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Abstract

In the frame of the European framework programnEF7), the In-Space Propulsion (ISP-1) project
was initiated in 2009 with the objective of improgi knowledge and techniques required by future
space missions relying on cryogenic propulsion. Onhe work packages addresses remaining open
issues for the use of oxygen and methane for inespaopulsion: liquid-liquid injection, ignition dn
combustion at low pressure, film cooling and sootnfation. This paper deals with the work
performed since the last Eucass symposium in 2@#1naainly devoted to the use of data acquired
and models developed during the initial periodriden to validate these models by CFD computations.
Another part of the activity was the test of doubhérled liquid injector. Through theoretical arsdg,
modelling and experimental work, this project hamlde improving the maturity of technologies
which are key elements of cryogenic space propulsystems.

1. Nomenclature

CEA Chemical Equilibrium with Applications

CFD Computational Fluid Dynamics

EUCASS European Conference for AeroSpace Sciences

DLR Deutsches Zentrum fir Luft- und Raumfahrt (Genmi\erospace Center)
LCH4 Liquid methane

LOX Liquid oxygen

ONERA Office National d’Etudes et de Rechercheo&gatiales (French Aerospace Lab)
URANS Unsteady Reynolds Averaged Navier Stokes

LES Large Eddy Simulation

LTCP Low Thrust Cryogenic Propulsion

NHFR Net Heat Flux Reduction

Pcco Chamber pressure without film

Pcc fim Chamber pressure with film cooling

G Total mass flow rate without film

A Total mass flow rate with film cooling

RCFS Regenerative Coolant Flow Simulation

2. Introduction

During the last decade, a renewed interest aroseethane as a liquid rocket propellant. There reentsporadic
interest in this propellant since the early 1960dhie United States, however, no serious developaetivity or

flight vehicle has used this relatively inexpensarel easily handled cryogenic fuel. Methane/oxygehket engines
offer potentially significant life cycle mission eahtages compared to traditional rocket propellarsisd in the
United States today. Liquid methane (LCH4) anditicqpxygen (LOX) propulsion is very competitive bdsmn bulk

density impulse compared to current booster argpate propellant combinations traditionally usethyo[1].

The likely potential for new rocket vehicle devetognts that support space exploration and the coniahenarket

has revived an interest in methane oxygen propulksystems. These propellants offer multiple advgegaompared
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to their counterparts. Major advantages include ¢hpability of the fuel and oxidizer being stored samilar
temperatures, non- toxic, relative ease of handlunmgng launch vehicle operations.

In Europe, up to now, only preliminary studies #atdalscale testing activities have been carriecboutnethane ([2]-
[5]). These activities have been performed mainlthie frame of medium launcher main stage propu)sar which
the global advantage of methane is presently regrckonsidering in particular the developmentrefBut, if we
consider the application to in-space-propulsion loim@ with innovative concepts, and materials, |catimane
propulsion is a good candidate. Nevertheless, brasigarches are required before considering aratpeal engine
development. In addition, in space propulsion itti@es new requirements and possibly the use oftaelnical
solutions that haven't been studied so far.

To improve the knowledge and the techniques whiehnacessary for future space missions’ cryogeropuision,
the project In-Space-Propulsion (ISP-1) was iretigin 2009 within the framework of the European pRagramme.
ISP-1 does not focus on the early launch phasespfae flight, but on the technologies involvedhea subsequent
phases of a space mission, once the spacecrafiper stage has already been placed in orbit. HérE@rogram
name “In Space Propulsion”, which applies to lawndhpper stages, orbital transfer vehicles or seapéoration
vehicles. The activities in ISP-1's different wgelickages are focussed on the concept of Low Tl@ngigenic
Propulsion, which have been presented in previobdigations.

The ISP-1 program is structured into five main wpdckages which deal with various technologicalidifties
associated to the development of a Low Thrust GegagPropulsion system [6] and serve the purposmpfoving
the maturity of technologies which are key eleme@fitsryogenic space propulsion systems.

