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Abstract

The ignition of the solid rocket motor of heavy ah vehicles induces a strongly impulsive wave at
lift-off, which may generate constraints on the Ipad and the equipments. To implement research
studies in the field of blast wave, it was decidedievelop in the MARTEL facility a system able to
simulate this blast wave. The objective is to cbemdze the phenomenon, to validate numerical
methods and to assess reduction systems. This daperibes the blast wave generator principle and
its capabilities obtained in free field and in pnese of a trench.

1. Introduction

At lift-off, the jet noise generated by the motofsheavy launch vehicles produces a severe envieohmhere the
loads induced may damage payload and equipmentgerRo launch vehicles, such as Ariane 5, involndracrease
of the external sound pressure level, where theifigetions of the satellites covered by the fagrihave to be
accurately fulfilled. The MARTEL facility, fundedybCNES and installed in CEAT of Poitiers Universibhas been
developed in 1996 as part of the Research and d&xiyw\CNES program. The research group AEID (Adoust et
Environnement Induits au Décollage) was createtidi@0 to understand the noise radiation mechanissscated
with hot supersonic jets and to design noise reéoinigystems. It is composed by ASTRIUM, CEAT/MARTEbm
University of Poitiers, CNES, ECL, ONERA and PPRIME this frame, number of experiments carried iout
MARTEL facility allowed us to develop semi-empiricenethods and to validate numerical simulationse Th
MARTEL facility produces subsonic or supersonicjatold or hot, and is used to carry out both fumglatal and
applied research studies. The facility is char@erby a testing hall surrounded by a huge ansenembankment,
with an efficient acoustic treatment to ensure raissnechoic ambienog-ig. 1). Efficient systems to reduce the jet
noise have been designed and assessed, includingdter injection in the launch pad together wiika trench
extension [1].

On the other hand, the ignition of the Solid RodWeitor (SRM) of heavy launch vehicles still inducestrongly
impulsive wave at lift-off. In practice, this ovegssure wave excites the low frequency mechanicales of the
launcher, leading to dynamic and quasi-static Idadfie payloads, which have to be qualified ts¢hads. The
induced loads depends on the level and frequentiyeobverpressure wave, and on the launcher caouafigns and
the payload. The mechanism appears during the hawvelaicle take-off where the pressure in the engorabustion
chamber undergoes a rather fast increase untstdaay-state chamber pressure is achieved. Theitudgrof the
over-pressure depends on the chamber pressureatilezij2]. The blast wave generated on the launati i3
characterized by two components: the Ignition CRegssure (IOP) impinging on the bottom of the theaad
radiating from the opening of the trench entranmoenfapertures at the entry of the duct and the RDwetr-pressure
(DOP) propagating from the downstream exit of thestd(;e., the trench exhaust) as illustrated in figure 2.
Complementary tools are available to analyse tlastbivave. Analytical methodology provides some jaays
understanding of the blast wave mechanism, whialkh to progress in numerical methods and compesaurces,
computations become powerful tools to analyse lawshicle environment [3, 4]. Numerical simulatigpesformed
at full scale of the launcher gives satisfactogutes compared to the measurements, in views dfititecomplexity
of the flow fields and the launch pad geometry gasurements on rocket engine at reduced scalkidproealistic
conditions to simulate a representative blast wax@eriments performed in Centre Fauga Mauzac &r®with a
propellant engine exhibit the blast-wave propagmtio free jet and in presence of the flame trerag the
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recombustion phenomenon of propellant combustiaalyets with ambient air, which may increase the mitage
of the overpressure [6, 7]. Numerical simulatioasdd on CFD with reactive LES computations inclgdinonfined
water in the trench are in a good agreement wigdtexperiments, showing the cool down of the pltemperature
which quenches the recombustion [8]. However, sagieriments and CFD simulations remain expensideGRU
time consuming in the framework of research adéisito allow numerous configurations for designieguction
systems. So, to implement research studies irfitls Cnes decided to develop a system able talsi® the blast
wave phenomenon in the MARTEL facility. The objgetis to characterize the phenomenon, to validateenical
methods and to assess reduction systems. The gmnbes been studied in cooperation with AstriungAC,
CNES, LCD (Laboratoire de Combustion et Détonigh€NRS, PPRIME Institute, Poitiers, France) and @ne
This paper describes the blast wave generatoripknin Section 2. Its capabilities for cold andt lyas in the
MARTEL facility are presented in Section 3. Sectibdetails the measurements and the results oldtairgresence
of a trench.

