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Abstract

CNES ONERA and CTI are contributing to the pregaraiof next reusable launchers LOX/CH4
engines through research activities studying tlaeasdterization of cryogenic LOX/CH4 combustion in
rocket engine gas generators conditions, at lowturéxratio and with both propellants injected in
transcritical / liquid conditions. Several reactigeaxial mono-injector test-cases including flame
visualizations have been built at ONERA MASCOTTREtteench, all characterized by measured hot
gas temperatures lower than theoretical chemiaalibequm temperature. Numerical simulations are
ongoing to study possible causes for temperatuieitdesing a reduced kinetic scheme adapteduo lo
mixture ratio methane combustion.

1. Introduction

In the frame of ESA Future Launchers Preparatoogfam, a new generation of engines propelled hydigxygen
(LOX) and methane (CH4) for reusable launcherseisid developed. The use of LOX/CH4 in future contious
devices brings new scientific challenges for Eusspkiquid Propulsion R&D programs. Part of thesallegmges are
tackled within CNES Launchers Directorate R&D pwogr in collaboration with ONERA, through experinant
investigations held at MASCOTTE test bench (cf),[&hd through numerical simulations (RANS) perfedwith
CPS-C code together with CT Ingénierie Paris. Thesgnt work aims at characterizing and understgnthie
behaviour of LOX/CH4 cryogenic flames at very lovixtare ratio (MR < 0.3), typical of LOX/CH4 gas ggnators
operating conditions. Such injection conditions aszy specific and quite far from usual injectioanditions
encountered in other industrial applications usimgthane: both LOX and CH4 propellants are injedtedither
transcritical or liquid thermodynamic state (LCH&hd mixture ratio is so low that it is out of ustenge of validity
of reference kinetic schemes extensively used i bERANS simulations of air or LOX/CH4 combustion.

The experimental study, carried out on the MASCOTa&-bench of ONERA, aims at showing the peciésiof
cryogenic LOX/LCH4 combustion at very low mixtur&tio in a mono-injector coaxial configuration. Twptical
diagnostics were implemented simultaneously andteymized: the jet flame is visualized by high sh&aH*
chemiluminescence, and LOX and CH4 dense gaseiguid liets are visualized by high-speed shadowgraph
addition, a rake of thermocouples has been ingtaltavnstream of the flame to measure hot gasesetatype at
different radial positions in a single plane. Fdifferent operating points have been characterimating from 25 to
55 bars, as well as two configurations of coaxigddtors: one with recess and one without recess)dble comparison
of recent test results to past test campaignsteeshtained in similar range of operating condgidaf. [2]). These
past tests had revealed a particular topologyhel. OX/LCH4 flame, featuring a “double flame fromtiaracterized
by two concentric conical regions of OH* emissiong spreading close to the liquid oxygen boundadythe other
located further away from the axis near the liquiethane boundary, with a larger expansion angle.

A common observation for all tested operating ctods in our recent campaign concerns the measwegases
temperatures, sensibly lower than the theorettoaical equilibrium temperature at injections cdindis considered.
This reduction of combustion efficiency for deciiegamixture ratio values is not new (cf. [3], [46]) but extremely
low mixture ratio LOX/CH4 flames have not been viydgtudied in literature, neither experimentally namerically.
The cause(s) for hot gases temperature loss cothpahemical equilibrium temperature has (have)oaen fully
demonstrated yet.

Numerical test-cases derived from recent MASCOT&dEsthave been defined and are currently usedataate and
validate RANS simulations performed using CPS-Cecddveloped by CT Ingénierie. A reduced 9 speci@d —
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reactions kinetic scheme adapted to very low métatio LOX/LCH4 combustion has been preliminadéfined and
compared to Gri-Mech 3.0 complete mechanism aral $emi-detailed mechanism developed by Zhukov iigh h
pressure methane oxy-combustion (cf. [5]). Prelanjrvalidation calculations on older MASCOTTE LOXI€ test-
cases (cf. G2 and T1 flames from [2]), first withrtscritical LOX /gaseous CH4, then with both taiteal LOX and
CH4, have also been performed with CPS-C usingainee reduced kinetic mechanism.

2. Experimental setup

21 MASCOTTE High Pressure Chamber (BHP)

For this experimental test campaign, the BHP comntmughamber was used on the MASCOTTE test benciatéd
at ONERA Palaiseau center. The combustion chanmdiargsschematic is shown on Figure 1. The BHPrisoao-
injector modular chamber, already used in pastesyuthcluding 8 modules in axial direction witb@50mm section
[2]. The BHP has modular lateral optical accesakswing the visualization of dense LOX and CH4jahd flames
directly from the injector exit or in downstreancsens, by changing the optical test section posiin the axial
direction relative to the injection plane. In thtady, as flames are relatively short in axial ctign, the optical module
has been used only in the first axial position éinglvisualization directly from the injector exit.