The second work package of ISP-1 deals with oxygetiiane propulsion. Indeed, this propellant contlmnas a
possible answer to the contradictory requiremefitpesformance and long duration in space. Consdtyehe
project will aim at extending the present knowledgelL OX/methane combustion to its use at operatimgditions
typical for in-space application through researchimjection, ignition, combustion, soot formationdaengine
cooling six main tasks have been defined to pragadeng the main research axes. They combine nioglell
activities for propellant properties and combustiaith simple configuration tests to validate mouhgltools and
more representative tests to increase the techkicavledge in liquid/liquid injection of cryogenropellants.

Each work package is led by a main contractor tesbisy several partners who are in some case rogjeersities,
taking advantage of the know-how of large or smatdustrial organizations combined to the thecosdtexpertise
of research laboratories. The LOX-methane combustiork package is led by ONERA (France) with main
participation of University of Roma (Italy), DLR dm\strium (Germany) [6].

In 2011, activities on reference engine definitiphysical and chemical characterization of LOX/ragh system,
steady state combustion and ignition data acooisitiave been presented in the framework of theEdcass
conference [7]. The present paper deal with theareimg activities: CFD simulation of steady statwl agnition,
liquid/liquid experiment and film cooling experinteand simulation. In each case, several approaches been
considered as far as possible and are presentkis ipaper.

3. CFDignition

The CFD computation simulates tests realized ontésé bench M3 at DLR Lampoldshausen, which has bee
presented in details in several papers ([7]-[10]).

The quantitative analysis of the events connectéu tive ignition sequence in the M3 chamber caodreéed out by
adopting the assumption inherent in the so-caleell*stirred reactor" (WSR) or "continuously stiréank reactor”
(CSTR) models. These models allow carrying outdbesitivity analysis with respect to many importaypstem
parameters (pressures at manifolds and at outfttvamber volume, fuel and oxidizer time sequencarpaters,
type of reactants, power level of the energy ddmosi equivalence ratio of reactants, type of inert
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filler, geometry of injector pipes and nozzle). Téfere, a preliminary question involves motivatitg making of
costly and tedious CFD analyses, such as those lmas&RANS or LES models. In fact, there are asti¢éao very
significant transient phenomena that cannot beiaaeld with the assumption of perfect mixing, bessathey are
inherently multi-dimensional in nature (at leasbtdimensional axisymmetric), and are (i) the depsient of a
large recirculation region surrounding the jet eatary from the co-axial injector, and (ii) the oc@nce of a strong
blast wave [11] triggered by the laser pulse usadignition. Both phenomena crucially affect the dalities of
ignition and re-ignition of the cold reactant jetering the chamber from the single co-axial imject

URANS and LES approaches have been envisaged ifocdlculation. All the details for the ambient @dations
can be found in ([10],[12]). Both URANS and LES siations predicted larger-than-experiment chambesgure
peak value and growth rate. However, 2D axisymmeatfRANS and 3D LES simulations agree each othea by
large extent. It is therefore conjectured that ssfisle mismatch with the experimental data mighthiezecause of this
discrepancy. Other possible causes can be seamhedg those that might produce a larger-than-exysri
amount of CH4 and O2 in the chamber at initial tifis say for example the neglect of the amountisbgen
filling the propellant manifold (volume of pipe(between the probe and the boundary conditionsa éoo quick
spread of the supersonic oxygen jet by numericaiiation, which might cause an excess of oxidattié chamber
at the instant where calculation begins. Given thatURANS simulation has been extended for a sfration of
the test duration (150ms vs 4s), there are impbdasastions still unanswered, and among the mogbitant we
have: might other re-ignition occur given that gnfficant amount of hot products are still presarthe chamber? If
re-ignitions occur, will the flame be able to stajtached"? And in this case, what is the anchomieghanism? The
experience gained in this work indicates that RANS axisymmetric calculations can be effectivdijeao provide
a rather detailed picture of the ignition eventlse# there remains a number of issues for the tifagine accuracy of
the URANS predictions, (ii) 2D axisymmetric URAN83-D LES provide predictions in satisfactory agnent,
even when rather different kinetic mechanisms Hasen adopted. The CFD analyses here reported dffered
interesting contributions in the understanding ofitamber of critical ignition phenomena, which aifficllt to
appreciate on the basis of experimental diagnoatarse.

