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Abstract

ONERA and CNES are collaborating to prepare the angine generation for reusable launchers that
will use liquid oxygen (LOX) and methane (CH4) aspgellants. The present experimental study was
carried out on the MASCOTTE test bench located MERA, Palaiseau center. The main goal was to
characterize the LOX jet, under reacting conditjomish simultaneous droplet-size measurements and
high-speed chemiluminescence and shadowgraphy liziatians for two propellant couples:
LOX/CH4 and LOX/H2, under similar operating condits. High-speed visualizations were used to
assign the locations of drop-size measurementsnglotén the cryogenic jet flames, to explain the
results and to analyse the peculiarities of conibastwith both propellants.

1. Introduction

ONERA and CNES are working together to supportgreparation of the next generation of engines éusable
launchers that will be propelled by liquid oxygenOK) and methane (CH4). The use of methane has many
advantages: it is less expensive, easier to haamtleliquid at a temperature close to that of oxyddoreover,
methane can be stored in more compact tanks, asi€lik times denser than hydrogen, and makes rib;e
potentially easier to recover for reuse. In thisiteat, ONERA and CNES have a common interest tdysthe
methane cryogenic combustion.

The design of next engine generation will be bametigh fidelity numerical simulations that willveto predict, as
closely as possible, the operating conditions wittie combustion chamber. At present, the currédX/H2
injection system is still a challenge to model,ezsally in low thrust engine operating conditionkese the oxygen
jet is a two-phase flow. The droplet sizes of th®XL spray, usually characterized by a probabilitynsity
function [1], are important data for validationiaitialization of combustion numerical simulatiorghose data will
be used for the models that are developed at ON#ER#edict the atomization of the continuous ligpltase and
the production of the dispersed phase [2].

In order to provide input or validation data forethumerical models developed at ONERA, this expemims
conducted at the reference operating point A-10nddfby the work of the research group "combustiorocket
engines” [3]. A phase-Doppler interferometer (Pl)used to characterize the droplet sizes of th& L9pray,
atomized by the high-speed fuel gas. To providejaale data for the models and simulations, therR&isurement
volume was positioned as close as possible to @X ]et, in the primary atomization zone, that ianthe LOX
post exit. Thus the PDI measurements are locateDat< 10, DL being the LOX post diameter and x the itiggc
axis. In the past, droplet-size measurements di sagogenic LOX/H2 flames were performed at ONERAthe
same A-10 operating conditions, by Gicquel and ¥md4] with a PDPA (Phase Doppler Particle Analyznd by
Fdida et al. [5], withsim jet imaging. The origiitglof this study consists in performing dropletesimeasurements
closer to the LOX post and also in a LOX/CH4 cryaigeflame, in order to measure the droplet sizeslpced by
the primary atomization process. Moreover, highespghadowgraphy is run simultaneously to PDI toalize the
spray location and the dynamics of LOX dropletshwa close field of view. Before presenting the PDI
measurements, large field visualizations are ptesefor both flame test cases (LOX with H2 or CHBixstly,
images of chemiluminescence of the OH* radical @resented to show the flame front position. Seagridrge
field shadowgraphs are used to determine the whOD€ jet topology and to visualize the droplets ltoa. These
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visualisations are essential to explain the difiees observed between these two reactive test-aaddsetween the
validation rates of the PDI, as a function of tlesifion of the measurement volume in the flame.

2. Experimental setup

2.1 The High Frequency Box (BHF)

For this experimental test campaign, the BHF cornibugshamber was used on the MASCOTTE test beociatéd

at ONERA Palaiseau center. The optical setup aaccttmbustion chamber are shown on Figure 1.The ®H$§

initially designed for high-frequency instabilityuslies for rocket engine applications [6]. The Bbinefits of large
optical accesses, allowing to visualize severadtgrs that can be mounted inside the test chanbdhis study,

only one injector is mounted inside the chambee, dther injection exits being blocked. The advamtaf this

combustion chamber for PDI is the large opticaleases which are essential to perform droplet seasarements
close to the injector exit. The combustion chamias fed with gaseous hydrogen and liquid oxygenuiin a

single coaxial injector. The injector was consgtlubf a central tube fed with oxygen and a coaxigér tube fed
with hydrogen or methane.

