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Abstract

In order to investigate the capabilities of a reusable launch system, JAXA, &NESLR have jointly initiated
the project CALLI STO (fiCooperative Acti-bacKe@pemagt itwn sl
The goal of this cooperation is to launch, recover and reuse a first stage demonstrator to increase the maturity of
technologies necessary for future operational reusable launch vehicles (RLV) and to build dipoithow such
vehicles under operational and developmental aspects.

As the project has now turned into the detailed design pbageficanttechnical progressehave been made in
definition, analysis and testing of systems and subsystems. The CALLISTO vehicle itself constitutes a subscale
vertical takeoff vertical landing (VTVL) stage with an overall length of 13.5 m and a-tdkenass ofless thamt
tons which is propelled by a throttleable LOX/LH2 engine. It is capable to perfgmo 10 consecutive flights
during the planned flight campaign in French Guiana. Glop#ily development effort on this system is equally
shared between the three project pagner

This paper presents the recent achievements in development of the key technologies for the reusable launch
vehicle. While the design of critical subsystems has reached PDR level, detailed analyses and first breadboard tests
have beemerformedsuccessfily. These results are presented and discussed within the perimeter of the CALLISTO
development roadmap. Possible technical challenges are indicated and their resolution methods are examined.
Finally, the upcoming development steps are described whidoraseen to move forward to the qualification and
maiden flight campaign.

Keywords: CALLISTO, reusable launch vehicle (RLWertical takeoff vertical landing (VTVL)

Abbreviations FCS/AT Aerodynamic Control System
AEDB i Aerodynamic Data Base FCS/Ri Reaction Control System

ALS T Approachand Landing System FCS/VTi Thrust Vector Control System
ATDB i Aerothermal Data Base FEMT Finite Element Model

AVF 1 Avionics Validation Facility FNST Flight Neutralization System
CALLISTO i Cooperative Action Leading to Launcher FRRT Flight Readiness Review

Innovation for Stage Todsack Operations GNSSi Global Navigation Satellite Syste
CDRI Critical Design Review GSEi Ground Support Equipment

CFDi Computational Fluid Dynamics HNST Hybrid Navigation System

CFRP1 Carbon Fiber Reinforced Polymers HST1 High-Speed Tunnel, DNW

CSGi French Guiana European Spaceport IMU 1 Inertial Measurement Unit

CSTB1 Scientific and Technical Center for Building LAMA 1 Landing & Mobility Test Facility, DLR
DC1 Direct Current LH2 7 Liquid Hydrogen

DLM i Doublet Lattice Method LLRM i Launch Lock Release Mechanism
DNW i GermanDutch Wind Tunnels LOX i Liquid Oxygen

ELV i Expendable Launch Vehicle MECOT Main Engine CWHOff

EMC1 ElectroMagnetic Compatibility M&RO 1 Maintenance & Repair Operations
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NTC i Noshiro Rocket Testing CentefAXA - Nose Fairing Module, ensuring ehrelevant
PDRT Preliminary Design Review nose aeroshape at asceamnd protecting the
ReFExi Reusable Flight Experiment housed GNSS antenna and elements of the
RLV i Reusable Launch Vehicle Flight NeutralizationSystem (FNS)
RSRi Reusable Sounding Rocket - Vehicle Equipment Bay Module (VEB),
RTK 1 RealTime Kinematic accommodating the Reaction Control System
RV-X T Reusable Vehicle Experiment (FCS/R), four deployable Control Aerosurfaces
TMK T Trisonic Wind Tunnel, DLR (FCS/A) as well as avionics afdNSitems;
VEB 1 Vehicle Equipment Bay - LOX Tank Module, and below, LH2 Tank
VPHT Vehicle Preparation Hall Module, whose primary structures are the load
VTHL 7 Vertical Takeoff Horizontal Landing carrying LOX and LH2 propellant tanks, and
VTVL i Vertical Takeoff Vertical Landing accommodating the main part of the two cable
WTT i Wind Tunnel Tes ducts traveling along the vehicle side;
- Bottom Module, housing in particular the

1. Introduction engine, the hrust vector control (FCS/V) and

During the last years significant changes in the space the tank pressurization system, as well as some
transportation market could be observed: While the avionics and fluidics items;
amount of commercial and institutional payloads has - Approach and Landing System (ALS), which is
noticeablyincreased, launch providers tried to reduce composed of four landing legs attachedthe
their service cost by intducing new technologies to Bottom Module. A dedicated pneumatic system
stay competitive. In this environment reusable launch is housed inside the Bottom Module.

vehicles (RLV), as they are operated e.g. by SpaceX, As the project partners decided to operatehe
have emerged as highly ceasfficient alternatives to vehicle from the French Guiana European Spaceport
conventional expendable launch vehicles (ELV), alsqCSG) a devoted Launch Complekas alsoto be
giving addition& operational flexibility to serve a broad developed Since the CSG is home fdifferent launch
range of payloadand missions systems the CALLISTO Launch Complex has to

The national spaceentersDLR, CNES and JAXA friendly interface with the Launch Range and its
have recognized this development and shared theperating rulesncludingsafety limitations.
common vision to increase the maturity of key
technologies for future operational RLVs. Therefore, in
2017 the trilateral CALLISTO project has been jointly
initiated to develop, launch, gever and reuse a vertical
takeoff and vertical landing (VTVL)rocket stage
demonstratarThemaidenflight is plannedm 2024.