The low pressure calculation allows to improve tent combustion modelling and to apply the methoglp
previously developed at ambient pressure and smigoition conditions to a different case at low gmere and
strong ignition conditions.

Instead of using a mixing step to take into accduntbulent limiting effects, as proposed by Grenandl Vingert
[13] and used in ambient case CFD study [10], ekétied flame model was used to better discretedldme front
and to reproduce flame wrinkling with turbulenceneTThickened Flame Model for LES (TFLES), which was
implemented in Cedre by Sainte-Rose ([14],[15]) asdd in this study, increases the flame fronktéss to spread
it on more points on coarse grids. The aim is t@ giccess to the accurate laminar flame speeditin aiptoo few
points to discretize the flame front. The Dynamtickened Flame (DTF) formulation of the model, peed by
Legier et al. [16], was preferred to the originairiulation because reactant mixing in the prestlysis partial due
to separate injections.

This computational strategy was able to reprodheecombustion chamber pressure rise during ignéiut flame
growth with a strong ignition process (Figure ljgttfrequency pressure fluctuations are discremsneiay caused
by the ignition procedure and combustion modelligich have to be improved. Finally, flame lift-off not well
reproduced because of not detailed chemistry miadelFigure 2).
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Figure 1 : Temporal evolution of chamber pressoragared to measured signal..
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Figure 2 : Comparison between measured OH* figft)(and CFD heat release rate (right).

Regarding CFD, firstly a very important work hasbhelone to simulate ignition of DLR M3 combustorodé|
comparison, on one hand, between RANS and LESparite other hand, between ambient pressure consliind
low pressure conditions, has shown that modellllgva simulating the main phases of the ignitiogusnce. Areas
for improvement and “good practice” were identifiddring a dedicated workshop. Particularly, codedusniust be
able to deal correctly with highly compressiblenfl since there are shocks and high Mach numbttreirinjector
and a blast wave at ignition. The increasing comipl@pproach should be generalized, as it peratitgery low cost
to evaluate a first order of magnitude of globa¢pdmenon. On counterpart, ignition procedure sderhgve quite
low influence on later development of the flamé:pabcedures that give sufficient amount of endrgthe chamber
on a sufficient spatial zone are equally good fartsg the ignition.

4.  Film cooling

4.1.  Experiment

An important open issue of the LTCP engine is tha@neber cooling. Indeed, regenerative cooling regué higher
pump power due to the pressure loss in the regéwverarcuit, which is contradictory to the stagsguirement.
Consequently, it is assumed that film cooling is timly cooling technique to be applied. Film coglexperiments
were performed on P6.1 test bench of DLR [17].

For this purpose DLR has manufactured a gas/gastarj head, which has been installed a segmentsdgi®ients
each 50 mm long) water-cooled combustor using @tieg nozzle with a contraction ratio of 3.2 (FigL8).

Injector head

film injector Water cooled

cylindrical segments  Nozzle
D=50mm L=50mm

Figure 3 : DLR Segmented combustion chamber mdgel “

Injector head contains central igniter and 15 calaixijector elements without recess and with taygeaf 10°. The
injector elements are positioned on two differdtttpcircles with two diameter d1 = 19 mm and d28mm. The 5
injector elements have been arranged in inner @ D injector elements in outer row. The elemdatesn 5
identical triangles. This pattern design providasfarmly distribution on the local combustion zonesd
corresponding ensures the uniform thermal loadshenhot gas surface of the combustion chamber Wlhn
injection is implemented between the injector head the measurement segment. The methane at ambient
temperature flows from ring slot [17]. In the pretal test row two slot dimensions, 0.46 mm (sn&til 1.0 mm
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(large), have been employed. The first slot dim@mmsiorresponds to a velocity ratiQ/vs, (Vo Ccalculated velocity
of the hot gasvsm- film injection velocity) of nearly 1 and the sexbslot dimension to a velocity ratio of nearly.0.5
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Figure 4 : Test conditions

