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Abstract

Interest in the reusability ofaunch vehiclefirst stages has strongly increased sitive successful landing,
recovering and reflight of SpaceX and Blue Origooster stages. However, different possibilities of recovering and
reusing stagegxist and each methotias its specificadvantages andisadvantagesThis paper focuses on the
compaison of different returroptions investigated withithe DLR projects AKIRA and XTRAS. Return options
that are taken into account include vertical take vertical landing (VTVL) stages and winged vertical taig
horizontal landing (VTHL) stages. Amng the respective methods various options are considered and compared:
returnto-launchsite, downrange landing, 4Air-Capturingand flyback with turme engines.

The characteristic flight conditions of the aforementioned return options consideriegt dsads, atmospheric
re-entry loads, drynassincrease, performance losses and launcher design are evahetteztiically.Since RLVs
require additional operational equipment and measuoespared to expendable launch vehiclds required
supplementaryhardware, infrastructure and workload are identified. Furthermugeessary modifications to
existing hardware are evaluated and cost estimation methods are appliEéditopreliminary operational costs of
landing ship operationsapturirg aircraft gerations and trapsrtation operations. Furthgreliminaryproduction
cost estimations with an adapted versiontleé cost model TRANSCOST are performed and the results are
evaluated Finally, the returroptions are compared with respect to their iotpan performance, masses, return
loads, operations armbsts.
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Acronyms/Abbreviations

AKIRA AusgewahlteKritische Technologier
und Integrierte
Systemuntersuchungen fur RLV
Anwendungen

C Cost

DRL Downrange Landing

ELV Expendable Launch Vehicle

GTO Geostationary Transfer Orbit

HL Horizontal Landing

IMR Inert Mass Ratio

Isp Specific Impulse

LCH4 Liquid Methane

LFBB Liquid Flyback Booster

LH2 Liquid Hydrogen

LOX Liquid Oxygen

MECO Main Engine Cutoff

RLV Reusable Launch Vehicle

Ro-Ro Roll On, Roll Of

RTLS Return to Launch Site

TPS Thermal Protection System

VL Vertical Landing

VTHL Vertical Takeoff, Horizontal Landing

VTVL Vertical TakeOff, Vertical Landing

IAC-19-D2.3.10

1. Introduction

Whereasreusinga space transportation vehictan
have a strong impact on the costs and thus
competitiveness dfiunchersthe historic Space Shuttle
has also shown that this impact does not necessarily
have to be positive if theefurbishment costs cannot be
kept low.Nonethelessiecently the success of emerging
private companies such &paceX (with Falcon 9 and
Falcon Heavy) and Blue Origin (New Shephard) in
landing, recovering and reusing their respective booster
stages by mews of retropropulsion have shown the
possibility of developing, producing and operating
reusable launchers at low launch service cddis has
led to a rearisen interest in studying reusable launch
vehicles from a European perspective to pave the way
for a possible future reusable launch vehicle (RLV) to
stay competitive on the evolving launch market

However, regability for launch systems can be
achieved through a broad range of different
technologies and approaches. Understanding and
evaluating the imact of the different possible return
and reuse methods on a technological, operational and
economic level is of essential importance for choosing a
technology that is adaptable to a European launch
system.
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described in more detail in secti@il The goal is to
allow a comparison of the aforementioned return
technologieson different levelsfirst, thetechnological
differences and the impacts on system level are
evaluated. Thus, the RLV methods are compared with
respect to theiimpact on the launcher design on a
system level. Additionally, the +entry trajectories are
compared regarding reentry cotiolis and loads.

A very important and highly controversial question
is the economic and operational profitability and
viability of RLVs. Hence, another important aspect of
comparing RLV methods lies in the estimation of the
RL V' s e cldowevenithe eonomics are difficult
to assess especially considering refurbishment and
maintenance costs. It iconsidered a fact that
demonstrators are necessary to determine the impacts of
different reentry approaches astructures, TPS and the
whole system. Currelyt two different demonstrators
are under development at DLReFEX, incorporating
the VTHL approach5] andCALLISTO, representing a
VTVL launche [6].

- 9 , o Nevertheless, in this paper a comparison on
: rd 4.3 LS = operational and economic level is performed with the
Fig. 1: SpaceX Falcon H‘éavy sid@oster using the  current knowledge available For tre recovery cost
VTVL method (upperphoto bySpaceX CCO 1.0 and ~ Model a bottorup approach was used which estimates

the LFBB representing the VTHL methdder) the costs linked to RLV operations ameicovery by
using established cost models on subsystem level. The

In order to assess the technologicmands of results of this operation and recovery cost maatel
reusable launch vehicleBLR initiated several studies presented and discussed herdiorthermore, the costs
focusing on reusability and technologies linked toof production are evaluated using the -tigwn cost
reusability Among those studies, thee KRAS, AKIRA ~ model TRANSCGT [11], however, with simplified
and the FALCorproject areespecially relevant for this assumptions.
paper The X-TRAS project focuses on investigating
different launcher concepts with respect to performance}. Methods and Assumptions
market servicing capability anglystem desigifil], [2].

