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Abstract

Temperature fields in a combustion chamber fed gétbeous methane and oxygen were investigated on
the Mascotte test rig of Onera. The measuremente werformed with two CARS systems used
simultaneously to probe both hydrogen and waterowvap the whole flowfield, at 1 MPa for two
different mixture ratios (O/F). Good agreement whtained between the temperatures profiles deduced
from the H and the HO CARS spectra, with high validation rates (ratib spectra successfully
processed compared to the total number of lasds)sfar both. These results provide quantitativeada
which can be used for validation of CFD codes.

1. Introduction

Temperature fields in a single element combustdrviéh gaseous oxygen and gaseous methane werstigated
using CARS (Coherent Anti-Stokes Raman Spectrogctiigrmometry on the Mascotte test rig of Onera [2] in
the framework of the European program ISP-1 (Inc8pRropulsion) [3]. This program is devoted to shedy and
improvement of knowledge of technologies neededeteelop a rocket engine working with liquid oxygeamd liquid
methane for various space applications. The itenctwis addressed here corresponds to oxygen/mettzanbustion
at high pressure. Motivation of this work consistshe acquisition of an experimental data basduture validation
of numerical models and computer codes.

2. Description of thetest facility and of the combustor

2.1. Mascotte, version V05

The cryogenic test facility called Mascotte waseleped by Onera to study the different elementaoggsses such as
atomization, droplets vaporization, turbulent costian... which are involved in the combustion ofyagenic
propellants, usually liquid oxygen (LOX) and gasedwdrogen. Mascotte is aimed at feeding a sintgenent
combustor with actual propellants. Five successamions of this test facility were built up, eamfe representing a
new step towards operating conditions closer taacbcket engines. Version V04 consisted of adaptiie bench to
the study of LOX/methane combustion, a new proptdlaombination which is a candidate for futuresedle launch
vehicles. The fuel feed line comprises a heat exghawhich was designed to continuously cool a nflagsrate of
100 g/s of hydrogen from the ambient temperaturE0® K during a test duration of 30 s. This exclearig powerful
enough to liquefy the methane at the maximum regqdemass flow rate of 250 g/s, well suited for stigations of
gas generator type operating conditions: injectibliquid methane together with liquid oxygen. Thisility will be
operated in the second set of the ISP program, feseseen in 2011 and 2012. In the first set hareonly gaseous
propellants at room temperature were injected, whias possible thanks to the fifth extension of dddte. The latter
indeed consisted of adding a gaseous oxygen lihdewall the previous versions were exclusively ated to the
injection of liquid oxygen.

Figure 1 shows the Mascotte V05 operating domabursat 1 MPa, in the gaseous oxygen - gaseous methase
flow rates plane. The isobaric lines are determifoech nozzle throat diameter of 12 mm. The iso¥dd, where J is
the momentum flux ratio JpV3chdpV20, , are computed for a classical coaxial injectothwihe following
dimensions (LOX post inner diameter DI=5 mm, LOXspouter diameter Dn = 5.6 mm, ¢Bleeve outer diameter
Dg = 9 mm) and both propellants injected at roomnperature (288 K assumedjhe two operating points
corresponding to the mixture ratios M=1 and M=2 dhe theoretical pressure of 1 MPa were retainedthis
campaign. They are also indicated on the diagram.

Copyright0 2011 by the authors. Published by the EUCASS am$ociwith permission.
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Figure 1 — Mascotte V05 domain around 1 MPa

2.2. The high pressure combustor BHP

A combustor adapted to high pressure operationdeasloped together with the third version of Maseadt is still in

operation and is well adapted for the CARS tempeeameasurements because the visualization moslufe@vable,
so that the windows can be located at any longitlddosition between x = 0 (injector exit) and 480 mm (nozzle
entrance). Figure 2 shows the combustor and the &A&up around it for the three positions whichenactually
used in this campaign. In position 2, the probein is located at 65 mm downstream of the injeekit; in position
3, itis at 105 mm, and in position 5, at 210 mrhe Tirst position was not used for CARS measurembant for OH
radical imaging.