The main goal of CALLISTO is to build up knew
how on VTVL first stages under operational and
developmental aspects. Particlyar data shall be
gathered under representative conditions during flight,
but also during development and refurbishment phases,
to better assess advantages and drawbacks of such
vehicles. This knowledge will support the design of next
generation launch véties in Japan and Europe, like the
successors of H3 or Ariane [][2]

i DLR

Guaht Fairing

software

Navigation

LH2 Tank
system

‘GNC ground
infrastructure

FCSIA

2. System Overview

The CALLISTO systemincludes thedemonstrator
vehicle itself, its ground segment, and its set of flight Figurel: Set of CALLI STO6s major
experiments. arranged by the workshabetween project partners

The vehicleis a 13.5m longvVTVL stage with an
external diameter of 1100mm andreaximum takeoff
massof less thart tons. It is propelled by a 40kdlass  * Each launcher operated in CSG benefits from its own installations

LOX/LH2 engine with a throttling capability from and its Ground Support Equipment (GSE): the Launch Complex.
115% down to 400/({3] Besides that, there are installations and GSEs used by the CSG
h dpoi h hiclis divided Launch Range for supporting the different launcher programs and

From ageometricstandpoint, the vehicles divide their operations: primary resource distribution (e.g. electricity, water),

into six modules, each composed of a primary structureveather forecast, launcher motion tracking, etc.
with attached equipment. These vehicle modules are:
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3. Development of System and Subsystems A notional view of incremental increase of tHiglt
The project has now turned into the detailed desigenvelope is provided iRigure2. At the bottom left low
phasewith numerousprogresses in definition, analysis energy flights are depicted which feature velocities

and testing oCALLISTO system and its subsystemh  below Mach 0.3 and a relatively low altitude. In gast
breakdown of the primary productsid workshare in on the right, high energy flights will reach the transonic
between project partners is providedrigure 1. regime and beyond.

The following paragraphs wilpresent some recent
achievements in development of selected ke.2 Rocket Propulsion System
technobgies and also discuss challenges that have be@&®R.1 Engine

observed during detailed design. In previous research activity JAXA developéte
experimental Reusable Sounding Rocket engine (RSR)
3.1 Mission Design which is generating40kN thrust at sealevel and

CALLI STOO6s mission desidpmonsiraged fewsabitityl oveo moreithars 100 tifA¢sg h t
test plan which targets an-flight system validation, It is currently used for thdapanes&keusable Vehicle
since some technologies cannot be tested in Bxperiment(RV-X), which finished final stagefiring
representative environment on ground, as well as #ests in September 2021 and the final preparation for the
progressive exploration of the flight envelope, toflight testin March 2022.

mitigate risksduring the flight campaignAccording to The engine for CALLISTO is equivalent tbe RSR
these principles the mission design has now convergezhgine, but JAXA will redesign and newly manufacture
towards two main categories of missions: an improvedversion, calledRSR2.An overview of this

- Low energy flights, which will keep the engine engine § shown irFigure3. Due to these improvements,
running in a steady state while providing largethe thrust of the RSR2 engine is increased by 15%,
margins in tle propellant budget; while the mass and envelope are reduced to fit the

- High energy flights, which will either switch the CALLISTO vehicle.
engine to fildle modeo or perform a main engine
cutoff (MECO) in flight. Along the flight .

envelope increase, propellant reserves will be s i

lowered to gradually extend the descent flight of ¢ ‘ l \[:'\};\%\“&» ]

domain. , . K«;.
Another key driver for mission design is the m’i R 2~V

touchdown strategy at landing. While first flights are
planned to perform the touchdown phase with the
engine still running, high energy flights will feature a
MECO above ground. This necessitates higgher
accuracy to achieve touchdown conditions compatible
with vehicle design limits.

4

i s B ':"\/
‘ Figure3: Architecture of the RSR2 Engine

\ In addition to reusability, these engines have
throttling and regnition capabilities as distinguished
characteristics. The RSR2 engine can modulate its thrust
-~ continuously between 16kand 46kN under sea level
conditions.

Altiude

rn— 3.2.2 Liql_Jid Oxygen Tank _

: Keaion JAXA is alsodevelopingthe LOX tank as depicted

—— AS J in Figure4. The LOX tank is situated between the LH2
Mach Number tank onits bottom interface and the VEB structwme its

top interface. Both interfaces adlesigned as {flanges.

In addition, the LX Tank is interfacing with numerous

further products such as the cable duatsl aelated

fluidics productslike valves and fluidic lines.

Figure2: Incremental increase of the flight envelope,
from low-risk to highenergy flights

IAC-21- D2.6.1 Page3 of 15



72 International Astronautical Congre@8.C), Dubai, United Arab Emirates, 229 October 2021
Copyright ©2021 by DLR, CNES & JAXA. Published the IAF, with permission and released to the IAF to publish in all forms.

loads were simplified as a pressuredistribution acting
orthogonallyon thev e h i skin,eaésamin@ laminar
flow around a cylindrical body of infinite length

Similar studies have also been performed for the
different flight conditions with various thkrand ambient
pressures. In these studies, additional mechanical loads
due to internally and externally attached equipment
wereconsidered, such as cable ducts, fluidics equipment
and local openings for feed throughs.