The AKIRA project is focused on raising the TRL of 2.1. Reurn Methods

RLV technologies such as reusable thermal protection As explained in the introduction, two major methods
systems (TPS), cryoinsulation, heaitionitoring were compared within this papéfig. 1 illustrates the
systems and morig]. Within this project, hardware on differences in both methods. VTVL is today used by
a subscale level is developed and testedhe Horizon SpaceX to land the first stage, respectively the Falcon
2020 project FALCon, the HAir-Capturing procedure Heavy side boosters. This approach is based on the idea
which is explained in detail insection 2.1, is  of reignitingthe engines after the reusable first stage has
demonstratedn subscale levelith UAVs to further separated from the second stage to perform several
pavethe way for a European RLY4]. However the maneuvers. A final engine burn slows the vertically
development of required technologies is also linked tdanding stage down to a safe touchdown velocity. As the
the demand of understanding and evaluating differer@ngines are used in this method, additional dtape
return technologies to gain insight into the challenge$as to be carried by the stage that cannot be used to
and advantagesf different return methods. Hence, a accelerate the payload. Furthermore, such a stage
broad comparison of return methods suitable for firstequires some kind of aerodynamic control surfaces and
stage recovery is necessary. RCS to control the stage duritgllistic flight, re-entry

In this context, two major return methods which canand descerds wellas landingegs.
further be divided into subcategories were part of such a VL (vertical landing)systemscan be further divided
broad investigation ofeturn methods: the vertical take into returnto-launchsite (RTLS) or downrange landing
off, vertical landing method (VTVL or VL) and the (DLR). RTLS requires the stage to follow a trajectory
vertical takeoff, horizontal landing method (VTHL or bringing it back or close to the launch site. Thus, the
HL) as shown inFig. 1. These eturn methods are Stagelandson a landing pad soméiere on groundin
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“

thiscaseasoal | ed boost back?” sthga fram higparsonia to subsbricevelocitghbre it
trajectory of the stage to bring it to the desired landingnters a teady descent glide. In this gliding phase, the
site. Further, burns to decreaseerdry loads (reentry  RLV stage shall be captured by an aircraft equipped
burn) and to safely land the stage are performedith a capturing device and, after successful wapbe
(landing burn) The RTLS methodrequires more towed to its landing sit¢seeFig. 3). This method is
propellant since thehorizontal velocity has to be comparable to a VTVL downrange landing for the
reversed after MECO. Contrary, the DRL methodreason that the RLV stag&ands downrange in the air.
requires some kind of seming landing platform to
safely land the first stage (sEég. 2). In this case, there
is no need for a boostback burn and thus propellant ¢
be saved.

Fig. 3 SpaEeLinef Booster stage approaching the
capturing device during HAir-Capturing[4]

Contrary to that approach the-called Flyback (FB)
method uses the sameaewtry procedureby generating
lift and drag to slow down the vehickehile keeping the
heat loads at ananageabldevel. Nevertheless, after
transitioning to subsonic speed, the stage stapt
turbine engines which allow it to travel by its own
means to the lating site. By doing this additional

Orbital Ascent

i propellant has to be carried by the staBeveral past
m Glide Phase of studies or concept designs used this method of which
Stage Separation  Reusable Stage the Baikal concept, the Phoenix concept and its
A | demonstrator HOPPERB], the LFBB study and the
Al Capturing SpaceLiner concep®] are worth mentioning.

A HL stage, apart from the wing structufeatures
further modifications compared to a conventional
expendable stage. Aerodynamic control surfaces such as
rudders or vertical fins, ailerons or flaps have to be
installed. Furthermore, the stage has to be equipped with

Fig. 2: SpaceX Falcon 9 landed stage on a ASB®,( & landing gear comparable toat of the Space Shuttle

Photo bySpaceX CCO 1.0)and thesketch of an InAir- and with additional propellant tanks for the turbine
Capturing missionkottom) engines if flyback is chosenn total thesehardware

modifications generally lead to heavier stages compared

The VTHL method was used for the Space Shuttlé0 VL stages. In this paper, only fixedng stages were
and was studied extensively by DLR and agherthe  considered Nevertheless, morphing or folding wings
past.For examp|elhe LFBB project was based on the could be useful and are under investigation now at DLR
idea to turn the Ariane 5 side boosters into winged10l-
reusable stages propelled by liquid propellants Additionally, methods recovering only parts of the
(respectively LOX/LH2)[7]. In general, a VTHL stage first stage are worth mentioning in the context of
is equipped with lifigenerating wings. Thus, the Possible RLV return modes. Two concepts were
deceleration of the reusable stage occurs via theroposed in the past years: the ADELINE concept by
generation of aerodynamic forcesConsequently —Arianegroup and the SMART concept by ULA. These
reigniting the engines is not necessary aduces the concepts wre based on the idea to only recover the
propellant nee¢ompared to the VTVL method. VTHL €ngine and avionics bay and either do a flyback
can be further divided into 4Air-Capturing (IAC) and (ADELINE) or In-Air-Capturing approach with a
Flyback HL stagesWith In-Air-Capturing the first helicopter (SMART). Due to the fact that the state of
stage performs a fentry maneuverdecelerating the
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these concepts is unclear, no research in that direction is
preseted in this paper.

2.2. Mission requirements and design assumptions

Since the goal is a comparison of all aforementioner” .
return method# was decidedo do conceptual designs
of RLVs using those different return technologies base
on equal mission requiremsnand design assumptions.
Generic assumptions and design processes were usec
allow for maximum comparability of the shown
vehicles. Hence, all configurations considered within
this paper use the same key mission requirements:

* 7000 kg + 500 kg margingyload to GTO of Fig. 4: Example ofstructural design for a VTVL
250 km x 35786 km x 6° (standard Ariabe launcler
GTO) via a LEO parking orbit of 14km x
330km x 6° 2.3. RecoverOperations
* Launch from CSG, Kourou The operationof an RLV and its costtake up a
« TSTO: Two Stage to Orbit greater share of the total launch costs compared to an

. ELV due to the fact that recovery requires further
Engine Cycles: _Gas Generator (GG) andhardware and personnel compared to an HIY].
Staged Combustion (SC) Hence, understanding the operational measurements for
* Return modes: the aforementioned return strategies is essential to

o VTVL with retropropulsion landing derive a valid cost modelin this section, the
on downrange barge (DRL) or with requirements and assumed hardwaie @grsonnel costs
returnto-launchsite (RTLS) of each recovery method are described.

