect of the nozzle design on sound production. The conclesitated that
flow—acoustic coupling is mainly observed for nozzles idailg cavity. The nozzle geometry has dfeet on the pres-
sure oscillations through a coupling between the acoustitufations induced by the cavity volume and the vortices
travelling in front of the cavity entrance. When resonanaeucg, the sound pressure level increases linearly with the
chamber Mach number, the frequency and the cavity volume.

The aim of the present research consisted to propose passitrel of the pressure oscillations. Flow-acoustic
coupling is only observed for nozzles including cavity ahd tavity volume is playing an important role in the
amplification of the pressure oscillations. The modificatid the nozzle geometry can reduce by 10 the oscillations
(when the cavity is completely removed). An impermeable iorame in front of the cavity gives the same result than
that of a nozzle without cavity while a permeable membrarith(ioles to allow for combustion gas to pass through)
allows a reduction by a factor 1.5. Regarding the 3D-shaphibitors, they show a good attenuation of the pressure
fluctuation, especially when the opening cross-sectiomdseased. This increase results in a shift of the Mach number
associated to excitation. For inhibitor cross-sectiogdathan 3 x 10-3m? (at model scale), the second longitudinal
mode is not excited anymore. For a similar cross-sectiom,agymmetric inhibitor (crenel-shaped) provides a net
reduction of 33% compared to an axisymmetric inhibitor. tBe,asymmetry of the inhibitor provides a promising way
of reducing the pressure oscillations. Finally, two typésesonators are designed and tested to damp the pressure
oscillations in the model. Both the quarter wavelength suaed the Helmholtz resonator show attenuation of the
pressure oscillations but with a loweffect than the 3D-shaped inhibitors. However, their designbeaoptimized in
order to maximize the acoustic damping.
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