Same as for the structural design, thass budget is
an important aspect of the functional design of the LH2
tank, since the resources of available propellant and
Helium, as pressurization gas, have to be manafyed.
sound design ofomponentghe anti-vortex devicethe
pressurization port anithe sloshing suppressiotevice

Figure4: Geometry of the LOX Tank as well as the effectiveness of the overall thermal
insulation are vitalfor optimizing the usable propellant

The characteristics of this newly developed tank argng minimizing the Helium mass budget
the equipped propellant management devices and a The effectiveness of bafflésside the tank istudied
welding-free structure. Théormer characteristics allow {gr the CALLISTO mission profile as shown iRigure5.
the investigation of fluid motion during appropriate One of the key features is to limit the motion of the
attitude change maneuvers in flight, to demonstrate th@ropelbnt, while not increaisg the free surfacearea by
feasibility of reusable first stages. Besides that, th%plashing and droplet formatioto limit the heat and

weldingfree mechanical connections between the tankyasgtransferbetweerthe two propelint phases.
cylinder, the domes and the interface rings avoid

interference with the production schedule of othel
vehicle to shorten the development schedule.

3.2.3 Liquid Hydrogen Tank

The LH2 tank is the largest module of the
CALLISTO vehicle. It is located between the -bfty
andthe LOX tank, having a total length of about 6m.
The tank uses an integral structural design based ¢

seven aluminum alloy segments with different wall Figure5: Effectiveness of tank baffles ftme
thicknesses. CALLISTO mission profile(left: tank without baffle;
The structure of the LH2 tank must be able to right: effective sloshing suppression).

withstand a challenging combinationglbbd and local
loads during launch, while still serving as a vessel for
the liquid propellant. Same as for the entire vehicle,
optimization of mass is an essential issue for the
structural design. The main design driver is here the
prevention of buckling fodifferent tank pressurization
conditions and phases in the operational life cycle,
besides few handling and manufacturing constraints.
One of the sizing load cases is during ground phases o
when the LH2 tank is unpressurized and the CALLISTO ' 09
vehicle is eithe verticalized and supported by the %2

launchtableor on its legsFor this load case a dedicated o

276.90
I 250.00

- 200.00

finite element model has been developed which includes 05 ‘E’ 160,005
all major structures of the vehicle. This approach was 040 U
selected to consider effects of force oflaxes from B I
adjacent structures in the design. I 01 e
00 20.000

For instance for the preliminary sizing of the tank
segments twdoads were considered a constantaxial
force representing the mass the modules above the
LH2 tank and the lateral wind loadBlere, the wind

Figure6: CFD simulation of the LH2 tank, indicating
pressure gas fraction and temperature distribution
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Detailed investigations concerning the fluitbtion  energyremainslow. For the following test runs, the
and the heat and mass transfare supported by counter loadsare successely reduced, to gradually
simulations witha DLR in-housecomputational fluid increase the deployment velocity and stress oifetje
dynamics CFD) software based on the OpenFOAM
framework With this approach all relevamtspect of
propelent managementcan be analyzed, including
different pressurization gas specieheat and mass
transferat the phase boundary, as well as heat transfe
to the structure and the externddermal insulation
Example results are visualizedRigure®6.

3.3 Approach and Landing System

For vertical landing theCALLISTO vehicle is
equipped with a deployable landing geavhich is
calledthe ALS. It is folded during ascent and deploys
shortly before touchdown by pressurization thfe
telescopic primary struais can be seén Figure?.

In 2021, breadboard models of a single landing leq

are built and two main functions have been tested: T : > e
deployment and the touchdown. Figure8: Landing leg at deployment test standide

LAMA, left: folded, right: deployed

=

As a result, it has been shown that the prilary
ALS design is capable to handle the complete
deployment functional chain, beginning with
deployment initiation by the controller, releasing of the
Launch Lock Release Mechanism (LLRM), actuation of
the pneumatic valve, and finally the kinematic udiiog
including latching in deployed configuration.

Besides the overall success of this campaign and the
Figure7:ALS in folded (left) and deployed (right) current ALS design, a few new challenges have been

configuration identified. For example, the design and tolerances of the
interfaces between primary strut segmentn be
3.3.1 Deployment test campaign improved, in order to reduce friction and increase

Main goal of the development test campaign is tcstiffness of the interfaces, hence to ensure product
justify the preliminary design of the complete functionaldurability ~and  deployment performance. Test
deployment chain, whicimcludeselectrical, mechanical predictions are challenging as well, but based on the
and pneumatic functions. collected data the supporting methbdy simuléion can

For the deployment test campaign, a conservativeOw be improved to better support the upcoming
stepby-step apprach has been ap furlificaten test camp@mIN.R 6 s
Landing & Mobility Test Facility (LAMA) in Bremen,
in order to ensure the structural integrity of the tesB.3.2 Touchdown test campaign
specimen. First, manual unfolding tests are conducted to To test the dampingehavior and the structural
ensure the combined kinematic functionality of allintegrity of the landing leg, dedicated touchdown tests
moving elenents. Then, electrical functions are addedhave also beeperformed.As can be seen iRigure9,
and tested. In a last step, the pneumatic components dh¢ legis attachechereto a sliding carriag¢orange) o
included to the test setup. a drop tower which falls along a rail track (blue).