Figure 1: lllustrations of the optical setup frowttp sides of the MASCOTTE test bench

The operating conditions for the LOX/H2 combusteme the A-10 reference conditions [3], which alse&dd a
large existing database, except for droplet-sizeseclfrom the injector. The effective chamber presswas
0.95 MPa, the mixing ratio was RC#.3, and the momentum flux ratio J was3.4. The mixing ratio ROF is
defined here as the ratio between the LOX flowtatthe hydrogen flowrate and the momentum fluxordtistands
for the gas-to-liquid momentum flux ratio. Considegr the oxygen critical pressure Pc(02) = 5.04 Vdral
temperature Tc(0O2) = 154.6 K, LOX was injectedhie tombustion chamber in subcritical conditionst ik at a
pressure and a temperature below the oxygen dritmaditions. Those subcritical conditions are exdiito study
atomization of such a spray, because when Pc >F¢c(le injection becomes supercritical and thesdesxidizer
elements cannot be clearly distinguished from teeirounding medium. The gaseous Weber number \Wedban
the LOX post diameter is about 2¥18nd the liquid Reynolds number based on the LO3t p@ameter DL is Re
6.1¢". These dimensionless numbers values are reprégert& a rocket engine injection system [7]. Lasiseand
Hopfinger [7] proposed a classification of coaxélbreakup regimes as a function of three parametée, Re, and
the momentum flux ratio J. In our study, the jetmaization can be considered as a fiber-type breakhis regime is
characterized by the creation of very thin and shauid fibers created from the continuous liqyed exiting from
the nozzle. These fibers are rapidly peeled offi¢hend stretched by the differential velocityveeen the liquid jet
and the outer gas stream, from which the Weber eurdbpends. The characteristic break-up time ig sbort,
which means a rapid atomization of the majoritytef liquid. The droplets produced have very snialls several
orders of magnitude smaller than the injection diten High speed imaging is then necessary to capte spray
dynamics and the PDI is used to measure the drejzles and velocities created as soon as the lepiid from the
LOX post. To illustrate this phenomenon, a paimstantaneous images is presented on Figure 2.
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In the case of the LOX/CH4 cryogenic jet flame,réns a lack of data concerning the atomizatiothef LOX jet
under reacting conditions [8]. The choice for thmemting conditions with methane results from a pamise
between the industrial needs (operating condit@ntow thrust should be in subcritical conditiong)e optical
configuration (similar optical setup and limitedosgroduction) and the test bench equipment availathus, the
pressure in the combustion chamber for LOX/CH4 aastibn is almost the same than in LOX/hydrogen40/@Pa)
and the momentum flux ratio is J=21.

Three optical diagnostics were implemented simeltasly around the MASCOTTE test bench: firstly OH*
chemiluminescence was synchronized with high-spediowgraphy to visualize the jet flame in a lafigkl of
view. This first phase is essential to locate tBe Peasurement points in order to collect a largmiper of droplets
during the stationary phase of the flow, which dorais about 30 s. Secondly, Phase Doppler imtenfietry was
combined with high-speed shadowgraphy with a cliede of view.

2.2 Imaging setup

Two complementary imaging systems were set withrgel field of view, in order to see the LOX jet ahd flame
locations synchronously. Shadowgraphy consistsaking pictures of the illuminated liquid jet by ight source
located opposite to the camera (see Figure 3)rdardo visualize the dynamics of the liquid oxygenat the LOX
post exit, a high-speed Phantom v711 camera frosioNiResearch was used. It is equipped with a Clg&Sor of
1280 x 800 pixels of 20 microns side. This 12-bidrmachrome camera records the signal on 4096 gvayslewith
an active sensor size of 1280 x 720 pix2 and adraaguency set at 1kHz. A 105 mm fixed focal Iénigtset on the
camera with an aperture of f/5.6. The resultinglgon is about 10 pix/mm. A filter is mounted tre lens of the
camera to select only the light from the backlightl remove visible flame emission. The light sousca Cavilux
Smart pulsed laser source [9] emitting in the re@d& nm.

