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Propulsion Systems Definition for a Liquid Fly-back Booster

Abstract

Martin Sppel, Armin Herbertz
Space Launcher Systems Analysis (SART), DLR, 51170 Cologne, Germany

This paper describes the final design status ddréiglly reusable space transportation system which
has been under study for more than five years it German future launcher technology research
program ASTRA. It consists of dual booster stagesch are attached to an advanced expendable
core. The design of the reference liquid fly-badodters (LFBB) is based on LOX/LH2 propellant
and a future advanced gas-generator cycle rock&irma focus are the four different propulsion-sys
tems and the main propellant feed and pressurizatistem.
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1 Introduction

A reusable booster stage dedicated for near tepticagion with an existing expendable core has hewter investi-
gation within the system studies of the Germanréutauncher technology research program ASTRA agsdarch is
continued in the ESA FLPP. To date, analysis shibrassuch a winged fly-back booster in connectidth the un-
changed Ariane 5 expendable core stage is technfealsible and is a competitor to other reusaleé advanced
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expendable launchers. (e.g. ref. [1] and [2]) Tasiddesign philosophy of the reusable booster chbose a robust
vehicle which gives a relatively high degree offadence to achieve the promised performance antesbisnations.

2 A Proposed semi- reusable Launch vehicle in Combination with Ariane 5

The examined partially reusable space transpontatystem consists of dual booster stages whichttaehed to the
expendable Ariane 5 core stage (EPC) at an upgradece technology level. The EPC stage, contairdbgut

185000 kg of subcooled propellants, is assumeac: tpdwvered by a single advanced derivative of thieafin engine

with increased vacuum thrust. A new cryogenic ugtage (ESC-B) should include a new advanced expanytle

motor of 180 kN class (VINCI). Two symmetricallytaathed reusable boosters, replacing the solid tatkeors

EAP in use today, accelerate the expendable ABatare stage up to separation (Figure 1).
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Figure 1: Artists impfsion of separatiorvad tittached reusable fly-back boosters fr

e,
om tharfgi5 core stage

2.1 LFBB Geometry Data and Lay-Out

Three rocket engines are installed in a circulaaragement at the aft of each vehicle. The totajtlef the latest
LFBB variant “Y-9” is almost 41 m. A fuselage andter tank diameter of 5.45 m is selected so ash@ewge a high
commonality with Ariane's main cryogenic EPC stage.

Three air-breathing engines, for fly-back, arealiet in the vehicle's nose section (see FigurevBich also houses
the RCS and the front landing gear. The nose &lliplsoidal shape with a length of 6.7 m. The nssetion is fol-
lowed by an annular attachment structure. The tstredor canard mounting and actuation is providethe center
of this attachment ring. The cylindrical tank iseigral and has the same diameter as the EPC awge a$ well as
similar lay-out but is shorter in length. LOX i®std in the upper portion of the tank and is sepdrly a common
bulkhead from the main LH2 tank. The ascent prape¢lmass of the latest Y-9 LFBB-configuration i8360 kg.
The integral tank section is followed by the wingdduselage frame section. A second, non-integk ltank is
mounted above the wing attachment frames. This immkterconnected with the main hydrogen tank #@nsl cur-
rently foreseen to feed the engines through thierse tank.

The applied aerodynamic and flight dynamic simolatdf the return flight requires trimmed aerodynauwhata sets
for the complete trajectory from separation at Mkevn to the landing phase at M=0.27. The resultimgfiguration
has to comply with tight margins concerning londital stability and trim and the behaviour of theobter has to be
robust over the complete Mach number range. Tts filhase of the aerodynamic design studies, sumedhim
references [7] and [8], showed the essential néedrards to increase the static margin and tolertab trim of the
vehicle. The succeeding work defined a refined dramic configuration of the LFBB. This latest dgsihas a
canard with a leading edge swee®bf and a trailing edge sweep of 22°. An asymm&ACA 3408 airfoil is used
for the canards. The main wing lay-out is basethertransonic RAE 2822 airfoil. The wing spans dl#ium and its
exposed area is about 115 m