LOX/CH4

iecti Igniter torch
Inj ‘ec'[lon g position Intrusive thermocouples measurement Throat

| -

\///// . Z’’'’b. .00 0 //////////////

\* =IERRROORD--

Figure 1: BHP combustion chamber set-up schematic

The injection head was fed with liquid or trangcat methane and liquid or transcritical oxygerotigh a single
coaxial injector. The injector is a classical liduicket engine coaxial injector made with a cértirbe fed with
oxygen (LOX post) and a coaxial outer tube fed witbthane (cf. figure 2). Two versions of the injedtave been
tested, one with recess of the LOX post and onkeowitfor comparison to previous studies [2]. THedtion plane is
visible through the lateral optical access. It i#a& plane, i.e. the methane sleeve is not anyrpoogruding in the
chamber as in previous campaigns (cf. [2]). Ignitdthe LOX/CH4 jets is ensured by a H2/0O2 togntiter positioned
on the upper wall of the BHP chamber second module.

LOX post

CH4 sleeve

Coaxial injector

Figure 2 : Coaxial injector elements and assembly assembly

Target chamber pressure for all operating poinen&ired by using different throat diameters. Dutiig test
campaign, 2 throat diameters have been used, dieygena target operating points.
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2.2 Operating conditions

For the injector including a recess, 4 operatingditions have been characterized, each with sevepatitions,
showing a good reproducibility of operating coratis. Thus, in the following paragraphs, only 4 espntative tests,
one for each operating point, are analysed.

Two operating points : LL and LH, have subcritiddDX and CH4 injection (chamber pressure and injecti
temperature respectively lower than critical pressand temperature for both LOX and CH4) ; one atig point:
TH, has transcritical LOX and CH4 injection (champeessure above LOX and CH4 critical pressureiajedtion
temperatures below LOX and CH4 critical tempergtusaed one operating point: TL is characterizecalghamber
pressure in between LOX and CH4 critical pressuaed, injection temperatures lower than LOX and Q@Hdcal
temperatures. For the injector without recess, only operating point has been characterized, vevias to the TH

operating point tested with the recessed injedimrenable comparison of both configurations atdperating
conditions.

Operating conditions are presented in table 1Her4t selected experiments. Each operating condiboresponds to
a time-averaged operating point calculated oveabilzed operating point time step. Typical dusatfor this time
step is at least 10 s (cf. figure 3).

Table 1. Selection of 4 operating points for liglieplid (LL / LH) or double transcritical (TL / THgonditions

Operating point LL TL LH TH
LOX Mass flow (g/s) 20,6 19,3 21,8 36
CH4 mass flow (g/s) 59 65,2 85,2 147,1

MR 0,35 0,25 0,256 0,245
T LOX (K) 118 124 117 113
T CH4 (K) 143 142 145 144
P (bar) 27,4 50,1 32,7 55,7

aTime-Averaged over stabilized operation time step

A typical temporal evolution of chamber pressuré arass flows is shown on figure 3 to illustratdsized operating
conditions over the chosen time step.
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2.3 Imaging and measur ements set-up
2.3.1 Imaging set-up

Two main complementary imaging systems were sdt aviarge field of view, in order to see the LOXIa®H4 jets
and the flame locations synchronously (cf. figutesd 6).

Figure 4. Optical diagnostics implemented on MASO@Test bench — Simultaneous high-speed OH*
chemiluminescence and shadowgraphy

Shadowgraphy consists in taking pictures of theriihated liquid jet by a light source located opo the camera
(cf. Figure 6). In order to visualize the dynanaéshe dense oxygen and methane jets at the imjegit a high-speed
v711 FAST camera from Vision Research was used.dtjuipped with a CMOS sensor of 1280 x 800 pixXEtss
12-bit monochrome camera records the signal on ¢@&6levels, with an active sensor size of 12828& pix2 and a
frame frequency set at maximum 7,4 kHz. The canmrequipped with the FAST option, enabling a minimu
exposure time of 300 ns, which limits the natutadie emission. A 200 mm fixed focal length is setlee camera. A
filter is mounted on the lens of the camera tocedaly the light from the backlight and remove eéning visible
flame emission. The filter is centred around a BABwavelength, with a maximum transmission of 8@#id a
12,5 nm full width at half maximum. The light soars a Cavilux Smart 400W pulsed laser source emgiih the red
at 640 +/-10 nm. Minimum light source impulse diaiis set to 50 ns maximum, enabling flow struetireezing.

