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A few years ago, a new, innovative approach for ¢hreturn of non-SSTO reusable space transportatiomehicles has
been proposed by DLR: The winged stages are to baught in the air and towed back to their launch si¢ without any

necessity of an own propulsion system. This patemteprocedure is calledin-air-capturing. The performance gain by
this advanced method shows a possible increase ielidered payload between 15 % and 25%r allows for significantly

reducing the size of a reusable system without argss in payload mass.

The paper gives a brief description of the proposeéh-air-capturing method based on latest numericalsimulations
data. A newly designed capturing mechanism is desbed and some results of a static stress analysisegpresented.
The preliminarily sized parts of this mechanism areused for a simplified simulation of the dynamic shck reactions.
Suitable homologous models with a limited number ofdiscrete elements are implemented in a dynamic g
simulation tool taking into account the separate amponent masses, the spring stiffnesses and the damyp coefficients.
The dynamic environment is analyzed for two load cges and potential design improvements are discussed

Nomenclature

Drag N
altitude m
Mach-number -
distance m
Thrust N
velocity m/s
weight N
load factor -
dynamic pressure Pa
angle of attack -
flight path angle -
geometrical angle -
bank angle -
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Subscripts, Abbreviations

3 DOF
ACCD
CAD

GLOW

three degrees of freedom

aerodynamically controlled capturing device
computer aided design

Gross Lift-Off Weight

GTO Geostationary Transfer Orbit

LFBB Liquid Fly-Back Booster

LH2 Liquid hydrogen

LOX Liquid oxygen

MECO Main Engine Cut Off

RLV Reusable Launch Vehicle

RP-1 Rocket Propellant (kerosene)
SSTO Single Stage to Orbit

UAV Unmanned Aerial Vehicle

sep separation

1 INTRODUCTION

A few years ago, a new, innovative approach forétern
of RLV vehicles has been proposed by DLR ([1], [2])
The winged reusable stages are to be caught iaitfznd

towed back to their launch site without any nedgssfian
own propulsion system. This patented proceduravf8th
is currently under detailed theoretical investigas, is
called in-air-capturing.

The motivation for this new approach can be traoack
to a fundamental problem in the introduction of tipleé
stage reusable space transportation systems: Birafin
adequate method for the stages' return to the fasite. A
simple glide-back is only achievable with eithercen
around-earth vehicles (very highv requirement close to
SSTO) or small booster stages (only small increntent
launcher's total-v). In any other case secondary landing
sites have to be selected or precautionary measures
powered return flight are to be included in thesehle
stage. Obviously, both approaches are closely libmale
serious drawbacks.

Unfortunately for future reusable stages, todayiire
launch sites are located such that only scarcebylpted
areas (e.g. oceans) are found downrange. Thisvisudly
due to the fact, that any considerable damage th bg
the fall-back of expended stages or destroyed leensc
has to be strictly avoided. Therefore, it is highlifficult

to find existing reachable landing fields, or irseaof an
ocean it is even quite impossible to construct ttatrall.
Consequently the requirement to reach an altemativ
landing site has a strong impact on the launcher's
trajectory and hence performance. In any casentbisod
requires a considerable amount of additional itfuasure

to ship the reusable stage back to its originaid¢ausite.

Techniques of powered return flight avoid thesebfams
but obligate a propulsion system and its fuel, Whigises
the stage's inert mass. In-air-capturing offersfierént,
more promising approach: The winged reusable stages
to be caught in the air, and towed back to theinth site
without any necessity of an own propulsion syst&his
so called in-air-capturing method is to be suppbiby
large cargo transports, offering sufficient thraapability
to tow a winged launcher stage with restrainectdiftirag
ratio.



The following chapter 2 gives an overview on the
principle functionality of in-air-capturing, demdrates its
theoretical feasibility proven in flight dynamic nai-
lations, and quantifies the performance gain. Givaft
describes the capturing device and the prelimidasign

of its mechanism. Finally, the paper addresses the
simulation of dynamic shock reactions inside thgteang
device in chapter 4.

