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a b s t r a c t 

In the past two decades, the renewed interest in sustainable space transportation has driven the develop- 

ment of many innovative reusable launch technologies. One such concept called ‘In-Air-Capturing (IAC)’ 

involves winged rocket stages captured mid-air and towed back to the launch site using an aircraft. The 

approach, patented by German Aerospace Centre (DLR), shows potential for substantial mass and cost 

reduction by eliminating the need for additional propulsion during the descent. A critical aspect of IAC 

requires the two involved vehicles to be in a parallel formation with similar velocities and altitudes sep- 

arated by a safe distance. The preliminary requirement is to maintain the formation for a minimum of 

60 s, despite any external disturbances. 

This paper presents the modelling and simulation of a full-scale reusable launch vehicle and a towing 

aircraft attempting the formation flight for IAC. First, a suitable aircraft configuration is selected based on 

the aerodynamic performance of the selected test rocket stage. Important subsystems are identified and 

modelled comprehensively. Then, trajectory simulations are performed to identify the best approach and 

conditions for the formation. The sensitivity of the formation flight to critical factors like the idle thrust 

and wake turbulence from the towing aircraft are also analysed. The simulation showed that the mini- 

mum duration of formation flight could be maintained in the presence of external disturbances. Lastly, 

potential improvements and future simulations are discussed. 

© 2022 International Association for the Advancement of Space Safety. Published by Elsevier Ltd. All 

rights reserved. 
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. Introduction 

Reusable Launch Vehicles (RLVs) have been a matter of inter- 

st ever since the 1970s. The peak of this research gave rise to 

he first operational RLV – The Space Shuttle [1] . Although widely 

uccessful, the Space Shuttle could not achieve the cost benefit of 

eusability due to the large refurbishment costs and lower launch 

requencies following the loss of crew [2] . The early experience of 

eusability from RLVs like Space Shuttle and Buran demonstrated 

any challenges of finding a viable operational and business case 

or reusable launch systems. However, the recent success in de- 

elopment and operation of multiple reusable launch systems has 

ecome vital for reduction of launch costs and increase in launch 

requencies. The cost of delivering cargo to the International Space 

tation (ISS) today is reduced by a factor of 4, when compared to 

he Space Shuttle era [3] . 
∗ Corresponding author. 

E-mail address: sunayna.singh@dlr.de (S. Singh) . 

c

c

ttps://doi.org/10.1016/j.jsse.2022.09.005 

468-8967/© 2022 International Association for the Advancement of Space Safety. Publish

Please cite this article as: S. Singh, S. Stappert, L. Bussler et al., Full

capturing of a winged reusable launch vehicle, Journal of Space Safety 
The reusable launch systems can be categorised into two types 

 Vertical Take-Off Vertical Landing (VTVL) and Vertical Take-Off

orizontal Landing (VTHL). Pioneering companies like SpaceX and 

lue Origin use VTVL based RLVs [4] . However, the currently em- 

loyed VTVL techniques, namely Return-To-Launch Site (RTLS) and 

own Range Landing (DRL) require significant amount of fuel dur- 

ng descent. 

The VTHL based winged RLVs can only glide back when suffi- 

ient energy is available [5] . For larger launchers, this would re- 

uire descent from an orbit. Fly-Back Boosters (FB), which is a 

THL system powered by turbofans, also requires an additional 

ropulsion system, adding to its inert mass [5] . In view of these 

hallenges, an innovative approach called ‘In-Air-Capturing (IAC)’ 

as proposed and patented by DLR [6] . In this approach, a winged- 

ocket stage is captured mid-air using an aircraft and towed back 

o the launch site for horizontal landing. 