More information on the LFBB's aerodynamic desigd performance has been published in references [Z]].
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The rocket engines are mounted on a conical tmaus#. A full 2D gimballing of all engines is reqedf to obtain
sufficient controllability of the launch vehicleg@ ref. [3]). The engines are protected on the d@ige by a body
flap, with an option to be also implemented foraglynamic trimming and control. Two vertical fineaattached to
the upper part of the fuselage, and inclined atdé. (see Figure 4). The structural support ofcthraplete launch
vehicle on the launch table has to be providechbytwo LFBB.
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Figure 2: LFBB (Y-9) projection in the x-z-plane
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Figure 3: LFBB (Y-9) projection in the x-y-plane

Figure 4: LFBB (Y-9) projection in the y-z-plane

2.2 Mechanical lay-out of vehicle structure

A preliminary mechanical design of major structwel@ments has been performed. The wing, thrustefyaamks, and
fuselage are dimensioned according to the opemdtioads calculated from flight dynamic and aerayit analy-
ses.

The main function of the booster structure is &m#fer the thrust to the EPC-stage. Load transifefareseen at the
forward attachment, in order to keep the same ttraicarchitecture as for the EPC of the presemrfr 5. The
booster thrust is routed from the thrust framethi@rear fuselage, through the LH2 and LOX tanthattachment
ring structure into the EPC.

At the LFBB's top the nose cap structure is attdolkich is an aerodynamic cover and houses a lauger of
different subsystems (see Figure 5, left). Thedfabs, their secondary LH2 feed tank, the RCS an#ist the nose
landing gear and some avionic subsystems are bhaadele the nose assembly and are to be supploytédte struc-
ture.
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RCS-Thrusters Aftachment Ring
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Figure 5: Preliminary design of the LFBB nose atidciment ring (left) and rear fuselage structncduiding the
second hydrogen tank as CAD model (right) showimgrnal lay-out and some subsystems

The forward fuselage consists of an integral, loadtying LH2 and LOX tank and the attachment ritigcture. The
cylindrical tank parts are integrally stiffened kvithe stiffeners place on the outer tank surfa¢e feference con-
figuration’s tanks are to be fabricated from alumninlithium alloy Al 2195. The rear fuselage is ppspd to be made
of CFRP, locally reinforced against buckling. Theustural concept of the wing consists of a wing lvagth four
spars stiffened with ribs. The shear panels arggded as CFRP sandwich panels, reinforced by Tiesectt the
lower and upper end. The thrust frame is desigrsed eonical shell structure, also made of CFRRe ESgure 5,
right)

3 Propulsion System

Four different and independent propulsion systeave lto be included in the reusable booster stage:
» Main rocket propulsion
 Fly-back turbofan engines
» Reaction Control System (RCS), and
» Solid separation motors

3.1 Main rocket propulsion

The reusable booster stage propulsion is baselddeosaime advanced gas generator cycle engine alsmed for the
EPC, but employs an adapted nozzle with reducedresipn ratio. This new type might include an inseghmass
flow and a higher chamber pressure than the opa@tEuropean Vulcain 2 engine. Although such agirenis not
yet under development, in the ASTRA-study it hasrbealled “Vulcain 3". The nominal engine performanlata of
the variant to be used in the LFBB configuratiogiigen in Table 1.

Table 1: Proposed “Vulcain 3¢€ 35) main engine characteristics as used in thHER¥Sstudy

Cycle open gas-generator
propellant combination LOX /LH2

nominal thrust (s/l) 1412 kN
nominal thrust (vacuum) 1622 kN
specific impulse (s/l) 367.23 S
specific impulse (vacuum) 421.7 s
chamber pressure 13.9 MPa
mixture ratio 5.9 -
nozzle area ratio 35 -
length 2890 mm
diameter 1625 mm
dry weight 2370 kg
TIW (s/1) 60.7 -
T/W (vacuum) 69.8 -

Throttling demand on the reusable engine is redtibenign. In order to evaluate the throttling aaifities of the
“Vulcain 3” engine, different off-design calculati® have been performed with the DLR code LRP2 éntltnottling
range 95% to 105% of nominal thrust.
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The underlying assumptions are:

» constant chamber throat diameter and expansian rati

e constant gas generator throat diameter

e constant turbine pressure ratios

« efficiency of the turbo machinery is varied accaglio efficiency estimates by the code

» pressure loss and heat transfer in the coolingrelavaries according to chamber pressure changes

> 08
(Q~p)