= & - .
Position 5 : July 71, 2010

Position 2 : June 29, 2010 Position 3 : July 2nd, 2010
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Figure 2 — CARS setup around the Mascotte combustiamber
3. Test principle

3.1. Choice of operating points

The codeCoppeliaof Onera was used to compute the composition e@fgdeseous mixture at equilibrium fop-OH,
combustion at 10 bar, and for mixture ratios (@#fging from 0.1 to 10. Figure 4 shows the obtaimags and molar
fractions of the major species: methane {CHbxygen (Q), water vapor (KO), carbon dioxide (C§), carbon
monoxide (CO), and hydrogen {lHOne can see that the molar fraction of hydragenaximal for a mixture ratio of
1, and remains important for a mixture ratio ofAbove 2, it decreases rapidly. As I8 one of the probe molecules
used for CARS thermometry, this gives a secondraegu in favor of operating points at O/F below heTirst
argument is the thermal resistance of the combustiamber because it is not actively cooled; itksamnly as a heat
sink. The maximum temperature it could stand woctdrespond to an O/F of 3, but only for a few seson
insufficient for CARS measurements with reasonadiitistics. One has to remember that the CARS igquén
provides instantaneous values, and that they haveetrepeated on the delay of the combustion ruobtain a
statistical sampling allowing the determinationnoéan temperatures and standard deviation. As fsditien rate of
the laser is performed at 10 Hz, at least 10 sexohdteady states are required.

The operating points retained for the CARS thermoymeampaign (see table 1) differ only by the mathanass flow
rate. It is reduced from 40 g/s for the mixturaadl = 1 to 20 g/s to for the mixture ratio M = Bhe nitrogen film
mass flow rate is 15 g/s in each case. These paistslightly different from the ones shown on fgyd because the
diagram was simulated without taking into accotmet nitrogen film used to isolate the windows frdma flame front.
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The experimental pressure may also be ten or ewenty percent above 1 MPa because the exact eifetiie
nitrogen flow is complex to predict with a OD cdetion. The result depends on the behavior of ifhe 1f this one is
destroyed via a preferential diffusion processogien is completely mixed with the combustion gas®s heated. In
the opposite case, nitrogen remains close to thleatva temperature much lower than the core offline. And it is
obvious that in the first situation, the expansadrthe nitrogen produces a larger rising of thespuee than in the
second case
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Figure 3 — Mass and molar fractions of major speateequilibrium versus mixture ratio

Table 1 — Operating points of the Mascotte CARSgagn

MixtureratioM=1 MixtureratioM=2
O, mass flow rate 40 g/s 40 g/s
CH, mass flow rate 40 g/s 20 g/s
N, mass flow rate 15 g/s 15 g/s

3.2. OH* radical chemilumiscenceimaging

Emission, i.e. chemiluminescence, of OH* radicalased to locate regions of intense combustioniafed from OH
takes place in the near UV range between 306 afdnB8®2[5]. Emission bands are clearly separated fitoose of
oxygen and water. Detection is achieved with aensified ICCD or CMOS camera. In our case, we h&udigceton
camera with a 16 bits depth for low speed (4 imggssecond) and a Photron camera for high sp€¥D (ames par
second) recording. Both were equipped with appaterintensifiers and Nikon UV objectives. A UG-5h8tt glass
filter blocks radiation above 400 nm and two WG Efhott filters suppress radiation below 283 nmlevpassing
306 nm and 320 nm where chemiluminescence is obdelhe cameras were installed on both sides afaheustor
at right angles with respect to the axis. Emissinages provide the instantaneous signal integrated the line of
sight (i.e. over a line orthogonal to the axiakdiion). It is not possible to deduce the localiealfrom an observation
under a single viewing angle. However, the instaebas images may be averaged and the resultingnugabe
processed through an Abel transform to determigentiean volumetric light intensity distribution [6[his type of
numerical tomography is suitable if the flame isuased to be axisymmetric and if self absorptiotheflight radiated
by the flame is not too large.

Prior to the temperature measurements, OH imagisity were performed to provide information on therall shape
of the flame and on the mean flow structure.