Chemiluminescence imaging was operated simultasgotd visualize the flame reaction zone. The reacti
mechanisms involved in combustion processes areeraus and complex. They consist of a large numiber
elementary reactions involving generally free ratficand molecules. In the combustion zone, elerhesdations
produce radicals directly on excited energy levélsese species, that are out of thermodynamic ibguiin, relax
spontaneously and almost instantaneously by emittiphoton characteristic of a transition energg tower level.
This resulting light emission, which is characticisf spontaneous radiative relaxation of spectemically created
on excited states, such as the excited OH radleabted OH*, is called chemiluminescence. In treead LOX/CH4
cryogenic jet flames, few data are available inlitezature. For example, Lux et al. [9] have saabthe emission
spectrum of high-pressure LOX/CH4 flames. An ingeesiission peak observed around 310 nm is due fordsence
of OH radical whereas another high intensity pe@uiad 430 nm is due to another radical, CH. Botlicas are
known to be produced by combustion in the chenrigattion zone. Other species, such as C2, knovae @ soot
precursor, can be identified by several small peedded Swan bands. Depending on operating camdittonsidered,
the continuous emission background, between 35@mh650 nm, which can be attributed to larger mdéscsuch
as CO2, can be too intense to see the Swan bahdseas OH and CH are generally intense enoughte cait from
the background and can thus be used as markehng oéaction zone for imaging purpose. This has beéfied on
LH operating point (cf. figure 5). Nevertheless; tielative intensity of the OH* peak being highteairt the CH* one
in our test conditions, OH* chemiluminescence seamsasier marker for reaction zones, with a bettgral/noise
ratio. Moreover, in a preliminary test campaignhadtimilar operating conditions, OH* and CH* emissiwere
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recorded simultaneously. Images analysis showed sienilar flame topology, thus only one diagnosticOH*
emission - was finally implemented in the presemhpaign.

I
CH (0,0) — C,(1,1)

OH (0,0)

- OH(1,0) -
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Figure 5. Emission spectrum of the LOX/CH4 flamé.ldtoperating point

In order to visualize the reaction zone with OH&ptiluminescence, a UV imaging system was set WJABCOTTE
test bench (see Figure 6). It consists of an ifiedshigh-speed camera (V711 32GB), with a CER@BRUYV lens
adapted to ultraviolet light and a filter adaptedhe spectral signature of the OH* radical. Theafdength of the lens
is fixed at 98 mm, with an aperture at its maximuf:8 or at /8. The OH* filter mounted on the U&nhs has a
maximum transmission of 70% at 310 nm and a 10 alfawidth. The gain of the intensifier was fixed&0 V and
the gate time of the intensifier was variable, dejieg on the flame studied, to obtain the bestaiglynamics
(between 2 and 5. 2 us).

X Visible
d lens
Red filter

Dichroic mirror

Mascotte test bench

Flow axis

I
<€<—1—> Lens

Diffuser
<€«—r—> Lens

Figure 6: Imaging setup arrangement (top view) whihdowgraphy and chemiluminescence visualizations

OH* emission and shadowgraphy are focused on thme geeld-of-view, with the same spatial resolutitimanks to
the use of a dichroic mirror that separates UVtliggming from the OH* chemiluminescence towardsithensified
camera and the visible light coming from the laegrards the high-speed camera used for shadowgrafdmgover
both images are recorded at the same instant,»datmam 7400 frames/s, as the short laser pulse igeghduring the
intensifier gate of the intensified camera. Thuthkdgpes of images can be directly superimposeshasvn in the
results section.
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Finally, the flame emission spectrum, presentedigure 5 has been recorded in a range between A@BG0 nm
during one test day, using an Ocean Optics S2066tgpneter, with a resolution of 0,37 nm. Flame ssion is
collected by a lens and an optical fiber placefitont of the BHP window, every 27 ms during 20 sximaum.

2.3.2 Other measurements set-up

A 8-thermocouples rake (4 of K type and 4 of S jypas located in the downstream part of the chaptrethe BHP
chamber ? module (cf. fig.1), in a section were the combarstis supposed to be complete and the combustion
products homogeneous. Each thermocouple was idsarge different radial position to check hot gasasmogeneity

in a section (cf. fig. 7).