2 DESCRIPTION OF THE PROPOSED IN-AIR-
CAPTURING METHOD

2.1 Principle functionality

A schematic of the reusable stage's full operatioinele
is shown in Figure 1. At the launcher's lift-off eth
capturing aircraft is waiting at a downrange rendes
area. After its MECO the reusable stage is sepdrfaben
the rest of the launch vehicle, and afterwardsquer$ a
ballistic trajectory, soon reaching denser atmosphe
layers. At around 20 km altitude it deceleratesubsonic
velocity and rapidly looses altitude in a glidinglit path.
At this point a reusable returning stage usuallg ba
initiate the final landing approach or has to ignits
secondary propulsion system.

Within the in-air-capturing method, the reusablegst is
awaited by an adequately equipped large capturing
aircraft. Both vehicles have the same heading siill
different flight levels. The reusable unpoweredgstas
approaching the airliner from above with a highstial
velocity and a steeper flight path, actively cotéa by
aerodynamic braking. The time window to succesgfull
perform the capturing process is dependent on the
performed flight strategy of both vehicles, but cae
extended up to about two minutes. The entire magreisv
fully subsonic in an altitude range from around @®0 to
2000 m. The upper constraint is set by the requérero
reach full aerodynamic controllability of the wirtgstage.
After successfully connecting both vehicles the geiah
reusable stage is towed by the large carrier dirbezk to

the launch site. Close to the airfield, the stageeleased,
and autonomously glides like a sailplane to earth.
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Figure 1: Schematic of the proposed in-air-capturig

As a basic requirement tracking of the returningntzh
vehicle is always possible by radar, or satellaad is
communicated via direct data link. Therefore, d-tigae
optimization of the aircraft's geographical positigs
manageable. Since the ballistic phase of the siagsds

to several hundreds of seconds, a correction abuf00
km is achievable, if separation-conditions unexpeigt
differ notably form the nominal case.

2.2 Simulation of the RLV approach to the
capturing aircraft

The mathematical model used for the simulation hef t
capturing procedure includes a complete set ofineat
dynamic equations of motion in three-dimensionalcsp
for both vehicles (the winged reusable stage arael th
capturing aircraft) with atmospheric simulation aad
mathematical model of the winged stage's contrsiesy.

A description of the control algorithms can be fdun
references [1] and [2].

After deceleration to subsonic speed at an altimmend

20 km, the winged stage is actively heading towdhas
capturing aircraft. Under nominal circumstances ltter

is assumed to be in a 'passive’ mode, just cruiging
constant altitude (e.g. 8000 m) and relatively tght
Mach-number of about 0.55 (400 km/h). It has to be
assumed that both vehicles are now permanently in
communication with each other.

During descent the reusable stage is able to perfome
position-correction maneuvers and to dissipate tkine
energy, if required. It plays the ‘active' part ihe
approaching maneuver. After penetrating the denser
atmospheric layers, the winged stage can be aero-
dynamically controlled by the angle of attack the
trajectory bank-angle, and the air-brake deflection angle

5.

The realization of the control law described in,[1]
[2].results in a precise heading of the reusalalgesin the
direction of the capturing aircraft, and is maintd until
capturing. The winged stage firstly glides witheaysteep
angle (e.g. around -18°) and reduces graduallyeitscity,
while the capturing aircraft flies in the flightviel H = 8
km with the constant velocity. When the returning
launcher's position relative to the aircraft comesa
certain vector point, the end phase of the appiogch
maneuver is initiated. Then the aircraft itselfristaa
descending glide path, still in front of the stage.the
standard simulation a descent gliding of both ekids
chosen, with a flight path angye,: achievable for an L/D
ratio slightly below the winged stage’s maximum.eTh
more or less parallel descending of both vehiaebkes a
smoother approach maneuver, and an extension of the
duration available for the capturing. It further kea it
possible to correct the distance between both leshand
to adapt the flight velocity of the winged stage &y~
braking very precisely. But the almost collineaight
requires that the normally higher lift/drag ratidé the
capturing aircraft (about 15...16) has to be adhpiethe
L/D of the reusable winged stage (around 4...6)s Thn
be achieved by using air-stream spoilers, an aikdyrand
/or by lowering the landing gear to increase digilar
maneuvers are carried out by Gulfstream Il jetsratee
as Space Shulttle training aircraft [5].

