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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. @htihe work packages addresses remaining open
issues for the use of oxygen and methane for inespaopulsion:: liquid-liquid injection, ignitionnal
combustion at low pressure, film cooling and saotrfation. This paper describes the work performed
during the fifteen first months.

Through theoretical analyses, modelling and expemtad work, this project will serve the purpose of
improving the maturity of technologies which areg ledements of cryogenic space propulsion systems.

1.Introduction

To improve the knowledge and the techniques whiehnacessary for future space missions cryogewipytsion,
the project In-Space-Propulsion (ISP-1) was iretigin 2009 within the framework of the European FP7

ISP-1 does not focus on the early launch phasespfae flight, but on the technologies involvedha subsequent
phases of a space mission, once the spacecraftper stage has already been placed in orbit. Hémc@rogram
name “In Space Propulsion”, which applies to lawnchpper stages, orbital transfer vehicles or sgxpéoration
vehicles. The activities in ISP-1's different wgrlickages are focussed on the concept of Low Ti@nsgigenic
Propulsion, which have been presented in previobigations.

The propulsion system is using very small propélfammps, each powered by an electric motor. Thetrédepower
can be supplied by a fuel cell.

It is considered to be more affordable than a aetaible upper stage of a launcher but as a consegu# the low
thrust level, the mission lasts approximately omekvinstead of a few hours.

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

The second workpackage of ISP-1 deals with oxygetilane propulsion. Indeed, this propellant commbnais a
possible answer to the contradictory requiremeffitpesformance and long duration in space. Up to ,nomly
preliminary studies and lab-scale testing actigitimve been carried out on methane ([2],[3],[4DeSe activities
have been performed mainly in the frame of mediaumther main stage propulsion, for which the glalkiantage
of methane is presently not clear, considering artipular the development effort. Basic researdiresrequired
before considering an operational engine developniemddition, in space propulsion introduces meguirements
and possibly the use of new technical solutionslthaen't been studied so far.

Consequently, the project will aim at extending firesent knowledge on LOX/methane combustion tause at
operating conditions typical for in-space applicatithrough research on injection, ignition, comlmust soot
formation and engine cooling Six main tasks havenbedefined to progress along the main research. &tesy
combine modelling activities for propellant propestand combustion with simple configuration tdstssalidate
modelling tools and more representative tests twemse the technical knowledge in liquid-liquidettjon of
cryogenic propellants.
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Each work package is led by a main contractor tesbisy several partners who are in some case ranjeersities,
taking advantage of the know-how of large or smatidustrial organizations combined to the theosdtexpertise
of research laboratories. The LOX-methane combustiork package is led by ONERA (France) with main
participation of University of Roma (ltaly), DLR dmstrium (Germany) [1].

2. Reference engine definition

In order to focus and to bound the research domfitombustion studies, it is necessary to defimaesmission
target.
The following propulsion systems were selectecefarences or “targets”

» alow thrust cryogenic (hydrogen-oxygen) space pisipn system (LTCP)

e alow thrust CH4-oxygen space propulsion system

A reference set of key parameters, or range ofrpeters was defined for each of these propulsioteBystargets.
The foreseen missions are briefly recalled hereafte

» the GEO mission ( the payload has to be transfdroed the LEO or GTO trajectory to the final GEbiby

» the OTV missions (the payload is transferred franoebit to another one depending on the payload)nee

» the exploration missions (Lunar or March missiowjuding the landing phase.
It was chosen to open as much as possible the togei@onditions of the future expected propulsigstems in
order to enlarge the knowledge to be made availableiture designers. Furthermore, the techniquasdelling
skills and tools to be improved during the projaet not necessarily restricted in their applicatmispace systems.
The scope of the project should be defined bubeatonstrained by the chosen “reference concegitsl’js open to
a wide range of operating parameters.
Detailed characteristics of reference engines eafobnd in [1]. For combustion studies, we will gga mind that
methane/oxygen is retained as propellant combindterause hydrogen/oxygen has been extensiveligdtddring
former programs for European launch vehicles. Alwastion pressure of 10 bar has been chosen asfdrence,
since it could be a level applicable for low thraegines and medium thrust engines as well. Nesledh, properties
of methane, oxygen and other gases involved icdingbustion as well as their mixing are studied wide range of
pressure, i.e. up to supercritical pressure.

