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Abstract

LOX/Methane is currently regarded worldwide as @pgilant combination for future rocket-propelledigtes.
ArianeGroup, (previously Airbus-Safran-Launcherajl Istudied this technology for low-cost expandable
launcher application, and moreover confirmed thecs®n of this propulsion technology in 2008 (aatttime
Astrium) for the other end of application potentahighly reusable rocket propulsion system feritinovative
SpacePlane vehicle.

In order to prepare for future launch systems,idstr now ArianeGroup, had been investing since years in
research and technology of LOX/Methane engineatiita demonstrator program including the design and
manufacturing of a 400kN class thrust chamber, a@anerator, and a TurboPump (done in cooperatitbn w
IHI Corporation of Japan).

This paper will briefly recall the ArianeGroup LQ#éthane R&T project with above mentioned rocketieag
critical sub-system demonstrators tests.

A general presentation of ArianeGroup “Rocket Pisipn System” and associated ACE42R engine corfoept
a SpacePlane application will be provided. The ndaisign drivers are presented: LOx/Methane rocket
propulsion technology, highly reusable, Designe&#dety and Designed-to-Cost, together with the retsa
requirement, and the general architecture.

This paper will then focus on the maturation ol#dirthrough those demonstrator tests (done at $cjainst a
SpacePlane technical and economical typical reangrg), crossing the demonstrators test objectigh®aed
with the capability of ACE42R design foreseen, patting in evidence some world-class results oletifor
this technology.

Acronyms/Abbreviations

ACE  ArianeGroup Cryogenic Engine NPSP Net Positive Suction Pressure

CcC Combustion Chamber PDM  Pathfinder Demonstrator Model

DLR  German Aerospace Centre PP Power Pack

FCSB Flight Control System Ballistic RAMS Reliability, Availability,Maintainability,
FDIR Failure Detection Isolation Recovery Safety

GG Gas Generator RPS Rocket Propulsion System

HW  Hardware SoA  Sub-Orbital Aeroplane

I/F Interface

) ] TC Thrust Chamber
LCH4 Liquefied Methane

LOX  Liquid Oxygen
MPa  Mega Pascal

TP Turbopump
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1. The ArianeGroup LOx/Methane propulsion R&T project: Summary

In order to prepare for future launch systems,idstr(now ArianeGroup) had initiated investment foflew years-
long project in Research & Technology concerningl@ethane propulsion including engines. The scojpthie
R&T project was to mature the core-technology asgpéac order to allow for a large range of appiizas, from
low-cost expendable launch vehicle to highly-relsabopulsion for future regular space flight vedic

Semi-Reusable Launcher s i
Sub-Orbital vehicles £
LOx/Methane , o
Propulsion technology A
maturation Low-Cost Expandable -
Launchers (medium or heavy) : |
]

Space exploration vehicle (zero ¥
boil-off) ¥

Figure 1: Application scope of Astrium (now Arian@@p) LOx/Methane R&T

The low-cost expendable part was investigated aithiving “Design-to-Cost” approach. Enabling mauiéiring
and design/architecture features for engine togetith stage propulsion bay, were identified.

The High-reusability part, with application to aspanger-transport sub-orbital vehicle with higpttirate (some
flights per week), based on Airbus DS SpacePlagk leivel needs, was identified as the most demagndin
technological effort, having however many aspedigtvallow a spinning-out to expendable LOx/Methase
well. A set of Pathfinder Demonstrator Models (PDEBdicated to the most critical rocket engine syftems,
was decided as part of the LOx/Methane propulsi&i Rroject. They were therefore built for answerihg
requirement for a Spaceplane rocket engine (48stland highly reusable, dubbed ACE-42R), and sitedale 1.

They consisted in the 3 following most technologyeh critical sub(systems:
0 A Gas Generator PDM (GG-PDM), tested in 2013
o0 A Turbopump PDM (TP-PDM), tested in 2015
0 A Thrust chamber PDM (TCA-PDM, also named “rome®&sted in 2016
o

As an option: a Power-Pack PDM (consisting in theeanbly of individually tested GG PDM and TP
PDM above mentioned), which could be tested by 220119

Note that by design, and due to the coherencyeofebhnical requirement used, as well as to therevicy
implemented for physical interfaces and functigrerfformance (and its adjustment), those demonssratn be
assembled into a demonstrator engine, dubbed AGEBs is a potential option allowing the propatsiof a
LOx/Methane flight vehicle demonstrator, or a temlbgical demonstration, if any needs are expressed.