Figure 7 - Intrusive thermocouples positions in BetRmber 7 module — Visualization from downstream

In addition, two local heat-flux transducers, based surface temperature measurements (cf. [8])e Hasen
implemented on the upper and lower wall of theagtmodule, in order to get a first estimation @lvheat losses.
Several wall thermocouples have also been implesdesitdifferent depths inside the chamber wallrothe external
walls along the chamber to monitor wall temperagwelution along the test.

Chamber pressure is measured by two Kulite serswisby a Kistler sensor (dynamic pressure). LOX @htt

injection temperatures are measured downstreanstiojevalves by a PT100 probe, and injection pnessare
measured by Kulite and Kistler sensors (dynamisgrees) also downstream of injection valves. Dyogmessure
signals are acquired at a frequency of 20 kHz.

3. Experimental Results
3.1 OH* emission and shadowgraphy images analysis
3.1.1. Flame and dense jets topology

For all operating conditions tested, flame is Misitight from the injector exit (cf. figure 8). it not possible to say
whether flame is really anchored to the injectprdue to the recess, but no intermittent flamedteteent outside the
recess has been observed in the high speed vistiatiz. Flames are always rather short, closednwost closed in
the window section, suggesting complete combustérg early in the chamber compared to the full cbantength.

For all operating points, OH* emission images in d¥main show two different features: a central lieg zone,
featuring the flame, partially perturbated by a endiffuse emission zone, concentric to the first ¢cf. figure 9).
This more diffused emission seems to come fromrse&@hase or condensates, having a large-bandi@miaage,
because it has also been put inevidence in a predampaign on CH* chemiluminescence images (ésibimain),
and because it is visible in the flame region alsd autside the flame. From a radiative point awi; it could be
classified as a grey body. Owing to the large ammofisuch dense phase present in the flow, it roostain at least
one of the major gaseous species in the combugtioducts, i.e. CH4, H2, H20 or CO2 (results given b
thermochemical calculation, COPELIA). From a thedymamical point of view, the most probable candidfatr
condensation in all operating conditions testediaser: at 30 bar, it is sufficient to cool it dowm 507 K to get it
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liquid; and at 60 bar, 548 K is sufficient to geindensation. These temperatures values could bbegaasily in
particular in the recirculation zone, due to exceethane present in large quantities in this regiod to the low
methane injection temperature (cf. table 1). Thlklve verified in the numerical simulations sectio

Figure 8. Time-averaged OH* emission (left), timeamged shadowgraphs (center) and instantaneouse®i4sion
(right) for operating points LH (a), LL (b), TH)cand TL (d).

« Diffuse »
dense phas

emission Brighter flame

emission

Figure 9. Evidence of “diffuse” dense phase emissimund brighter flame emission — Instantaneou$ €hission
image - TL operating point

Perturbation of the OH* emission signal by the ul# fluid emission inhibits performance of Abelnstorms on
average OH* emission images, initially envisagetetier put in evidence the flame front topologg aompare it to
past studies [2]. Nevertheless one could arguethiegiresumed “double flame front” put in evideircf] in double-
transcritical flames may be instead an evidendhefame “diffuse” fluid large band emission asmiin the present
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studies. The inner brighter zone on OH* emissioages from our tests is comparable to the inner pbiid flame
put in evidence in [2]. Further characterizationll be needed in the future to try to identify thature of the dense
phase responsible for large band emission.

Soot or at least “soot-like” deposits are foundBdP windows after each test. Deposit seems progeeatong test
duration, not occurring only during transients. 3édesolid particles may be also part of the “diffidense phase
observed on OH* emission images. Liquid fluid (wa@g is also streaming across windows and recitiiglan the
first half of the visualised zone. Finally, ice fimation can be put in evidence by a dense zoneesmonding
presumably to a ring, at the exit of the injectdr|east for all operating conditions with injectecess. The ice ring
growth occur up to a few millimeters length befdisappearing and reappearing again (cf. figureda®k zone at
injector exit on OH* emission images). This evidesiagain the very cold environment in the recitiofazone
immediately downstream the injector, prone to waterdensation and even icing. The ice ring dianisteorrelated
to the external frontier of diffuse dense phasession on OH* emission images. Darker zone
corresponding to ice
ring formation at

injector exit

E 'n-
Figure 10. Evidence on ice ring formation at injeaxit for operating point TH — Instantaneous Gatifission.