3. Physical and chemical characterization of L ox/methane system

The first step to calculating flows in a liquid prdsion rocket engine combustion chamber is toadtarize the
thermodynamic and fluid mechanic properties ofgpecies involved in the flow and the reactive maddra. Thus,
the following activities have been planned:
e Thermodynamic and fluid mechanic properties, pentmt by the University of Rome
¢ Global reduced kinetic models for low pressuretigniand combustion , performed by DLR;
e Models for soot formation and oxidation in fuelHrimethane/oxygen combustion, also performed
by University of Roma.

3.1. Thermodynamic and fluid mechanic properties

The first part of the activity deals with a extemsireview of available literature models to creatdatabase of
methane properties with a selection of the most@pate models; then, a review of mixture rulesdealuation of
system equations of state and thermophysical ptiepehas led to a database including methane piegpeand
equations of state for multi-component (e.g. metfaxygen/ water, hydrogen, carbon monoxide, cardioride)
systems.

The main goal is the selection of the most appatprequation of state (EOS) leading to the bestpcomise
between accuracy and computing cost. The resuttseafeview give the Modified Benedict Webb-RubB@S with
the coefficients proposed by Younglove which is mthest accurate EOS. Then, the implementation ofcsines
able to create the database according to the dedressolution required for the thermodynamic tables been
performed

Beside the EQOS, the specific heat capacity is niedi¢hrough the following equation:
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where g, is the rarefied gas contribution and other ternescmputed integrating and differentiating EOS;egt
for the rarefied gasontributionc,, which is given as a function of temperature only:
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It is important to notice that the MBWR shows higtcuracy to determine the corr@efT behaviour of a fluid and
the derived thermodynamic properties (whereas simpbdels fail to predict thg ).
In the same way, transport properties (viscositd dmermal conductivity) are evaluated as the sumtwaf
contributions: rarefied-gas term and dense-flurthteMoreover, special attention is paid to the catapon of the
thermal conductivity in the vicinity of the criticpoint, at which it seems to reach an infinitewaal Thus, a third
term is added to take into account such behaviour.
The generated database includes methane propaerthes following range:
— Temperature: [100; 6000.] K
— Pressure [0.1;600] bar

Validation was carried out by comparison with REEFR[13] data from NIST (Figure 1).
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Figure 1: Validation of density and specific heapacity at constant pressure

After having chosen the EOS for the methane, warkhe mixture with oxygen was addressed. The sastaad

was applied, and the first step was a literatuvéeve on mixture models for both perfect gases aad fluids. From
the literature overview of the existing mixing rsilfor the real fluid, it has been found that twéfegtent groups of
equations of state have been proposed:

» EOS based on the corresponding states theoryatiegs of this kind allow describing also mixtunegh a very

low number of experimental data. Historically, thias the most widely used approach.

» EOS for the Helmholtz free energy with a departiunction to take the real gas behaviour into antdoth for
any components and for the different binary mixtur&ach binary mixture is related to another withaby

parameters. The approaches are based on a vegynangber of experimental data.

Dealing with methane based mixtures, the most temed reliable equations of state belong to theigroased on
the Helmholtz free energy in [7], which takes imtcount the real behaviour of fluids with some kaidleparture
functions from the perfect gas solution.

The mixing rules for the equation of state are camiyngiven in terms of Helmholtz free energy:

a(6,7,7) = a®(p, T,T) + a" (8, 7,T) @)
wheredis the reduced mixture density € p/ p, () ), Tis the reduced mixture temperature<(T, (X)/T), X is
the species molar fractiork& (x;,...x,))- In this equation, the first term correspondshie perfect gas behaviour

and the second term is a corrective term for regd,f which requires experimental data and which ftted with
polynomials addressing single components and coergadnteractions.

Finally, the model, giving the state of the mixtui® completed in a routine for the combinationtlod 6 species
methane, oxygen, carbon dioxide, carbon monoxigdrdgen and water.

Beside this equation of state, transport propehas been modelled with the extended corresporstatgs (ECS)
models derived by Klein and McLinden ([8],[9]). Modetails on the mixture models are given in [18kwe these
models have been used to study LNG mixtures bebavio
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Figure 2: Isobaric specific heat (left) and dengitght) for a mixture of the 6 species of the mlode
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3.2. Global reduced kinetic modelsfor low pressureignition and combustion

The engine ignition study requires a global kinetiodel for low pressure combustion. Such a modebday
lacking. And yet, it is absolutely mandatory tore&se the knowledge about the detailed chemicetiks) which
determines the ignition and combustion behaviouthi® propellant combination for low pressure cdiodis. The
final step of the development will be a reduced ma@ism with sufficient predictive capabilities bstfll small
enough to be implemented in current CFD tools.

