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Abstract

There is a need of experimental data in injectiomditions representative of rocket engines to aidid

or initiate droplet formation models used in nuroarisimulations. A new cryogenic vessel was built
upon the Mascotte test bench to study the atorizatf a single oxygen liquid jet, under non-reaetiv
conditions, with simultaneous optical diagnostiésPhase Doppler Interferometer is used to measure
the size and velocity of droplets produced by aramidn of a liquid oxygen jet by a co-flowing gas.
Among the tested injection conditions, the influein€ the gas density on the spray is investigaézd h
with two atomizing gases: helium or nitrogen.

1. Introduction

In liquid propellant rocket engine combustion, fgbgsprocesses such as atomization, mixing or Viaption
of propellants are complex and can interact wite another. Thermo-acoustic instabilities can dgvelaring the
transient operating states of the engine and ledtd teterioration. Atomization is a dominant grss that drives the
behaviour of such a cryogenic flame, particularlhew the propellants are injected in subcritical ditions,
investigated by several research teams ([1], [2][&8]). Atomization therefore needs to be studredaider to better
predict the occurrence of these high frequencyabibties. ONERA and CNES have a common interestnjorove
the knowledge on cryogenic atomization in liquicbgellant rocket engines, in order to build reliapleysical
models and validation databases for CFD codesyval@ation and initialization of recent numericahslations ([4]
and [5]) requires experimental data in the atorifomatone, situated close to the injector inner L@pst. In this two-
phase flow, combustion makes measurements and ationg very tough, so atomization is studied withthe
presence of the flame in order to predict the sfwayation more efficiently.

A new experimental configuration, presented by Nttt al., 2016 [6], is built upon the Mascottstteench.
It is dedicated to study the atomization of thaiiigoxygen jet (LOX) with simultaneous optical digtics. This
cryogenic Flow Visualization Box (BVF) is fully ieimented with pressure and temperature transdacersan be
pressurized in a wide range of chamber pressuoeg rétes and fluid temperatures under conditiohglvare inert
but nonetheless representative of industrial camtitconcerning the fluids injection.

The BVF was designed to operate simultaneously -gpged diagnostics such as interferometry Phase
Doppler and high-speed visualization. Coupling ¢heemplementary diagnostics is very useful to ustded the
dynamics of atomization considered as a multispaEnomenon. Thus, imaging provides large as wellase field
of views, according to the optical setup, to vigeleither the overall spray or focus on the drbgiees or
velocities [7]. In these operating conditions, tise of the PDI is more adapted than imaging to mreadroplet sizes
and velocities. Consequently, the field of vieviaige to visualize the PDI measurement volume &xtatose to the
injector post, in the primary atomization zone, venéroplets are mainly created by the liquid/gasasinterface.
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2. Materialsand methods

2.1. The Mascotte test bench

2.1.1. BVF Flow Visualization test vessel

The Mascotte test facility was developed at ONERAIder to investigate physical phenomena involived
the combustion of cryogenic propellants [8], sushatomization, mixing, vaporization, combustiontatmlities...
Among these, atomization remains a key issue, @dpedn subcritical pressure conditions. To deceuphe
atomization from combustion in the atomization @%8; a new cryogenic test cell was built to stutigad oxygen
jet atomized with cold gaseous, Mr He. The cryogenic test vessel, called BVF,Heven on figure 1; it was
designed with large inner dimensions in order moitlispray interactions with walls and windows. Maver, the
internal part of the windows is protected from detp impacts by a gaseous film on the windows. Atemmal
heating device protects the windows from icingsasn on figure 1. The BVF is fully instrumentedomessure and
temperature transducers. It is compatible withrlaseasurements close to the injector exit, withresgurization up
to 30 bar and is able to reach fiber-type injectionditions, i.e. high Weber number (31@nd Reynolds number
(>10%) and a momentum flux ratio J > 1, representativa kiquid rocket engine injection device. The fauindows
have the same dimensions and are located at the lsgight; three of them are placed at 90° of edobrpthe fourth
one is placed at an angle optimized for Phase [Roppbplet sizing (145° between emitter and reagiviene total
duration of a typical test sequence is about 180rs#s where the stationary phase of the flow iiaB86 seconds,
necessary for the PDI to measure a sufficient nurobéroplets.
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Figure 1: Optical setup around the cryogenic thatrber

2.1.2. Injection configuration

The cryogenic fluid lines are regulated in tempanatfrom the tank to the injection head of the gesEhe
atomizing gas injection temperature is maintainealase as possible to the LOX temperature (difflezdess than
10 K). The coaxial injector, characterized by iteeinal diameteD,, is visible inside the field of view in order tees
the LOX jet from the exit of the injector to a diste of it equal to several times its diameter.