3.1.2. Comparison between recessed and non-recessed injectors

As for recessed injector, non-recessed injectatemges flame presence right at the injector ebdgrty showing in
this case an anchored flame directly at the injeexd. Differences can also be observed betweeh €hission and
shadowgraphy images of both configurations (cfuriégll):
OH?* signal is more intense in the first half of wizw and flame seems shorter in the recessed coafign
compared to the non-recessed configuration,
- “3 branches” shadowgraphy images for the non-regkessnfiguration suggests that the LOX jet, featurg
the central branch”, is longer than in the recessadiguration.

(b)

Figure 11. Instantaneous OH* emission in grey kegehle (up) and superposed instantaneous OH* iemizsd
binarized shadowgraphs (down) for recessed injdafoand non-recessed injector (b) @ TH operatwoigtp
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3.2 Combustion efficiency

Combustion efficiencyic+ has first been evaluated for 4 operating pointstfe recessed injector plus for the injector
configuration without recess under two main hypsése

- throat discharge coefficient is equal to one (vedity cold flow tests in a previous test campaign)

- wall heat losses are negligible.
It has been evaluated by comparison between theurezhcharacteristic velocity C* and the theorétit@racteristic
velocity C* calculated using a ONERA/CNES in-house thermocbahtdode (COPELIA), developed by ONERA.
COPELIA uses as input data time-averaged valueseaisured LOX and CH4 mass flows and injection teatpees,
and chamber pressure. Results produced by COPEAVA &lso been compared to CEA2 code [10] resultsifiailar
operating conditions, and show very comparableltegless than 1% difference on calculated adiahbiadit gases
temperature). COPELIA or CEA2 offer the possibilitytake into account or not the formation of sa&tbon C(s)
within combustion products. At equilibrium, C(s) ssafraction gets up to 10 % or more depending arsidered
operating point. This seems rather high comparethéosmall deposit found on BHP windows after etadt,
suggesting that equilibrium is not fully reachedhe experiment. When taking into account C(sx;wated adiabatic
temperature gets lower, but only in a very limigedient, less than 20 K.

Table 2. Evaluation of combustion efficiencies $etected operating points

Operating point LL TL LH TH TH w/o
I ecess
LOX Mass flow (g/s) 20,6 19,3 21,8 36 35,8
CH4 mass flow (g/s) 59 65,2 85,2 147,1 145,8
MR 0,35 0,296 0,256 0,245 0,246
T LOX (K) 118 124 117 113 115
T CH4 (K) 143 142 145 144 148
P (bar) 27,4 50,1 32,7 55,7 54,8
s 0,906 0,888 0,859 0,861 0,852
Tadh (K) 926 897 833 833 836
Tmeas moy (K) 732 656 607 609 602

aTime-Averaged over stabilized operation time step

Overall,nc+ values are rather low, despite obviously complertzustion evidenced by short flames shown by OH*
emission images and homogeneous combustion protiermciserature profiles (apart from wall effects) swad
downstream of the flame. Thus, at first sight, viedat losses seem to be a good candidate to expiaicalculated
values for combustion efficiencies. In order todstigate this hypothesis, an order of magnitudenatibn of average
hot gases temperature loss due to wall heat Idesebeen made on operating point TH, using thdlyooseasured
surface wall heat fluy (in the visualization section) and assuming itatant along the chamber. This hypothesis is
judged relevant for order of magnitude estimatigrabalysis of intrusive fluid temperature situage®,5 mm from
the wall in the visualization section, only few $esf K higher than intrusive fluid temperature ahéh from the wall

in the last test section, compatible with limitettigrogressive cooling along the chamber walls afualization
section. From a global energetic point of view,tHesses can be written as:

¢ = @.5 = CPpot gases (Tad th — Thot gases)

The hot gases heat capadiy, o gases s been estimated by using the hot gases congosdticulated by COPELIA
for operating point TH. With this estimation, tredaulated average hot gases temperaiyyg; ...s taking into account
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wall heat losses is decreased by about 20 K cordparthe adiabatic theoretical vallg; ., which is much lower
than the actual measured temperature deficit (2K for TH, cf. table 2). Of course, this anadyshould be refined
in the future, for example by enriching the tedaflase with more heat flux measurements at diffeneial positions
along the chamber. But it suggests anyway thatrotheises should be searched for explaining obselowd
combustion efficiencies:

- impact of possible H20O condensation in recirculatzone and then vaporization downstream on local
composition and possible displacement of globallidsgum;

- equilibrium not reached due to residence time too for some elementary reactions and/or particular
behavior of kinetics at very low mixture ratio (fe.g. intermediate products from intermediate
endothermic reactions “frozen” due to too low terapare);

- Other? ...