Figure 4 shows that the flame shape is not muacttft by the increase of the mixture ratio frono 2t The images
recorded with the optical windows in the first gmsi show that the OH* emission appears in the idliate vicinity
of the injector and that the flame angle is nedinly same for M=1 and M=2. Only the RMS values & light
intensity indicate that the turbulence level sedmgher for M=2 than for M=1. Larger differences app when the
optical windows are in position 5. For M=1, thenfi@ is completely closed in this region, while for®] a significant
emission of OH* subsists at the end of the optigaldow. Both mean and RMS value show that the flaiosure is
not far from this point, but there are many instaebus events where the flame is still preseriteaénd of the optical
window. The green dots on the images correspotitettocations of the probe volume for CARS thermtyyne
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Figure 4 — Mean and RMS OH* images for mixturead®/F) M=1 (left) and M=2 (right)
Optical windows in position 1 (top) and in positibr{bottom).

3.3. CARSthermometry

Coherent anti-Stokes Raman scattering (CARS) speaxipy of the hydrogen and water vapor molecules widely
used in the past for temperature measurements dketrcengines because these molecules are presedmghn
concentrations in nearly all regions of LOX/@High-pressure cryogenic combustion systems [4rB}he present
experiment, the same experimental procedure wasneet. Temperature measurements were performed twih
CARS systems used simultaneously to probe bothogylr and water vapor in the whole flowfield. Thstfione was
operated by a team of the Department of PhysicOrmdra, and the second one by a team of the GeRégelics
Institute (Russian Academy of Sciences) of Moscoactyally working as a subcontractor of the DLR/
Lampoldshausen). The first optical bench compriaeBequency-doubled injection-seeded Nd:YAG lased a
broadband dye laser that generate the pump argtdikes beams required for the multiplex CARS meamants. The
Stokes laser is centered at 683 nm to excite thea@eh of hydrogen with a 200 &nbandwidth. The second laser
bench used to probe water vapor consists of a besatldye laser pumped by a multi-mode Nd:YAG laBeth laser
pulses are synchronized with a delay of 100 nsaateiporal jitter of 300 ns. The planar BOXCARSaagement is
used for the HCARS system in which referencing is applied systieally. For the HO-CARS system, a USED-
CARS beam geometry is used. All the beams are ¢berbined and focused in the combustion chambegusibh60
mm focal length achromat yielding the following i@l probe volume dimensions: 0.8 mm long and 180diameter
for the H-CARS, 2 mm long and 150 um diameter for th©HCARS (figure 5).
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Figure 5 — Experimental set-up

For each species, a specific data processing has Heveloped and used to reduce CARS spectra tmluse
temperature despite the lack of knowledge on theéuré composition in the probe volume. A librarypsé-calculated
theoretical spectra was generated at 50 K incresnewér a range encompassing the expected flameetatupe.
Libraries were calculated for various molar fransaf H and BO in order to characterize the effect of the lindthvs

on the resulting CARS spectral shape. The tempestwere evaluated by a weighted least squaresotheththe
measured CARS spectra with the theoretical spettra.accuracy of the temperature is assumed tagbal &0 10 %
for both CARS spectra. In the same time, th® kholar fraction is deduced from the ratio betwdenresonant part
and the non resonant of thgGHCARS spectra.

4. CARS thermometry results

The CARS measurements were carried-out for two réxeatal conditions (chamber pressure of 1 MPa,tuméx
ratios O/F of 1 and 2) and for three axial locadiopositions 2, 3 and 5 of the combustor moduld wiitical ports,
(figure 2), which correspond to downstream distance= 65 mm, x = 105 mm and x = 210 mm from thedtipn
plane. Five radial distances were investigatecefarh profile: y = 0 (on the flow axis), y =5 mmzy¥9 mm, y = 13
mm and y = 16.5 mm. An ensemble of 150 instantam@éemnperature measurements was recorded duringreach
with an uncertainty of 100 K. However the tempematfiluctuations induced by turbulent combustionesd by far
this uncertainty. The measurements also show rdeaue of a temperature evolution during the rurcatthg that the
process is stationary and that it may be charaetgdy histograms, mean values and standard dewsafrhus, figure
6 shows typical data obtained at 210 mm from thector, displayed with a temperature step of 10th&tching the
apparatus uncertainty. The temperature distribatidisplay the degree of burnout which depends piiynan the
mixing of CH, and Q.