Lasheras and Hopfinger [11] proposed a classificatif breakup regimes for a coaxial jet as a fumctf
three parameters: the gaseous Weber nuitegr p,Us?D, /o (based on the LOX post diamef®r, the gas density
pg the gas velocityJy and the surface tensiar), the Reynolds numbeRe = U, D /v, (based on the LOX post
diameterD, , the liquid jet velocityU, and the viscosity,) and the gas-to-liquid momentum flux ratle pgUq?
pLlU2. We consider that typical injection conditions @fliquid rocket engine are characterized \Nﬁ3>1(§,
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Re > 10fandJ > 1. This breakup regime is known as the fiber typenézation, and by fixing the liquid jet velocity,
the test plan explores the influence of the gasaii, the injector geometry or the atomizing gassity, which are
the main parameters driving such an atomizatiorcgs® [11]. The operating points shown on tiiéey{ Re)
diagram on figure 2 are distributed along a fixexyigolds line, with variations of the Weber numbemell as the J
number. On this diagram, symbols represent the atipgr conditions investigated during two experinaént
campaigns performed in 2015 and 2016. The gengrizating conditions are called xN or xH, respedyivier
Nitrogen and Helium as atomizing gas, where “Xais arbitrary number. 8N and 8H were chosen so dmve
values of thel number as close as possible. Lines of constappear as straight lines in logarithmic coordigdite
constant values dd,_and \{, according to the relatioRe = (Wes/J)"4D, alp V| ?), the dashed line corresponding to
J=1 in the water/air experiment [11] and the solite® to a liquid oxygen/inert gas mixing. In ourdstuthe
momentum flux is varying in the range 1< 12 and the dimensionless number domain is withinfiber-type
regime, with 2000 ¥Ve;< 12000 and a fixed Reynolds numissg ~ 65000. The numbers are calculated during the
stationary phase of the flow with the transduceysigping the BVF. Nine typical instantaneous images also
shown on this diagram. Th&e; varies from 2000 to 11000, under the effect ofghe injection velocitys and the
gas densityg.
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Figure 2: Injection parameters of the fiber-typginee in Wes, Rg) diagram

The test plan was built to explore the LOX jet atmation in a fiber-type break-up regime, which is
characterized by the creation of very thin and shquid fibers created as soon as the continuansd jet exits
from the nozzle. These fibers are rapidly peelddha jet, stretched by the differential velocitgtlween the liquid
jet and the outer gas stream, from which depengld\teber number. Due to this stretching, the ligatds highly
modified and disintegrates into liquid filamentsigi) in turn, are broken, creating droplets [12jeTcharacteristic
break-up time is very short, which means a rapidnaation of the majority of the liquid. The drofdeare produced
in very small sizes, several orders of magnitudalemthan the diameter of injection. An illustmati of such a
process is shown on figure 3 where a set of suseebaages recorded at 16 kHz evidences a longiaddirimary
instability developing at the injector exit, creafifibers which collapse into droplets.
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Figure 3: lllustration of the primary atomizationthvinstantaneous successive images recorded ldtdd @or OH
case.
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2.2. Optical Setup

A Phase Doppler Interferometer (PDI) is used siandbusly with a high-speed camera thanks to the
particular four windows arrangement on the BVF.

2.2.1. High-speed shadowgraphy

A high-speed camera shadowgraphy setup is usedualize where the droplets are present in theysprarder to
detect the region of interest for the spray expgiorawith the PDI. The spray is enlightened in aliight
configuration by a laser diode CAVILUX Smart 400Wish emits a red incoherent light pulse at 640 a0 This
source is very compact and stable in space and @nightening the LOX jet through an optical fib@he pulse
duration can be set in a large range of time psrifm 0.02 ps to 10 pus, with 0.01 ps steps. Inapplication
where droplets velocities are very fast, we fiXeel pulse duration to 0.04 us to freeze the droplethe images and
avoid any blurring effect. The repetition rate ¢danset from 25 Hz to 10 kHz continuously and cainbesased to
50 kHz during limited periods. A Fourier lens of Bn focal length is placed at the fiber exit, adl &g a diffuser to
create a large illumination area to see the spraylarge field of view, as shown on figure 2.

Images of the spray were recorded with a Phantobl Wiigh-speed camera from Vision Research. Thisecaris
composed of a 12-bit CMOS sensor of 1280 x 800 regpixels and of 2um side length. The resolution of the
sensor is directly related to the frequency ratee $ensor resolution was set at 800 x 400 px2 &Hsor 1024 x
512 px? at 16 kHz. The camera is equipped with &idems of 105 mm focal length and a narrow band fitisr
centred on the red illumination wavelength of tigltl source. Hence green and blue beams coming Rohare not
recorded by the camera.