Chemiluminescence imaging was operated simultasgotd visualize the flame reaction zone. The reacti
mechanisms involved in combustion processes areeraurs and complex. They consist of a large numlber o
elementary reactions involving generally free ratficand molecules. In the combustion zone, elerhesdations
produce radicals directly on excited energy levélese species, that are out of thermodynamicibquiin, relax
spontaneously and almost instantaneously by emittiphoton characteristic of a transition energg tower level.
This resulting light emission, which is charactécisof spontaneous radiative relaxation of speahsmically
created on excited states, such as the excitedadidal, denoted OH*, is called chemiluminescencg.sdon as
there is simultaneous presence of hydrogen andesxgitpms in a flame, it is possible to detect tinéssion of the
OH* spectrum. Such an emission spectrum was preddmnt Mayer et al. [10] in a rocket engine applaatwith
LOX and H2 as propellants. The signature of OH*calis identified by the peak at 320 nm. Indeéds transition
emits light in the ultraviolet domain (UV), mainig the spectral band 300-325 nm. This radical isttethin the
reaction zone of the flame; it is therefore pattdy interesting to use it as a tracer of the civahreaction zone,
keeping nevertheless in mind that self absorptio®Ild* can have a non negligible impact on the iptetation of
OH* images [11].

In the case of LOX/CH4 cryogenic jet flames, fewedare available in the literature. Thus, the elmisspectrum of
the flame was recorded between 188 nm and 860 nimani Ocean Optics S2000 spectrometer, with autsolof
0.37 nm and an exposure time of about 100 ms. ldghting from the flame was collected by a lens $eclion the
flame axis, approximately in the middle of the wimdsection. Flame emission spectroscopy was usétktdify
the most emitting chemical species for each opggatondition. Figure 3 shows the emission spedttheoflame for
two pressure conditions (0.45 MPa and 0.9 MPadrara blue respectively).

The emission spectra of the flame are consistettt thie results of Lux and Haidn [12] who also studihe
emission spectrum of high-pressure LOX/CH4 flanfége intense emission peak observed around 310 dreito
the presence of OH radical whereas the other higgmsity peak around 430 nm is due to another ahdiH. Both
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radicals are known to be produced by combustidhenchemical reaction zone. Other species, su€faknown to
be a soot precursor, can be identified by severallispeaks, called Swan bands, in the case of thé MPa
spectrum only. In the case of the 0.9 MPa spectthmn,continuous emission background, between 35@ndh
650 nm, which can be attributed to larger molecdesh as CO2, is too intense to see the Swan banthés
operating condition. In both pressure cases, OHGiHdare intense enough to come out from the backgtand
can thus be used as markers of the reaction zonméging purpose.
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Figure 3: Emission spectra of the LOX/CH4 flame.

In order to visualize the reaction zone with OH*uptiluminescence, a UV imaging system was set uphen
MASCOTTE bench (see Figure 4). It consists of aerigified high-speed camera (Photron FASTCAM Ultima
APX I2), with a CERCO 2085 UV lens adapted to winéet light and a filter adapted to the spectighature of the
OH* radical. The focal length of the lens is fixad98 mm, with an aperture at its maximum: f/2.Be OH* filter
mounted on the UV lens has a maximum transmissiof0% at 310 nm and a 10 nm half-width. The gairhef
intensifier was fixed at 3V and the gate time @& thtensifier was variable, depending on the flatuelied, to obtain
the best signal dynamics. In the case of the Chidhdl, the OH* radical emits less light than thahpdrogen thus
the exposure time of the intensifier had to bedased substantially: 2,6 for the CH4 flame instead of 1u8 for
that of H2, for the same intensifier gain.
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Figure 4: Imaging setup arrangement (top view) whihdowgraphy and chemiluminescence visualizations

OH* emission and shadowgraphy are focused on the geeld-of-view, with the same spatial resolutitimanks to
the use of a dichroic mirror that separate UV lighining from the OH* chemiluminescence towardsitiensified
camera and the visible light coming from the laegrards the high-speed camera used for shadowgrafdmgover



DOI: 10.13009/EUCASS2019-862

8™ EUROPEAN CONFERENCE FOR AERONAUTICS AND SPACE SCIENCES (EUSAS

both images are recorded at the same instant, @@ ffames/s, as the short laser pulse is emittethglihe
intensifier gate of the intensified camera. Thuthkdgpes of images can be directly superimposeshasvn in the
results section.