Figure 1: Martel Facility in CEAT Figure 2: DOP gigenerated at the duct exit (courtesy
of CNES).

2. The blast wave generator

2.1. Principle

Figure 3a shows the generator set up in the M&atdity. Figure 4 details the diagram of the blagtve generator.
The system is composed of one tank and a chamhbrawariable volume from 2 to 9.5 litres. The tdrds a
spherical volume of 100 litres which provides theergy supply and a cylindrical volume which reprasethe
launch body. A diaphragm, which separates the ckaifnbm the cylindrical volume, is struck by remeotmtrol at a
prescribed pressure. Changing the chamber voluore & to 9.5 litres allows us to adjust the pressige. This
parameter plays a significant role in the generala magnitude of the overpressure depending@natie of change
of the chamber pressure. The chamber ends withnaecgent-divergent nozzle, cone-shaped with a 60 exinh
diameter,opening outside. An adjustable support with a $détlack elements allows keeping the same distarice o
1,53m between the nozzle exit and the ground, wkathe length of the variable chamber is. Fivespuee sensors
are located inside the generator: in the sphegg,.R on the top and bottom of the cylindeg,Propand Ry -gottom iN
the interior of the chamber close to the divergemt at its exit, Ehamber-piv @Nd Rhamber-Exit

Two ways of working are possible with the generatotd gas and hot gas. In the first configuratiom tank is filled
with air under pressure up to 200 bars at the teatpe of about 290 K. In the second configuratibe, hot jet is
produced by the deflagration of methane-air mixtgréted inside the spherical volume, under pressip to 100
bars and at a temperature of about 2500 K. The gakl configuration provides representative shap¢hef
overpressure and its implementation is easier,enfiie hot jet gives a more realistic descriptiompiassure and
temperature of the mixed gas relative to the comnfruef a SRM propellant. This point is essentiathie study of
reduction systems, including water injection oragpnjection, which are very sensitive to the terapgre of the gas,
involving both kinematical and thermal energy tfans While the cold jet configuration is the firstep to
demonstrate the capabilities and the acceptangemdrator, the main effort focuses on the hot gediguration.
The principle of the generator is to turn up thessure upstream of the nozzle exit and to setheffdisk rupture
(diaphragm) at the prescribed pressure. In coldqgafiguration, the pressure is obtained with a jp@ss air device
while in the hot jet one, the prescribed pressesalts from the air-methane combustion after ignitof a spark
plug. A code provided by LCD based on isochoric baostion described the thermodynamic characteristidhie
combustion components after ignition (CO2, H20, 82, CO, H2, OH, H, O), as function of the init@lessure
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and the richness of the air—methane mixture. Irctii, the generator works with a stoechiometrienagthane
mixture of richness of 1 and an initial pressurd@tars, including 1 mole of methane and 9.52 mofair, leading
to the following chemical equation:

CH4+202+7,52N2-> C02 + 2H20+7,52N2
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a) Generator in “free jet” configuration

T

b) Generah presence of the trench

Figure 3: Blast-wave generator set up in the Mdateility.
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Figure 4: Diagram of the blast wave generator idiclg pressure sensors.
2.2 Performances of the blast wave generator

Preliminary tests have been carried out to adhesnbminal pressure and volume of the chambereofémerator to
obtain a representative pressure rise comparekdetdutl scale configuration. The pressure gradierdbtained by

dP_P,-P
finite difference— =t9°—t11°, wheret;, andty, correspond to the times where the pressure rBachnd Py,
90 ~ 40

10% and 90% of the maximum pressure, respectively.
Cold gas configuration

Figure 5 plots the pressure rise measured in thedecical part of the tank ondramper-oiv AS €Xxpected, it is observed
that the pressure rise increases when increasingréssure and when reducing the volume of the lbbam
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Figure 5: Pressure rise in the generator on theos&anamber-piv