The development logic for the construction of austl mechanism for low pressure CH4 combustiomiisposed
of 3 phases :1) reaction model for CH4 low pressuidation; 2) mechanism validation; 3) mechanigaiuction.

The first phase consists, firstly, of an extensidthe Leeds Methane Oxidation Mechanism ([15])d6d the more
recent for modelling the oxidation of hydrogen, Gfisthane, methanol, formaldehyde, and naturallgading to a
mechanism, with 47 species and 311 reactions. Mbishanism is presently validated for a pressurgimgrnfrom 1

bar to 60 bar, an equivalent ratio from 0.5 to & an initial temperature between 300 K and 1200Tte validation
data are those of laminar flame speed, ignitioayléme and soot formation. Secondly, a literateréew was made
to obtain thermo-chemical data and experimentah dat low pressure conditions and computations \tité

chemkin code [2].

The last phase, corresponding to the mechanisnctiedy is the biggest part of the task. It leadsatso called
“skeletal mechanism” reducing the number of reactiown to 24 species and 103 reactions withoutlasy of

predictive capabilities compared to the originahesne. Both detailed and reduced models describeriexgntal

data under conditions: 0.2 bar < p < 1 bar, 900 K<«1800 K and 0.5 @ < 3.0 with satisfactory accuracy.

This is obtained by using the RedMaster [15] codhécly allows the selection of negligible reactiomsl &pecies
maintaining predictive capabilities thanks to a titariget sensitivity analysis. These analyses adopmed in

several points (targets) in laminar flames or dyiigmition transients. For this study 60 targetsenselected. Figure
3 presents the main paths of the resulting scheme.
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Figure 3: The main reaction paths of the methamgation in the reaction mechanism.
3.3. Modelsfor soot formation and oxidation in fuel-rich operating conditions

The objective of the task is the prediction of sgielded from methane/oxygen combustion in a chamlmeking
under fuel-rich conditions with possible film cawdi and the estimation of the ensuing radiative traasfer.
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The treatment of soot formation is based on a sempirical approach, solving equations for soot nemnttensity
and mass fraction. The relevant source terms imvébur terms, nucleation, surface growth, agglotmamaand
oxidation, which require both chemical and physicabdelling. In particular, following Woolley et a[19],
nucleation is assumed to take place after gas-pivasersors acetylene 4@,) and benzene €lg), though the latter
is found to be inconsequential for the case undertisy (see below), and accordingly neglected.dation of soot
particles takes place under the action of oxygeh #0d hydroxyl radicals (OH).

Gas-phase chemistry is accounted for by using rnthvehemical database (flamelet library). The laniflamelets
are generated by OPPDIF [20] (a fortran progranmfrine CHEMKIN library for computing counterflowing
diffusion flames). The flamelets are describedemts of mixture fraction (accounting for stoichidnyg scalar
dissipation rate (accounting for finite-rate chstmyi) and enthalpy defect (encompassing heat$dggel],[22]).

In order to identify the most suitable gas-phasentbal kinetics, three mechanisms ([23],[24],[26Bve been
considered. As far as ISP-1 reference working psiabncerned, results seem to indicate that amsyis by far the
main soot precursor source as compared to benkttel for soot formation and oxidation in turbulenéthane/air
flames at moderate pressures [19] has been imptecthem codeXENIOS [26], and validated against experimental
results by Brooke®t al. [27], with plausible results. However, its apptioa to methane/oxygen combustion at
relatively high pressure pointed out to some inhelienits. A modification of the model to accoumir fthe higher
rates of production and oxidation in such condgigunder study.

4. Combustion

The main goal of this activity is to provide theojact with detailed measurements of the hot gapéeature in a
lab-scale setup at ONERA's Mascotte test bench.fif$ietask was the choice of the operating poimd e probe
molecules.