2.3 Droplet size measurements

For this droplet-size and velocity measurement ¢asipaign, a PDI system from Artium Technologies. was
used. The PDI operating principles are given byhasx et al., 2000 and detailed in [13] and [14]isTsystem
measures velocities and sizes of droplets that@meidered spherical by the instrument. The opacangement of
the instrument is schematically shown on Figuri3he vertical injection plane (left) and in thertzontal median
plane containing the injection axis. The PDI measwwimultaneously the diameter and two velocity poments (V1
and V2) of liquid oxygen droplets passing throulgé ineasurement volume. The measurement volumejedtby
the intersection between four continuous laser lseawo green beams at 532 nm and two blue bea®31ab nm
placed in a plane perpendicular to that of the mreeams. Each pair of beams of the same colour uresas
velocity component of the droplet. The drop-sizeasueement is based on the analysis of the pha#ieo$tihe
radiations scattered by a droplet passing through rheasurement volume, whose signal is recordedwby
photodetectors placed behind the receiving lens,.

The PDI receiver is equipped with interferenceefdt in front of each photodetector (blue or greetpse
characteristics are a 96% and 98% transmission,aahdlf-width of 20 nm and 50 nm, respectively foe blue
filters (491 nm) and green (532 nm). It is therefbttle disturbed by the flame emission, particiyldright in this
cryogenic type of combustion. In addition, the tader source that illuminates the jet for shadoplyais also
eliminated. Therefore, it allows running simultansly the high-speed camera that visualizes the lj@>nd the
PDI that measures the size and velocities of teagge LOX drops. This simultaneity facilitates thglementation
of this PDI particle counter, as it is possiblevisualize exactly where the PDI measurement volishecated in the
image plane and if there are drops, gas or denséjetat this position. In the left image of Figutethe green and
blue beams of the PDI emitter can be seen togetftérthe red emission of the backlighting sourcéeTPDI
receiver, which was positioned at 1 m from the costibn chamber, is visible at the lower right coroéthe left
image, while the PDI emitter is hidden behind tbenbustion chamber. The lens of the high-speed cairesisible
in the middle, at the top of the image.

The PDI is used in a forward scattering configarato maximize the light scattered by the LOX drofise receiver
should be placed at a collection anfjlehich can be set between 20 and 45° (see FigurBh®g)optimum collection
angle value is 40° to record light scattered by L@Mplets less than 50m in size. However, to meet the
requirements of the test plan and constraintseéltd optical access, the angle was finally setla@°. This was the
largest possible angle, despite the large windofvhe® BHF and the position of the injector, off-tened with
respect to the median horizontal injection plan¢éhefcombustion chamber. In addition, the focaftha of the PDI
emitter and receiver determine the size and velgeihges. The nominal velocity range is always tgrethan the
one set during the acquisition because the PDInzatioally adjusts its velocity range, before eadasurement, by
taking a reference sample defined by the 500 diesected droplets. The focal length used at thegar is 500 mm
and the focal length of the receiver is 1000 mmictvinduce a theoretical diameter range of betwie6rxD <240.5
um. The nominal velocity range is -176.1 <V1 <176k for the longitudinal velocity and -12.3 <V2 §8n/s for
the radial velocity.