An approach maneuver for a reusable stage with
separation velocity around 2 km/s is describedLin [2].
One example of the aerodynamically controlled appino

is shown in Figure 2 displaying the altitude prfiif both
vehicles flying in parallel.



The resulting payload performance is increasedroyral
16 15 % for the in-air-capturing variants A and B withwer
14 \“‘k - = -Capturing Aircraft || MECO mass as shown in Figure 4. Case C reaches by
=z o —+—Winged Stage N definition the same payload mass as the reference
o e configuration because this variant aims for a maxim
I R reduction in the size of the reusable booster witho
2. T loosing payload capacity.
2 i
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Figure 2: Simulation of the reusable stage's final 115.00%
approach procedure to the capturing aircraft starting 110.00% .
500s after separation from launcher 105.00%
As can be seen from Figure 3, the total distan¢edsn 100.00%
the two flying craft falls short 0.5 km around 65%fter zzzzz | |

separation. Subsequently the distance could beaitant
in this simulation at a minimum range between 168 a
200 m for duration of 130 s. The upper boundanpoisset
by vehicle control, but by a minimum acceptableelev
above ground. The final altitude in this simulatisnas
low as 1.2 km. A time for capturing up to at lease

Reference Case A Case B Case C

Figure 4: Comparison of GTO payload of different to
be captured stage concepts (A through C) with
conventional jet powered fly-back stage (reference)

minute is nevertheless well within reach, sinceathi¢ude If the size of the RLV is considerably reduced dig the
after this period still accounts for more than 2n& payload constant, at least 17 % diminishing of mass
achievable (Case C) in a still conservative assiompt
(see Figure 5)
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Figure 3: Total distance between the two stages final Reference Case A Case B Case C

approach procedure starting 500s after separation
from launcher

Figure 5: Comparison of RLV dry masses of different
Analyses of off-design operation show that the hilig to be captured stage concepts (A through C) with
dynamic potential of the descending vehicle to ipate conventional jet powered fly-back stage (reference)
energy is quite comfortable. Even if separatioretivaries
about more than one second, the stage should ketabl
reach its regularly foreseen rendezvous area, \stalgng
within the loads envelope [1], [2]. Since the cajpty
aircraft has an own capability to improve its gexqirical
position, further margins exist.

It is evident that in case of a fly-back stage with
considerably higher separation velocity, the pagdgain

by introduction of the in-air-capturing method isther
augmented. Recently, an RLV concept called Reusable
First Stage (RFS) became quite popular in European
discussions about options on a next generationctem
[6]. RFS should have a high separation velocity

2.3 _Performance Gain by the in-Air-Capturing (approximately Mach 13) to reduce the size and éenc
method costs of an expendable upper stage. However, thereel
The interest in the advanced capturing method eah e fuel for fly-back rapidly grows beyond any reasdeab
demonstrated by its possible performance gain. bitsic amount. The in-air-capturing method might be thdéyon
assumptions of the detailed calculations are dssdrin promising way for an RFS to ever become reality.