A similar approach called Mid-Air Retrieval (MAR) has also re- 

ently emerged among many innovative launcher recovery con- 

epts. Here, the reusable parts of the launcher are first slowed 
ed by Elsevier Ltd. All rights reserved. 
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Acronyms/Abbreviations 

3STO Three Stage To Orbit 

3DOF Three Degrees of Freedom 

6DOF Six Degrees of Freedom 

AoA Angle of Attack 

C3H8 Propane 

CoG Centre of Gravity 

CFD Computational Fluid Dynamics 

DLR German Aerospace Center 

DRL Down Range Landing 

EOM Equations of Motion 

ELV Expendable Launch Vehicle 

FB Fly-Back Boosters 

FPA Flight Path Angle 

GG Gas Generator 

GLOW Gross Lift-Off Weight 

GTO Geostationary Transfer Orbit 

IAC In-Air-Capturing 

ISS International Space Station 

L/D Lift-to-Drag 

LH2 Liquid Hydrogen 

LOX Liquid Oxygen 

MAR Mid-Air Retrieval 

MECO Main Engine Cut Off

RANS Reynolds-Averaged Naviers Stokes 

RLV Reusable Launch Vehicle 

RP-1 Rocket Propellant-1 (Kerosene) 

RTLS Return-To-Launch Site 

SC Staged Combustion 

TA Towing Aircraft 

THS Trimmable Horizontal Stabilizers 

TSTO Two Stage To Orbit 

VTVL Vertical Take-Off Vertical Landing 

VTHL Vertical Take-Off Horizontal Landing 

own using lifting devices like parachutes or parafoils and then, 

aptured using a helicopter. Multiple launcher companies like 

hrunichev from Russia [7] , ULA from the USA [8] and Rocket Lab 

rom New Zealand and USA [9] have invested into study and devel- 

pment of the technology. On May 2 nd , 2022, Rocket Lab achieved 

he capture of the first stage of their launcher, Electron, using MAR. 

he stage was released by the helicopter shortly after the capture, 

o splash down in the ocean. A full recovery and subsequent oper- 

tional use are yet to be demonstrated [9] . 

According to [7] , the MAR approach can provide budget sav- 

ngs up to 30%, when compared to launch costs of Expendable 

aunch Vehicles (ELVs). However, the technology is limited by the 

ize and mass of the rocket stages to be captured. The limitations 

f parachutes and helicopters also add to the constraints [10] . For 

hese reasons, ULA switched their business case from MAR recov- 

ry of the large first stage of Vulcan launcher to only the partial 

ecovery of its engine [8] . The IAC recovery approach can provide 

ore flexibility that MAR because the size of the aircraft can be 

hosen based on the size and mass of the rocket stages. Addition- 

lly, IAC is estimated to provide a launch cost reduction of up to 

5% assuming 15 launches per year. A detailed overview of the cost 

odel and comparison with other RLV return modes can be found 

n [11] . 

Beyond the spaceflight regime, technological similarities have 

lso been observed in aeronautical applications. The formation 

ight manoeuvre and capturing device in IAC are comparable to 

he technology seen in aerial refuelling [12] . Furthermore, on Octo- 

er 2021, the DARPA funded program X-61A Gremlin demonstrated 

 successful in-air recovery of X-61 UAV by C-130 cargo aircraft 
2 
13] . The project is aimed at the deployment and later recovery of 

 large number of small swarming drones. 

.1. Performance impact 

Any RLV mode of operation (compared to an ELV) tends to de- 

rade the launcher’s performance due to the added stage inert 

ass or required descent propellant. However, the degree of per- 

ormance degradation varies significantly depending on the mode 

f operation or separation conditions. Although a precise estima- 

ion of RLV costs is unattainable, the performance impact can pro- 

ide a sound indication of the potential of different RLV return 

odes [14] . 

The performance impact of an RLV can be directly related to its 

scent inert mass ratio or net-mass fraction, assuming that the en- 

ine specific impulse is not considerably affected. The inert mass 

atio can be used as a direct indicator of performance since it can 

e directly related to the mass fraction used in the Tsiolkovsky 

Rocket) equation. The inert mass of the stage ( m i , inert ) during as- 

ent flight consists of its dry mass and its total residual propellants 

ncluding the propellant needed for controlled re-entry, landing or 

ossible fly-back. The inert mass ratio ( ς i ) is defined as: 

 i = 

m i, inert 

m 0 

(1) 

Where m 0 stands for Gross Lift-Off Weight (GLOW) of the RLV 

tage. The higher the inert mass ratio of a stage, the lower would 

e its acceleration performance when the propellant type and en- 

ine performance are kept constant. For a better understanding of 

he rocket design, the Structural Index (SI) is defined as, 

I = 

m dry 

m propel l ant 

(2) 

Here, m dry stands for the dry mass of the system and m propellant 

tands for the total propellant mass. The SI provides an indication 

or the lightness of the structural design and the amount of pro- 

ellant that can be carried by the rocket. 