As shown by theyellow lines in Figure 8, a For these tests an upgradaddel of the landing leg
counterweighis attached to the footpad to simulate thewith carbon tubes and titanium interfaces is used to get
aerodynamic drag during descent in the lowerepresentative results of the flighite structure. For the
atmosphereThis rope spans from the end of the landingindividual tests the sledge is lifted up to the planned
leg to the diverter pulley on top of the test stdpdn to ~ drop height and an electroagnet at the top triggers the
the counterweight To reduce shocKoads, resulting release. The sledge can be turned by several degrees to
from latching of the telescopic strut, the initial the front and to the side to simulated inclined landing
deploymentsare conducted with a high counterweight, conditions. Acceleration force, and lasesensors are
so that the deployment velocity, and hence the latchingneasuring the structural health of the specimen.
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For individual control designhe use of i control
techniquesallows to include and model uncertainties to
be counteracted by the feedback control loop to ensure
that the trajectory is accurately trac&d[6]. A scheme
representing thegeneral control architecture for
CALLISTO is depicted inFigure 10. Note that, due to
the aforementioned peculiarities of the different phases
not every element will be present in each phase.

One key aspect of CALLISTGs the capability @
generate onboardjuidance solutions reflecting off
nominal, inflight conditions. Once again, the different
phases will adopt different strategies for this task. For
example, during the landing phatte systermwill rely

Figureg; Single Leg Teststanidside LAMA on sequential convex algorithms,h@se preliminary
results show encouraging capabilities of being used for

In summary, the overall test campaign can béuch an ambitious missiofv]. An example of the
declared successful. High quality data has been receivégneratedandingtrajectory is depicted ifrigure 11. It
for each test run and the leg withstood all touchdowghows the body axes of the CALLISTO demonstrator
conditions. However, the forces at the interfasese  While performing the pinpoint landing maneuvéeft(
higher while the damping of the used honeycombfigure). Note that the algorithm is capalkdeincorporate
cartridges was lower than expected. Also, good the trimming of the vehicle in the onboard generation of
experience about the mountability and accessibility ofin optimal trajectory(right figure), ensuring that the
some critical parts of the landing leg could be gathered®roposed3-DoF guidance subsystewill compute 6
These findings will be used to improve the leg desigdPOF feasible trajectories.
for the next campaign, which may include a slight
change of the shock absorber design.

The next activity for the ALS development foresees |
amongst others, further deployment and drop tes
campaigns, as well as environmental tests includin > f\

vibrational and thermal verifications. With each

308

iteration the leg design improves further to ensure th - o]
flight worthiness of the final flight model. N v

3.4 Guidance and Control System

CALLI STOOGs Gui dance ar ° i
foresees a modular architecture to feature dedicate ... " - ¢ ciu
control laws for each flight phase, which are the ascen
boostback, aerodynamic and landing phases. This  Figurell: Example of landig trajectory and
choice allows to design guidance and control strategies corresponding normalized fin deflections.
specifically tailored for the different flight regimes and
configurations that CALLISTO will eperience 3.5 Hybrid Navigation System
throughout the mission. For example, during the ascent The Hybrid Navigation System (HNS) is developed
and the landing phase it is possible to rely on the FCS/& implement an advanced navigation approach devoted
and FCS/V actuators, which this is not the case in they reusable space transportation systems. It is
aerodynamic phase where the engine, and therefore thesponsible for providing estimates of the vehicle state,
FCS/V, is off while the ES/A is deployed. such as position, velocity, attitude and angudges, to
the guidance and control functions and to provide the
1 = 1] authoritative basis for time synchronization onboard the
I —l vehicle. The termhybrid navigation refers to the

] . ] s B combination of higkfrequency inertial measurements
L-‘,’;‘ H T a]_ﬂ } with lower frequency data of otheensors by means of
‘ ' ‘ ‘ H data fusion. In the case of CALLISTO, GNSS receivers
“ and radar altimeters are used as additional sensors,

while for other applications sensors like laser altimeters,
Sun sensors or star trackers can be incorporated as well.
Figure10: General control scheme for CALLISTO  Those serws provide absolute measurements of

04
-
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external physical quantities to periodically correct fo
estimation errors resulting from the integration drift of
pure inertial sensor data. This approach allows fog
lowering the performance requirements on the Inlerti
Measurement Unit (IMU) while still achieving a
superior medium and longterm navigation accuracy
compared to purely inertial systems.

The core avionics of the HNS is being developed i
the frame of the ReFEXx project, a DiiRRernal project
for the devedpment of a Vertical Tak®ff, Horizontal
Landing (VTHL) technology demonstratdi8]. For
CALLISTO, the HNS core avionics, software,
development methodology andols are kept identical
as much as possible in order to exploit the most possib,
synergy between both projects, whereas adaptations e : .
the sensor suite, algorithms, and alignment strategy are Figurel3: Measurements with the radaitimeter
introduced to consider CAL Prp&ypesyrig enging siqliofifng NI g s .