[1], [2].
Even in the case launch vehicles are not desigoed t
The first quantified assessment of the advantage is perform a direct fly-back to the launch site, in-ai

performed for a reusable first or booster stageh vait capturing offers significant advantages. If possilthese
separation velocity around 2 km/s. The referencestes concepts try to avoid any secondary propulsioresysind

is a LOX-RP1 powered winged stage using keroseek fu  try to reach a downrange landing site. Althoughadirst

for the fly-back mission. A heavy lift launch in@TO is look it might seem that in-air-capturing is notmfmary
regarded. Three sub-variants of the in-air-captisiage interest for these RLVs, it can be demonstrated tha
are considered (A, B, C — see [1], [2] for detailed considerable quantified performance advantages Eis
description), all derived from the original JP-poee: fly- Moreover, in-air-capturing offers the opportunity t

back configuration (reference).



directly return the reusable stage to its launcte, si baseline capturing device and a suitable mechahissn
reducing operational expenses and turn-around time. been developed for the ACCD and its respectivedoad

3 DEFININITION OF A CAPTURING DEVICE
AND PRELIMINARY DESIGN OF ITS
MECHANISM

3.1 Selection of a capturing device and captu-

ring procedure

The capturing technique itself has been systeniigtica

investigated in 3 DOF simulations (see [7], [2])heT

process and the necessary mechanics are by far not |
optimized yet, but preliminary analyses give andation

of the most promising technique. Four differentetypmf

capturing methods have been studied:

e The first procedure, already early proposed in id],
the harpoon principle with a missile launched from
the capturing aircraft and directly shot versa the
returning stage, Figure 6: Rendering of the ACCD and the returning

e a variant requires for the missile to perform aploo stage cautiously approaching each other
maneuver, and approach the RLV from behind to
considerably reduce the impact loads. This second
capturing option had to be dropped because of
impractically large rope length (see [7], [2]).

¢ The third option fires the missile from the reusabl
stage versa the capturing aircraft, also decreasing
relative velocity and hence loads.

e The last alternative employs an aerodynamically
controlled capturing device (ACCD), which is to be
released by the airplane and then towed, cautiously
approaching the launcher.

The first three capturing types employ an air-toraissile

capable of achieving rapidly a connection but ifirst

step only by a small pilot rope. After successfully

connecting the two vehicles, the actual towing rbpe to

be drawn out.

Technical requirements of the tow-aircraft are giire[2].

The rope and its mechanism have to be designed to
withstand the pulling stress with regard to dynatoads.

The maximum values are most likely being reachethdu
pull-up of the assembly after capturing. A towingpe
diameter of 1.6 cm is estimated to be sufficiemtup to

200 kN load [2].

The thrust requirements of the capturing aircrak a
dependent on the reusable stage's mass and itgatiD-
The thrust reserve of the capturing aircraft hasxceed
50 to 200 kN in an adequate flight altitude [2].féur
engine jetliner without normal cargo loading offers
sufficient thrust margins. This is corresponding a&o
Airbus A-340 or Boeing-747-class jet, which havesibe
produced in large numbers. Moreover, a considerable
quantity of these airplanes is already availableaat
affordable price, since some of them have beemetkti
from commercial airline service.

The fourth alternative employs a different approagth
the aerodynamically controlled capturing device G,
which is to be released and then towed by the aigpl
This device (a preliminary artist impression is whoin
Figure 6) contains the connecting mechanism anglgim
advances the stage by its own drag and lift, pexvidy
small wings (span 1.6 m). Actuators control the ACC
orientation and the approaching velocity might behfer
controlled by braking of the towing rope from insithe
aircraft. With a release initiated at 230 m diseabetween
the two crafts, the whole maneuver takes aboutih4lse
nominal case. All loads remain below 3 g and thmalfi
relative velocity is at 5 m/s [7]. It has to be enbtthat
although the time to achieve capturing is longantthose
with missile fired harpoons, full connection by awing
rope can already be achieved at the very moment of
capturing. Therefore, the total time required foe tn-air-
capturing is the shortest with less than 20 s [@Be

A catastrophic midair collision has to be avoidedfidly
automatic and redundant control avionics of bothicles
operating in a synchronized mode. Any pilot intefece

in this maneuver from the capturing aircraft isfay too
slow, to have a positive impact. Since no real defitgy
pilot work is foreseeable, one should seriouslysaer
redesigning the capturing and towing aircraft as an
unmanned aerial vehicle. Taking into account the
significant progress recently achieved in UAV avisn
this is not such an exotic idea. By giving up pitontrol

for all capturing missions, it might be also po#sito
broaden the flight envelope, which will not be guteble
with men on board. This further enables high risk
maneuvers — if ever required - which are otherwise
excluded and would result in the loss of the réhgn
stage. Hence an unmanned towing aircraft will augme