It is worth mentioning that ahead of PDM tests,saalbe and equipment tests have been performed én tor
validate the design choices of critical componéassinjector elements, combustion damping elemegtsgamic
seals and bearings, for mentioning a few), follayénstep by step maturation approach driven byrapti risk
reduction.

Copyright 2017 by Jean-philippe Dutheil and Yoan Bdrgblished by the EUCASS association with permissio
Page 2 of 15



DOI: 10.13009/EUCASS2017-552

7" EUROPEANCONFERENCE FOR AERONAUTICS AND SPACE SCIENCE (EUE3)

Full-scale Systems
tests tests

Figure 2. Airbus DS LOx/Methane R&T PDM demonstratimgic and schedule

2. General presentation of ArianeGroup highly reusableRocket Propulsion System

While the LOx/Methane R&T demonstrators above nwerdd were designed on basis of the requirementrbfig
DS Spaceplane, these Rocket Propulsion System (§#®yal features are presented here;

The RPS chosen architecture resulted from mang4odid, including for design parameters, or desigoices in
some cases, driven by the lay-out in the vehidighff stability, access for maintenance, safetylyamig, among
others), not developed here.

RPS is made around 2 separate insulated propédiakd (one for LOx and one for LCH4) which diameser
driven by the vehicle fuselage diameter (optimigekicle / propulsion solution), which internal eguient feature,
in particular, devices for avoiding large bulk ligumovement and damping unwanted sloshing. 2 fewxd-koute
the propellant to the rocket engine (which is diéstt further). The total amount of stored propdliarabout 10t.

The pressurisation of propellant tanks is achidwedean of vaporised Methane (for LCH4 tank), tapp# the
engine thrust chamber cooling circuit, and by meiadelium for the LOx tank. Helium is stored at higressure
in several composite tanks located according teolatyconstraints. Of course, specific pressurefavd control
equipment and heat exchangers are part of theysigestion system.

Figure 3. LOx/Methane Rocket Propulsion System @aysrchitecture for a sub-orbital aeroplane

The rocket engine is of Gas-Generator cycle typth rggenerative cooled (LCH4) thrust chamber, asthgle
shaft 2MW turbomachine designed and manufacturettidogooperation partner IHI (Japan). The Nozzle
extension is also fully regeneratively cooled (@mglircuit is interconnected with the thrust-chamnbne).
Engine trimming is done during acceptance hot-ditiest, and is then passive. The starter is a fgaten
architecture, which consist in a spin-start fedallyy-pass circuit from aero-engine compressors.

The rocket engine is named ACE-42R, after the tHewel of 42t at ignition altitude (about 10kmphdathe
design for high reusability.
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Figure 4. LOx/Methane highly reusable Rocket Engh@E-42R
The main operational objectives for the ACE-42Rieagre summarized in following Tablel.

Table 1: ACE-42R engine main characteristics (erfee conditions)

Operational life cycle: > 30 flights

Total Thrust 420 kN
Engine ISPv 343.4s
Pump inlet total Mass flow rate 124.9 kg/s
Engine mixture ratio 3,12
Chamber pressure 4,7 MPa

3. Rocket Engine main design drivers / essential requement,

The engine main design choices and requiremendidtibn were not made for the sole engine “per et are the

result of a concept, then preliminary design analgad requirement elicitation, done at Rocket Blsipn System
level and its integration aspects in the vehicle.

The different trade-offs have been driven by vehicp-level objectives (translated into trade-affgmeters) and
an associated set of weighing factors. These toffdparameters and their ranking are given, heiighomt the
weight value but from highest weight (lette”“) to the smallest weight (letter “e”). They ar@wsim in Table 2.