The preliminay design phase of the HNS has been ]
successfully concluded in September 2021 with the For the radarltimeter system, concertgave been
involvement of independent reviewers from industry. Inf@isedrelated tothe possibleinteractions of the radar
this course, all requirements imposed from system angignals with the enginplume. To investigate this risk, a _
mission side have been defined and consolidated with@ dar ~prototype has been buil

the propct stakeholders into a comprehensiveNoshiro Rocket Testing Cent¢NTC) during a static
requirement specification. firing test of the engineAs can be seen iRigure12 and

On this basis, several studies and traffe for Figure13, the radar prototype and a radar reflector were

establishing a baseline HNS architecture have bedRtégrated into the engine test stand so that the radar
performed, which led to the selection of an advancedignals had to pass back and forth directly through the
multi-constellation, multfrequency GNSS subsystem €ngine plume during all phases engine operation. It
using the Galileo and GPS constellations. An additionaf’as found that there is no significant negative impact on
GNSS ground reference station close to the landing pd€ radar signals due to engine operation and that the
enables the use of cothased differential GNSS radar technology can be wused in principle for
correction techniquesy as well as an Rb#sed CALLISTO. A preliminary design Of the Complete I’adal’
approach for more accurately detémation of the flight ~ altimeter system haseen developed subsequently.
altitude above the landing pad in the final flight phase. ©On the other hand, there have also been concerns
In parallel, a second approach to determine the flighbout the robustness of the R-Deised approach as this
altitude is developed and evaluated which is based ont@chnology has not been used in similar applications

radar altimeter system with radar reflectors close to thBefore. A thorough modeling and simulation campaign
landingpad. as well as a serseof laboratory hardware tests revealed

that this approach is more robust than initially supposed.
Since a GNSS ground reference station is already
foreseen, the effort for implementing the Rbised
flight altitude estimation is comparatively low in
contrast to the custom development of a radar altimeter
system and its associated complexity. At the beginning
of the detailed design phase, a decision whether to
implement the radar altimeter system or the Ridsed
approach will be made.

The sensor suite codgrations were accompanied
by detailed modeling and simulation of the sensors and
navigation algorithms to assess the performance in
various system configurations. In order to meet the
demanding attitude estimation accuracy requirements, it
has been founthat the initial attitude knowledge during

: i HNS initialization before launch has a significant
Figure12: Radaraltimeterprototype integrated intthe  impact. In consequence, a concept for performing an
engine test stand. external alignment based on optical measurements has
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been developed and evaluated to improve the attitude The internal power supplyis on one hand
estmation accuracy during the ascent phase. Howevergsponsible to convert the 28 V DC board vatage of
refinement of the navigation performance requirement€ALLISTO to 48 V DC for actuatorssupply. Gn the
is ongoing with the potential to relax the requirement®ther hand,it needs tdimit the peak power demanzh
in a way that an external alignment may not be neededthe board net which is realized bypoC link capacitors

Another major challenge which could no¢ solved used as temporary energy buffefs.rendering of the
yet and which still has to be tackled both on subsystemower supplyoard is shown ifrigure15.
and overall system side are the relatively high vibrations
under which the inertial sensors have to operate.
Concepts for locally reducing the vibration levels have
been investigated and tecame clear that such local
measures alone are not sufficient to bring the vibrations
into an acceptable range. The sensor behavior under
vibration has been modeled to the extent possible based~
on available manufacturer specifications. As soon as a
lab piototype of the IMU is available, a dedicated
characterization campaign will be performed in order to
refine the sensor models.

With the successful completion of the HNS
Preliminary Design Review (PDR), the development
transitions now into the detailed dgsiphase, during Figure15: Computefrendeedgraphics of FCS/A
which a complete engineering model of the HNS is internal power supply
being built while the main work on the simulations and

software is about to be concluded. Due to the high frequent switching of large voltages
) and currents, EMC is aajor concern for the power
3.6 _Aerodynamic Control System (FCS/A) ~ supply board. However, first prototype tests have shown
The purpose of thECS/Ais to ensureaerodynamic  the compliance to the EMC requirements of CALLISTO.
stability andcontrollability of the CALLISTO vehicle  yrthermore, the robustness of the large electrolytic
during descent flightwhile produdng only minimal  capacitors against rapid -d@nd repressurization has
aerodynamic drag during asceAs shown inFigure14,  peen testeih a vacuum chamber. In this setup a batch
the designconsistsfour deployable aerosurfaces, eachgs capacitors has been cycled between maximum and
having a dedicatectlectromechanical actuator ard minimum expected pressure of the most demanding
deployment hinge mechanisnas well asan LLRM  fjight profile for a life cycle well beyond the envisaged
interfacewith the LOX Tank.Not depICted igshe FCS/A 10 fllghts After each Cyde the Capacitors are checked

controller box inside the VEB. for physical changes and their capacity and equivalent
series resistance (ESR) is measured. No degradation or
E=| | ot failure could be identified in this campaign.

