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Abstract

Since 2015, ArianeGroup and CNES have initiatestiong partnership the development of a new low
cost and reusable rocket engine to power the nexérgtion of launchers after Ariane 6. Cryogenic
rocket engine of 100tons class, it will run liquidygen and liquid methane. The Prometheus engine
will have to meet ambitious design to cost appreacand still be capable of reusability. Equipped
with a dedicated computer it will be able to pemiothrust modulation and self asses its health
condition for real time adjustment and maintengnogoses.

The Prometheus engine is not only a new enginalsatthe prototype of a new industrial approach to
rocket engine design. Under the lead of a desigmt@tegrating industrial and institutional parser
the Prometheus engine design integrates the mostiging solutions from R&T and other programs
in the field of ALM, design to cost strategies,dttable thrust, on board computing, HMS and digital
technologies.

The Prometheus engine is one of the main brickuitn the next generation of launchers and to help
optimize the industrial framework around it. Foliog ministerial conference at end of 2016 the
project is being pursued in ESA FLPP NEO prograntaufiring tests in 2020 at DLR P5 test bench.
This paper outlines the main design choices anihthevative approaches brought by Prometheus and
its development.

1. Introduction

Prometheus rocket engine is the latest ambitiothefEuropean rocket industry. The goal is to prevédreliable
engine of 100 tons class in a costly effective neanfihe main idea is to merge manufacturing anéydde support
the development of parts that respond to the teahspecification and allow a more efficient faltion and lower
production costs.

Manufacturing constraints are included in the deggocess within an Agile inspired environment amubvative
approaches to industrialization are deployed.

The engine cycle is a traditional gas generatog,tysing LOX and LCH4 as propellants. The choicemethane as a
fuel enables a good compromise between performareshsced thermal gradients in the systems andredsttions
The engine controller performs autonomous tuniognf80% up to 110% of the nominal thrust and inneeatiMS
algorithms are used to optimize engine health aasest for in flight HMS or post flight maintenangerposes.
This paper proposes an overview of the main teehrilements of the engine as well as the core gbyilby of the
project.

2. Mission

Prometheus engine will constitute the main propelsolution for the future European launchers sagtAriane
Next (see Figur8)[1,2].
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Figure 1Prometheus engine preliminary 3D model

It will be a unique propulsion system for main amper stage (a cluster of engines for first stgg@ieation). The
Prometheus engine will be designed to be reusatsld@mdemonstrate cost effective reutilization: tost objective
is to achieve a reduction down to one tenth of yagtegine such as Vulcain 2 Figize
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Figure 3 Prometheus launcher target, and numbengihes per type of application
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3. Enginedescription

3.1 Enginecycle ar chitecture

After a preliminary phase started end of 2015 rpldtirade-off were performed leading to the finlabice of a gas
generator engine type, Figude This allows the integration of low cost desigfuions in a system with satisfying
overall performance level.

The engine delivers 100tons of thrust. A singleftstuabo-pump is used to feed the combustion chapdmmled via
a methane regenerative circuit. Four main valves fdne chamber and the gas generator. Three of dnerfully
regulated valves and allow a throttling level fr86%6 up to 110%.
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Figure 4 Preliminary engine architecture

The nominal combustion chamber pressure is sed@dar, on the basis of engine mass correlatiaginerfeedback
and performance target. The combustion chamberuneixtatio is set to 3.5 which is near the optimwn the
combustion chamber, as it is illustrated in Figbire

Specific Impulse

Mixture Ratio

Figure 5 Combustion chamber pressure and mixttie salection over specific impulse

The ejection pressure was selected to 400 mbas. Vidtue was chosen because the Prometheus engirie s$age
engine and needs a good sea level thrust.

During the preliminary design phase, CNES perforraethe supporting studies thanks to the Penelopktyfac
involving mission optimization and calculation tolger with engine design loops (“Plateforme d’évéhma
numérique de I'environnement lanceur et optimisaties paramétres d’'étagement”) Figéré& his approach led to
an update and optimization of the nozzle expanstio and thus the selection of the appropriatetigje pressure at
sea level.
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" Figure 6 CNES concurrent design facility « Penelspe
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3.2 Low thrust behaviour and throttling

The key difficulty in throttling a liquid rocket gine is maintaining an adequate pressure drop sithesinjectors,
which is necessary to provide propellant atomizaed mixing. For the combustion chamber, cooliag be an
issue too due to fluid properties variations as repphing the critical point (45 bar for methane)r F
turbomachinery, the primary considerations are uoica cavitation, stall, surge, and to consider bepteakage
flows, critical speed, and structural dynamics. Falves, it is necessary to design valves and tmudhat can
achieve accurate flow control at all thrust levéliss also important to assess the amount of moftalv separation
that can be tolerated at low thrust levels for gbtesting.

At this stage of the project extensive analysipasformed at system and subsystem levels to an#ihgseritical

behaviour of the engine during low thrust throtiliiExtensive domain analysis has been performednéirm the

main system design choices revealing the engirfenpeances.

3.3 Combustion devices

Several families of thrust chamber have been pmgbosith the objective of achieving innovative lowst
manufacturing as the thrust chamber cost target fisw part of the global engine cost. This tradei®ffed by
BOREAS programme [7], ROMEO programme [8], pastezignce, etc.

The PROMETHEE GG design is a fully made with ALM.

3.4 Turbopumps

Taking large benefit of ALM process for manufaatgyi the turbopump design is the result of a desigoost
process. The Prometheus single shaft turbo pumglaiev an overall power of around 10 MW.