Table 2: Trade-Off criteria ranking
/@ Design-To-Safety N

@ Design-To-total Cost
@ Design-To-Performance
@ Design-for-Budget

@ Design-for-Environment

A /

Note that the prime requirement is related to gatéis is reflecting the project objective of atdfeed vehicle and
rocket propulsion (main rocket propulsion, and FC8&8ude control system which is Reaction Conggktem
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like with small thrusters). The certification wike given by an independent safety agency, typi¢chdyEuropean
Aviation Safety Agency (EASA). Let us say here it level of safety will be of some orders of miaigphe higher
than the today “manned space safety level”.

The second highest weighing factor is related ttalTGost, which takes into account not only thet afsnewly
produced vehicle propulsion system, but also tlightfl operation costs (in particular check-outs,idfland
propellant loading for the RPS) and the maintenaost (i.e. the rocket engine exchange after e8érflights, or
more if achieved by design, but also the propeltanks at the other end of life capability). Theeshdor high-
reusability of the rocket engine and all other RRfBipment, in the standard of current liquid rogieipulsion
technology, is directly coming from the economicrgtt, let us say: the RPS cost per flight.
As Astrium, then Airbus-DS, made it public at thiate, the flight ticket price is in the range of@®® 250 kEUR.
This price has been broken-down to the lowest Bagmit level of hardware and software, as well@ashe flight
operations and maintenance (cost of spare andtastivities).

The performance objectives are only ranking 3 far tocket propulsion system. This is rather unufarabpace
propulsion development, but it is the sign of tkeeded adaptation for innovative vehicle propulsion.

Also innovative of its kind, the design criteridated to minimisation of environmental impact (sdled “Design-
for-Environment”, “Eco-design”) has been introdudedhe early approach for the Spaceplane Rockaprsion
System, and for the LOx/Methane rocket propulsiechhology project. The ultimate target is to reachero
environmental impact product: this is expected tcrdme the requirement, sooner or later, for any new
transportation system, hence the implementatioimefropulsion for this innovative vehicle. Everihig ultimate
target is not fully reached, the effort and newieegring approach will be very beneficial for pregging along
this trend.

Globally, the major design solutions, resultingnfradhe design analysis and trade-offs by applyirg @above
mentioned design criteria and weighing factors barillustrated by the significant data providedtlie Table 3
here below:

Table 3: Selection of most significant technicajuieement resulting from design optimisation

Ranking General Design Criteria Most significant teh. requirement for Value or characteristic
Rocket Engine ACE-42R

a Safety 1 FS + remaining probability of catastrophi¢ Includes  tolerance  to
failure < 10.E failures
(X being currently a proprietary information
Compliance to anticipated Certification Includes  tolerance  t0
Specification for SoA rocket propulsion extreme conditions and

non-nominal conditions

b Total Cost TCA life-cycle >30 cycles

Reduced thermo-mecha loads PGes= 4,7 MPa

& consequent design and sizing choices (not detailed here)

Turbo-Pump and Gas Generator life cycle | >60 cycles
Reduced thermo-mecha loads GG MRy = 0,37
& consequent design and sizing choices (not detailed here)

c Performance Total reference mass-flow-rate 125 kg/s
(PGes =4,7 MPa)
ISPv (reference) 343s
Engine Mixture-Ratio (reference) 3,12

d Development Cost and| (Existing project Risk File, and Development

risks cost evaluation)

e Environmental Impact Green-house gas emission balanced to zdre.use  of  bio-sourced

over life cycle propellant

Row material consumption limitation over
life-cycle

Toxic products released = zero
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4. Summary of ACE-42R, LOX/LCH4 highly reusable enginecritical sub-system demonstrators tests

In order to mature the LOx/Methane rocket enginshnelogy, and the most demanding application which
related to high reusability, Airbus DS (now Ariane@p) has been investing since a few years in a R&T
demonstrator program, which included elementary pmments or small scale element testing, for codattig
technical choices and for anchoring some fundarhasigects of mathematical modelling, and ultimatehd to

the design and manufacturing of a 400kN class Ti@hsmber, a Gas Generator, and a TurboPump (aoties i
frame of a B-to-B cooperation project with IHI cdphn), all based on the same engine level require(he. the
ACE-42R reusable engine, including throttling-ajiliequirement for down to 25% power). This senéscale 1
demonstrators was called the “PDM program”