DOI: 10.13009/EUCASS2019-862

N. Fdida, L. Vingert, Y. Mauriot, L.H. Dorey, M. Enon

Axis  ° ) __L_Redfiter

__..E PDI R P . _.<:|_._
| Receiver

f=1000mm

Flow axis

High-speed

Y Camera PDI Emitter

Figure 5: PDI and shadowgraphy arrangement in éngcal injection plane (left) and in the horizdméane (right)

The droplet diameter measurements with the PDIbaseed on the knowledge of the refractive index ficafid
oxygen. Johns and Wilheim, 1937 [15] studied tHieaotive index of several cryogenic liquids andriduhe value
of 1.21 for droplets of liquid oxygen in the aihd gaseous atmosphere in the combustion chambemisosed of a
mixture of atomizing gas (hydrogen or methane),gexy(resulting from the evaporation of the atomiz&X) and
a small proportion of helium used to protect thedwws from droplet projections. Since these thrageg have
optical indices close to that of air, it is assurtteat the refractive index of liquid oxygen in teesxperiments is the
same as that of liquid oxygen in air. The PDI ipaaticle counter that counts droplets of liquid geg passing
through a measuring volume which has the shape ofliader with a 1 mm diameter and a length between
25 microns and 500 microns, depending on the géttare used in the receiver. The slit width isaeameter which
can be automatically optimized by the PDI, howewempractice it is impossible to use this automatiffustment
function of the slit width in the context of suclslaort measurement period of about 30 seconds.ighy the slit
width had to be set before the acquisitions. Fa thoplet size measurement campaign, the slit siae set at
250um. More details on the optical configuration of #BI and the uncertainties arising from the optindex are
presented in [16]. A smaller slit aperture can beful when the droplet density is high and the gmes of multiple
droplets in the measurement volume is possibl@umapplication, the use of a smaller 108 slit was tested on
several measurement points in very dense zonegewhe rate of validated particles was very lowoider to
improve the validation rate, but without succesanéans that in this low validation rate area, tieasurement
volume is too close from the LOX jet which trape tlght scattered by the droplets. The validatiate iis defined by
the number of measured droplets over the detectgueads.

The experimental difficulties encountered during implementation of the PDI are mainly relatedh® dimensions
of the windows. Their large thickness (70 mm) irekuenultiple reflections, illustrated by the rigtgrd picture in
Figure 1, as well as significant light path diffeces for the blue laser beams that pass througlwihéows.
Therefore, a specific optical alignment was caroet| taking into account this thickness and thglenf inclination
B of the PDI transmitter so that the four laser bgamersect in the same measurement volume. Ong®piical
alignment for the laser emitter was performed, dbeond window and the PDI receiver probe was seéhaiothe
optical axis was perpendicular to the plane ofwlimdow. To ensure a proper alignment, a monodigparsl low
density water spray was introduced into the conmbasthamber to check that the PDI can measure elrsjles and
velocities. In this case, high validation ratesager than 90% were obtained with the PDI greembegaroviding
the droplet size and axial velocity measuremenrds.tiie blue channel, which measures only the radilmcity, the
validation rates were so low that almost no measarg could be obtained. The differences in lighthpatroduced
by the windows thickness are assumed to be theeafbn for this lack of measurement.

3. Results
3.1 High-speed images

First, the cryogenic jet flame is illustrated wiHarge field of view in order to determine thedtion of the spray.
This first phase is essential to locate the PDIsusEment points and thus to collect a maximum nurabdroplets
during the duration of the stationary phase offtbe. These large field visualizations are illusé in Figure 6 by
two instantaneous shadowgraph images obtainedt dwmbustion test cases: the LOX/H2 flame on #fednd
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the LOX/CH4 flame on the right. In the area closdéhte injector, on the left of each image, the gaseconcurrent
jet can be seen, even more contrasted in the daSkl4. This contrast difference highlights the gesadensity of
methane with respect to hydrogen. The time-averagadowgraphs are computed from 2000 instantarietages
recorded during the stationary phase of the flomethis time-averaged image is binarized in otdesbtain the
dense core of the LOX jet that is shown in blackFégure 9. The LOX jet seems a little shorter in X/OH4
combustion, probably due to the greater J numineéledd the momentum flux ratio J is known to drive LOX jet
penetration length for this kind of spray [7].