The engine mixture ratio has been varied in ordeyenerate a certain thrust level or a certain tlegmixture ratio
respectively. Variations have been made with respey the LOX or the LH2 mass flow held constarie mixture
ratio variation leads to different chamber pressufdus different pump powers are needed to estatile changing
mass flows. The results show that a variation iidiagr mass flow (constant LH2 mass flow) is mouéable for

throttling than the inverse case (cf. Figure 6He Telated power adaptation on the LOX turbopungpjzroximately
+/- 15 %.
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Figure 6: Vulcain 3 off-design thrust (left) andcuam specific impulse (right) vs. engine mixturéaa

3.2 Fly-back turbofan engines

Three turbo engines without afterburner which ugdrdgen are currently foreseen for fly-back to ilthe fuel
mass. The feasibility of replacing kerosene by bgén in an existing military turbofan (EJ-200) iatigated within
the ASTRA-study, shows promising results and noaskmppers. According to the manufacturer MTU A&no-
gines, the installation of the EJ20®RY Hydrogen into the LFBB can be readily achieved by low ns&difications.
To limit the costs related to the development paogne it is assumed that the majority of existing@@Jcompo-
nents can be used without modifications and nevwdatbn [11]. The EJ200 DRY Hydrogen is based @ E3J200
production configuration. Main technical data a-t=vel are given in Table 2.

Table 2: EJ-200 technical specification data atidawsea-level static conditions and hydrogen ptapehccording
to abp [12] calculation

OPR - 26
MeaniLPc - 4.35 (3 Stages)
Mypc - 5.98 (5 Stages)
HP-Turbine - 1 Stage
LP-Turbine - 1 Stage
Bypass ratio\ - 0.4

air mass flow kals 77

TET K 1800

T oo, dry N 54000
sfCoo, dry o/kNs 8.1

The engine is capable of continuous operation Wittirogen fuel under all LFBB attitudes and manoeueads.
Some special attention has to be given to the engamditions after re-entry of the LFBB from spdlaght and the
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conditions for assisted wind milling and lightingetengine. Engine mountings are the same as EXX#ire. The
LFBB will have mounts and supporting structure co@nmodate the EJ200 mounts.
These assumptions lead to the following EJ200 DRMdrbigen modifications required to the engine far llydrogen
application in the LFBB (compare Figure 7):
» The Front Jet Pipe will be changed / modified fét\Dversion installation for the LFBB programme.
» The existing engine LP- and HP customer bleed sysi# be blocked; the HP5 Cooler will be removed.
* Minimum change to the Accessory Gear box.
» The Variable Inlet Guide Vane system will be chahffem hydraulically driven to electrically drivekctua-
tors.
* The Main Engine Fuel Pump, Afterburner Fuel Contlait and Main Engine Fuel Metering Unit will be-re
moved
* A new Main Fuel Metering Unit and fuel piping redignred for gaseous hydrogen fuel usage is required
» Adapted dressing hardware is required
» Control System: DECMU software modification to atégr hydrogen fuel and optimised performance for
thrust requirements
» Dedicated combined engine starter/generator modotezhgine and LFBB power supply.
» Ram Air Cooled engine Qil Cooler (ACOC)

New External Dressing Modified HPC Modified
for Hydrogen Mods, VIGV Fuel Burners /
Modified Harness Actuation System Combuster

DECMU
Modified Software,
optim. Performance,

adapted
Engine Monitoring

Gear Box with

Starter/Generator
New
Main Fuel Metering Unit, Modified Modified Jet
Fuel System Oil System Pipe Front

Figure 7: Modifications required for the EJ200 DRYdrogen compared to the production version [11]

EJ200 DRY engines will have the same cleared Bftha series production engines installed in threeati military
fighter application. This lifetime is fully suffient for the LFBB which might not need more thaew hundred hours
of fly-back operation. It is assumed that the hga@rowill have no detrimental effect on the hot gath parts.

3.3 Reaction Control System

The reaction control system (RCS) thrust requirdmane defined with regard to the only flown RLW$1e Space
Shuttle and the Buran orbiter. The sizing of thac@pShuttle RCS thrusters is based on the yaweaeatieh for re-
entry attitude control. At maximum vehicle mass @#h®.5 °/8 has to be achieved [6]. For the LFBB configuration
this requirement leads to 10 thrusters on eachdfitlee vehicle (4 yaw, 3 up/down pitch and rolijiwa thrust level

of 2 kN per engine. Different propellant combinagchave been looked at. Besides the classicalokig N,O, /
MMH, the environmentally friendly G&Y Ethanol and G&/ GH, are being studied.