Two main testing facilities contributed to the PD&4t campaigns:
= DLR/Lampoldshausen, Germany for Thrust-Chambdr@as-Generator tests (P8 and P3.2 benches)
= |HI/ Aioi, Japan, for Turbo-Pump and capable dfife Power-Pack tests

The Gas-Generator tests have been done end 20d.% (@&w series is planned in 2017 in order tofieal design
choices, “flight-like” feed circuit and technologiéor low-cost/high-reliability ignition system).

The Turbomachine has been tested in 2015. The fF@hmsmber has been tested in 2015/2016

A Lox/Methane reusable Turbo- A Lox/Methane reusable Gas- A Lox/Methane reusable
PUmQ: Generator Thrust-Chamber:
- 30t thrust (sea level)
2 MW power (turbine), > 2 MW power, 1m long
100 bar pressure-head down-rated regime tested (for > 30 life cycles

25% and 75% operation regime throtability)

capability 1 . > 60 life cycles
> 60 life-cycles_

Mobil 0540 +|:|ET: 00 : 30

PDM Thrust-ChIMber tested

Figure 5: Overview of the LOx/Methane engine subtasyn demonstrators tested

The Figure 5 provides some views of the demonstiaaodware, and of their test in the relevant faed. The
main characteristics are recalled. Test resulte \wezsented in the reference [1].

5. Maturation obtained, crossing the demonstrators reslts with the foreseen capability of ACE42R
design

Considering the Table 3, which provides the drivini¢eria for the design of a sub-orbital aeroplasmesable
rocket propulsion system, the following paragraptesent a summary of the maturation of the LOx/LCH4
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propulsion technology which has been obtainedthisrkind of demanding and innovative vehicle apgtion, by
mean of the demonstrator program.

5.1 Criteria of rank “a”: Safety

Needless to say that there were no “statisticrtgsin the program, but some of the objectives wemestructed in
order to test some extreme operating conditioss, evering some typical disturbances in feedingli@ns in
particular, in order to validate safety-driven d@schoices.

5.1.1 At level of Gas-Generator:

The program was technology oriented, and inclubedésting of many different hardware configuradicn order
to have a “hardware parametric experience planprasented in reference [4].

For example, 5 different types of injectors westad, crossed with different injector-head volunasswell as 3
different hot-gas mixing devices, just to name safidem. Those experimental investigations, codipléh
correlation of predictive models (combustion, hieatsfer, flow-dynamics in particular) have allowecdbetter
master the relationship between hardware critiealgh parameters and effect on combustion and dimeing
conditions. This means that knowledge about desigrgin was consolidated and fed into predictivdsioihus
contributing to failure divergence and preventibiligy, and to reliability construction (margins safety limits).

Focus was put on mastering ignition conditionsp@stering the internal hot-gas heat flux (via fdooling
variation up to failure case of cooling channelstalction, and also via the identification of desarameters for
reducing combustion high frequency roughness),cemdomogenisation of hot gas temperature in ofitet area.

On this basis, a reference design for a safe arghbde engine could be selected. The additionat&sGprogram,
foreseen in 2017, will then contribute to furthgperiment the robustness of the GG.

5.1.2 At level of Turbomachine:

The LOx/Methane, highly-reusable Turbomachine destrator (designed in a cooperation project by [Hlapan)
test objectives and features were presented inerefe [2] and the main results of the test campaigrhighlighted
in reference [1].

Mitigating the potentially catastrophic risks ofacket engine turbomachine is indeed extremelyeriting the
“classical rocket engine” design choices. It isdad implying a reshaping of the engineering apgroahis has
been done together by IHI and Airbus DS (now Ar@araup) in order to implement a coherent and efficie
approach embedding , in this case the Turbomaatésgn, the gas Generator design the engine desigrthe
vehicle design (involving wide range of design daraas Zone Analysis, or architecture of softwaisgtesm).