© X;g;‘ Orwgﬂton(l)r:ng;rsc?guur:;nqm VTVL Doyvnranqe ITandinq/RetuHD—Launch Site _
launch site (Flyback) As described previously, the VL sta_ges can either

perform RTLS or do a downrange landing on either a
* 2nd stage Avkws 6.6 ddfiddSpad oh-alpiece ofland downrange of the
» Propellant ~ Combinations: ~ LOX/LH2, launch site or on a segoing barge or ship. The

LOX/LCH4, LOX/RP-1. LOX/LC3H8 downrange landing on a ship is most demanding from

(propane) an infrastructural point of view. For downrange landings
on a ship/barge two different approaches were

nsidered in this papefFirst, the approachwhich
SpaeX is already using with several small ships and a
stabilized but else passive landing baigé@vestigated
(seeFig. 5). Second and contrary to the SpaceX method,

engines were used that were designed using thelse S .
tool Irp such as theommercialrocket engine analysis theappr_oachhatBIue Orlg_m has chosen to USe IS based
on the idea to have a bigger and more agile vessel as

tool RPA The structural layout was generated with th(ﬁ di hi ia. 6
tool Isap which does a quasiptimization of anding ship (se&ig. 6).
stringer/frame layoubf tanks and skirts (seEig. 4).

Subsystem masses orasses of wings, fins, flaps and

landing gear were estimated using thdause tooktsm

which uses empirical formula based on historical
launchersConsidering the VTVL systems the masses of

landing legs and grid fins were scaled according to the

masse®f the respective Falcon 9 hardware of SpaceX.

For the HL systems, the wing, fin and landing gear

masses were estimated with empirical formulas which

are implemented istsm

The design assumptions that were used to design t
launchers which are presented herein are described
detail in [1]. It is important to mention that generic
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transporting the barge with thh@ndedstage are located

on one to two supply vessels closetbg landing barge
(see Fig. 6, top) Additionally, tugboats for harbor
operations are requiredA mooring at the stage
processing harboris necessary which allows for
handling of the respective RLV stagecluding crane
operations and fixing the stage to a transportation
vehicle In this work the total crew size of recovery
operations (barge, supply vessel personnel, tugboat
personnel) was set to 30 plus 16 extra workers at the
harbor for loading and transportation. Thisluea
assumes that the workers on the boat are not able to
perform the tasks required in the harbor and consider a
full occupancy of all accompanying boats. Advantages
of the SpaceX approach are the comparable low
acquisition costs (b million to 3 million US$) and high
flexibility due to redundancy in the fle¢seeTable 1).
Major disadvantages are the high travel time (travel
speed of 12 knots) and thelatively high number of

Fig.5: SpaceX Barge “ Of Co uvesselgoranengssionl | Love You"”

with landed first stage and crane in operation Bl ue Origin’s approach to r e«
differs slightly from the SpaceX approacRecently,

For the recovery cost estimation of the SpaceX8lue Origin acquired a soalled RoRo ship (seig. 6,
landing and recoveng strategybarges similar or close botton). The idea is to land the stage on the modified
to the design of the SpaceX barges were assumed. Thaséni p’ s deck. Therefore, there
are mostly MARMAC typedbarges which have to be and the number and size of supply vessels can be
modified to allow rocket stage landings on deekthis  reduced. Compared to the SpaceX approach, the
model, all ships were assumed to be owned by the RL¥cquisition costs arbigher (30 million to 40 million
launchng and recovering agency/company. HoweverJJS$) but the travel time can be redu@sdsummed up
the vessels could also be chartered or leaBbid. will  in Tablel.
be evaluated in future work.

Tablel: Comparison of SpaceX and Bl@gigin
recovery methods for VL stages

Method SpaceX Blue Origin

1 x landing
barge +2 1xlanding
x supply vessel vessel

Vessels Upto3 1x supply
tugboats per  vessel (?)
mission
1.5 million 30 million—40

Costs US$- 3 million million US$
US$ @hang (2" hang

Travel Time ~ 12 knots ~22 knots
gi;%?;Sessei RoRo:>18

Crew 8 Supply Vessel:

: ; Tugboat: 8 8
Fig. 6: SpaceX supply vessels GO Navigator (top) and Harbor Crane/ Harbor Crane/
Ro-Ro vessel bought by Blue Origin (bottom)  viehicles/Facility ;r/;'?ig/)rt ;r/rearﬂill;?”
During a typical downrange landing mission the Mooring Mooring

personnel responsible for pgwibcessing, securing and
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Considering an RTLS mission, the operationalon estimations of upgrading a commercial aircraft with
aspects are much less complex. The fact that the stage inair refueling system or converting a passenger
autonomously flies back to the launch site implies thaaircraft into a transportaircraft. These costswere
no additional ships or vessels are needed. Instead,eatimated to be as high as 43 milion U$R].
simple landing platform which might consist @& Furthermore, the aircraft should be remotely controlled
concrete pad (compare with LZ at Cape Canaveral) due to safety reasons. Hence, the pilots would bedeate

and communication devicesn be sufficient. in the mission control center where they would be in
command of the aircraft. In this study, 3 pilots and 3
VTHL In-Air-CapturingFlyback flight engineers were assumed to fecessaryfor the
Similar to the VTVL downrange landing, the-kir-  control of the aircraft.
Capturing method is considered a downrange “landing”
method, where the lamy occurs imair with the Table2; Price of second hand commercialiaers
successful capturing of the RLV stage. The following suitable for IAC

tow-back to the landing site is comparable to the
transportation of the VTVL stage on the barge back to

the harbor. In analogy to the VTVL downrange landing Aircraft Listed Price  >¢condhand
an airborne vesselith the possibility of capturing and price
towing the approaching stage is necessary. -
g pp g stag y B747-400 306 M$ 16 M$ 32 M$
(age: 11 years)
A330-800 260 M$ 27 M$ (age: 17
years)
A380 446 M$ 205 M$
A340-600 307 M$ 9 M$ (22 years)