Reference [2] compares the main data of the tteasilile overall reliability and safety of the in-air-caping

capturing options. The analyses of the capturing

procedures clearly indicate that the aerodynanyicall method.

controlled capturing device (ACCD) offers the lagéme o ) )
margin (wrt. the parallel flight duration of 120 &3 well 3.2 Preliminary design of the ACCD capturing

as the lowest loads. It further offers a cost athge mechanism

compared to the expendable missiles since thicdean The capturing mechanism is a critical part whicbergly
easily be reused for each capturing. Thus, the AGQDe has been preliminarily designed for the static load



conditions encountered when capturing and towitegge
fictive RLV stage. The mechanism lay-out has to be
defined for correct kinematic functioning in captgy,
towing-, and release-mode, as well as for good lshoc
attenuation.

This translates into certain design requirementsvoich
some of the most important are:
« fully inelastic shock between ACCD and RLV
stage in axial direction during capturing,
* elastic shock in radial direction of the ACCD,
« axial shock design load approximately 10 kN,
 to allow for a maximum axis deflection between
ACCD and RLV of 10 degrees with automatic
reorientation to the towing axis.
A preliminary design of such a capturing mechanisam
been developed (see Figure 7) and has been subsigque
mechanically sized supported by Finite-Elementsstand
deformation analyses [8].

ACCD wing

ACCD fuselage

Towing
aircraft

Figure 7: Sketch of the capturing mechanism insidéhe
ACCD geometry highlighting the ball-shaped head in
red and the RLV stage anchor shown in parallel and
deflected position

All elements of the mechanism fit into the ACCDédlage
and consist of

« a ball-shaped head with ball jacket,

* industrial shock-absorber,

« different spring and damping elements, and

« additional support structure.
The principal idea of the mechanism is to diredbrag
passive anchoring device from the RLV to the capgir
and hold mechanism inside the ACCD. A funnel like
opening at the ACCD'’s back with a 30 deg. cone open
allows for the mechanically steered guidance ire cafs
small flight position imperfections prior to contien and
for the required axial deflection between bothrftyitems
in the capturing procedure and also thereafteowirtg
flight. Inside the ACCD all axial loads as well #se
relative pitch and yaw movements between the differ
flight vehicles are transferred through a ball joia its
jacket capable of axially gliding inside the ACCD
fuselage. Relatively high local pressures betwéenball
and the jacket will require also a good lubricatimtween
those two metallic parts.

The connecting shock between both vehicles is fearsl

in the ACCD's forward direction to an industrialosk
absorber (see schematic of load flux in Figure dp t
position). Such a device allows for a constant eaton
with a moderate axial force and rapid oscillati@amgping.
The current design has to absorb about 1.9 kJ radtiki
energy and the maximum deceleration force reacfies 2
kN. The ball head construction ensures that theclsho

damper has to absorb only the predominant axialsloa
The smaller side loads will result in a ball defiec
which should be countered by reset forces bringhmy
ball back into its nominal orientation.

N =
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Figure 8: Schematic representation of the nominaldad
flux inside the mechanism (Case 1: capturing at tqp
Case 2: towing at bottom)

A very simple potential technical solution to ceeatich a
reset force might be realized by a compressiblebidou
torus as shown in Figure 9. This design would affona
maximum ball deflection of 10 degrees in any dimett
and provide the forces (pneumatically and / or by
internally embedded springs) to bring it back ie ttormal
direction.