Figure 6 summarizes the pressure rise measuréat @) fixed chamber volume of 2 litres, the pressuarying from
46.5 bars to 135 bars, (ii) for a fixed pressureés@fbars, the chamber volume varying from 2 tolBt6s. The
gradient pressure in the chamber follows a lineaw Wwith the pressure in the tarlk, with excellent runs
repeatability. This linear dependency can be ddrfvem the internal energy of the gas in the chamigsuming an
ideal gas law and an adiabatic expansion in th& {8h The gradient pressure versus the chambeunvel
approximately follows a I law. The experiment does not accurately fit thie laccording to the ideal gas law,
because the generator does not exactly work usdénérm conditions. Thus, it seems more reliableotatrol the
pressure gradient, in order to obtain a prescrilzde, varying the chamber volume rather than tlesgure in the
tank.

Chamber volume of 2 litres Pressure of 60 bars
4 bars/ms
5 5
g s 4 bar/ms <
<&
&
40 50 60 70 80 90 100 110 120 130 140 0 1 2 3 4 5 6 7 8 9 10

Chamber volume (liter
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Figure 6: Pressure rise in the generatghafer-oiv © : €XpeEriment.

The radiated blast wave is measured on an arc bgoptiones located from 10 to 70 degrees from tbergt and a
distance of 4.2 meters (C8 to C2), at the top @rld the bottom (L2) of the cylindrical tank andsedo the nozzle
exit (L3) (see details in figure 10). Figure 7 mets the pressure measured on C2 and C8 microplimnssveral
pressure conditions. The first peak in the sigaal,overpressure followed by a depression, correfpdon the
incident blast-wave pressure. The second one, Qiis@Be reflected field from the ground, this smmseing close to
the ground. At the pressure of 46.5 bars, the blase magnitude is increased compared to the Z5duenditions.
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Figure 7: Radiated blast-wave.

Hot gas configuration

First results with the hot gas configuration pant a strong unexpected over pressure on theinse measured in
the chamber, as illustrated by the black line gufe 8. Such a phenomenon is due to an incomptetdgstion of
the mixture. This peak is reduced when increashweg fgressure and the volume of the chamber due nmwra
significant combustion; nevertheless several swieeadjustments have been performed to overcommtbblem.
First, an appropriate air and methane injectiorthi@ tank has been realized to obtain homogeneowsunmj
including the air filling by the top of the tanktia very high mass flow and the filling of the tmte by the bottom
(air is heavier than methane). The filling of t@k has to be done within few minutes before timitian to avoid
gas stratification. The delay between the ignitoidnthe spark plug in the sphere and the strikeeoghould be
typically of few hundred milliseconds to make sofea complete combustion. A greater delay betwéesd two
events may produce a free rupture of the diaphrdomsing the control of the exact prescribed pressuind of the
time sequence. Finally, after each run, immediatalgignificant air mass flow (~0.6 kg/s) is blowhrough the
generator — which has no more diaphragm — duringe®@nds, in order to remove the non-negligibledeosation
and to cool the body of the generator, allowing nests in a short delay. The red line in figurehBvgs the pressure
rise measured by the-Rmnwer-exitSENSOr, showing the extinction of the peak andlsssaillations staying below 10%
of the pressure, following the above procedure.

—recombustion
——complete combustion

Bar

J

06 061 062 063 064 065 066
Time (s)

Figure 8: Pressure rise 08rBnber-exit

Figure 9 details the rise pressure for given volurhamber and tank pressure where, as in Fig. 6sénee
concluding remarks can be learned. At constant bleamolume, the pressure rise is nearly linear withpressure
and, at constant pressure; the pressure rise piégldws al/V law.
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Figure 9: Pressure rise in the generatggaper-oiy®: €Xperiment.