Fig. 1 presents a comparison of the inert mass ratio and SI for 

eneric Two Stage To Orbit (TSTO) launchers using different return 

odes of the reusable first stage (generated using Eqs. (1), (2) ). All 

aunchers have been sized for a Geostationary Transfer Orbit (GTO) 

f 250 km x 35786 km x 6 ° and a payload of 7.5 tons. They are

nalysed with different types of propellants (LOX-LH2, RP-1, LOX- 

H4, LOX-H2 and LOX-C3H8) as well as different propellant load- 

ng based on the fuel required to reach target orbit and return [14] .

s the mission and number of stages are identical, the inert mass 

atio and SI can be represented as a function of total ascent pro- 

ellant loading. Two types of engine cycles – Gas Generator (GG) 

nd Staged Combustion (SC) have been used for the analysis. 

It can be observed from Fig. 1 that the IAC mode provides the 

owest inert masses across different propellant types when com- 

ared to FB mode, which requires a turbojet to fly back and the 

RL, which requires propellant to land. The corresponding ascent 

ropellant required for the mission is also smaller with IAC. On 

omparison of SI, it can be observed that the values for IAC remain 

ower than FB but higher than the VTVL methods across all propel- 

ant types. This is because both VTHL systems are equipped with 

ings and other additional systems (like landing gear), which add 

o the structural mass of the system. The SI for FB is the highest 

ecause the return mode requires an additional propulsion system 

or the descent. 

Although VTVL systems are structurally lighter, they need to 

arry extra propellant for the descent. These return modes are then 

equired to accelerate the extra propellant mass to reach the de- 

ired �v, leading to higher inert masses and hence, decreased per- 

ormance . Since the propulsion system for IAC is provided exter- 
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Fig. 1. Performance impact of different RLV return modes: inert mass index (Left) and structural index (Right). 

Fig. 2. A schematic of IAC mission cycle. 
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ally by an aircraft, the need for extra descent propellant is elim- 

nated from the rocket design. Therefore, IAC has a potential for 

oth mass and cost reduction and should be examined in further 

etail. A detailed comparative study of different RLV modes can be 

ound in [14] . It must also be mentioned that the application can 

ot only be used for partial or complete recovery of launch vehi- 

les but also for smaller parts like fairings. 

.2. Mission Profile 

The complete (generic) mission cycle of IAC is shown in Fig. 2 . 

he process starts with a vertical launch from the launch pad. At 

ain Engine Cut Off (MECO), the winged first stage separates from 

he launch vehicle and the second stage moves on to the orbit. The 

rst stage then begins a ballistic re-entry such that its velocity is 

educed from supersonic to subsonic through atmospheric braking. 

n the meantime, a Towing Aircraft (TA) loiters at approximately 

0 km altitude until the RLV is in the vicinity. Then, between an 

ltitude of 2 km and 8 km, the TA approaches the RLV to form 

 gliding parallel formation. During this manoeuvre, a capturing 

evice is released from the TA, which autonomously connects the 

wo bodies via a rope. Finally, the RLV is towed back to an airstrip

here it lands horizontally [5] . 

In this paper, the first sector of the IAC mission profile called 

he formation flight phase is examined using full-scale test cases. 
3 
o achieve a parallel formation, the altitude, velocity and Flight 

ath Angle (FPA) of the RLV and the TA need to be comparable. To 

chieve this, both vehicles are required to have comparable aero- 

ynamic performance. Therefore, in Section 2 , the test cases are 

ntroduced and their aerodynamic performance is analysed using 

mpirical methods. The most suitable configurations are selected 

nd further analysed using CFD. Other important aircraft proper- 

ies like the mass and flight envelope during the formation flight 

re also studied in Section 2 . In Section 3 , the simulation model is

xplained. Critical subsystems like propulsion, aerodynamics and 

ontrol system are discussed in detail. The external disturbances 

riginating from the wake of the aircraft are also analysed here. 

his is followed by the results in Section 4 , wherein the formation 

ight simulations are presented. Sensitivity to some important as- 

ects like idle thrust and wake disturbances is also examined here. 

he preliminary formation time achieved in this phase will be used 

s the target time for the capturing device to reach the RLV in fu- 

ure iterations. Finally, the paper is concluded in Section 5 , and the 

lanned future work is presented. 