Aerodynamic Surface

i [ Lrm |
Figure14: FCS/A in ascenfleft) and descen(right)
configuration

As the FCS/A design has successfully passed PD
stage, prototype models for several critical component. ; <
have been built and tested. Besides others, these tesfdgurel6: Test set
included electromagnetic compatibility (EMC) and

depressurization tests of the power supply, as well as For the flexible harnesswhich connectsensors in
mechanical life cycle tests of the flexible harness. the finsto thevehicleavionics,an accelerated life time

testhas beemperformedas shown inFigure 16. Here

A

up for flexible harness life time test
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different configurations of the harnelsave beenested
to selecthe most suitabléor the actuator design.

Further hardware tests are currently ongoing,
including functional test of the hinge mechanism and
vibration tests of the LLRM. Apart from déng,
extensiveFinite Element Model KEM) analyses have
supported the confidence in the developed design.
Mechanical and thermal analysis of the structural
components, as well as transient thermal simulations of
the full controller under load have beeerfpormed and
used for optimization.

In order to ensure the absence of harmful semm
elastic coupling, suchsdlutter, numerical studies have

been performed to investigate the dynamic stabili'% 8 Aerodvnamics and Aerothermodvnamics
behavior of the FCS/A in unfolded configuration during™ The )f:lerodynamic and agrothermodynamic

degent. For this purpose, a condens&&tM of the . . .
aerosurface is used in conjunction with the actuator an%valuathq Qf the_ C.ALLISTO vehicle is “.”‘.‘?f DLR
esponsibility. This include the amshape definition and

VEB interface stiffness matrices to obtain the structuraﬁ N X -
. LTS . optimization, performance assessment, estimation of
dynamic propertiesimilar to a wind tunnelsetup.The

) . . aerodynamic and aerothermal loads, as well as
requiredunsteadyaerodynamicmatricesare computed . . X .
! uncertainty analysibefore and after the flight§or this
for severalMach numbers and reduced frequencies b

the Doublet Lattice MethodDLM) implemented within %urpo_se,vanous Stijd'eds usmég CFdD _and v;/md tl_mnel
the MATLAB -based tool VARLOADS [9][10]. expenmgntswere already conducted in early project
Although the DLM provides good computational Sta%/lejiil ][clzﬁll.llen es for the characterization of
efficiency and quality for typical aircraft geometsi it CALLISTO aerog namics are on one harhe

is applicable onlyfor subsonic compressible attaChedextensive numbery of possible confiqurations and
flow which limits the Mach range of the examined flight o hich incl P | | 9 P
envelope Subsequently, the -method [11] has ben condltlons, which inc ude; ufdlep olyed. e?s _and 'r?s’
applied to assess the dynamic stability of the FCS/A fofarous engine operation levels including thrust

suitable Machnumber andaltitude combinations. The ;?]Zt?gﬁ]g’naé sz(\a/:ltha; gﬁrgﬁl rinsg?:”:gtr ringﬁz %f gtgack
resultsindicate that within the subsonic dscent flight g ghtly asy be,

envelope and validity of the applied methods, dynamiéhe other hand the integration of the multiple data

instabilities such as flutter cannot be detectetie T Sources into consistent system engineering databases.

. ) . In order to satisfy the technical needs for system

influence of the full vehicle structural dynamics and the : )
. o / development, the aerodynamic analyses are based on:

actuator dynamics on the stabilibghaviorunderfree

. AT . o - Wind tunnel tests (WTT) for diffent
flight conditionsis currerly under investigation X . L
configurations and conditions at the

A DLR Trisonic Wind Tunnel (TMK) in
Cologne [6], the

A DNW High-Speed Tunnel (HST) in
Amsterdam, and the

Figure1l7: FCS/R notional layouicourtesyof Namma@

3.7 Reaction Control System (FCS/R)

The FCS/R is another key component of the flight
control system of CALLISTO. Its primary functions are
to perform:

) . A ?\ITB wind_ tunnels in Nantes
- Rol |l control during engine A G LEtgda %§
- 8axis control during engime MO EGE, Eo foseSofution CFD

A specific property of the CALLISTO high energy
flights is that the MECO occurs at relative low altitudes o
within the atmosphere, thus creating significant conditions, as well as : .
' - Moderate number of higresolution CFD

aerodynamic torque during any maneuver. As a result, . . )
) . ; . calculations |, for all conﬁgHia:tlgns %pd
and since the main prrmgpul si ghn 0 u

it $ LM o4 s wiT
CoZ - conditions, including some WTT Setups.
these phases, significant torque control capability needs Based on this data. multiole aerodvnamic databases
to be provided by the FCS/R only. ’ P y

The baselinedFCS/R architecture feature®ight (AEDB) and aerothermal databases (ATDB) haeen

H202 thrusterseach providing200N thrust invacuum compiled ~which provide application programming

- . . . interfaces for external system analyses, such as
conditions The system, including its propellant taitk uidance and control design or thermal analysis. Asides
located inside the VEB Module near the top of th 9 ysis.