The driving approach was, naturally, based onigteanalysis engineering (using RAMS tools) for dedicle
mission with priority on safety specifications deténed strongly from civil aviation certificatiomles as, but not
limited to, reference [3]. We can cite here forrepée 2 major risks related to debris generatedbsting parts,
and to the initiation of fire.

The consequences on the design choices for falfilhe safety requirement (which has the highes#ting) were
numerous, and had to, of course, also comply wighother requirement for cost (in particular higkusabity and
the consequent wearing-out of some life criticatgjeand performance.

Some particularly specific features and approachtbde implemented, as example for the design and
dimensioning of the 2-stage turbine disk assemirlyhie mechanical design combined with shape duidi
propellant impellers. The robustness of bearindisgpof sealings for rotor parts, of toleranceptuticle pollution
was also influencing design choices.

Moreover, safety barriers implemented through adpmmenitoring are part of the design, and havedo b
associated to data behaviour analysis and anoreédgtibn criteria, to be managed by a FDIR system.

All those design features are influencing the panémce of the turbopump, global (hydraulic perfonge but
also locally inside the machine, and were evalutiiadks to the test campaign performed in IHI Agsit centre.
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Particular safety related, test have been performét extreme and non-nominal conditions for pusaption (see
Figure 6), including gas ingestion test, and atderance to disturbed inlet flow, to particles (Sedble 4) , for
example.

The test model was heavily instrumented also flomaihg the identification of best suited measureth@erd data
treatment for FDIR function.

The obtained test results, despite a limited amofilite cycle applied, have allowed validatingoa 6f safety
features and related design choices. Now, thertedtl is ready for accumulating addition test cy@ad
experience when associated with ArianeGroup Gagf@&r demonstrator (above mentioned) by mean of
“PowerPack” assembly test.

5.1.3 At level of Thrust Chamber:

The LOx/Methane, highly-reusable Thrust-Chamber aestrator tests took place in 2016, and some pirgim
results (because the test campaign was still onggaft that time) were presented in reference [1].

The design methodology and adaptation of engingaapplied to the Thrust Chamber design toward $afad
other criteria was similar to what is presentegrievious paragraph for turbomachine.

The test results obtained allowed covering a lamgeunt of operation cycles: up to 46 ignitions 86dife-cycles
with the same hardware and without any refurbishn(i@nparticular, no sealing connection needingaigp One
link with safety is related to the contribution fouilding up the “probability of no-failure”, ana the validation,
and anchoring, of life modelling, thus allowinghtetter predict failure initiation modes.

The test model was, for this purpose, heavily imsgnted. Here also, FDIR measurement confirmatorater
flight operations was part of the test results sasent.

Note that a large amount of “beyond extreme deb@uer” test were performed, in particular at vieny chamber
pressure, and with forced LCH4 phase change inrgpahannels: this allowed to more precisely chizrése the
thermodynamic and fluidic behaviour of Methane firelcritical conditions and for design critical fttions
(cooling, injection).

The occurrence of high-frequency combustion infitgbwhich damaged the injector head during ond ies
remarkable: thanks to the large and appropriatebeuraf sensors, the initiation conditions coulditesstigated,
counter measures were identified, hardware repaaed new safer ignition and operation conditioatidated
during the remaining of the test campaign, oventhele extreme design domain.

The obtained test results, and the large amouhbBfiring cycles, have allowed to validate a Ibsafety features
and related design choices.

5.1.4  Conclusion for criteria “Safety”:
Using the Table 4 related to Design-to-Safety dete

Ranking | General Design| Most significant tech. requirement for Rocket Value or
Criteria Engine ACE-42R characteristic
a Safety 1 FS + remaining probability of catastrophic faflurincludes tolerance tp
<10.Ef failures
(X being currently a proprietary information)
Compliance to anticipated Certification Includes tolerance to
Specification for SOA rocket propulsion extreme conditions
and non-nomina
conditions

\— _J/
Y

» Validation of performance and behaviour with designices driven by safety

» Extreme and non nominal conditions tested and beteal models adjustment

» Characterisation of some failure conditions andr theopagation profile (i.e. pump
cavitation, TC high frequency, GG T° peaking, ...)