Depending on the measurement locations, the vadidaercentage, defined as the ratio between théruof spectra
successfully processed and the total number of [aees, ranges between 0 and 100 %. Data progefssis when
the experimental signals are too weak reflectinigegilow instantaneous species concentration optbbe molecule
(H, or H,O) within the probe volume or beam steering eff¢ to large refractive index gradients preserthin
combustion chamber.

The mean temperature increases downstream frommjdtor (figure 7). The radial profiles are relaty flat, which
is not surprising at x = 210 mm where the flamelésed. Closer to the injector, no peak temperathegacteristic of
the presence of the flame front is visible. Thesogaof this result comes from the inadequacy ofGARS technique
allowing single point measurements and the finerasshe flame front which requires, for its detent the
acquisition of many single point measurements \ithery good spatial resolution. Unfortunately, éarch location
downstream from the injector, the temperature nremsents are only performed on five locations in thdial
direction, leading then to a weak probability taovd@ne of them precisely in the reaction zone. Higlidation rates
and low standard deviations mean that the mixwiguite homogeneous. Conversely, low validatiocgrages and
large temperature standard deviations would sh@aptesence of a region where species concentratitre probe
molecule and temperature fluctuate, demonstratiagptesence of an unsteady mixing layer betweemttez oxygen
jet and the surrounding methane flow.
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Figure 6 — Temperature histograms obtained wiliCARS spectra at 210 mm from the injector
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4. Comparison between experimental and numerical temperaturefields

First numerical simulations of the combustor, ofiegaat the mixture ratio M=1 and M=2, were achigussing a ke
SST turbulence model [10] with a turbulent Schnridmber equal to 0.7. The combustion model used WaSR
(Transported Partially Stirred Reactor) with thetdps global kinetics mechanism from Jones & Liedisf11]. The
principle of this combustion modeling is a competitbetween turbulent mixing and kinetic reactioa:is injected as
a different species, fm (“b"efore “m”ixing) and a « mixed is burnt » meldis applied to « activate »,@m (time
scale = turbulent time scale) when mixed with,CFhen, Q can burn following the kinetic mechanism. Thioigy
applied to Gbm since this is the default species and it isciej@ at the center of the domain. The overall kinet
mechanism used is thensin + CH,=>02+ CH;050,+CH,;,=>CO+2H; CH,+ HL O=>CO + 3 H;H,+ 0.5
0,<=>H,0; CO +HO <=>CQ + H,.

Figure 8 — Computed temperature field for M=1 (ap)l M=2 (down)

The temperature values obtained numerically anttguldn figure 8 are not yet satisfying. The looa of the CARS
measurements points, as well as the window posiéoa shown on figure 8. For example at x = 210 rtie,
experimental temperature profile is flat, aroun@@ ¥, while the computation shows that this locatimrresponds to
the closure zone of the flame. A maximum tempeeatiround 2500 K (orange) is expected on the axis avrapid
decrease at the edge of the flame. Outside ofldineef the expected temperature is between 140060@ K (green),
in agreement with the experimental values. The migaletemperature profiles extracted from Figurar8 plotted in
Figure 9, to be compared with Figure 7. Numeriealuits show very sharp gradients in the temperdigice These
variations are maybe not detected by the CARS meamnts because of the limited spatial resolution,they can
also be overestimated by the computation. BesithesCARS technique measures the temperature ofraecule
which has to be locally detected for evaluating thenperature, thus the experimental temperaturdilepris
characteristic of zone where,  H,O molecules are spatially and temporally preseitceSthis computation is
stationary, there are zones in the domain of sitimavhere no molecule of Hand HO are present while the true
physical behavior of the burning flow evidently ta@ins unsteady bursts of mixed gases containingeth®lecules.
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Figure 9 - Numerical temperature profiles

Since the OH* radical is not computed in the préseork, it is not possible to compare directly tdH*
concentration fields with the images of chemilunsitence. Nevertheless some remarks can be madeeon th
temperature field of figure 8. In accordance witperimental data, the high temperature zone isdoagd thicker for

the mixture ratio M=2. However, the flame seem$¢oquite too long for both computations. In Fig@iethe heat
release is shown for both simulations (along with geometry). This physical parameter is usefuhterpret the
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OH* emission images since it shows the region tériee chemical reactions. The “opening” of the helgase for
M=2 is not due to the main reaction betweenadd CH since Q is already consumed, but is due to the other
chemical reactions of the kinetic mechanism, paldity CH,+H,O => CO+3H. This chemical reaction seems to
occur later for the M=1 case.