Vehicle to maximize control lever arof the thrusters o0 the database generation, key progresses have been

L - made in successful conclusion of wind tunriekt
The general layout of the system is giverrigurel17. . ) ; i
campaigns, progress in wind tunnel CFD calculations

calculations for all configurations and
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and uncertainty estimation, as well as local aerothermaumbers between 0.2 and 1.3, and for folded and
analysis. unfolded fins with different deflections. A variation of

In October 2020 an extensiW¥TT campaign at the Reynolds number for cein conditions also made
HST was conducted in order to addrébe vehicle comparison with TMK data possible.
design progressAs shown inFigure 18, a largescale To evaluate scaling effects and the influence of the
model (1:10) with a detailed replication of the outermodel supportdedicatedWTT conditions have been
shape was manufactured and tesbedthis setupto  simulated using the DLi-houseCFD code TAU[14].
reproduce local aerodynaeneffects This campaign is For example,Figure 19 shows the surface pressure
thereforecomplementary to previously performed WTT distribution for a HST simulationat a free stream
experimentsat the TMK][12], whichtesteda simplified  Mach number of 0.9 and an angle of attack of 185°.
CALLISTO aershapeat1:35scale the AEDB is mainly based on CFD simulatiortbe
WTT resultstogether with the numerical rebuilding of
these testallow the quantification ofuncertainties in
the datasets. These estitions have also been supported
by analysis of differenturbulence modelwhich have a
significant effect on the simulated loads

For the aerothermodynamic analyses a focus was on
the creation othe ATDB which provides heat fluxes
onto different parts ofthe vehicle. Based on a
combination of 2D and 3@FD calculations a database
dependent on Mach number, air density and angle of
attack between 160 deg and 180 deg is generatadh
covers the full powered return trajectory. The
conceptualdatabase striigre is shown inFigure 20.
| A Further 3D simulations were conducted to quantify
Figure18: CALLISTO 1:10 scale modetith unfolded  influences of roll angle engine thrust levedndlanding

fins mounted in the HSTest setup legs angle Based on these resultesnproved thermal

zoning for the vehicle components have been proposed
in consultation with engineering teanwscreate sensible
thermal requirements for tltetailed design phase.

Aerothermal database during late Phase C

0.6 2D 2D 20 2D 2D

20 20 /u 20

0.7 —— sample trajectory 2D 0 ,'f D 2D
early phase C database

sea level 20

2D
2D

density [kg/m?]
UoneInbyucy

2D 2D
1.0 2D 2D
' 20 20
11 20 sl i

m—’a’éﬂﬁiiﬂ#ﬂ 20 20 20 )
0.2 0.4 0.6 0.8 1.0 1.2
Mach number
AEEC - Figure20: Aerothermaldatabase (ATDB) for powered

Figure19: Simulated surface pressure coefficient for the returnflight with full thrust.

wind tunnel test at M=0.9 andlbA=195°. L . :
Local aerothermal analysis is especially important

Focus of the test campaign was on precis%\orthe thermal protection aftructures immersed in the
[

measurement of force and moment coefficients for a )
relevant flight conditions. These results were used '”.““?”C? ofthe engme'thrusievel onto the heat flux
verify and improve the accuracy of the AEDB and todlStI’IbutIOﬂO.n the .Iand|.ng. legsould be obse'rvedlfhe
support the uncertainty assessment. Additionally, flusiPPer two simulations ifigure 21 show the influence
mounted pressure sensors in the base region and n%ﬁrd'ﬁ?rent Mach numbers on thmat.flux to.the legs.
the fins were used to acquire stationary anstationary I Ma=0.5 the struts of the legs receive a high heat flux
pressure measurements which asedito validate the due io the hot exhaust plume being pushed towards

; . them. This effect is weaker for Ma=0.2&low, even
structural loads during flight. In total nearly 600 angle ) . '
of attack and roll polars were generated for Macijfhoughthe foot pads receive a higher heat flux due to a

ot engine exhaust jelike the ALS Here, a clear

IAC-21- D2.6.1 Pagel0of 15



72 International Astronautical Congre@8.C), Dubai, United Arab Emirates, 229 October 2021
Copyright ©2021 by DLR, CNES & JAXA. Published the IAF, with permission and released to the IAF to publish in all forms.

less compact ple. For a lower thrust level of 46, The current structural design is based on mechanical
shown at the bottom dfigure 21, the flow structure at analyses with refined material properties for the ogive
Ma=0.23 is more similar to the Ma=0.8rust=100% CFRRsandwich main body. The underlying database,

case, but with an ovetdbwer heat flux. which features common CFRP values and separate data
sheets for fibers and resins, has been extended with
Ma=0.5, AcA=175°, AoR=45°, thrust=100% material characterization tests othinuse ared CFRP

specimens to fit the final product in material and
process. As a full material qualification is very time and
cost intensive, a shortened campaign of tension and
compression tests at room and elevated temperatures
was carried out. In that way, aonfirmation and
correction of the material parameters was possible with
relatively few means.

One major design driver for the fairing is the heat
load from the engine plume during the landing
maneuver, as it exceeds the thermal capabilities of the
CFRP stucture. This challenge is solved with a reusable
Ma=0.23, AoA=175°, AoR=45°, thrust=40% thermal protection system (TPS) on top of the load
carrying structure. Therefore, an iterative process of
combined analytical estimations and numerical
calculations has been established to fit the aerotilerm
boundary conditions with a sound temperature
distribution on the structure.