Each test case has two load levels; with film eaplfA) and without film cooling (B). The test cotidns without
film cooling have been used as a reference forddgtermination of the cooling film efficiency. To kea better
comparison of the test results the mass flow dverirtjector head has been kept constant indepeffidentcooling
film mass flow. It leads to an increase of the castlon chamber pressure by film cooling due to @il methane
mass flow in to combustion chamber

The heat flux to the water-cooled wall and heatgfar coefficients will be calculated using a calwtrical method.
The flux is computed knowing inlet and outlet temsgere, and the mass flowrate, deduced from pressur
measurement as well. Additional temperature sensegsure the surface temperature in the segmeistige 1mm
from the hot gas surface. Combining with the meam@nt of wall temperature and chamber pressures leathe
evaluation of the heat transfer coefficient forreaegment. The measurement error has been estiemEa + 5%
for heat flux density and ca. + 15 K for surfaceaperature at current thermal loads.

By investigation at the rocket engine typical teshditions it is impossible to reach adiabatic ¢oods by low

cooling film mass flow. For the protection of thest specimen additional convective cooling is nezgs Therefore
it would be not correct to use for the adiabatie wall typical cooling film efficiency criteria. Fdhe determination
of the cooling film efficiency the (NHFR) has beeased:

08
Js P
NHFR=1 - qfﬂ e 1)
G Rec, fim
P 08
The equation par ceo is based on the proposal by Bartz and considersnftuence of the increasing
CC, film

combustion chamber pressure due to an injectidheofoolant film. Examples of results are givenurégs
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Figure 5 : cooling film efficiency, small slot (i¢fand large slot (right)

Test results will be used to evaluate CFD tools.tRis purpose computations will be carried ouAstrium, DLR
and University of Rome. Preliminary results areorégd in [18].

4.2, Calculation

Computations are performed following two approacimeshe first one, load points are simulated wRbcflam-II,
Astrium's standard tool for combustion chamber ysisland design. In the second one, load pointlations are
carried out with a suitably simplified RANS apprba@he results are evaluated and compared to &t order to
identify possible subjects for simulation model hayements.

Rocflam-Il is Astrium's axis-symmetric Navier-Stek8olver with incorporated Lagrange module, whikbwes the
injection and tracking of liquid droplet parcels. standard ke turbulence model is implemented with a 2-layer
approach at the wall. The CH4/02 combustion chewnisttreated by a ppdf chemistry model (equilibrjuaking
into account turbulent combustion). The followirgesies are considered: CH4, 02, CO, CO2, H2, H2B4ous,
liquid and solid), OH, H, O. Rocflam-Il is Astriusn'standard tool for analysis and design of rockenhlustion
chambers and in-orbit thrusters. The coolant cHamsystem is simulated with RCFS-II, Astrium's Nufel
correlations based engineering tool for the desifgrooling channels and coupled with the Rocflaraithulation for
the combustion process. Within this coupling thél Wwaat flux is derived from the Rocflam-II simuiat and the
resulting wall temperature is determined with RAESAs the measured flow rates are prescribed, utated
pressure can be directly compared to the experahessults.

with film

——

B e ——

temp: 0 500 1000 1500 2000 2500 3000

without film

Figure 6 : Temperature distribution inside comtarsthamber B for test cases 1 (bottom, without)fédvmd 2 (top,
with film)