» Verification of FDIR potential measurements andgbgl significance
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5.2 Criteria of rank “b”: Total Cost (including Hig h-Reusabilty)

The design-to-cost results are no the purposeisfpdper, but the results obtained in view of tighheusability
requirement are summarised here. This is a keygndsature for reaching the targeted cost-perflajlocation to
the rocket propulsion system, as well as for reaghhe minimum flight rate (many flights per weekht is
required from a spaceplane operational economicalem

5.2.1 At level of Gas-Generator:
Table 4: GG demonstrator required life versus tekte

Required Nr of Performed operation Operating load-points Remarks
life cycles cycles tested
> 60 98 cycles Pc from 18 to 70 bar Good mixing of hot gas achieveg,
Cumulated time = 4.000s | Ox/Fuel from 0,05 to 0,7 gggo'gl‘;v amount of cumulated sopt

The hardware status is very moderately affectethbyaccumulated hot-firing cycles at various OxIFaperated
conditions. The demonstrated cycles compared tgahds of more than + 30%, and the hardware good health
for further testing: it should be used for nexpstensisting in Powerpack test.

The moderate soot deposit with the LOx/LCH4 comtiama despite low combustion mixture ratio as iradied
above, is very favourable for high reusability: $geical views in Figure 6 and figure 7. Similamlampact is
expected on the turbine blades and stator.

oy,

1 - ; )’ ¥ o
T [ +
| J
. 5
'S =

Figure 6: injector face-plate featuring low soopdsit

The control of GG chamber wall heat-flux via filrnaling, and impact of film cooling variation, hasem settled
during test, and relevant combustion/cooling moeedse correlated: this makes the design abilityemobust for
life capability of a final flight chamber configuran.

5.2.2 Atlevel of Turbomachine:

Table 5: TP demonstrator required life versus tekte

Required Nr of | Performed operation Operating load-points tested Remarks
life cycles cycles
> 60 8 cycles Low Power mode: 25% At Turbomachine level

Intermediate power: 75%
Full Power: 100% (2MW on turbine)

Life-time: 8.900s cumulated Maximum design rotational speed and | Test at level of critical dynami

>60*80s running time maximum mechanical load elements: bearings together wi
dynamic seals on the real rof

(>4.800 s assembly.

cumulated)

th
or
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Only little number of operating cycles has beerfqrened in the first test series of IHI designecbtamachine (see
reference [1]) The test model is planned to be @0 ASL Gas Generator demonstrator in orderexdopm
additional hot-firing PowerPack test.

However, life critical dynamic components (i.e. thearings, with their cooling system, and the dyicaseals)
have been tested beyond the cumulated life reqeinenin extreme load conditions, and a final dediga been
selected and has demonstrated more than 1,8*nomimaillated life time in real conditions (flight digts rotor
axis and cold conditions).

At level of turbomachine assembly test, focus hesnbput on extreme operating conditions in ordeméasure,
and model the life sensitive behaviour of the hamawThis is what has allowed, for example, to fifiga need for
increasing cooling flow of bearings, in low powebde (25% of nominal power / rotational speed), lideo to
increase the cooling margin, and thus increasiiegcipability margin. The modification could be ddoy using
some transducers ports, connected by tubing, tlwegdiag to dismount and machine modifications om th
turbopump. All other features, designed againshnéusability, have been verified with positive uks, giving
confidence in the ability to go-on testing in a RoRack configuration.

5.2.3 Atlevel of Thrust Chamber:
Table 6: TC demonstrator required life versus teéfe

Required Nr of Performed operation cycles Operating load-poirgtete Remarks
life cycles
> 30 46 ignitions (among which 10 Low Power mode: 25%Pc | Extremely wide range of
red-line stops after ignition). | £ Power: 100% Pc (Pc;Ox/Fuel) domain tested
36 operation cycles Ultra-low Pc (stability test)

The tested TC demonstrator (also nick-named “Rojnkas remarkably achieved the high reusabilityatwghich
was set for the design, and even beyond by +20%.hEindware has been inspected and x-rayed, anenpsaso
initiation of life-typical damage, in particular moack initiation yet in the chamber internal liner

The performed series of hot-firing is describedigure 8 here below:

1
]
i
i

Figure 8: history of performed test and accumuléifectycle for TC

i
i
demonstrator.