110 M$

The missionprofile of an IrAir-Capturing mission
for the aircraft consists of almost all typical phases of a
commercial flight: engine staup, taxiing, takeoff,
climb, cruise to the capturing site, waiting pattern until
stage approach, IAC maneuver astdgecapture, tow
back cruise, release, loiter, descent and landing and
taxiing to parking positionFurthermoreand similar to
commercial operations, additional fuel is reserved to
allow prelanding waitingor loitering patterns and a trip
to an alternative landg site. These mission phases
were used to estimate the performance of the IAC
aircraft and calculate the required trip time and fuel
, \ consumption. The direct operating costs of aircrafts are
Fig. 7: Commercial Aircraft that could be used for In  then calculated by using wethown relations and cost
Air-Capturing B747-400 (top) and A34®00 (bottom)  models basd on commercial aircraft operatigi].
Further hardware is requiredor postlanding
In this work, several secoritand commercial procedures the stage has to be depressurized and
aircraft weredeemedsuitable for the task of catching flushed of all remaining fuel/oxidizer residuals.
and returning winged RLV stagesespectivelythe Therefore, posprocessing vehicles andersnnel is
B747-400, the B7448F, the A310-400, the A380800 needed at the stage’s |l anding
and the A330 NEOSome of those suitable aircraft are for instance required around 150 of trained personnel
shown in Fig. 7. Especially for the B747 aircraft a vast and 25 vehicles to perform the required gasting
seconehand market exists and prices can varyoperations. However, this system was manned and
depending on the aircr afretuiniag frang erbitalaveldcitiesFor rtha indréinouged t he
current market conditions aralrange of other factars VTHL reference launchers a reduced vehicle fleet of 8
The price ranges for the considered aircraft are shown nd a total team size of 46 was assumed which was
Table 2. Additional modifications to the aircraft are based omwalues fronmthe FESTIP studield2].
necessary such as structural reinforcement at the load Concerning facility costs the costs of building an
transmission points where the stage is connected to thglequate airstrip and hangar facilities were calculated.
aircraft and the installation of the capturing system.in reality, however probably an already existing
Those modifications and the connected costs were baskthding strip could be used or upgraded to allow the
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RLV stages to land. Hence, in the casbdel, the called CERs (Cost Estimation Relationships). These
acquisition and maintenance costs aifstrip, ground CERs are trends that are derivedhiroosts of historical
and hangar is neglectedhis can be compared to the launch vehicle.This already reveals one of the major
VL barge approach where no new harbor or mooringlisadvantages of this approach; sufficiently large
has to be constructed especially for the barges. databaseés requiredto use statistical methods to derive
In the case of a flyback with turte engines, no accurate trendsdowever, the database on operational
capturing aircraft is required. Hence, in accordance witlor historic RL\s is much thinner compared to the data
the RTLS landings of the VTVL stages, the recoveryon ELVs, thus worsening the accuracy of a statistical
operations are reduced to pasbcessing of the stage. “t-dpwn” approach.
Thus, the same assumptions as for the IAC mission The production and operation costs in the
apply without consideration ainy operational aspects TRANSCOST model scale with the mass and are

linked to the capturing aircraft. calculated according to equatiof8), where f are
stage/launcher dependent factors that have to be
2.4. Recovery, Refurbishment and Launch Cost selected according to the desired design. The factor
Modeling and the exponemt depend on propellant combination

The total cost of any launch system can be divideénd type of stagy
into recurring and noerecurring costs. Nonecurring 3
costs are development costs, overhead carsdls costs 6 &1 60D 3)
for tests, engine firings and further. Recurring costs
include the production costs, operation cost, recovery Anothermain driver, if not the one with the biggest
and refurbishment costs. The total launch costs are théffluence on RLV costds the cost ofrefurbishment and
calculated according to equati@t). maintenance. However, those costs are much more
difficult to determine whih was also experienced with
"Y¢ OUNNOEOCE | O i the Space ShuttleThe difficulty arises from the fact that
8 any valid refurbishment and maintenance has to be
& 6 D based on knowledge about required work processes,
5 manhours, materials and facility and management
5 overhead costs addeby refurbishment. However, this
T requires knowledge of the necessary refurbishment
i processes which can only be accurately determined once
The cost of stage recovery and transportation arg g, v stage was actually flown and the impact of the
based on the assumptions explained in the previoyg eniry joads on the tage has heen evaluated. SpaceX
section. Hence, the cost MYME lpgrdibd' e FSOP I throudhdut e yeadksO t T 0 m
up approach, meaning thgiseqeod gﬁ% explriBriee §ahé&d by Sexa&iﬂir%ttﬁe are
estimated and the final costs are caldeby summing  ocovered stages. The DLR is currently following a
the individual expensesihe costs of recovery can be yoaqmap of building subscale demonstrators of VTVL
further broken down mtolthe compo_nents as shown iR 4 \yTHL launchers (respectively CALLISTO and
equation(2). The DOC (direct operation costsclude  pergy) and futtermore doing sophisticated analysis of

fuel costs and docking, navigation, cargo handling angy ety 10ads and an estimation of their impact on the
berthing feedor VL and fuel, crew, ground handling, stage.

navigation and landing fees for HiThe ownership However, in this paper the problem of determining

costs include depreciation, interest and insurance rat§$,550nable RLV launch costs was tackled with a
maintenance and repaffacility costs include the costs yigtarant approach. The refurbishment costs were

for cranes, additional harbor facilitieshe costs of .10 jated as a fraction of the production costs of a new
supply vehicles and hangar facilities\n overhead for | id first stage according to equatiqd), where f,

management and mission control costs is added. (refurbishment factorjs any value between 0 and 1.
With this highly simplified approach breakeven points

0ei o 'OUHO' L can be identified where an RLV can be eeffective
ogtl 0Ol (20 compared to an ELV depending on factors as launch
0t oi rate, number of reuses and refurbishment factor.
0&i oi

6 0P “)
The further costs of production, overhead and ascent
operations can be calculated with the TRANSCOST
model[11]]. Thi s model -dswn%iapgproacthbp
meaning thatthe calculation of costs is based on so
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3. Technical Comparison is not recovered and reused. Further, in case of flyback
HL stages an additional fuel tank to drive the turbine
3.1. System DesigiMass Comparison engines is required.