Despite reduced size of database, decrease of abiobefficiency with decreasing MR (see figure &&h be shown
as in other research studies (e.g. Tamura etlalS{8ler et al. [6]) suggesting again possible eqguilibrium effects
(compatible with low temperatures) at very low mbe ratios.

Combustion efficiency = f(MR)
091

0,9
0,89
0,88
0,87
0,86

0,85
0,2 0,22 0,24 0,26 0,28 03 0,32 034 0,36

Figure 12. Increase of- with MR

It is also worth noting thafc- for the recessed injector configuration is aboutHiéher that the non-recessed injector
nc+ confirming a slightly better performance of theassed injector, coherent with slightly higher flalmegth and
more intense OH* emission in the near injectoraadsee §83.1.2).

4. Numerical Simulations

4.1. CPS-C code and models presentation

The CFD code used for the computational analysenisn-house code called CPS-C developed by CTniagé
(previously part of Bertin Technologies) in collaation with CNES (cf. [12]). This code solves thavier-Stokes
equations in conjunction with the continuity, engrturbulence and species equations. The numepiceledure is
based on a second order (in space) approximateaRiesolver that allows evaluation of spatial flus¢sell faces
whereas second order-accuracy in time is achieyealtivo-step explicit scheme. The main physical edsed in
these computations are the following:

- Real gas law (Redlich Kong Soave), and variafégrhodynamic properties to represent the multiiggegaseous
or real gas mixtures;

- The effects of turbulence are modelled with gki#en model,

- The combustion process is modelled by an Arrhemmulti-reactions model, together with a specifoX/CH4
reduced kinetic scheme presented in §4.2.1 ;

- heat transfer at the walls can be calculateddiryguin-house CPS-C “thick layer” wall law for balary layers

10
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4.2 Preliminary reduced kinetic scheme evaluation

Based on preliminary studies, a reduced LOX/CH4&#inscheme, including 9 species and 21 reactidesated
CH4-02-21r-V3), has been built, based on :

- Dryer [11] kinetic scheme for methane combustion

- Eklund [13] kinetic scheme for H2/0O2 combustion

-CO + Q €~ CO; equilibrium reaction

- Water gas shift reaction (WGSR): CO 3H& > CO + Hs

- CH4 + H20< - CO + 3H2 reaction present in Jones & Lindsted{ Kidetic scheme, important for fuel rich
methane combustion.

When building this simplified kinetic scheme, thgjexctive is to be able to finally calculate withffszient accuracy
LOX/CH4 combustion at moderate to high pressungsidally 20 to 100 bar), at both stoichiometric (BtR= 4) or
near steochiometric mixture ratio (representativeffame front or hot gas flow in rocket engine mabmbustion
chamber application) and very low mixture ratiopfesentative for hot gases in gas generator apiplicaypically
MR < 0,5).

4.2.1. Elementary calculations

In order to evaluate this newly built reduced sche@H4-02-21r-V3, comparisons are made in the fdatgw
paragraph with several other schemes available fiterature :

- Gri-Mech 3.0 [16] very detailed scheme, oftenduas reference in LOX/CH4 modelling despite develept and
validation only for low pressures (up to 10bars) ait/CH4 combustion

- a semi-detailed mechanism developed by DLR [5] fieethane oxy-combustion at high pressure (called
ReducedSens), including 23 species and 51 readliemged from a detailed alkane oxidation mechardemaicated

to high pressures (called Full Mechanism) develdpe@hukov, including 207 species and 1260 reast[dd].

Kinetic schemes have been compared on main paremudtaracterizing chemical processes involvingtiise
- Autoignition delay
- Counter-diffusion flame velocity
- Adiabatic flame temperature compared to theoretibamical equilibrium.

Calculations have been performed with CANTERA cfid3.

Autoignition delay

,
4
1000 7"
L,

100

t_ign (s)

= - =GRI3.0
~—#— ReduceSens
CH4-02-21r-V3

&~ CH4-02-21r-V3 corr

0,45 0,55 0,65 0,75 0,85 0,95 1,05
1000/T(K*)

Figure 13. Autoignition delaysin a stoichiometric LOX/CH4 mixture at 60 barsfor different kinetic schemes
asafunction of initial mixture temperature.