Figure 6: Instantaneous shadowgraph images of @ jet flame, with hydrogen (left) and methane Itig

Secondly, two instantaneous OH* emission imagespaesented on Figure 7 to visualize the structurehe
cryogenic flame in the case of the LOX/H2 combust{teft) and LOX/CH4 combustion (right). There ame
noticeable differences between the two types ahdis during the stationary phase of the flow: btamés seem to
be anchored at the tip of the LOX post. The endhef flame cannot be seen inside the viewing windowse
production of OH* emission signal is stronger ie ttase of LOH/H2 flame as the gate time set otJMéntensifier
is about twice shorter than in LOX/CH4, which colid linked to the hotter temperature of the hydnofieme.
From the OH* emission images recorded during tlaticstary phase of the flow, the time-averaged imagmt
shown here) have been computed on which the Abelréion has been applied to extract the front flamehis
axisymmetric configuration. The result of the AbeVersion is shown in false colours on Figure 9e Tlame
opening is similar in both types of flames as tlaenk full angle has been estimated to be abouir2Bdth cases.
Moreover, as the high-speed cameras are synchhnizémultaneous images of shadowgraphy and
chemiluminescence are presented on Figure 6 andgre-ig for LOX/H2 combustion (left) and for LOX/CH4
combustion (right). Strong spatial correlations eigtble between the instantaneous OH* emissiorngesaand the
corresponding shadowgraphs. Indeed, close to the h@st, the darkest area in OH* images seem to mtite
densest areas of the LOX jet in shadow images. &sply, there is no more dense LOX jet or largeidicelements
in the brightest areas of OH* signal.

Figure 7: Instantaneous OH* images of the LOX lgtnie, with hydrogen (left) and methane (right)

These complementary features of both kinds of irmage even clearer when instantaneous OH* emissiages
and shadowgraphs are superimposed. Examples d¢dldsgiperimpositions of the LOX jet and instantare@H*

emission images of Figure 6 and Figure 7 are shiowkigure 8. The instantaneous shadowgraph of X fet

image on Figure 6 is binarized with a thresholcelashosen to reveal only the darkest elements ateatisually the
largest liquid elements; the resulting binary imég¢hus superimposed to the instantaneous OH*s@omsmage,
recorded at the same instant, in false colorss found that areas showing low OH* emission sigagrees fairly
well to areas showing large liquid elements, thatlass prone to burn than smaller droplets. Moggahe sinuosity
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at the LOX jet interface matches well the OH* zos#gated at the periphery of the flame. It alsm$wut that the
LOX jet is always confined within the reaction zorepresented by the OH* emission signal. The higk&l
validation rates are found in the intermediate Zoe®veen the LOX jet limit and the envelope of tbaction zone,
probably because of a moderate particle densitg,tdithe the presence of the flame which evapothtesmaller
ones.

Figure 8: Superimposition of instantaneous shadaphs (black) and OH* emission images (colors),
in cases of LOH/H2 (left) and LOX/CH4 (right)

3.2 Droplet size measurements

The complete PDI system (emitter and receiver) aved by 3-axis translation tables forming a cocatinsystem
linked to the injector location. The origin of theference coordinate system (0, X, Y, Z), illuschtn Figure 5, is
the injector center and the X direction correspaiadihie main axis of the flow. In the initial tggtin, about fifteen
radial positions of PDI measurements were defimethe vertical median plane (X, Z), as shown inuFég5. In
Figure 9, the actual PDI measurement points areosljmed by circles, green when the measured draaigtple is
larger than 2000 and red when samples contairthess2000 droplets (then the measurement is natidered). In
Figure 9, the locations of the PDI measurementtpaine superimposed to the Abel transform of therage OH*
image (the false-colors image) and the binarized{averaged shadowgraph of the LOX jet, in the c$€®X/H2
combustion (left) and in the case of LOX/CH4 contlmurs(right). Radial lines of PDI points are disuited between
the dense zone of the LOX jet (in black in FigureaBd the outer envelope of the flame front, ohegitside of the
injection axis X. Radially, validation rates varetiveen a few percent to 40% maximum, the latteueval
corresponding to a measurement point also prewiocisbsen by Gicquel [5] (surrounded by a yellowcleirin
Figure 9, left), at position X/DL = 6. The validaui rate is linked to the proximity of the PDI measuent volume to
the LOX jet interface. Where the measurement volisrteo close to the LOX jet, the PDI generally kasy low
validation rates because most of liquid elemergsnat spherical and because the density (botha@id in terms
of liquid particles per volume) is too importantn @e contrary, when the PDI measurement volunie@adar from
the injection axis, i.e., located radially more rthiaree times the diameter of the injector, thene raot enough
droplets and even if the validation rates of theasneements of size are good (~ 40%), the humbeneafsured
particles is too low to obtain a sufficient numleérsamples for a robust statistic in the time dedoto the PDI
measurement.