The design assumptions and mission requirements Another aspect worth mentioning is the fact that a
described in sectior2.2 were used to conduct a hybrid launcher is presented Iig. 8 as well. This
preliminary design of a vast range of different RLV hybrid VL stage uses LOX/LCH4 in the first stage and
using different return methods. These RLVs can b&OX/LH2 in the upper stage, thus combining the high
compared to each other with respect todift masses, Isp upper stage propellant combination with a lower
dry mass ath structural index (Sl), system design andstage that is more in line with current engine
impact on payload performance. development in Europe (e.g. Prometheus engine).

Some of those conceptual launchers are presented in In general, the conceptual RLV stages are all bigger
Fig. 8. This figure also shows the intalnayout of the than the Ariane 5 or Falcon 9. This can be explained by
respective stages. The launchers with VL stages consitste fact that the launchers are designed as RLVs with a
of (from bottom to top) a rear skirt with a baseplatedifferent payload capability compared to Ariane 5 (13 t
where the engines are attached to and parts of tlas ELV to GTO) or the Falcon 9 (5.5 tons to GTO as
propellant supply are covered biyurther, the landing RLV). The relatively high volume of the LOX/LH2
legs are located thertn all first stages the fuel tank is launchers is due to the low bulk density of that
positioned beneath the oxygen tank with a commompropellant combination, for the hydrocarbons the low
bulkhead separating both stage3he interstage Isp leads to more propellant required.
connects the first with the second stage and stays These results are further highlighted Rig. 9 and
attached to the first stage after separation. grieefins  Fig. 10. Here, the mass breakdown of the conceptual
are conneted to the interstage which also acts as daunchers is shown. It is clearly visible that the
protection of the second stage engine and nozzle duringdX/LH2 launchers are lighter than their hydrocarbon
ascent. The second stage tank order is reversedunterpart§ or any upper stage Av. T
compared to the first stage. On top of the upper fughe HL launcher with LOX/LH2In-Air-Capturingand
tank a front skirt is attached which houses avioniak anstage combustion engines, is arouB80 tons The
GNC of the 2 stage and also acts as a connection to theeason for the higher stage mass of the hydrocarbons,
fairing and the payload adapter. although generally having a better structural index, is

The HL launchers follow the same principle exceptying in the lower Isp of that combinationThe
for the difference in first stage layout resulting from thedependence of first stagd.GM on Isp is shown irfig.
wings and aerodynamic control surfacééso, the HL 9. A low Isp has even more impact for vertical landings,
launchers reenter nose first which requires the HL stagesince propellant is needed for the engine firings during
to be equipped with an ogival nose which is covered bgescent. This descent pedlant has to be accelerated

the interstage during ascent. hmat case, the interstagedur i ng ascent, thus acting as
9 )
& S & :
100 m Nl c S oF | >
[ | ¥ LS S : 47
90 Qv S < P o | N3
, : : o
80 ml [ E E ’\,Y
70 m. ”
60 mg : :
50 g
40 m : 5
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2y h |
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Fig. 8: Geometry and Layout of conceptual RLVs compared to Falcon 9 and Ariane 5
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during ascent. According to the Tsiolkowski equation, mmm 1st stage Dry Mass mmm 1st stage other propellant
the total propellant mass has to be increased in order f—— zt:g: gj;:‘fﬁ‘;‘;"ﬁ';t m= 2nd stage GLOM
deliver t h eln geeegaljswitcleind) frafmv .

hydrogen o hydrocarbons leads to a doubling in GLOM

for HL systems and almost tripling in GLOM for VL L Loxe1 I_|-

SyStemS.
HL LOX/LCH4
o B sl B
1000 o VTHL= VTVL |
| ]

=2 HL FB SC LOX/LH2
2 S L
g 5 VTHL
S -
6 700 * Hiﬁil_soégmg I-Iln-Air-capturingv
© 600 ,
o]
m 500 HEC:I}O[;(;ZI,'”%;" I-Iln-Air-Capturing
B 400
L n

300 v L] AHVL:L?EI,I;,:?S I-Iln-Air»Capturing

.

200 -----------------------------------------------------

0 @0 g w0 wo an w0 w0 e R

First Stage Vacuum Isp [s]
Fig. 9: First Stage GLOM over Isp for selected RLV

launchers e L
These effects get cl_earer when tak_ing a IooEi_gt VL LOX/LCHa .—.I.
11 Here, the stretural index and the inert masatio Av =6.6km/s
are presented as defined according to equati®nand

. . . VL LOX/LCH4
(6). Here, inert mass is the mass of all components th: L LOXILCHe I_I'.

are not contributing to accelerating the system durin

ascent. Hence, tH¥IR is, together with the Isp, a direct VL Hybrid I-|| Downrange
indicator of performance since it can be directly relatec Av=7.0km/s anding
to the mass fraction within the logarithm of the

Return To VTVL

Av=7.0kmfs Launch Site

VL SC LOX/LH2 Downrange
Av =17.0kmfs Landing
\ a VL LOX/LH2 I-l‘lDowrgrange
OU Y o— (6) Av=7.0km/s Landing
o I
Av = 6.6km/s Landing
S

() ) S n] s} ] ]
S $ S S S S S
M &€ & 9§ s

Tsiolkowski equation. VL 5C RTLS LOX/LH2 I-I‘
a
YO ——— ©®)
a

The Sl of LOX/LH2 stages is higher compared to
the hydrocarbons as it was expected. However, th

figure also shows the impact of equipping the HL stage Mass [t]
with wings and further equipmennia pronounced Fig. 10: Mass Breakdown of the Conceptual RLV
increase of dry mass, respectively SI. The Sl is highest Launcher

for flyback stages due to the added mass of engines and

return propellant tanks. However, taking also inert mass

ratio into account this effect diminishes in significance.