All the nine computation results showed that a gagteement between test and simulation can be edadthe
maximum deviation reaches about 3 % for test cadtbout film, about 6 % for test cases with filnr fa large film
slot and an almost perfect matching for a smaih filot. This comparison can be used as an inditdtio the
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prediction quality of combustion efficiency achigveConcerning heat fluxes, a comparison of the kitad wall
heat flux with the measured values reveals thatpthteau value, corresponding to the downstrearmbka wall
before nozzle entrance, is predicted a little doit high for all cases; however, the overall agregrbetween test and
simulation is quite good. Nevertheless, hot gad teatperature distribution obtained for test casad 2 compared
to values derived from test data (approximatedesfoom thermo couples installed in a bore at 1distance of the
hot gas surface) show that values derived fromdata are significantly lower than the predictioHewever, the
test values seem to be very low — approx. 400 Kaline entire combustion chamber without film cogliat an
increasing combustion temperature reaching mome 3080 K towards the throat.

To take into account the mass flow variation, NHERIso evaluated for the performed simulations @ dpared to
test data. For all six diagrams the NHFR in testigmificantly higher for the first chamber segmenmpared to
simulation. For the segments further downstreanagreement is very good for the NHFR between t&st @ and 2
and between 1 and 6 but still improvable for tHeeotest cases. However, it has to be mentionddhbagrediction
of the mixing of the cold coolant film and the lommbustion gas is a challenging task, especiallgnaiaking into
account that this is the first approach in modgllime combustion of gaseous CH4 and gaseous ORwitiam-II.

At the same time, a simplified two-gas approach Ibesn pursued by Uniroma ( [17],[19]), using arhause
Reynolds-Averages Navier Stokes equations solvemrder to understand the main phenomena affectialy
temperature and heat flux in film cooled combustbambers.

In fact, in large engines turbulence mixing and bastion are typically confined to a short distafioen the injector
plate. Models able to resolve accurately these tewxghenomena involved in the near injection regiman hardly
be extended to full scale dimension. As a comprerbitween global understanding of the problem endie thrust
chamber and low computational cost, a simplifiegprapch is therefore adopted here to evaluate tia¢ load
coming from the hot combustion products insidettitast chamber. In the present simplified approaely injector
plate phenomena are neglected and equilibrium cetidyuproducts are injected in the chamber at thiabatic
flame temperature. Mixture composition and adiabdfiame temperature are evaluated by means of & C
program [20], prescribing stagnation chamber pmesand propellant mixture ratio. Mixture compositis used to
evaluate hot gas properties throughout the chamberact, the simulations are carried out consitgrihe
interaction of two gases with frozen compositiohot' gas” and “coolant”. Adiabatic flame temperatigenforced
together with mass flow rate and the assumptioaxadl flow direction as hot-gas inflow boundary ddion. Mass
flowrate, total temperature and axial flow direotiare also assumed as inflow boundary conditionshi® coolant.
Note that the coolant injector slot is actually aisymmetric slot in the experiments, so the erddrboundary
conditions enable to reproduce all experimentallartoinjection features, including injection velyci On the
contrary, the simplified injection assumption fastfgas does not allow preserving all injector pastars. In fact,
once hot-gas mass flow rate is prescribed, the @fiection velocity is a result of the axisymmetinlet section
chosen in the simplified approach. In the preséuntlys it has been considered important to preseisgances
between the hot gas flow and the coolant film aadifig a hot gas injection velocity that is repréatwe of the
actual average velocity of the burned mixture & ¢thamber. The injection section has been therefwwsen as the
annular section within the outer injector ring. #& coupling with the coolant circuit is availabéxperimental wall
temperature are prescribed as thermal boundanjtcamdt the chamber wall.

The numerical grid has been selected after a gndergence study on similar test carried out forgea/hydrogen
thrust chamber. The adopted grid together withpicef computed temperature flowfield is shown iglfe 7.