Autoignition delay has been evaluated for a stoictétric LOX/CH4 mixture at a pressure of 60 bara disnction of
initial temperature T (cf. figure 13). CH4-02-218Vinderestimates ignition delay of a factor 4 at temperatures
and by a factor of 10 at high temperatures. Folamthis first evaluation, methane oxidation reattisto CO and
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H20 has thus been decelerated to be more représerfr autoignition delays at low temperaturebeTesulting
corrected kinetic scheme is CH4-0O2-21r-V3corr ; bagis is put on the scheme precision on the lowéeature side
because ignition delays are so low at higher teatpeg that chemistry can be considered as infinfiedt in flame
stoichiometric zones.

Counter-diffusion flame

Counter-diffusion flame test-case is taken from [Ayain, CH4-02-21r-V3 mechanism shows very gocglite

compared to more detailed mechanisms. Comparistenmgderature axial profiles through counter diffusflame are
shown on figure 14. Axial profiles of molar fraatifor main species show also very good agreemeait Kifference
concerns a slight overestimation of OH peak by &t68&6 in the flame for CH4-02-21r-V3 compared talReeSens.
It has also been verified that results obtainetl @iti4-02-21r-V3corr mechanism show only very lirditiegradation
compared to CH4-02-21r-V3 (+15K only on temperapgeak value in figure 14 (a)).

——GRI-Mech 3.0 (b)

4444444 ReduceSens
e CH4-02-21r-V3

4000
——— GRI-Mech 3.0 (a)