> -

Copyright 2017 by Jean-philippe Dutheil and Yoan Bdrgblished by the EUCASS association with permissio
Page 10 of 15



DOI: 10.13009/EUCASS2017-552

7" EUROPEANCONFERENCE FOR AERONAUTICS AND SPACE SCIENCE (EUE3)

The different sealing design for long life did alperform well, without requiring any change durimngnole
campaign;

It has to be noticed that 1 dismounting of the dtge head was performed in order to repair it after high-
frequency experience, in order to change the iigeatlements (design modifications for stability rgia). The
relevant seals were replaced on this occasiory Eathe test program {btest). In term of life cycle, a higher heat-
flux was experienced for a short period, damagimg injectors, but the complete test duration wasever
achieved, in those degraded conditions, showingdhastness of the design provided that the opeyatiixture-
ratio is controlled (which was achieved by conggmund propellant flow-valves)

Also worth to be noted, the cycle accumulated cedeégnition sequence set with aLCH4 lead, and séspences
modified for achieving a LOx lead during transient.

Various operating load points [Pc;Ox/Fuel] haverbtssted as presented next paragraph, and accdontibe life
capability demonstration.

From the measures heat-loads and pressure frodiffaeent test performed, the life model correlati@sults lead
to an expectation of 2 times the required life télgg. The TC is kept ready for further testindnosild budget be
available. It could also be used for an engine destmator when assembled with the other engine gstgim

demonstrators also tested (TP and GG).

5.2.4  Conclusion for criteria “High Reusability”:

A very strong technical maturation of the high-mhiity design choices and technology selected ccdag
achieved through this LOx/Methane demonstrator R&3t program, at a scale typical of operationaldn@e
particular, based on a 42t thrust engine) whicbvedl correlatively a significant risk reduction fany project
requiring such capability. The Table 7 summaribesrésults achieved versus the targets.

Table 7: Overview of demonstrators required licesus tested life

Required Nr of

Performed operation

Operating load-points

Remarks

GG life cycles cycles tested
> 60 98 cycles Pc from 18 to 70 bar Good mixing of hot gas
Cumulated time = 4.000s | Ox/Fuel from 0,05 to 0,7| &chieved,  and loy
amount of cumulated soot
deposit
Required Nr of
TP life cycles
> 60 8 cycles Low Power mode: 25% | At Turbomachine level
Intermediate power: 75%
Full Power: 100% (2MW
on turbine)
Life-time: 8.900s cumulated runningl Maximum design Test at level of critical
>60*80s time rotational speed and dynamic elements:
maximum mechanical bearings together with
(>4.800 s load dynamic seals on the red|
cumulated) rotor assembly.
Required Nr of
TC life cycles
> 30 46 ignitions (among which Low Power mode: 25%PgExtremely wide range of

10 red-line stops after
ignition).

36 operation cycles

Full Power: 100% Pc

Ultra-low Pc (stability
test)

(Pc;Ox/Fuel) domair

tested.
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5.3 Criteria of rank “c”: Performance, including Th rottleability

For all 3 demonstrators, the design domains haes bested and the good behaviour of the hardwaseshan
allowed to go beyond the extreme domain in ordeexplore the design limits, and to perform also sqmre
technological tests related to particular behavisuich as combustion extinction limit for GG, or H€ phase
change in Thrust Chamber regenerative circuit. Téss have shown a very good achievement of pestlict
performance, global and specific, therefore thisageaph puts emphasis on the variable thrust chfyabi
(Throttleability) demonstrated at level of eachiical engine sub-systems.

Gas Generator: Test have been performed over agneetly large domain in term of power (chamber presand
mixture ratio variations, as illustrated by Fig@efor exploring also the hot gas temperature teatpee, for the
different injection elements tested and mixing desi(homogeneity / stratification of T° in the lgats flow).