2.2.2. Phase Doppler Interferometer

The Phase Doppler Interferometer (PDI), from ARTIUNE, is a particle counter which was used to
measure the oxygen droplet size and velocity tistion in the LOX spray, under steady operatingdiions. A
solid state laser system delivers gregF(532 nm) and blue beamk, € 491.5 nm). The focal length of the emitter
lenses was set to 350 mm and the one of the rece@s set to 500 mm, constituting a setup adapieddch a
dense spray. The off-axis angle of the receiver setso 35° as recommended by the manufacturethéexpected
droplet size range (the basics of this instrumeatpaesented in [13]). The PDI was set with a 50glitraperture on
the receiver to collect a thin part of the lightnding from the measurement volume. Indeed, in otdeavoid
multiple droplet signals we chose a short focabtanat emission together with a small aperture tenreceiver,
which resulted in a short measurement volume [14].

The estimated refractive indexof the LOX droplets indicated to the PDI is fixexin=1.21, according to
the work of Johns and Wilheim [15], in order to @msan uncertainty of +2% on the diameter size oressent in
the temperature range from injection to boiling pemature in the test chamber thermodynamic comditi@ased
upon the presented optical setup, the PDI couldsareadroplet diameters within the range 1 ub <108 um. The
PDI provides two components of the droplet velo¢higrizontalVx and vertical velocityz respectively through
blue and green channel). The largest velocity rangeir acquisitions was -20 m/s\s < 20 m/s and -75 m/s¥z<
200 m/s for horizontal and vertical velocity, resipeely. The directions of the measured velocites defined on
figure 4.
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Figure 4: Location of PDI measurements from theabpr inner post; Vx, Vy are velocities measuredby

a) LOX/N2 injectiori 8N ter

2.2.3. Measurement locations

Obviously, PDI measurements can only be performbérev droplets are present. Images recorded by the
high-speed camera are helpful to identify the twage flow density targeted by PDI. An example sfantaneous
shadowgraphs is presented in the background ofefigy superimposed with the PDI measurement logsitio
illustrated by green dots. PDI measurements arfenoeed in a vertical plane Y=0, crossed by thedtipn axis. In
this plane, at a vertical positiadiD,, transverse profiles were made alongXhexis, spaced b}{/D,, straight under
the injector gas gap, in the two-phase flow ardaniater and velocity measurement were made atse distance
from the nozzle exiZ/D,, with Z/D_ <5. The coordinates of the PDI measurement volareeknown, relatively to
the injector reference system, thanks to a gradualbgect that is mechanically fixed to the injectlirensures an
uncertainty in position of 0.5 mm and +1 mm, regpely on X and Y axis, corresponding to the PPptical axis.

For each operating condition, a set of 5 to 10 Righsurement locations is obtained depending if ldt®@re
actually collected at each location.

Droplets are collected during 35 s in the statignarase of the flow, the number of droplets obt@imethe
sample varies from few one to several thousandsertting on the PDI validation rate. The validatiate is the
percentage of droplets that are accepted by theument as being spherical drops. It varies frofeva percent to
65%, depending on the PDI location in the spraye Towest validation rates are obtained close tdnside the
liquid jet (JX/D| <0.5). The highest validation rate reaches 64f4He measurement point located at the center of
the line of points ((@._ | ~1), with 124000 droplets detected in 25 s. Thiea® a reasonably accurate estimate of
the mean diametdd,, of the droplet sample, samples of at least 1508sorements are necessary (which allows a
+/-10% accuracy ob[10]).

3. Results and Discussion
3.1. High-speed visualizations

Time-averaged (top) and RMS (bottom) images arevehan figure 5 for four operating points with LOX/ldnd
LOX/He, increasing and Weber number. Considering 8H and 8N caseh @lte values of J), one can notice that
the spray plume is thinner when ¥ the atomizing gas. A previous experimental y{u®] evidenced an effect of
axial and radial reduction of the LOX core with asgdensity increase, due to an intensificationhef primary
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breakup. According to this hypothesis, nitrogembea denser gas than helium should lead to andifiation of
the atomization process, which is the observedeecy The effect of the produced liquid elements loa seen as
straight lines on the RMS images at left.