Whereas VL t&ges have a lower dry mass, they carry a

considerable amount of descent propellant with them,

l eading to a higher ratio of accelerated total “usel e
mas s . I n general, the higher the required Av for t he
return maneuvers, the higher the inert mass ratio

thus the decrease in performance.
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Fig. 11: Structural Index and Inert Mass Index of the

conceptual RLMauncher
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indicates high

performance losses and vice versa.

Hence, comparing the LOX/LH2 VL to the HL
launchers shows that whereas the dry mass of the VL
stages is lower, the performance of the HL stages is
slightly better due to the fact that no propellant for the
re-entry is required. Comparing the IMRs for the
hydrocarbons, the VL fare worse comparedhe HL
stages due to the fact that the low Isp has even worse
impact on a VL system. The disadvantage of doing
RTLS with a VL system is also pronounced in the high
IMR which is the highest of all RLVs. It is important to
note that the RTLS mission here wadculated with the

VL SC LOX/LHZ2 launcher which leads to a decrease in
GTO payload from 7.5 t to 3.5 t. The launcher was not
resized to achieve the nominal 7.5 t GTO mission, thus
the comparison has to kensideredvith care.

Finally, it is
Av al so

important to note that the upper stage
has a considerabl e i

off mass. Generally, the GLOMs are lower for RLVsS

wi th an

upper stage Av of 7.

can be explained by the fact that the évvgtage travels

faster at MECO when thd®s t a g e

Av i s 6.6

higher velocity has to be later reduced by engine firings
or in case of HL systems higher TPS mass. Hence, the

Av requ

ired for descent get s

dry mass increase leading to an overall increase in

launcher
performance.

mass

in  combination with a loss in

3.2. ReentryTrajectories and Loads

The reentry

trajectories and loads of the conceptual

RLVs are shown inFig. 12. The trajectory of the
SpaceX Falcon 9 mission SES 10, which was launched
in 2017, is added for comparison with an operational
RLV. It is important to note that this trajectory was

derived basd

on reversengineering the SpaceX

mission and using #ouse tools to reproduce a
trajectory close to the actual orjé3]. Isolines for
heatflux and dynamic preas® are shown in the graph.

The heatflux

is calculated based on a modified

Chapman equation as shown in equation Here,} is

the local density at the respective altitude according to
the US standard atmosphere 197f,is a reference
density value of 1.225 kg/mRy, is reference nose
radius (here 1 mRy is the vehicle nose radius (here 0.5

m for all vehicles)vistheve hi c | e

) ) ) ) reference velocity of 10000 m/s.
Comparing the inert mass ratio of RLVs using the

same propellants can be directly related to the
performance of those launchers. A high inert mass ratio
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100
------ VL LH2 6.6 km/s

—— VL LH2 7.0 kmy/s
—¥— VL LH2 SC 7.0 km/s RTLS
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—— VLRP1 7.0 km/s
~== HLLH2 7.0 km/s \
= oo ~* HLLH2SCT.0kmisFB 100.kW/m?
s —-= HL LH2 SC 6.6 kmy/s L7
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Fig. 12. Re-entry Trajectories of the conceptual RLVs

and flight path angle such as the ballistic coefficient are
the other mai n deniryviaadss A o f
shallow reentry with a low flight path angle is
advantageous since the gradient of aerodynamiegorc
is not as pronounced as with a steeeméy. This can
The altitude vs. velocitydiagram shows the be seen comparing the hydrogen to the hydrocarbon HL
difference in reentry strategy and load handling. Thestages. The HL stages are light and have a low ballistic
VL launchers are unable to control the heat flux via liftcoefficient and separate at slightly lower flight path
as the winged vehicles can do. Hence,-aney burnis  angles. Hence, the heat flux tg reentry can be
required thatoccurs betwen 50 km and 67 km in reduced which in turn results in a lighter TPS. Also, the
altitude, marked bya sudden change in the velocity lighter TPS for hydrogen launchers contributes to their
gradient. The VL launchers are limited to a maximunmperformance advantage as explained in the previous
heat flux of 20kW/m2 which is based on the heat flux section.
that was prevalent during the SE8 mission.Due to
this boundary, all VL launchers follow a similareatry 4. Economic Comparison
profile. The ballistic coefficient, defined as the ratio
between mass and drag, is of considerable importance4.1. Recovery Costs
for the aerodynami-entrypTha s e The frecaverye costs. wese qaleulated using the
light, but voluminous LOX/LH2 launchers have a low assumptions described in secti@4. The costs of
ballistic coefficient and can thus reduce therbiime of ~ recoveryper launchor different return methods for VL
the reentry burn since more velocity can be shd and HL stageare shown irFig. 13. The costs are given
aerodynamic deceleratioihe heat flux is the main in US$ with respect to the economic conditions of 2018.
driver of the reentry burn since all other parameters,For In-Air-Capturing, the costs of the-Bi7, the A380
such as dynamic pressure, lateral and longitudinal load#d the A330 NEO are presented. For VL recovery the
and forces are well withireasonable limits. SpaceX and Blue Origin barge/ship recovery methods
Contrary tothe VLs the HL stageshave a more and RTLS costsire addedThe RTLS costs are also
gradual deceleration profilecharacterized bythe more or less valid for the HL flyback when assog
generation of aerodynamic forces. In the upper layers afimilar efforts in landing strip constructionThe
the atmosphere the air is too thin to decelerate theeference HL stage for the mission calculation is a ~50
vehicle. Once the stage dromsad the denser parts of the ton landing mass stage and for VL~45 ton landing
atmosphere significant aerodynamic forces are createtijass stage. However, the impact of landing mass on the
resulting in a deceleration of the vehicle. On the othemission is negligible due to the coamatively low
hand, the lift generated by the wings and fuselage idirect launch costs in all casess will be explained in
used to maintain a certain altitude to reduce théhe following
maximum heaflux. Furthermore, the rentry velocity

. v o YR O B (7
N cnc&aﬂwoo:),,—wo—

IAC-19-D2.3.10 Pagellof 16

t

he



70" International Astronautical Congre88.C), Washington D.C., United Statel-25 October 2019
Copyright ©203 by the International Astronauticikderation(IAF). All rights reserved.