The functional diagram of the RCS is presentedigufé 8. Ten thrusters are installed on each sfdbeoLFBB.
Four of them on either side control the yaw movenaewl three each are operating upward and downiwaraitch-
and roll control. The current number of thrustaraldes a slight redundancy.

The dry mass of the complete &COEthanol RCS ¢}, 3189 m/s) is estimated at about 370 kg with a2@&tkg pro-
pellants. If the challengingly high ignition reliity should not be met for the new fuels, a clags$}0, / MMH sys-
tem could be selected as a back-up, which would eage about 50 kg total mass.
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Figure 8: GO2/Ethanol RCS Schematic Diagram

3.4 Separation motors

The solid separation motors are located in theclattent ring and inside the main wing structure (Bigire 3,
Figure 4, and Figure 5, right). The design of ttetars is derived from the motor lay-out used onAhi@ane 5 EAPs
but with increased thrust to account for the higbeparation mass of the LFBB. Therefore, the ptapebrain is
elongated by about 64% and the throat diametecieased by 28%. Table 3 lists characteristic dfatiae motor.

Table 3: Characteristic data of LFBB separationanot

Maximum Thrust [KN] 120
Burn time [s] 0.5
MEOP [bar] 130
Propellant Mass [kg] 31.9
Length [m] 0.9
Diameter [m] 0.345
Mass [kg] 58.3

3.5 Propellant Feed and Pressurization System

The propellant supply system shall deliver the phapts within specification limits of all liquidngines in their
operational modes. Most critical due to the higiwfrate and tight constraints of the turbopumptictenditions is
the main propulsion system. The propellant feed tanét pressurization system is preliminarily desmjmwith the
specialized DLR code pmp assessing different optfonthe pressurizing gases.

A minimum engine entry NPSP of 40 kPa on the hydnogide and 190 kPa on the oxygen side has beemeds
Due to the convex shape of the common bulkheakdeobxygen and Hydrogen tanks, the oxygen tankdasatntain
always a higher pressure than the hydrogen tarik.i$made to prevent buckling of the bulkheadldtraes. Figure
9 shows the required tank pressures over timehokygen and the two hydrogen tanks of the LFBie pressure
in the second non-integral hydrogen tank has noifspeg nominal value before its operation startargund 116 s
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after lift-off. However, its pressure has to betcoled within tight constraints for structural szas and to ensure the
safe operation of the interconnected hydrogen $gstem.
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450 LOX tank
e=—| H2 tank #1
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Figure 9: Required tank pressures for the nomif&R ascent trajectory

The main rocket propellants are stored at subcomdeditions to increase the propellant loading inithe available
tank volume and to reach favorable NPSP valuedalteduced vapor pressure.

While the hydrogen tanks are pressurized with Gi#®, options exist for the LOX-tank: Helium or gassmxygen
(GO2). Although He seems to be more attractivérst, due to its lower molecular mass, its consibgr more com-
plicated pressurization system in comparison wighj@tifies a detailed analysis. A complete simatabf the tank
ullage conditions during the ascent flight has bgerormed.

It turns out that the required gas mass of Heliand(vaporized oxygen!) is no more than 43.5 % efryuired pure
gaseous oxygen mass. However, unavoidable resene¢eresiduals in the high pressure supercriticiliimestorage
tanks are already reducing the mass edge to lass4. Additional masses for two He-tanks, pipang control

equipment result in only 45 kg advantage for a thelpressurization system compared to an oxygersprieation

system (Figure 10). Taking into account cost casitions, GO2 is currently selected as the predgpressurant of
the LOX-tank because its payload drawback is minéscHowever, potential safety requirements forting the

tanks during reentry and atmospheric fly-back magter the decision.

Pressurisation System Mass [kg]

O Control Equipment / Harness
800 @ Vent Equipment
700 @ Total Mass of Pressurisationline # 1-1
600 ) .