. Selected Configurations for Formation Flight 

The parallel formation for IAC requires both the participating 

ehicles to be in a gliding flight with similar altitudes, velocities 

nd FPAs separated by a safe distance. One critical aspect to ensure 
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Fig. 3. Subsonic configuration of RLVC4 [17] . 

Fig. 4. Commercial airliner: A340–600 [18] . 
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uch a formation is that the aerodynamic performance of both the 

LV and TA should be closely matched. 

Typical winged re-entry vehicles have a maximum Lift to Drag 

L/D) ratio between 2-4.5 in subsonic regime, as documented by 

altzman [15] . On the other hand, long range commercial aircraft 

an reach a L/D ratio of up to 20 [16] . Therefore, to reduce this gap

n aerodynamic performance and prepare the vehicles for a suc- 

essful formation, careful design selection and alterations may be 

equired. In the coming section, the chosen full-scale test cases are 

resented. The aerodynamics of the chosen vehicles are analysed 

o identify any modifications that may be required for the forma- 

ion flight. Further important characteristics, such as the mass and 

he flight envelope of the vehicles are presented. 

.1. Full-Scale Vehicles 

.1.1. Reusable Launch Vehicle (RLV) 

For the current research, the RLV is selected to be the first stage 

f a 3 Stage-To-Orbit (3STO) launch vehicle proposed in [17] . This 

eturning winged stage called RLVC4-IIIB has a special swept wing 

onfiguration. The outer wings of the spacecraft are folded in dur- 

ng the hypersonic re-entry to avoid shock-shock interaction [19] . 

nce the vehicle has slowed down to subsonic velocity, the outer 

ings are deployed (or unfolded) as shown in Fig. 3 . The larger 

ings facilitate a higher trimmed L/D ratio of up to 6 in the sub- 

onic regime, making the configuration suitable for IAC. Here, the 

erm trimmed is used to define longitudinal stable configuration, 

uch that there is no rotation about the Center of Gravity (CoG) of 

he vehicle. Control flaps are used for trimming and maneuvering, 

hich can deflect up to ±20 °. During the descent, the RLV is ex- 

ected to weigh 79,182 kgs. Other variants of the RLV can also be 

sed for IAC and are given in [20] . 

.1.2. Towing Aircraft (TA) 

Based on the scale of the RLV, a suitably sized TA must be se- 

ected. The aircraft must support the drag from the RLV during the 

ow back to launch site. To achieve this, the TA should have suf- 

cient payload and propulsion capability. Additionally, the aircraft 

hould be accessible at low cost to minimize the cost of recovery. 

For the current application of capturing a large RLV (approxi- 

ately 80 tons), an Airbus A340-600 (shown in Fig. 4 ) is chosen 
4 
14] . The retired long-range jetliner has a large loading capacity 

nd can support a payload of up to 68 tons. Its four Rolls Royce 

rent 556 engines can provide a maximum continuous thrust of 

97 kN each. Although the engines are kept in idle mode (min- 

mum throttle setting) during the formation glide, they become 

ritical in the following phases of IAC. Once the RLV is captured, 

hese engines are required to throttle up and help the connected 

onfiguration gain altitude and reach suitable cruise conditions. A 

etailed study of this pull-up maneouvre and the required engine 

erformance is presented in [21] . 

In studies performed in [22] and [23] , it was found that re- 

urposing flight-proven second-hand aircraft could facilitate lower 

ecovery costs for IAC. The cost of acquiring the aircraft played a 

irect role in overall cost of recovery. Further, considering a max- 

mum of 30 to 40 launches per year, the additional maintenance 

nd costs originating from operating older engines did not con- 

ribute significantly to the overall operating costs. It was concluded 

hat retired fleets like Airbus A340 and Boing 747 offered the best 

t for IAC. 