3500

~~~~~~~ ReduceSens
2000 ~—— CH4-02-21r-V3
2500

2000

Température (K)
OH mole fraction

1500

1000

500

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14 0,16 0,18 0 0,02 0,04 0,06 0,08 01 0,12 0,14 0,16 0,18
Distance (mm) Distance (mm)

Figure 14 : Axial temperature profiles (a) and Obllan fraction profile (b) through the counter-dgfan flame for
different kinetic schemes

Perfectly stirred reactor (PSR) calculations

PSR calculation is made for operating conditionsesponding to T1 operating point from [2]. Opevatdf the PSR
is realized for a duration at least 10 times highan the propellants residence time in the reaét@onstant pressure
corresponding to T1 operating point is imposedllifP&R components. Such a calculation is made fivi&h3.0,
ReduceSens and CH4-02-21r-V3 mechanisms. Compositid temperature at convergence are then compared
thermodynamic equilibrium calculated with CANTERAtRout solid carbon production. CH4-02-21r-V3 ideato
retrieve both temperature and composition with adgprecision for high pressure / low mixture rafib-type test
case, better than the 2 other mechanisms.

Table 3 — PSR LOX/CH4 T1 test-case results witlngtic mechanisms compared to equilibrium calcalati

Equilibrium (CANTERA w/o C) GriMech3.0 ReduceSens CH4-02-21r-V3

T(K) 953,1 1030,2 1014,9 959,2

P(bar) 54 54 54 54

Ycha 0,679344 0,680882 0,653773 0,681627
Yco 0,095246 0,058790 0,057364 0,091705
Ycoz 0,131641 0,062541 0,070113 0,131764
e 0,076567 0,149464 0,14294 0,078406

4.2.2. Application to G2 and T1 flame ([2])

2 test-cases selected from [2] have been prelipicaliculated using CPS-C to validate the chosenefling strategy
to be applied on test-cases defined from the rdeshtampaign results : test-case G2 (transdritioX and gaseous
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methane injection) and test-case T1 (transcriti€® and CH4 injection). T1 operating conditions &ezy similar to
TH operating conditions. Calculated temperaturesvaap presented on figure 15, and compared to Ggbem from
[2]. For G2, the overall “mushroom”-type flame tdpgy, due to a large recirculation zone downstredmme flame
(cf. [15]), is well retrieved, as well as the flatemgth. For T1, a longer flame length compare®is observed as
shown by tests, but no external second flame ftontd be put in evidence in the calculations. i have to be
further analysed at the light of dense phase dffesiission around the flame put in evidence dudungrecent
campaign (cf. 83). The inner reactive front topglagalso well captured despite too low flame brasple in the first
part of the calculated flame compared to experialdtgme.

83.9055
380.0301
676.1547
972.2792
i 1268.4038
1564.5283
1860.6528
2156.7773
2452.9019
2749.0264
3045.1509
3341.2754
3637.3999

Figure 15. Calculated temperature map (A) G2 opegauoint (B) T1 operating point (2D calculatiorsjverage OH*
emission for G2 operating point (C)* instantane@i$* emission for T1 operating point (D)* (extractegdm [2]).

Additional post-processing of T1 calculations réshlave been made to assess the water condenghaisibility in

the recirculation zone downstream of the injecitane (cf. figure 16). It is shown that the H20 m&action in this
zone is not negligible (around 4%) with temperatdosver that the local saturation temperature. hier step would
be the modelling of condensation phenomenon towatdctor possible impacts on local composition aherinal

stratification downstream.

(@)

\
— .
[— / EE— *\\
. e e ——
T-Tsath2o
500 1000 1500 2000 2500 3.1e+03

1 | L

Figure 16. Calculated 40 mass fraction (a) map of delta-temperature to K@@l saturation temperature (b) in the
near injection region for T1 operating point (2Dcc#ations)

3D calculations of the T1 flame have also beengoeréd, showing that the calculated flame topology ngth is

only marginally different from 2D calculated flanfgee figure 17). This ensures the validity of polesparametric
studies to be performed on the basis of 2D calicuiat
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834006

Figure 17. Calculated temperature map for T1 opeyatoint (3D calculation)
4.2 Calculation of TH operating point for recessed injector

The modelling methodology presented above has épplied to one test-case selected from § 3: operaint TH.

For numerical test-case definition, operating pdiHt presented in table 1 have been redefined usestgdata time-
averaged over the time step exactly correspondingigualizations acquisition time step (about 3usation).

Preliminary 2D calculations have been realizedhimtest-case. First results are shown on figure 18

114.0311
407.8098
701.5884
995.3671
1289.1458
1582.9244
1876.7031
2170.4817
2464.2603
2758.0388
3051.8174
3345.5959
3639.3745

Figure 18. Temperature map for TH operating poiBD-calculation (a) — averaged OH* emission (b)

Flame features a topology similar to T1 flame claltad in §4.2.2, with lower opening angle and gliglonger flame.
Compared to measured OH* emission averaged mapflah® topology seems reasonably captured, witghsli
underestimation of opening angle and slight overedion of flame length. This should be confirmedw3D
calculations. Wall heat losses are taken into atciouthis calculation (see 84.1). A wall temperatis imposed on
BHP lateral walls as well as on the injection plaagual to the temperature measured on visualizatiodule lower
walls. In injectors, a wall temperature equal te HHOX or CH4 injection temperature is imposed.He townstream
thermocouples measurement plane, average calcuéatgxrerature is 809 K, for an average measurece\#l608 K,
and a theoretical thermochemical equilibrium terape®e calculated by COPELIA respectively equal4a & or 857
K with production of solid carbon or without. Thercent modelling, taking into account heat lossgh@wall is thus
not sufficient to retrieve the temperature deficiequilibrium value shown by measurements. Onddceven argue
that due to the over-estimation of hot gases teatpes in the calculation, the calculated wall Hesses are even still
over-estimated when using an imposed wall temperdtom measurements as boundary condition. Thisuigally
validated by comparison between the locally meakiwemsat flux value on the visualization module wadlad the
calculated one: locally calculated heat flux hasright order of magnitude but is about 30% highan the measured
one.

5. Conclusions and per spectives

CNES, ONERA and CT Ingénierie have held R&D adtdgtdedicated to the characterization of cryogeaix/CH4
combustion in rocket engine gas generators comditiat low mixture ratio and with both propellantgected in
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transcritical or liquid conditions. Several reaetzoaxial mono-injector test-cases, including flafseializations, have
been built at ONERA MASCOTTE test bench, all chegdzed by measured hot gas temperatures lowetlleanetical
chemical equilibrium temperature. Flame topologg haen compared to past results in similar opeyatimditions,
which had shown a typical “double flame front” fdouble transcritical flames. This particular featiras not been
retrieved in new tests, instead the flame OH* eidisgs shown to be perturbated by a dense phastiregrin a large
wavelength band, supposingly condensed water atertsed water mixed with soot or soot precursors.
Numerical simulations have been set up to studgiplescause(s) for this temperature deficit, usirgduced kinetic
scheme adapted to low mixture ratio and high prest®X/CH4 combustion. Flame topologies are rativefl
retrieved by simulations. Impact of wall heat Iasea hot gases has been studied and has shovthéhetnperature
deficit is only very partially explained by wall fidosses. Calculations have shown that water cwadion is possible
in the recirculation downstream of the injectiomme. This supports hypothesis of condensed watgrossible
contributor to the diffuse dense phase emissiom sge OH* emission images. Impact of such phenomemon
downstream stratification and on local compositimeds to be further assessed. Further steps adechdmoth on
experimental and numerical side, to prove some thgses formulated in this study and to better wstdad particular
features encountered in LOX/CH4 flames at low migtatio.
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