@ Fill-Drain-Control Equpment of He-Tanks
500 o

® Total Mass of Pressurisation Tank # 1-2
400

W Total Mass of Pressurisation Tank # 1
300

O Residual gas mass in pressurisation
200 tank(s)

@ Reserve gas mass in pressurisation
100 tank(s) 30.0 %

0 O Residual gas mass in pressurisation lines
He Pressurisation 02 Pressurisation ® Ullage gas mass

Figure 10: Mass budgets of the two considered L& fpressurization systems

The usage of the remaining hydrogen including #stduals and potential reserves from the sepafiatank to pro-
pel the turbofan engines looks as a promising deghet technical solution. However, sloshing of filgeback LH2
and its vaporization at hot walls during reentryneavering might be of serious concern. An engimeegnalysis
based on energy balance and ideal gas relatigperisrmed using pmp to assess the criticality uniderfollowing
conditions:
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* ullage pressure at MECO: 200 kPa
« ullage volume of the LH2 tank #2 at MECO: 59.5 m

« Assumption that the tank wall in contact with tHiage gas has exactly ullage temperature and it t
stored heat can be potentially released to thd.flihen the maximum heat stored in the Al2219 tank
wall @ 93 K resp. 15 K fluid temperature is 39.6.MJ

< variation of heat amount transferred to fluid ieriinodynamic simulations as percentage of wetted sur
face and duration of heat-release

* No venting options are considered in this analgilsough venting might considerably counter thespre
sure build-up.

The blue line in Figure 11 represents the theaaktiase of reentry flight in which the liquid hyden remains "fro-
zen" in its cold aft position. Then only outsidemé&y heat is transferred into the tank (approx@iyat5 MJ) but no
heat is released from the hot wall itself. Theggl@ressure increases to about 245 kPa in apprtetin#0 s.
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400 / i
g |
< 350
2 300
=}
% 250
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Figure 11: Ullage pressure for different amountbedt transfer wall to fluid (aft LH2 tank#2)

If in the simulation the total heat-transfer to tHd2 fluid is sharply increased by 37.2 MJ in normthan 30s, the
maximum ullage pressure rises by 120 % to 482 k&larésented by the green line in Figure 11). Tinmikation is

assumed as a worst case because almost the fullhntumiostored heat is discharged in a short tinfe fivo lines in
Figure 11 might be interpreted as the lower andeufgmunds of the uncontrolled pressure rise intiéeaft tank
during reentry. The actual heat release shouldrgéma pressure profile between these lines.

In the worst case the total vaporized LH2 up totthibofan ignition might rise by 92 % (comparechtoheated wall
effect) to a total of 92.8 kg. Although this numiewell below the available fly-back reservesitmportant to care-
fully take into account these potential losses.

4 Launcher System Considerations and Payload Performance

The usual mission of commercial Ariane 5 flightdl wontinue to be operated from Kourou to a 18085786 km
GTO with an inclination of 7 degrees. This orbitaland a double satellite launch including the iplgtlaunch
structure SPELTRA are assumed. The overall ascajectory of Ariane 5 with LFBB is similar to thegeric GTO
flight path of Ariane 5 with SRM. This trajectornas to respect certain constraints, which are diogbose of to-
day’s Ariane 5 ECA ascent. Throttling of the Liguity-back Booster is not performed, since the Agi@naccelera-
tion limit is not reached.

Some characteristic mass data of the investigak®BLconfiguration are listed in Table 4. The dryssiéncorpo-
rates the results of the detailed structural atd@mponent analyses. The separated satellite ghyteas in double
launch configuration exceeds 12.3 Mg. The fullyoggnic launcher (boosters, core, and upper staga)le to de-
liver almost 2 % of its gross lift-off mass into GT
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Table 4. Characteristic mass data of the Y-9 LFBhther with Ariane 5 core stage in GTO mission

kg
LFBB dry mass: 46200
LFBB inert (MECO) mass: 54000
GLOW LFBB mass: 222500
GLOW launcher mass: 698850
GTO payload mass (multiple launch): 12330
GTO payload mass (single launch): 13140

All presented data result from an iterative desigp, reflecting the DLR-SART design principles.eTéscent trajec-
tory data sets are fully consistent with the cqroesling descent and fly-back trajectories. A qugdimal return
trajectory is found by parametric variation of thiial banking maneuver [13]. The return of theBE-should start
as early as possible, but is not allowed to viotatg restrictions. The banking is automaticallytecolted to a flight
direction resulting in a minimum distance to therleh site. After turning the vehicle, the glididmlit is continued

to an altitude of optimum cruise condition. An eledite method13] is implemented to calculate the fuel mass re-
quired by the turbojets for the powered returnhflitp the launch site. The complete flight is coléd along an
optimized flight profile.