W N |
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Figure 7: Temperature flowfield and mesh arrangegmen
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Results show that, in this case of low wall tempem and large film coolant mass flowrate, the mmesevant

phenomena for the determination of heat exchangaraxing of hot gas with methane and convectivel \waht

transfer. In fact, a good agreement between expeatah measurements and the present simplified apprés

obtained for all the three test cases. It can bsemied that a slightly smaller heat flux is comdutd the

measurement point closer to injector plate. Disanefes in this region are expected because of theept
simplified modelling of the region close to injectglate. In particular, before diffusion of the tgas through the
whole available cross section of the chamber, atiiagas velocity is locally larger than the aygravalue used in
computations, thus affecting mixing and heat exgearConsidering the two other test cases, diff@srretween
computations and measurements are of the same @uaeparison between test cases 1A and 3A showslhef

chamber pressure, and the increase of heat flaxa@msequence of increased chamber pressure. iNdtedta of
two experimental runs of test case 3A are showentphasize the experimental measurement spreading @n the
basis of the available experimental inflow and wathperature data, the resulting numerical comjutsitprovide
quite superimposed lines, whereas heat flux measirew a more evident shift. The second comparisetyeen
test cases 1A and 2A, shows that, in agreement exiprerimental data, changing the mixture ratiohaf hot gas
does not affect much heat flux. There is only ahdlieffect in the region close to the injector eldfirst

thermocouple) which is not captured by the numésgobution.

As a conclusion on heat transfer modelling, botpbragches show overall good agreement with expeteaheiata.
The two-gas approach provides a reliable wall Haatprediction in the case with film cooling, whicould be used
for preliminary design in case of film cooling. Hewver, at least a simplified flame computation iedes in the case
without film cooling to reproduce the experimentedll heat flux trend, as shown in the results ¢f toupled
approach.

5. Liquid/liquid swirl injector

One of the objectives of ISP-1 project is gettingn@aw-how on liquid/liquid injector. During the §it part of the
ISP-1 project, a double swirl injector has beerateld. The selection has been made on the baséverfal weighted
criteria combined with several injector types [Cpld flows tests, with water and then with actuapellants, have
been carried out, followed by hot fire tests [Ah]fact, two injector configurations were used;tldfer from each
other only by the number of methane inlet holes tedthickness of the lip of the LOX post. Indet first one,
referred as Inj#l, is composed of a LOX post of far@ lip thickness and the LCH4 injector is fed wittholes of
diameter dpCHA4. Inj#2, is composed of a LOX post aim lip thickness and the LCH4 injector is fedhw holes.
In such an atomization device, a gas core existhdrjet, and the liquid is limited to a thin sheéia few hundred
microns of thickness, the exact value dependingherfluid. The recess numbeérRN=Lr/Lc whereLc is the length
between the LOX post exit and the point where tkXLsheet impacts the internal wall of the £pbst) is an
important parameter which quantifies the intermgbinging position of the LOX sheet on the fuel pdsdte break-
up length seems to increase with the increaseeofagbess number. Kim et al. [22] defined threeedéffit injection
regimes: external, tip and internal mixing injectidhe recess number in our case belond91®.7; 1.3. Thus, the
first two casesRN=0 andRN=0.7) are considered as external mixing injectfonwhich the interaction of the two
liquid sheets is not affected by the outer walN=1.3 is considered as internal mixing injectioa, the interaction of
liquid sheets occurs inside the injector.

For optical measurements, we used two high-speaedsified cameras, one operated by Onera and oitd_By to
record the emission signals of OH* and CH radicRissults were compared with the ones obtained ftoshear
coaxial injector, commonly used in cryogenic rockagiines. The combustion stability behaviour of ftame was
also investigated, based upon the injector geometry

When actual fluids were injected separately (Figdkethe cone angle of the oxygen spray was ab@utwhereas
the one of methane was approximately 120°, as anelic by dotted lines in Figure 8. For the recesafsttor
RN=1.3, andROF= 1, the two sheets interpenetrate on the L@bist wall, and probably lead to a much better
mixing.