Figure 9: Double torus-like pneumatic support of tle
ball-shaped head providing reset forces in case dgad
deflection

The tautening of the towing rope after successipturing

will move the ball head with its jacket in the ogjie, the
ACCD's backward direction. This movement is soobeo
stopped by the ring structure at the ACCD's back. A
schematic of the corresponding load flux can ben see



Figure 8 in the bottom position. The rope tautenimight

be a sudden event requiring also some kind of shock
damping. Several technical options are investigaltied

first approach for sizing of the main elements bé t
mechanism, it has been assumed that several helical
springs are circumferentially mounted between jaalket

and ACCD stopper ring. This assembly will have ® b
checked on its dynamic response in the investigatio
described in chapter 4 and probably will have to be
adapted.

The two load cases of Figure 8 have been identidied
dimensioning and are analyzed in static structatedss
and strain calculations. The finite element methas
been used to obtain the stresses in the complgedha
parts. These data help in an iterative sizing efrtfaterial
thickness and in a reduction of the mass. All & parts
have been separately analyzed [8] with the tool X8 $o
avoid modeling of complicated surface interfacestdad
such interfaces are replaced by a set of distriblatads or
boundary constraints delivering the respective tieac
forces. Although this approach might not alwayslyful
represent the actual conditions, it is found adexfer a
preliminary sizing of the components.

1.787

Figure 10: Von Mises stress in the head jacket
structure for the towing load case [8]

Figure 10 shows an example plot of the von Misessst

in the jacket part subject to the high load towing
condition. The (blown up) deformation resultingrfrahe
concentrated introduction of force by one of theirgp
connections is clearly visible. A large part of thaterial

is subject to a low stress level of less than 10aMFhe
maximum stresses in Figure 10 do not exceed 165 MPa
which is well below the material strength. Thusnsowall
thickness reduction is still possible.

A three dimensional representation of the latesgii-
capturing’' mechanism structure is illustrated iguFé 11.
A mass balance has been established based onotitis s
model of the structure. The sum of the ACCD compoéne
masses is currently reaching 200 kg which is beyted
mass target of 150 kg. However, the very low stlegsls
found in large areas give a good potential in ferth
reducing the component masses. The static strength
feasibility of the mechanism's structure is gergral
proven. Thus, the data can be used as input vesidbt
the simulation of its dynamic environment.

Figure 11: of ‘in-air-

3-D CAD-representation
capturing' mechanism to be integrated inside the
ACCD fuselage

4 SIMULATION OF DYNAMIC CONTROL
ENVIRONMENT

This chapter focuses on the simulation of the dyoam
shock reaction for which a good knowledge is esakettt
effectively control the loads. Suitable homologousdels
are implemented in the DLR dynamic system simufatio
tool RFD taking into account the separate component
masses, the spring stiffnesses and the damping
coefficients. The simplifying approach of usingymamic
system simulation tool with a limited number of aliste
elements is preferred over a complex FEM-modelhSaic
methodology allows for rapid parametric analyses of
component properties selection and for the conwnie
assessment of potentially required design improvesne

The load cases are similar to those investigatethén
static structural analyses described in section 3t#&
characteristics are preliminarily found by iteraty
calculating the two load cases and adapting toetdvant
conditions.

4.1 Case 1: Capturing shock between ACCD
and reusable, returning stage

In a first approach the capturing shock has bemnlated
with the ACCD impacting the RLV stage with its fina
approaching velocity (4.9 m/s). Note that only the axial
portion of the velocity has been considered. The
suspended mass does not include ball head andtjacke
because both are already directly connected airthiant

to the anchoring device of the stage. The homolsgou
model as displayed in Figure 12 is very simple, é&aoav,
representative of all major forces in the one disiamal
case. At the initial conditions the potential eryeng all
spring and damping elements is zero and the rengini
mass of the ACCD is moving with the velocity relative

to the stage. All other outside forces acting am ghistem
are assumed to be in equilibrium. According toitiigal
design, the industrial shock absorber should haes bhe
primary damping device but also forces of the latlic
spring system which should reduce the tauteningksho
(see section 3.2) would influence the dynamics raf t
model. Further, the ACCD’s funnel is protected by




separately suspended plates with very small damping
characteristics.