Figure 9: domain [Pc;Ox/Fuel] demonstrated with@@
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The Throttleability, from combustion device poirftwerification, is illustrated with the example t&fst profile of
Figure 10. Lower operating points have also be@eeenced during a hot-run.

Figure 10: example of a variable power test seqeienc
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In the foreseen operating range of the relatednengiCE-42R, which is 25% -to- 100%, the GG has aieef
without generating high pressure oscillations.
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Turbomachine: Throttleability demonstration testyevperformed at the following power levels: 25%%/and
100%, with a continuous but rapid variation betwkeew Power and nominal power, as illustrated below:

Figure 11: typical throttling profile with state latv power (rotational speed=NT1)
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Thrust Chamber: The large operating range of loaidtp tested is shown by the Figure 12, and it acug
achieved with variation of feeding conditions byaneof a controller and ground flow control valvésLCH4
heater was added in order to simulate a regenehatbooled nozzle but also for allowing parametr€H4 inlet
thermodynamic conditions (technological investigatfor LOx/LCH4 propulsion).

Figure 12: PC plot (black) and pictures of TC extaluring throttling test
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Engine: The engineering and design maturation ambrds based on the use of a “virtual engine” ACR-4which
is a set of mathematical models representing engiemments. The demonstrator’s requirements werereoh of
this “virtuel engine”, and the test results areocalimaing at validation / anchoring some models dach
demonstrators. Those verified models are thentegsiated in the virual engine, and the operabflityparticular
the trimming and transient management) and perfocador different utilisation profile and conditierare
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verified. At the same time, a specific demonstrangine (dubbed ACE-35R) is also virtualised anglisidd
according to test resilts.

5.3 Criteria of rank “e”: Environmental impact mini misation

The LOxX/LCH4 demonstrator programme was also ugettdésting” the way to introduce Design-for-Enviment
in the Rocket Propulsion System Engineering stnecamd working logic. A few desing trade-offs wdane for
adjusting a methodology. Some particular studieswwerformed in order to get first usable resiitis design
trade-off), in particular concerning the life-cy@nalysis of Rocket Propulsion System for the step
“manufacturing” of the hardware, based in particala the material and manufacturing process appliethe
demonstrators presented here. An interesting omtpatthe computation of the environmental impadtiction
brought by the recycling of the hardware at entifefilmade possible thanks to the recovery / reiliggh Some
orientation to change the type of material were &lgntified fo reducing amount of toxic productsguced from
raw material mining to parts finishing.

The most spectacular approach, and technical pgsgweas the application of “emission balancing’rapph by
testing Bio-sourced liquid methane, which qualitgsvearefully analysed and fixed for a given proiuncprocess
(vailable on commercial market) and which has hesad for 100% of TC test campaign.

Figure 13: From bio-methane production up to BioH4Quse in combustion test

All those results can start feeding a set of emvitental data, for orienting a development phase tla@ approach
allows to further elaborate a methodology for eartyoduction of Design-for-Environment in developn logic.

6. Conclusion

A very strong technical maturation of the high-ghility design choices and technology selecteda:bel
achieved through the LOx/Methane demonstrator R&TE program performed by Airbus-DS (now ArianeGioup
and its cooperation partner IHI for the turbo-putngtween end 2013 and end 2016.

This R&T project, with requirement based on the deding application for a sub-orbital, passengersjart,
aeroplane, related to engine ACE-42R concept, hiasrdto achieve some World-Top class results é th
technology of Lox/Methane Highly-Reusable rockegiae , in particular with the combined demonstmaitd a so
high reusability of major subsystems (i.e. the 86firing cycles of TC), large throttling capabjlifor all major
sub-systems (100% down to 25%), representativariesgkels at scale 1 (related to a 42t engine), ditiad to
beyond-the-limit test cases. And all hardware argaod health, as expected from design choices, @mkready
for further hot-firing testing in order to demorattr more margin.

Those results, with the associated design and tioglébols maturation, pave the way to a lower @glplication
of the studied Engine and Rocket Propulsion Systerimnovative vehicles projects that are burgegnin
particular for sub-orbital aeroplane (which wasduae requirement baseline) and also re-usable haurstages,
among others.
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