During the hot fire test, combustion exhibits samegh combustion with frequency around 50 Hz whghisible

for recessed injector. Without recess this levellawgtuation is quite low. This instability was eldy coupled with
the liquid oxygen feed line. This fluctuation ditlappear during preliminary tests where methangéeature was
probably slightly higher.
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Figure 8 - Results obtained for actual propellaois flow tests with the biswirl Inj#lwithout recegOxygen side
alone (top) and methane side alone (bottom). Thteddines indicate the fluid cone angles.

Beside low frequency instabilities and thermalssess of the windows, a third difficulty was encawad during this
campaign: the frequent occurrence of hard startspréssure peak occurred in the LCH4 injection linet

immediately at the ignition but during the transiahthe moment when the liquid methane first redcthe flame
zone.

Moreover, an ice film always appeared on the upstreide of the windows due to the mixing of theaevatapour
contained in the combustion products and liquidhaeé, yielding to dark images for the close vievages and
inducing difficulties to obtain information on tlterresponding part of large view images. Thusrieoto visualize
the vicinity of the injector, images were also takkiring the ignition period. These are nevertiehest completely
relevant for the objective of the study becausénbeginning of this phase, the injector doesatkvin liquid/liquid

but in liquid/gas conditions (liquid oxygen and gass methane). The flame anchoring is locatedeatiphof the
swirl injector. This scheme is different from theagial injector case, for which the flame behavesarlike a jet
flame, with a narrow radial spread (~30°) and &nlidH* signal in the central zone along the injectaxis. Indeed,
the bi-swirl exhibits a bulb probably due to thegance of a central recirculation zone, whichgcgl for this kind
of swirl-stabilized flames Figure 9.

5

s -

Figure 9 : Example of flame during ignition (lefthd main stage (right)

As a conclusion, results are compared with a coanjactor reference case and with literature. Toeible swirl
injector produces a more compact flame, comparateaoaxial injector for which the flame looks mdike a jet
flame. The flame seems to be anchored at the tipeoinjector for all cases. For the bi-swirl irfj@calone, the effect
of the recess seems to produce a narrower andrlflagee. Based upon the results obtained in this studyptss
setup for bi-liquid swirl injection seems to be aderate LOX post recess lengtiRN < 1), as it produces a
relatively smooth combustion and a better mixinghef propellants.

6. Conclusion

This 3-year project combined modelling and expentakeworks leading to test case use in CFD comjmutat

Over these three years, several models have bemediéollowing three directions: species thermaaiyrics. First
of all, concerning the species involved in Lox/Maatk combustion a database and equation of stateixture have
been derived for large range of temperature andspre, at the operating conditions for ISP-1 takggtalso for
high pressure.

For combustion, a low pressure chemical kineticsh ®4 species and 103 reactions has been estadbli§ut it
requires a lot of computing time, thus it was digiapplied in ignition CFD computation. Such eaftion could be
a good candidate for European HPC projects (PRACE).

Combustion with hydrocarbons means also soot. Aoldctivities have been carried out for methanelmastion
and several models exist in literature but in Aitrial of adaptation of such a model to pure lgjoxygen has been
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attempt but this yields unrealistic concentratianhagh temperature. It appears clearly that anreffoust be
continued and new data on soot production mustheiged for combustion in pure oxygen.

Despite some difficulties related to any experirméntork, we managed to provide databases for mmitnd

combustion of oxygen / Methane jet and heat transfthe presence of film cooling as well.

Various type of CFD calculations, from simplifie® 2wo-fluid approach up to fully 3D LES, applied tfeese test
cases have also enabled to implement a wide rahgedel and they have broadened the range of walafithe

tools.

Finally, the design, fabrication and testing ofaaulble swirl injector have enabled to collect uséfifbrmation on the
efficiency and stability of combustion as well he shape of the flame that will be very usefultfe final selection
of a engine for in-space propulsion.
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