According to the WP 2.1 a pressure of 10 bar wéects. But the combustion chamber used on the distest
bench could not sustain mixture ratio (MR) as hagh3.4 identified as the target for the main ige¢t]. Thus the
combustion equilibrium temperature and speciesibligton was computed as a function of mixtureaatiooking at
temperature and species, the two values of 1 an@r2 selected for the mixture ratio. MR 1 has bakeady
performed on Mascotte and results are used aenefer MR 2 exhibit molar fractions of main specidsch are not
far from the one of MR 3.

Figure 4 shows one of the CARS measurement systaththe combustion chamber.

Figure 4: CARS measurement systems (left and right) the combustion chamber (right)

First CARS measurements were performed with gaspapellants at 3 locations downstream of the sivgément
injector: x = 65 mm, 105 mm and 210 mm. For eadhaldrcation, 5 points were investigate(y = 0 (e taxis),

5 mm, 9 mm, 13 mm and 16.5 mm), allowing to tratceraperature profile. To complete the results, alisation of

OH emission was performed for the beginning andetiek of the flame.

Finally, 26 tests in the BHP with MR=1 and 19 tastshe BHP with MR=2 were performed. CARS measw@gin
reduction data with H2 and H20 probe moleculesgjo@nsistent results. All the results are preseint§28].

Mean value and standard deviation of the operaimigt parameters have been computed, on one hanthd 26
runs with an objective of MR1 and, on the otherdhafior the 19 runs with an objective of MR2. Thanstard
deviation for these independent runs is very smafl%. This leads to the definition of test cakesthe CFD
computation planned during the second period optbgect.
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5.Liquid injection
A literature survey was performed providing relevdmackground information on the design of injectdos
LOX/CHA4 for liquid-liquid as well as liquid-supeitical injection. For LOX/LCH4 injection, impingemé as well
as coax-shear and coax-swirl injectors have besigided and tested in the United States ([29]-[38]).
To prepare the selection of the liquid-liquid irtigcconcept to be studied on MASCOTTE, severalcsiele criteria
were identified and weighted. For this weighting,aaalytical hierarchy process methodology wasiagb ensure
transparency and traceability of the weighting de£{{39]. The weighting of the different criteriasulted in a so-
called priority vector:

Table 1: criteria and weighting factors

Criterion Weighting Facto
Combustion Stability 0.432
Combustion Efficiency 0.280
Throttling Capability 0.132
Face Plate Heat Load 0.073
Combustor Size (L,D) 0.050
Manufacturing Issues 0.031

The weighting factors were applied to a pairwismparison of the different concepts in a so-callagtPmatrix
[40].

The discussion about the results of this comparigas to highlight the following points: The corshban
instability criterion is of major importance andsassment of combustion stability is key for decisiGonsidering
other technology, the pintle injector is discardetause of the fact that pintle injectors are oatable to a multi-
injector configuration; impingement is discardeddgse there is no heritage at any of the partii@esdecision was
taken to proceed to the design of two injectorscdgx-shear, which is of fundamental interest walden existing
data base (gaseous propellants) and for compawiSprinciples with respect to spray break-up; 2ylle swirl as
opposite extreme with two swirling sheets and caispa with open literature on this injector typehi§ design
promises high performance, but has never beendtéstiore on MASCOTTE. The design of double swijeator
for Mascotte has been done and will be tested soon.

6.1 gnition
6.1. Ignition experiment

During the mission in space environment, the engiitebe restarted several times at low pressure ianvarious
temperature conditions. Thus, ignition is one &f kBy points of a successful mission. The objeaiivthis task is to
provide the project with validated tools to deseribe ignition behaviour in various conditions. $hthe first link in
the chain is the checking of the combustion schdeveloped in task. To do that, ignition tests ha@en conducted
in the micro combustor at the M3 test bench in Dldnpoldshausen in a single-injector configuratiael fwith
gaseous oxygen and gaseous methane in order toeaaqgnition data base at ambient and low pressur

The main issue in such tests is to ensure welhddfboundary conditions as close as possible tinjbetion plane
in order to limit the computational domain. Thesperiments base on previous test performed witlrdgeh and
oxygen ([41], [42]). The lessons learned lead tm&s@mprovements in injector head design. Thusvaingctor has
been designed and manufactured including a newatniized pressure sensor directly mounted in tjgetior, close
to the O2-Dome, a modular design for enhanced flatin, reducing also pressure loss at LOX post,ialed better
handling and a sonic throat located directly at finiector part.