For range safety reasons, parts of the FNS are
implemented inside the fairing. This includes a range of
pyrotechnic devices which are placed on the inside wall
gf the CFRP sandeh ogive. The attachment is realized

Overall good ‘progress has been made in th ith specially designed GFRP clips to allow an eas
aerodynamic and aerothermal characterization of they P y 9 PS y
Ihstallation and safe accommodation. A proof of

CALLISTO vehicle usig a multitude of wind tunnel gncept will be done via shaker tests
experiments and detailed CFD analyses. The next steB As the vehicle may descend through humid air,

include delta aerodynamics for the final aerOShapeCondensation inside the fairingiauld be avoided. In
uncertainty consolidation and final data validation. . . o . :
this context special attention is paid on the GNSS

antenna, which may show degraded performance under
water deposition. To face this challenge, the very tip of
the vehicle is designed as a closed chamber with check
valves. They allowtte dry air to flow out during ascent
flight, but prevent the humid air from entering the
antenna cavity. This implies the presence of an
artificially underpressure during descent, which need to
be sustained by the curved radome. A qualification of
the vales is planned via thouse shaker tests.

Ma=0.23, AoA=175°, AoR=45°, thrust=100%

Figure21: 2D dlice of temperature, isosurfacd 99%
exhaust species, Surface: heat flux.

3.9 Fairing

The primary function of the Fairing is to protect the
top o the CALLISTO demonstrator frorthe external
aerodynamic flow, particularly during the ascent flight.
Besidesthat, someequipmentis accommodatednside
the Module: the GNSS Antennas well as elements of
the FNS andhe scientificinstrumentationA side view
can be seen iRigure22.

3.10 Vehicle Equipment Bay

The VEB Module is located between the LOX Tank
Module and the Nose Fairing Modul&s shown in
Figure 23 it is composed of the following main
components:

- the VEB structure, which supports all the other
products and which mainly ensures the load
transmission between the Nose Fairing Module
and the LOX Tank Module;

- the cable duct covers, ensuring the protection of
the electrical and fluidic interfaces with the
bottom part of the vehicle.

Figure22: Side view-bf.the Fairing Module
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- the FCS/A, which provides the flight control called inertia box. This box bears the actuators of the

means during reentry phase

FCS/A between and the support structure of the FCS/R

- the FCS/R, which provides the flight control on top of two aluminum sandwidhames, connected by
means duringtmospheric flight in ascent phase eight vertical webs. The electrical power supplies are

- the avionics products, dedicated to-lwrard

also placed inside the inertia box to be accessible from

data management, power supply, control ofoutside through doors.
propulsion system, telemetry and telecommand, Further equipment is located in the lower part of the
flight neutralization and hybrid navigation.

FCS/R tank

FCSIR carrying structure

FCSIR thrusters and
covers (x8)

VEB skin

Access doors

TM/TC antenna

Cable duct cover

Upper L-flange

GNSS antennas

Wi-Fi antenna

FCSJ/A actuator

RTC antenna

Aero surface (fin)

Lower L-flange

Figure23: VEB Module external view

The structural design of the VEB consists of

stringers andramescovered by a thircylindrical in,

which implements a classical aluminum lightweight

structure. This design, which is depictedFigure 24,

was investigated in more detail during a tradestudy

that compared different design approackigs]. The

tradeoff compared accommodation options on unit
platforms verses structural elements for unit support, as
well as a pure cylinder with thickness adjusted walls
verses the classical stringer and frame design. It turne
out that the classical stiffied design with structural unit
supports is far superior, even though it is slightly les

flexible in accommodation options.

Figure24: Openview of theVEB structure without skin

A major design challenge is the load aduction for
the FCS/A and FCS/R. Therefore, the VEB is locally
stiffened by a frame and web configuration, the so

IAC-21- D2.6.1

VEB. Therefore, vertical support plates are umtzd
onto the stringers and fr
interface deviations, these support plates give the
flexibility to be replaced instead of remanufacturing
structural hard points. At the upper and lower end of the
VEB L-flanges serve as interfex#o the fairing and the
LOX tank.

3.11 Flight Neutralization System
Since the CALLISTO vehicle is being operated from

the CSG on French territory, it needs to comply with the

French regulations related to launch activities either on

ground or during flightsAccording to its very specific

mission profile compared to legacy ELVs, particularly
due the high verticality of the trajectory, flight safety
studies showed the stringent necessity for neutralization
capability of the vehicle. The implemented FNS
combines
A localization function, featuring both Radar
transponder (grountased localization) and en
board GNSS (autonomous localization)

- Aflight termination function, which makes uses
several pyrecord devices along the vehicle in
order to be activated in effominal scenarios.

d The FNS layout benefits from twaable ducts

funning along the vehicle wall, in order toaintain

hysicalsegregation of the termination devices and thus

0 mitigate risks for single points of failure. The

development of the FNS relies both on existing

technologies and on new developmergach asthe
pyro-cords initiators and autonomous localizatjth

3.12 Conditioning System

Figure25: Closed volumes inside CALLISTO vehicle
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