Helical spring system

ass of funnel plate

Mass of ACCD w/o ball head,
jacket and funnel plates

7

Figure 12: Homologous dynamic model of capturing
shock acting on ACCD with original design of helich
spring system connected

Industrial shock absorber

While the dynamic requirements of the industriabah
absorber have been already defined for the statitysis,

all other characteristics were not fixed beforatstg the
dynamic analyses. Figure 13 shows the acceleration,
velocity, and axial position vs. the inertial systef the

RLV stage prior to impact. In this test case, theustrial
shock absorber reaches its intended almost constant
deceleration level of -15 g (20 kN) after 5 cm d€@D
movement. At 0.05 s the deceleration is completed
followed by a slower relaxation period.
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Figure 13: Dynamic reaction of capturing shock actig
on ACCD in preliminary test case

The funnel plates have a smooth acceleration levedis
simulation which results in a large deflection bhast 0.6

m. The latter is obviously not acceptable fromraeknatic
point of view. Considerably more resistant spriagé be
required which will dynamically influence the whole
system (see section 4.3). A small influence of hibcal
spring system can be detected in Figure 13 befoee t
shock absorber becomes active. These spring anplinigm
elements support the shock absorber but have minor
influence on the overall dynamics of this simulatio
However, the damping requirements on the tautening
spring have to be found in the dynamic simulatibfoad
case 2 which is described in chapter 4.2.

4.2 Case 2: Tautening of the towing rope

In load case 2 a sudden tautening force is tratesinit
through the towing rope to the ACCD. This forcedshe
redirected by the ball head with its jacket to Rie/ stage
as shown in Figure 8, bottom position. In the orédi
design of chapter 3.2 these loads are to be distibby a
system of four helical springs including dampersttie
jacket. The suspended mass does not include el dred
jacket because both are again directly connectethdo
anchoring device of the stage. The elasticity efahchor
has not been included in this first analysis. Baihnected
masses in the homologous model displayed in Fiddre
are moving in parallel without relative velocity &ach
other at the start of the simulation.

] f(t)J_E

Mass of ACCD w/o
ball head and jacket

tj Disk or plate spring
(former Helical spring system)

Mass of ACCD ball head and
jacket and total RLV stage

Figure 14: Homologous dynamic model of tautening
shock acting on ACCD and RLV stage

As initial condition the potential energy in allrsm and
damping elements is zero. After 0.01 s a suddecefof
200 kN coming from the capturing aircraft via tlosving
rope is acting on the ACCD. In the simplified dynem
model of Figure 14 no other outside forces arerassuto
be effective. In reality drag, lift and inertia ithree
dimensional space of the RLV stage are in equiliiorto
the rope force, rapidly reducing the resulting ésregion
to zero. However, for studying the ACCD’'s dynamic
reaction the above described simple approach stetyes
adequate.

It rapidly turns out that the helical spring stéfs as
assumed in the previous section 4.1 is unfeasirehle
much larger tautening shock load of 200 kN because
otherwise the relative motion of the ACCD vs. theVR
has to exceed its own total length. Stiffness amahming
coefficients are enlarged by a factor of more th@rand a
few data of the dynamic simulation are presentdédure

15.



While the 100 Mg RLV stage is suddenly accelerdigd
200 kN to 2 m/& the relative acceleration of the ACCD
by the spring seems to remain at almost zero tingil
RLV has reached the same velocity of 0.816 m/s
respective to the inertial system at the start loé t
simulation. However, a very short acceleration peék
about 1 ms (not visible in Figure 15) accelerates t
ACCD before this rope tautening force is annihdatey
the hydraulic damper. The maximum deformation & th
spring system in this case is 0.166 m which might b
within the acceptable range.
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Figure 15: Dynamic reaction of towing rope tautenig
shock acting on ACCD in preliminary test case