The instrumentation consists of pressure transdussmpled at 10 kHz, for chamber, oxygen dome,daeie and
inlet temperature transducer sampled atl kHz. Ok$saon images and Schlieren pictures allow follayihe flame
propagation experimentally.

Four injector geometries have been tested for mgryinumbers and velocity ratios. About 60 teseHzeen
performed at ambient pressure, showing good ignftio mixture ration between 2.5 and 4. Low pressgnition
test are under way.
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Figure 5: Chamber mounted on M3 with optical diagiins (left) and flame propagation (right)

These tests have shown that both feed lines operitiie stable parameters (pressure, flow rates) theg are
decoupled from combustion chamber pressure vamsitiuring injection and ignition. This allows giginwell
defined boundary conditions to CFD calculations.

6.2. Ignition CFD simulation

The sequence of events possibly leading to a ssitddgnition can be decomposed in three main coutsee
phases: 1) Energy deposition by laser pulse; 2ndtyi ignition phase: spontaneous ignition, deflagnafront
propagation and flame kernel formation 3) Late etioh: kernel growth/propagation, flame anchoritejidization
or blow-out.

Different strategies are envisaged in the CFD t&KERA will apply the multi-physics CEDRE code inL&S
approach. Uniroma intends to compute in more dgtaiith more appropriate tools, the three phasestiored
above. After having computing the cold flow, withstandard procedure, a 3D compressible flow sdbased on
Adaptive Wavelet Multi-Level Representation withtailed kinetics will be used for the primary igoiti phase
modelling. Then the late evolution correspondinghe deflagration will use a 3D LES flow solver wi€onditional
Closure Model (CMC) for combustion sub-grid modwdli

7.Methane Film Cooling
7.1. Film cooling experiments

The last open issue of the LTCP engine is the clearndoling. Indeed, regenerative cooling requirdsgaer pump
power due to the pressure loss in the regeneratiraiit, which is contradictory to the stage reguient.
Consequently, it is assumed that film cooling is timly cooling technique to be applied. After dssian during
progress meetings and in order to provide a date fia code validation for all the participantstioé project it was
decided to operate the thruster with gaseous geosyisland inject a gaseous film in order to redireecomplexity
of the problem. Film cooling experiments will berfeemed on P6.1 test bench of DLR.

For this purpose DLR has manufactured a gas/gastmj head, which will be installed a segmentedd@ments
each 50 mm long) water cooled combustor using &tieg nozzle with a contraction ratio of 3.2 (Figub).

Injector head

film injector

Water cooled
cylindrical segments  Nozzle
D=50mm L=50mm

Figure 6 : Segmented combustion chamber
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For the film cooling injection velocity DLR propad@n approach which keeps for one film injectiast sleight the
film injection velocity similar to the propellannjection velocity and, by increasing the film mdtsw rate
increasing the injection velocity to match the ager gas velocity in the combustor. Furthermore, filmoinjection
segments with two different slot heights have bewmmufactured to investigate the influence of thioaity ratio
between the film and main combustion chamber flow..

The heat flux to the water cooled wall and heatdfer coefficients will be calculated using a calatrical method.
The flux is computed knowing inlet and outlet temgtere, and the mass flowrate, deduced from pressur
measurement as well. Combining with the measureroéntall temperature and chamber pressure leadbeo
evaluation of the heat transfer coefficient forreaegment.

Test results will be used to evaluate CFD tools.tRis purpose computations will be carried ouAsirium, DLR
and University of Rome. Preliminary results areorggd in [14].

8.Conclusion

Oxygen-methane combustion studies in the In-Spacpusion Programme are aiming at providing theolpaan
Union with data and tools on open issues in orddrave more knowledge for future developments gjiress that
will then be built with better confidence and leisks.

During the last fifteen months, experimental wohiesre been performed leading to database for coimbust a
single injector element flame fuelled with gasepuspellants and ignition at ambient and low pressas well. At
the same time, two chemical kinetic models havenh@eveloped. The first one was for low pressureharet
combustion, on the base of well validated thermeraical data as the extension in the common hydbocar
combustion mechanisms; the second one concern méalekoot formation and oxidation in fuel-rich opiéng
conditions on the base of semi-empirical modeldord for air/nydrocarbon combustion, and prelimyna
conclusion is that this soot modelling needs stradigstment.,

In the next months, CFD activities will enter inimatage in order to continue developing and vélidgatools by
the use of experimental results.
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