3. Generator in presence of atrench

3.1 Metrology

Figure 3b shows the generator with the trench gehuhe Martel facility. A steel plate is locatatithe level of the

trench extension to simulate the ground. Threeeanist pressure sensors are located in the trenchKK1K3) to

analyse the blast-wave propagation. 20 microphaneslso set up to measure the pressure histesgesHg. 10):

= an arc of 4 microphones at 4.20 m radius provileglirectivity pattern of the DOP (C2, C4, C6 arg),C

= an arc of 3 microphones centred on the nozzlea#xlt,02 m radius provides the directivity pattefrihe 10P
(C10, C12 and C14),

= 10 microphones around the cylindrical tank measieepressure close to the generator structureeseptative
of the loads on the fairing (L1a to L1d, L2a to |.28a to L3d),

= 3 microphones above the trench characterize theagation from the trench exhaust to the generatbtd L6).

Such arrays of sensors ensure an accurate desorgftthe overpressure waves and are also of sttéoea detailed

comparison between experiment and computation [10].

The metrology outside the trench consists in Ysgondenser microphones coupled with a 200 kHz/cHanne

acquisition device, able to store data during seemnds. To allow a nearly real time analysis envthole sensors,

specific routines have been developed. The fieqi & to synchronize the signals with respect ¢optbak generated

by the diaphragm rupture, being the first and easnt to detect on the L3a signal. The temporaladgyare filtered

with a low-pass filter at 5 kHz. Due to the largember of sensors, integrated variables are alscepsed to quickly

summarize and validate the results of each run.iigse@mum and minimum as well as the rms valuesefi©OP and

DOP are stored, providing the directivity pattefriree blast-wave.
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Figure 10: Diagram of the blast generator includimgtrench and the microphones location
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3.2 Blast wave generator in presence of the trench

The blast wave- measured on L1a and C2 microphismastted in Fig. 11 for several runs, with thengaconditions
of pressure and volume chamber. The first peakénsignal represents the IOP and the second onB@ie at
times 0.603 and 0.61 s on Lla, and at times 0.6@80a612 s on C2, respectively. The arrival timgshese two
components are in agreement with the time pathm fi® nozzle exit and from the duct exit, assunaimgactically
constant sound celerity. All the runs are performéthout recombustion in the chamber following tqgpropriate
procedure to fill the tank, so that a very goodeagpbility is obtained in view of the complex gedrpea mandatory
capability to assess reduction systems. The stdrdviation relative to the averaged value is ald@ufs for the
IOP and 20% for the DOP.
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Figure 11: Blast-wave for hot gas in presence efttanchV = 3.5 [,P = 60 bars.

Comparison between cold and hot gas configur ations

Figure 12 compares the cold and the hot overpredsurthe same pressufeof 60 bars, in the trench, on K3. The
hot gas configuration generates a more intensé Wwimge, with a ratio of about 2. This is in agreamsith the ratio
of the internal energPV/()+1) of each configuration, wherg represents the specific heat ratio. For the galsl
configurationy = 1.4, and for the hot gas, the characteristithefair methane-mixture, determined from the ahiti
conditions (richness of the mixture, initial pressof 8,5 bars) assuming an isochoric combustioresy =~ 1.2, so
that the ratio of the internal energies for hot aaldi gas is 2.
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T T T
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Figure 12: Blast wave in presence of the trenchm@arison between cold and hot gas.
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4, Conclusion

The Martel facility funded by CNES and operatingcgi 1996 was first dedicated to research activitieshot
supersonic jets. A large amount of test campaigne tbeen carried out on noise radiated by freeirjgiinging
supersonic jet and water injection in presencetoéach. The development of a blast wave genevedoking at cold
gas and hot gas based on methane-air combusticstitates a new system generator in Martel facilithe
acceptance of this device shows that the perforesraf the generator are in agreement with the déegec
capabilities. The pressure rise in the chambebeaefficiently adjusted thanks to a variable chambepresence of
the trench, the system exhibits the expected IGPR@AP. An excellent repeatability of this compldast wave
phenomenon is achieved, especially for the hot gadiguration, thanks to an appropriate mixturetiod air-
methane in the spherical chamber and a well-defatednology of the two gas injection in the sphdrke blast
wave generator is a low cost-in-use and operatidegice where many parameters can be easily mddiieabling
a large number of tests for research activitiesstFeduction systems including chicanes, deflsctord obstacles
have been realized, resulting in a moderate attemuaf the DOP. On the other hand, under studyecgdn systems
based on water injection and spray in the ductvemy encouraging, so that future studies will foars the
optimisation of these devices.
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