The recovery costs end up between 250 k$ (RTLS)f the airstrip or hangar building. Including those costs

to 670 k$ (SpaceX barge landing) to almost a millionwould add additional 25R$-400k$ per launch.

US$ for the Blue Origin method for VL related

methods.Recovering tk stage vidAC costs 650 k$ to o® ®)

1.25 million US$ depending on the selected aircraft. i — xz08% a® z7Q

The greatest share, regardless of VL or HL, is made up v

of indirect costs and overhead costs. This great share is As expected, the recovery costs are certainly

due to the depreciation of the acquisition anddependent on the launch ratBig. 14 shows that

modification costs over all launches assuming adependency over launch rates from 5 to 45 launches per

remaining lifetime of 15 years. Hence, the recoveryear. The same assumptions as described previously

costs are highly dependent on the aircraft price whicere used for this calculation. The recovery costs

explains the high recovery costs for the A380. calculated with the topown model TRANSCOST were
added for comparison. In this model, the recovery costs
are calculated according to equati@) wherel is the

DgrLig?r:“e launch rate me. is the mass fo the recovered
method stage/hardware and; are country and business
dependent factors.
B Mission Control The recovery costs depend exponentiadly the
RTLS Space m Aircraft/Ship DOCS launch costs with a negative exponent. Hence, the
method - decrease of costs per launch in the comparable low
& Indirect Aircraft/Ship launch rate regime is greater whereas the costs approach

Costs

@ Vehicles/Facilty Costs a boundary value when reaching very high launch rates.

Nevertheless, doubling the launch rdtem 15 to 30
DRL Spacexl:- m Overhead launches per year would result in a decreas8@¥o for
method the SpaceX method40% for the Blue Origin method
and -35% for IAC. Using IAC as recovery method
seems to be favourable for a launch rate greater than 15
launches per year. The recoyerosts of using RTLS
. are negligible since they fall belo200 k$ per lamch

with a launch rate greater than 20 launches per year.
The recovery costs calculated with TRANSCOST are

considerably higher. This can be explained by the fact
'Q&’ﬁggl . that the recovery CERs based on the recovery

IAC A380

operations of the Space Shuttle solid boostetsch
required a relative high effort due to the fact that it was
the first time that rocket hardware was ever recovered.

IAC B747-
400F &
g 10.0M3 ~VTHL IAC
N —4-VTVL DRL Blue Origin
| i —<VTVL DRL SpaceX
0 500 1000 1500 ‘g n —=VTVL RTLS
Recovery Costs per launch [kKUS$ (2018)] = \\ —VTHL TRANSCOST
. . [5}
Fig. 13 Recovery Cost breakdown forfigirent 5 A\ e | TY/TVLTRANSCOST
H T
recovery strategies 2 ’\%\ e
2 DAL, il Bl
i i . o % 10Ms N =
Direct costs, including fuel and crew costs, landing 3 Ny M|
S c O T ]
fees, navigational fees or harbour fees and costs fc » N =SS = P Y
extra services account foonly roughly 100k$ per 2 \\X **iix**_x
mission or 1.5 million— 2.5 million US$ per year @ S T
depending on the regery method Of these direct costs g ****_*_
2/3 of costs are related to fuel for IAC. For VL methods, ~ T
the greatest share o_f direct costs is (_jue to crew cos  01M$ - A
The facility and vehicles costs are higher for Wie R R VA T B~

recovery methods which can be explained by the fac Launch Rate per Year

that crane acquisition costs are increasing total costs.Fig. 14: Recovery Costper launchin M$ (economic

Contrary, the | AC cost s doconditions: 20t8) far &/ EVL dnd WTHlerecovary i o n
methods
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4.2. Total Launch Costs an ELV. t is visible that too high refurbishment costs of
The total launch costs herein were calculated b¥).4 (respectively 40% of first stage costs) or higher lead

combining the TRANSCOST model with the-fiwuse to increasing launch costs which lead to economically
established recovery model. The production, ascerntviable solutions. If the refurbishment factor drops
operations and ovkead costs were calculated using thebeneath 0.4, the RLV is cheaper thae ttespective
TRANSCOST model and the recovery costs explaine@&LV with greater advantage the lower the refurbishment
in the previous section were simply added. Since theosts are. Interestingly, while expecting a great cost
absolute values for TRANSCOST especially for RLVdecrease with an increase in reuses for less than 10
are still subject to high uncertainties, the relativereuses, the averaged costs stagnate for more than 20
comparison iof greater interest in the context of this reuses for a refurbishmefactor between 0 and 0.1. For
paper. Hence, all costs presented herein are related higher refurbishment, a slight increase in costs for a
the respective costs & comparableELV systemto  high number of reuses can even be observed. This
identify breakeven points and determine ranges iindicates that extensive number of reuses might not in
which the RLVs might offer economic advantages oveall cases be of preference for a RLV.
ELVs. However, at this stage the total launch costs ar
subject to very high uncertainties and should thus b
taken as a preliminary glimpse at cost modelling o
RLVs and not as a final and undeniable result.