4.3 Recalculation of load case 1 under con-
sideration of the load case 2 dimensioning

After the pre-dimensioning of the tautening suspems
system by dynamic simulation in the last sectitwe, Ibad
case 1 has to be revisited taking into accountebeired
helical spring system stiffness and damping caefiits.
Simulations show that the direct coupling displaijethe
model of Figure 12 would result in unintended dargpi
behavior of the capturing shock. The two suspension
systems for the two load cases are to be designmezli€h
different load levels that a total decoupling isviadble.
Figure 16 shows a new homologous model where the
former helical spring system is disconnected frdme t
ACCD mass. This might be realized by a disk oreplat
spring instead of the helical springs which shauitly be
effective when compressed under the situationad lkcase

2. The initial conditions already described in Ercié4.1

are reused without modification.

ass of funnel plate

Mass of ACCD w/o ball head, —
jacket and funnel plates

W

Figure 16: Homologous dynamic model of capturing
shock acting on ACCD with new design of helical
spring system no longer effective

After further taking into account realistic spring
coefficients for the funnel plates which constraieir
relative motion within less than 1 cm, a new sirtiala

with unchanged characteristics of the industriabcgh
absorber has been carried out. Figure 17 shows the
strongly different dynamic reaction compared to uiFég

13. The deceleration of the ACCD is almost simitathe
previous design and thus according to the intentidre
amplitude and frequency of the funnel plate osiiltais
significantly increased due to the increased siffn of
their spring suspension. These values do represent
acceptable kinematic and dynamic conditions.
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Figure 17: Dynamic reaction of capturing shock actig
on ACCD after iterated design



5 CONCLUSIONS

The innovative method for the return to the lausith of

reusable winged stages by in-air-capturing is lyrief
described and its major advantage of increasedoadyl

mass to orbit is quantified. The possible perforoeagain
of the in-air-capturing method, as calculated inatied
simulations of selected example cases, offers erease
of at least 15 % payload mass into GTO compared

to

conventional fly-back with on-board propulsion and

propellant. Alternatively the dry mass of the réaisastage
can be reduced by 17 % without loss in referengtopd,
hence considerably decreasing the size and cosfeof
vehicle.

The selected flight strategy and the applied cdntro

algorithms show a robust behavior of the reusatalgesto

reach the capturing aircraft. In the nominal cake t
approach maneuver of both vehicles requires active

control only by the gliding stage. Simulations (B
regarding reasonable assumptions in mass
aerodynamic quality proof that a minimum distane®oty
200 m can be maintained for up to two minutes.

The most promising capturing technique is using

and

an

aerodynamically controlled capturing device (ACCD),

showing the best performance and lowest risk. Toerea
capturing mechanism has been preliminarily desigoned

the ACCD. The principle idea of the mechanism desig

with its major conditions and constraints is ddsedi in
the paper. The structural parts have been pre-dimead

for two static load cases supported by finite eleime
calculations. Component masses are obtained witle so

iterative resizing.

In the next step the two dimensioning load caseglwh

experience significant shocks are dynamically sated.
In a simplifying approach a dynamic system simolati
tool is used with a strongly limited number of déete

elements. This methodology allows for rapid paraimet

analyses of component properties selection andtHer

convenient assessment of required design improvismen

The analyses reveal that a full decoupling of the t
suspension systems will be required, each to baeratgly

adapted for its dynamic load case. Technical smhgti
exist and will be implemented in the forthcomingsige

refinement of the in-air-capturing mechanism.

In the last two years the unusual

in-air-capturing

procedure has made further progress in its theateti

simulations and a preliminary design of the mecémani
has been worked out. Confidence in the feasibdftyn-
air-capturing is strong and it seems unlikely thavere

problems might one day be detected, which definitel

would exclude its operation. The next steps shdadd
component testing and (most important) subscatghtfli
demonstration to raise the currently still low teclogy
readiness level (TRL). The therefore required éfier

moderate and worth the expenditure because in-air-

capturing is able to strongly boost RLV performaacel
it offers a tremendous potential of operational rove-

ments. Any comment and suggestion will be highly

appreciated by the authors.
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