Increasing the Weber number tends to enlarge tteey ggume on time averaged images from 8H to OH 2314
case (the injector geometry is fixed and the Heligas velocity is increasing). Moreover, from ledt right on
figure 5, the RMS images show that as the Weberbeurincreases, the high fluctuations contour ameoimes
finer. In this area which is distributed close lhe LOX jet for 3HA, a large proportion of tiny diegs is produced,
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Figure 5: Time averaged and RMS images for fourajreg conditions

3.2. Droplet velocities

The effect of the atomizing gas, Mr He can be studied with PDI measurements orrdigu mean droplet axial
velocity is plotted versus the radial position loé tmeasurement volume for three operating poifs:88 and 4H.
The size of each disc representing a PDI poinirectly proportional to the mean droplet diamddgp. We notice
that for a defined operating point the more rapithe axial velocity, the smaller is the mean dsap indicating that
the droplet size is driven by thee;, as proposed by [17]. The velocity radial profigge not symmetric with respect
to the injection axis, showing that the perpendidty between the orientation of the injector aaisd the PDI
velocity orientation is barely satisfactory. Therease of the axial velocity with radial distanoenf the centreline
was evidenced by Pal et al. [3] on water/N2 sheaxial injectors and they also noticed that theeigy reaches a
maximum at radial distanc&/D, > 2, and then decreases for greater radial distadue to a lack of droplets for
distanceX/D, >1.5, we did not obtain PDI results so far frore ihjection axis. This lack of droplets could be
explained by the measurement volume location wisatioser to the injector inner post [¢k5) whereas in other
studies, the PDI axial location is usually furtdemnstream aZ/D, >10 for [3] or [16].
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Figure 6: Overview of the radial velocity profileseasured by PDI in different test cagé 8H and 4H

3.1. Drop-size measur ements

From 8N case data shown on figure 6, the radialutem of the mean droplet si4®,, slightly decreases radially
until X/D_.=1 and then, as the distance from the injector exigeases the trend is less clear. The decreaswaih
diameter has also been observed by Pal et al.[3] spray produced by a water/N2 shear coaxial timjeand phase
Doppler measurements. They also noticed an impreménof primary atomization with the increase of the
momentum flux rati@, inducing a decrease of the mean drop size.

The radial evolution of the drop size is also pnéseé on figure 7, by the pdf (probability densitinétions) of the
operating point 8N. The above mentioned trendesar@r with such a diagram: the mean drop size deeseradially
as the pdf is translated towards the small sizes.shallest droplets are encountered at the funtiesition from the
LOX jet axis, on the edge of the spray ¥iD,=1.4. For this position on the edge of the sprhg, RDI data rate
(droplets collected by second) is relatively lovedease the droplet density (number by volume) idisihtakes time
to acquire data even with a good PDI validatior gt 60%). Such a high validation rate probablyidates that
most of droplets are spherical, for this positinrthe spray. As the PDI measurement location carteser to the
LOX jet, the PDI counts more patrticles by secontithe validation rate is lower and usually a vdiiola rate of
about 20% is obtained arouxdD, =1. The biggest liquid elements of the drop size sfagecto the center of the
liquid jet, due to their inertia, as their radialocity V,, obtained by PDI diameter/velocity correlation t(sbhown
here), is low. Droplets are smaller on the edgehef spray due to the effect of aerodynamic forcesvell as
vaporization, reducing the droplet size. On theepthide, as the PDI measurement location comegrctosthe
injection axis, the overall shape of the pdf imslated towards bigger diameters, uKtiD, =0.56.
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Figure 7: Radial evolution of LOX droplet sizes &\ case (X/P=1, Z/D,=4.5)

4. Conclusion

Understanding the physics of the atomization fospecific injector is important for building thewsieon the
subsequent dynamics of vaporization, mixing andlustion. Those theories can only be validated Ipegmental
data that detail the droplet-size and velocityriistions under various operating conditions, riegcor inert. There
is a lack of experimental data in the liquid rockeine literature because of the harsh environrfenbptical
diagnostics in liquid propellant rocket engineg #afety aspects to consider when working withidigpxygen and
the expensive nature of the experiments. With tippert of CNES, this experimental campaign ledrtupesize and
velocity measurements in various operating conaition order to describe the spray produced by arsteaxial
injector in non-reactive conditions, representatifea single element of a liquid rocket engine. Reynolds and
Weber number ranges are closer to the conditionactifial rocket engines than in our previous expemis
investigating the primary atomization zone. Thipenmental test campaign in inert conditions way Yeuitful of
data in terms of injection conditions and greatlgreased the database of the Mascotte experimentateacting
injection cases. This database will help to butlh@zation models for predicting initial drop sidestribution that
are integrated in more complex CFD codes. Inddesl |dcations of the PDI measurement points areedoghe
injector at a distance that could be used to ieitihe primary breakup processes.

The perspective of this work is to fit the expenta distributions on mathematical models exisimthe literature,
the log-normal and the gamma law for example, & lihe pdf shape to the physical parameters dritirey
atomization process. We are also focused on thaimgacases and building an experiment to meashwealtoplet
size and velocity in an experimental fire test cagiéhin a LOX/H2 jet flame, in fiber type injectioconditions, to
address the influence of the flame on the dropmieduced by a shear coaxial injector.
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