Normalized specific average launch cost
over 10 years [-]

B
®

j109ds pazi|ewioN
-

0.8
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Reuses of first stage [-] Fig. 16: Normalized average launch costs for the RLV
Fig. 15: Normalizedaverage launch costs for the RLY ~ hydrogen stages for different launch rates, number of
hydrogen stages for different reusability factars reuses and reusability factors

launch rate of 10 launches/year
The total launch costs of RLVs are also dependent

Fig. 15 shows the normalized average launch soston the launch ratefig. 16 shows that dependence for
of the RLV hydrogen launchers over a period of 10refurbi5hment factors of 025, 05, 0.75 and 1 which
years. The costs are normalized with respect to the cod@Presents the ELV. An increase in launch rate leads to
of the VL vehicle being operated as expendable vehiclél reduction of launch costs in all cases. However, the
meaning that all recovery hardware is stripped off théeduction is comparable for ELV and RLV. The greatest
vehicle and all propellant is uséal accelerate the stage. driver for reducing the launch costs is decreasing the
The average is determined by calculating the cost of tH@furbishment factor, since only the RLV with a
launcher over 10 years and dividing the total costs byefurbishment factor of 0.25 is cheaper than the
the number of launches. Furthermore, the costs af&spective ELV launcher and that only for sufficlgnt
given for a launch rate of 10 launches/year and differertigh numbers of reuse.
refurbishnent factors (see sectich4 for the definition In general, it should be noted that this model is a
of the refurbishment factor). Any points below the 1.0Preliminary model. Hence, any cost values and relations
line are regions where the ELV would be cheaper thaRresented depend highly on the assumptions that are

input into the model. These assumptions depend on the
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business modelthe country, team experiem and use of common bulkheads and the high specific impulse
further factors and the stage mass. An increase in stagé the LOX/LH2 launchers. Even though the bulk
mass leads to higher costs, which is why hydrogedensity of this propellant combination is very low
seems also a good choice from an economic point déading to higher structural indige the LOX/LH2
view. However, in the future course of economic studiesystems arelighter compared to their hydrocarbon
of RLVs, the cost model shall be enhanced to includeounterparts. Th6&LOMs of thehydrocarbon vehicles
uncertainties anavorstcases to allow a more accurateare roughlythree tims higher than th&LOM of the

determination of the overall costs. respectivehydrogen launchers with Viland twice as
high with HL. The main driver for thse higher masses
5. Discussion& Conclusion is obviously the lower specific impulse. The lower

Currently, reusability for launch vehigeis once specific impulse has a more severe impact on the VL
again being discussed in Europe due to the success sthges: more propellant mass is needed for the return,
SpaceX and Blue Origin. From a European perspectivee-entry and landing maneuvers and thus has to be
it is important to ask andnvestigate how to stay accelerated additionally dudgnlaunch.The two stage
competitive in the evolving launch markiet this new architecture also impacts the hydrocarbon stages more
markt Whereas the Ariane 6 withsitmaidenflight than the hydrogeh uel ed st ages: The Av
scheduled for the year020 might be a viable interim for each stage is higher which can more easily be
solution to stay in businesa future possible launcher achieved with the higher specific impulse of hydrogen
following the Ariane 6 has talreadybe discussed and than with the lower iart mass ratio of the hydrocarbon
prepared launchers.

The use of reusability offers the potential to From a peformance perspective, HL with JAir-
significantly lover the launch costdn this context, Capturing offers the possibility to build stages with the
DLR set up several projects in the past year thabest performance to mass penalty ratio. This is reflected
improve technologies that are necessary for reusabley the inert mass ratios shown in section 3.4y RLV
launch vehicles such as TPS, cryoinsulgtibealth  is necessarilysubject to mass and thus payload penalties
monitoring and the development of subscale flighttompared to an ELV, additional massalsvaysneeded
demonstrators as CALLISTO and ReFEx. While theto reenter and land a RLV stage. The VL method with
development of all these technologies is of highdownrange landing offers a similar performatoe
importance, simultaneously the question of hofulh  masspenaty. However, when doing Vin combination
scalereusable future launch system colle designed with RTLS the additional mass necessary to revert the
has to be answered. This question was tackled in thisajectory to land at the launch site gets so large that the
work by investigating a broad range of differentpayload capability decreases by 50% or more compared
launcher options usingariousreturn methods such as to an ELV mission.
vertical landing or horizontal landindRLV systems In this paper, the recovery and launch costs were
using different return methods were ceptually considered with a preliminary cost assessment approach.
designed using the same mission requirements antherefore, an ihouse cost estimation model was
highly akin design assumptions. This approach shallerived that uses a botteap approach to estimate the
allow an objective comparison of those launch systemsecovery costs of VL and HL methods. Sincebioth
from a technical, an economic and a recovery operatiorases hardware is used for which a vast database of cost
point of view. data and models exist, e.g. aircraft or cargo ships, the

Comparing the resuttg launchers from a technical estimation of said recovery costs can be determined
point of view leads to some interesting observationswithin reasonableaccuracy For VL landings, the
First, RLVs with a reasonable paghb capability of 7.5t method foreseen by Blue Origin waengpared to the
to GTO don’'t necessaril y SgaeeX emethal. Ble Rluet @rigis i nethddy forhe a vy
compared to ELV. Using hydrogen and VL leads to alownrange landings is based on the idea to use a big
GLOM of ~420 t whereas using HL can even reduce theship to land the RLV stage and thus decrease the
GLOM to slightly below 400 t. These masses are evemumber of supply or additional vessels needed while
below the GLOM of Falcon 9 with 550 t and that of anSpaceX uses multiple small boats and a basé
Ariane 5 of roughly 800 t. However, the Falcon 9 has afimited maneuvering capabilities for the RLV stage
even lower payload capability of 5.5t to GTO whereadanding. RTLS was also considered but is seen as the
the Ariane 5 can deliver up to 10 t to GTO as ELV.less critical case since neither barge nor further vessels
These low masses are only realized for LOX/LH2h&s are required in this casEor HL, the IrAir-Capturing
propellant combinationUsing any hydrocarbon results method was considered. Here, antnercial aircraft
in significantly heavier launchers:urthermore, major captures the RLV stage aftereatry and tows it back to
contributors to those low masses are thahidéecture as the landing site where it lands on a conventional airstrip.
TSTO launchersvithout solid propellant boostershe In that case, different commercial airliners suitable for
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