Figure 10 - Heat Release for both M=1 (up) and Nd&vn) cases

5. Conclusion

Temperature fields in a combustion chamber fed widbeous methane and oxygen were investigated CIRS
thermometry on the Mascotte test rig of Onera enftamework of the European project ISP-1 on ircegaopulsion.
The measurements were performed with two CARS systesed simultaneously to probe both hydrogen aatérw
vapor in the whole flowfield. Measurements weref@ened at 10 bar (1 MPa). An ensemble of about 150
instantaneous measurements was recorded during@adi the burner, for the different operatingrsiof interest,
defined by the pressure and mixture ratio (O/F).

The temperature distributions display the degrebushout which depends primarily on the mixing of &hd HO.
Agreement between the temperatures profiles dedinoedthe H and the HO CARS spectra, in terms of the mean
and the standard deviations, is good. The higidatitn rates, defined as the ratio between the eurab spectra
successfully processed and the total number ofr lakets, highlight the interest to use CARS in ¢hagvere
conditions. Analyzing the complete set of data fes an insight of the flame structure which dekva high level of
turbulence as indicated by the standard deviatfdheoinstantaneous temperatures.

References

[1] Vingert, L, Habiballah, M., Vuillermoz, P., and &ach S. 2000. Mascotte; a test facility for cryagen
combustion research at high pressure5Ift International Astronautical Congress.

[2] Vingert, L, Habiballah, M. and Vuillermoz, P. 200@pgrading of the Mascotte cryogenic test benclihto
LOX/Methane combustion studies. Mith International Conference on Launcher Technoldgyace Launcher
Liquid Propulsion”.

[3] Ordonneau, G., et al. 2011. Oxygen-methane contusttudies in In-Space Propulsion Program. Ifi: 4
EUCASS

[4] Bourasseau, B. 1987. Programme de calcul des pafares des systemes propulsifs Coppelia. ONERA RT
7/3589 EY.

[5] Dieke, G. H., and Crosswhite, H. M. 1962. The witket bands of OH: fundamental dath.of Quantitative
Spectroscopy and Radiative Transf2197-199

[6] Candel, S. et al. 1998. Experimental Investigabbishear Coaxial Cryogenic Jet Flamésof Propulsion and
Power14:826-834.

[7] Grisch, F. 2009. Coherent anti-Stokes Raman soaitefCARS) in CombustionlLaser Diagnostics in
CombustionEdited by M. Lackner, Verlag ProcessEng Enginge@mbh .

[8] Grisch, F., Bouchardy, P., Vingert, L., Clauss, Wschwald, M., Stel'mack, O.M., Smirnov, V.V. 2004.
Coherent Anti-Stokes Raman Scattering Measurenaritigh Pressure in Cryogenic LOX/GHet Flames, in
Liquid Rocket Thrust Chambers: Aspects of Modeliwgalysis and Design, Progress in Astronautics and
Aeronautic200:369-404ed. par V. Young, M. Habiballah, M. Popp and J.Kkdul

[9] Jourdanneau, E., Gabard, T., Chaussard, F., Saig;LR., Berger, H., Bertseva, E. and Grisch, B72CARS
methane spectra: experiments and simulations fopéeature diagnostic purposds,of molecular Spectroscapy
246:167-179.

[10]Menter, F.R. 1993. Zonal two equationukturbulence models for aerodynamic flows. R#tth AIAA Fluid
Dynamic Conference.-21

[11]Jones, W.P. and Lindstedt, R.P. 1988. Global imacchemes for hydrocarbon combusti@ombustion &
Flame73: 233-249