Including 30% fly-back fuel reserves to take inttc@unt possible adverse conditions like head wittts,booster
needs about 3.65 Mg hydrogen for its more thanhame return leg. The trimmed hypersonic maximumatbtdrag
ratio reaches a value of about 1.6. In the low enigsand cruise flight regime trimmed L/D is arousn8 as has been
verified by windtunnel tests.

Several options to evolve the proposed partiallisable launch system have been technically assesisledst three
space transportation systems performing differg@etrational tasks from the lower end to the venhhigper end of
payload capability can be identified for the LFERich a roadmap is proposed in references [4], [5].

The reusable booster is able to extend its apicats a Reusable First Stage (RFS) in the classnafl and me-
dium size launchers with different upper stageansi In combination with small expendable stagésfiltund most
critical to achieve acceptable re-entry loads far teusable vehicle. To avoid excessive overlohdsseparation
conditions must be restricted, hence limiting paglgperformance [4]. In a parallel burn, asymmaetaofiguration,
the aerodynamic moments of the wing are criticabfscent control of the launcher. Flight dynamiawgations prove
that retractable airfoils significantly improve thiguation [4].

Five LFBBs are able to accelerate a super heawialihcher with a payload capability close to 70 Md-EO. No

showstoppers could be found for this large launchet the boosters require variable wings for irdégn reasons
[4]. Eventually, the partially reusable system wittiane 5 core might evolve into an RLV TSTO stdlying on the
(upgraded) LFBB as the first stage element. A guréition design with two LFBB boosters with retedate wings
and an orbiter with fixed wing, evenly grouped ardan external tank is selected for this prelimireudy.

5 Conclusion

Technical investigations on a partially reusablacgptransportation system with reusable boostgestattached to
an advanced future derivative of the expendablari5 core stage, demonstrate the feasibility wéra¢ promising
design features. The fully cryogenic launcher i db deliver between 12300 and 13100 kg of paylo& GTO
depending on the choice of a multiple or singlentduconfiguration.

The reusable boosters are designed with the sateenakdiameter as Ariane5's EPC, the large intdgrek is of
similar architecture, and the basic lay-out of Adé&b's forward skirt JAVE is reused for the LFB&tgchment ring.
Therefore, existing manufacturing infrastructuregimtibe exploited for the RLV assembly. A preliminaesign of
the structures, major subsystems, and all propulsjstems has been carried out.

The four different propulsion systems have beeeresively investigated with the following results:hgh thrust
gas-generator cycle engine with small throttlinggea seems to be sufficient for the partial-RLV-égadlon. An
existing military turbofan for fly-back can be adeg by low risk modifications to hydrogen fuel, bhiag a signifi-
cant MECO mass advantage. Storage of this hydrogeartially filled tanks during reentry could bewe a chal-
lenge, but engineering analysis shows manageablditmms. Taking into account cost consideratiang/gen gas is

10



Martin Sippel, Armin Herbertz. PROPULSION SYSTEM&BINITION FOR A LIQUID FLY-BACK BOOSTER

currently selected as the preferred pressurartieof. OX-tank because its payload drawback is mitésclihe envi-
ronmentally friendly combination of oxygen and etbkis the RCS propellant baseline.

The ASTRA investigation gives evidence that a sesable launcher is a robust and flexible spassportation
system. All applied technologies of the LFBB-RL\eavell within reach in the next 10 years. Cost gs&s show the
specific transportation costs of this launcher écaliractive and the development expenses to betise affordable
of all proposed future reusable launch vehicleissiclass. The reusable booster stage can beefunded to support
the transportation to orbit of a very broad ranfpayload masses. As the LFBB is able to replasdale pallet of
boosters and first stages with virtually the saype tof vehicle, production can be surged to numb#rsrwise not
realistically achievable by a reusable stage. Imlmoation with further operational synergies coasitble cost re-
ductions can be envisioned. Therefore, reusablstbogtages represent an interesting and seridimap the fu-
ture European launcher architecture.
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