3.5Valves

The reference engine has 4 main valves :

e 2 Chamber Valves (VC) which control the combustitimber feeding. The VCO is used to control the
chamber mixture ratio. Thus it is a shut-off anggulation valve

* 2 Gas generator valves which control the gas garefeeding. The VGO and VGM are used to tune the
engine power and to control the GG mixture ratioud these valves are shut-off and regulation valves
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4. Innovative manufacturing approach: ALM and innovative processes

One of the key technology approaches of Prometbagse is the extensive use of Additive Layer Mawtiiring
(ALM), fostering design flexibility and reduced phaction time.

Up to now, ALM has been extensively used for thedpiction of secondary tools or parts, on boardatélstes or
airplanes, providing interesting alternative foerabnts such as cabine elements or equipments. Steius ALM

parts have been employed so far as principal elenie®ngines with a main functional and structuoé.

One limiting factor for the evolution of ALM manuwfuring is the typical size limit of the ALM (Lasd@eam
Manufacturing) machines [4]. For the first timeetRrometheus pump main casing, constitutes theesigoart
produced (in partnership with Volum-e) today wathh ALM machine at once, that is without rechargiagg using
Inconel powder with a M400 machine [4]. The sizailihas been pushed to 40cm. Manufacturing ofhallgarts of
the engine will be tested with certified ALM mancffiaring solutions and machines. The objective aniatheus
program is to achieve the best compromise in matwfag ease and final performances.

¥

Figure 7 Turbine prototype
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Carter de turbomachine de Prométhée 1.

Figure 8 ALM Casing prototype
5. Industrial set up

Industrialization has been taken into account ftaebeginning of the project. The ArianeGroup indakteam is
part of the project and thus integrating possildsigh constraint in the industrialization logic.
Some of the ideas leading up to the design of tiggne manufacturing site are:
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- Facilitate the supply chain: by using standard nel{eincreasing manufacturing tolerance, simplifye
parts definition

- Facilitate the production line: no pairing, no parar affectation, no waiting time during the anfty
phase, improvement of anomaly recording process.

The mounting cycle of the sub-system and enginal @ssembly will be improved thanks to minimizatiointhe
waiting time between two operations, anomaly pre@gsoptimization of the setting of specific elensemounting.
The high production cadency associated to Promst(itween 50 and 100 engines per year) requirassambly
plant very different from the classical engine proiibn, innovative methods will be applied suchpagse line
manufacturing sites [6].

Prometheus is an innovation vector, leading toramovative industrial set-up making intensive useAbM and

digital technologies.
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Figure 9 Greenfield analysis

6. Agile, frugal and design to cost

Prometheus project is based on three main prireciplEich are completely breaking with past rockegilea design
approaches.
These are based on the following modern guidelines:

- Extreme design to cost such as in typical autoradtidustry

- Frugal development, keeping the innovation at theer

- Ageneral Agile approach in the program impleméatat

Aggressive design to cost is achieved thanks ters¢wyears of experience and also by bridging tiae gmong
design choses and manufacturing constraints.
The main low cost design choices are:

= Simplified cycle architecture

= Low cost mechanical set up

= Standard electrical command
= Simplified sub-systems

= 3D ALM fabrication
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Figure 10 Simplified engine setup

The basic principles of the Agile method is that geefrom the V cycle to a spiral approach. Thelfimaduct is

achieved via iterative building of the product isthheduces the tunnel effect, provides tangibleiads early as
possible , splits a complex endeavor into simplements, delivers frequently and improves baseddivect

feedbacks from users, clients and teams and fintliyitigates risks by addressing early the prodpatts that
involve a degree of uncertainty.

The Prometheus design team integrates at maximenAgile approach thanks to the innovative manufaogu
methods provided by ALM and by the creation of anovative team where design engineers work togetiitér

manufacturers in the same facility. This leadsh gossibility to quickly produce prototype of fherts and to boost
system engineering thanks to the proximity to thigsystems.
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Figure 11 Overview of Prometheus innovative corespth as Agile, Frugale and ALM
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7. Reec (engine control and HMYS)

Prometheus engine will be equipped with a dedicatedrol unit, the REEC, which will be able to pmrh engine
control during flight, meaning throttability fronDO0kN down to 300kN of thrust, and most of all illwnanage
autonomous in flight health check and contribut&atmch pad operations and maintenance purposes.

It is thus a central element of the engine sucaesdsit is based on many years of experience inlaggn and HMS
demonstration. Prometheus REEC computer will besldged following agile philosophy making extensivee of
ISFM bench [3, 5].
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Figure 12 Global view of the different ISFM compats

8. Prometheusteam

The Prometheus project proposes an innovative apprto rocket engine design by integrating theqipie of

aggressive design to cost and agile developmentoapp in an already setup industrial environmens. &
consequence this philosophy has practically didtatenew way to live the workplace: engineers, desig and
manufacturers have to work together and share ideason as possible, they also have to be as afogessible to
the hardware and learn from experience in a preaatiay. To boost the possibilities of integratidnimmovative

ideas coming from a broadened panorama of resé&aiohovation activities, CNES since the initial @geaof the
project (2015-2017) have been strongly involvedhie team, providing support and expertise on alitiems and
on different topics linked to innovative and ali&time solutions.

9. Conclusions

Prometheus engine is an ambitious project that a@tndeveloping an innovative propulsion system bepaf
throttling and reusability for European future labars. The challenge is to ensure optimum perfocesmiand still
to drastically reduce costs by implementing aggvesslesign to cost strategies and advanced indliz&iion
methods.

An innovative approach to rocket design is at stahke the Prometheus team and project will leadnigoirtant and
disruptive achievements.

The project has been initiated and matured fronb2012017 in the frame of a strong cooperation betwCNES
and ArianeGroup. Thanks to the successful outconiéained so far the project has been accepted rasterial
level and is now part of ESA FLPP NEO project.
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