Figure 9: Superimposition of the Abel transformQHi* emission images (color),
the time averaged LOX jet contour (black) and tb# Peasurement locations (dots),
in the cases of the LOX/H2 (left) and LOX/CH4 (rigfames.

In the case of CH4 combustion, the validation ratesof the same order than for LOX/H2 combustiopetating
point A10), but the number of measured dropletgys lower. This trend could be explained bywedoparticle
density at a given measurement location. Unfortlgatoo few measuring points in CH4 combustionenfeen
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made to conclude. For both fuels (methane and Iggdrp the flame seems to anchor at the LOX post kxleed,
the signal of OH* is visible from the exit of thejéctor located on the left edge of each image.

Examples of raw droplet size histograms measurdial RDI at the same location (both axial distancB&6 and
radial position) in the LOX jet are shown on Figd@for LOX/H2 (in blue) and LOX/CH4 (red) reactijets. The
droplet size distributions look similar in both easrepresentative of a monodisperse spray centereckarly the
same diameter. The validation rate is ~15 % forliBX/H2 and 7.5 % in the LOX/CH4 test case, witepectively
24828 and 3814 measured droplets. The majorithefe¢jected droplets are due to low signal-to-noase, with a
larger rejection rate for the LOX/CH4 case. Theosgcreason for droplet rejection is the non-splitgriaf some
liquid particles, which is evaluated by the PDIdnymparing signals recorded by two different deteptairs. Both
propellant test cases show the same level of iejefidr non-sphericity.
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Figure 10: Example of droplet size distributionabéed with PDI at the same location,
in the LOX/H2 flame (blue) and LOX/CH4 flame (red).

3. Conclusion

Droplet size and velocity measurements of a LOXagpn burning hydrogen or methane gas were obtaimekde
atomization zone of the jet flame. The results ivleidh in the case of hydrogen complete the exiglizgbase at the
reference operating point A-10 of the MASCOTTE thehch of ONERA [3]. The advantage of the droprgjzi
technique by imaging compared to the Doppler PHaterferometry is its better adaptability to norkspcal
particles present in the atomization zone [5]. Heave high resolution imaging at the A-10 operatpaint did not
give access to any droplet size result at a clogd distance from the injector, typically less thé DL, in the
primary atomization zone, whereas such measurengentd be carried out with the PDI. Despite a lcalidation
rate, droplet sizes and velocities could be obthithering this experimental test campaign at a destaof 1.5 DL
from the LOX post exit. These data are intendebeased for validation of atomization models otidtization of
two-phase flow computations. Comparing both futls, highest PDI validation rates are obtained ephrt of the
reaction zone close to the LOX jet, as evidencethbyAbel inversion of OH* emission time-averagathges and
the mean shadowgraphs. PDI validation rates appdag significantly lower in the case of metharentin the case
of hydrogen, but additional LOX/CH4 measurementsuldidbe required to confirm this point. The dropsite
distributions show similar features for both prdgets at identical locations, i.e., a monodispe@@y centered on
nearly the same droplet size.

During the PDI droplet-size campaign, the tempoeablution of the shadowgraph camera has beenasedeup to
23 kHz and the spatial resolution was increaseditoorder to track the atomization of the LOX fietar the injector
exit. Image doublets were obtained with a doublposyre acquisition mode to record the liquid strred
(including non-spherical ones) in two successivsit@ms, in order to evaluate their velocity wittetFOLKI-SPIV
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image correlation algorithm [17]. These data ardemrprocessing in order to compare the dropletscitgl fields
obtained with imaging to those obtained by PDI, em@omplete the database with non-spherical objeelocity
fields.
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