.2. Aerodynamics 

The cruise L/D ratio for a typical aircraft from the A340 family 

an reach up to 19.3 [16] . However, for the capture of RLVC4-IIIB 

sing IAC, the desired L/D ratio is close to 6. Therefore, some addi- 

ional drag sources must be included to lower the L/D ratio of the 

A. Drag can be generated using the existing control surfaces, like 

he spoilers and also, other components such as landing gear. Ac- 

ording to the Airbus Maintenance manual [24] , an A340-600 con- 

ists of three sets of landing gear: 

• Two main landing gears with four-wheel assembly that are lo- 

cated under the wing and retract sideways towards the fuse- 

lage. 

• A centreline landing gear with four wheels that is located at 

the belly of the aircraft and retract forward. 

• A nose landing gear with twin wheels that retracts forward be- 

low the cockpit. 

Additionally, the spoilers can be deflected up to -30 ° for the 

peed brake function. However, to consider some room for ma- 

oeuvrability, deflection of only up to -20 ° is considered. To find 

he configuration with the closest L/D ratio to the chosen RLV, dif- 

erent TA configurations are analysed using empirically generated 

erodynamic datasets as presented in Table 1 . 

The empirical methodology used for the analysis, is based on 

igital DATCOM methods [25] . The DLR tool called CAC, estimates 

he longitudinal aerodynamic coefficients for a range of flight 

oints (defined by altitude and Reynolds number) as a function of 

ngle of Attack (AoA) and Mach number. The geometry of the air- 

raft is defined using airfoil surfaces and simple geometric shapes 

epresenting different components. The lifting line theory is used 

o predict the aerodynamic properties of the wings [26] . The aero- 

ynamic contributions from individual components are then com- 

ined to get the final estimates. The static stability and trimming 

equirements from control surfaces can also be estimated using the 

ool. 

The maximum L/D ratios (at AoA = 8 °) of different TA configu- 

ations at Mach 0.45 are presented in Table 1 . Two potential con- 

gurations (TA4 and TA5) provide a close match to the target L/D 

f 6. It can be observed from the data, that deploying the landing 

ear can bring down the L/D of the aircraft considerably. However, 

eploying the landing gear mid-flight can lead to structural vibra- 

ions and add to the flow disturbances. Since TA4 uses only two 

ets of landing gear compared to TA5, which uses all three sets, it 

s likely to cause smaller disturbances. Further, the centreline land- 

ng gear can be removed to house the capturing device in the bay 
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Table 1 

Analysis of aerodynamic performance for different TA configurations using empirical 

methods. 

Description MaximumL/D ratio 

TA1 Clean Configuration 19.36 

TA2 Spoilers −20 ° 12.97 

TA3 Front Landing Gear Deployed, Spoilers −20 ° 10.02 

TA4 Front and Main Landing Gear Deployed, Spoilers −20 ° 6.25 

TA5 All Landing Gears Deployed, Spoilers at −20 ° 4.78 

Table 2 

Simulation flight point for RANS [27] . 

Parameter Value 

Velocity [m/s] 142.39 

Mach 0.45 

Altitude [m] 6000 

Pressure [Pa] 47,248.92 

Density [kg/m 

3 ] 0.66065 

Fig. 5. Aerodynamic performance of RLV and TA. 
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nd provides close access to the structural elements near the air- 

raft CoG for the distribution of towing loads. Therefore, TA4 is se- 

ected to be the most suited configuration. 

The aerodynamics of TA4 and RLV configurations are fur- 

her analysed using Reynolds-Averaged Naviers Stokes (RANS) to 

chieve high confidence datasets. The CFD simulations are per- 

ormed using the open source code OpenFOAM v6.0. Both vehicles 

re analysed at the flight point shown in Table 2 . Since the flight

oint exists in the compressible subsonic flow regime, the rhoSim- 

leFoam solver is selected. The k- ω SST turbulence model is used 

o model the current flow areas [27] . A sensitivity study on mesh 

ensity is also performed to assure a computationally effective yet 

ccurate grid resolution. 

Fig. 5 shows the comparison of aerodynamic performance ob- 

ained using CFD and empirical estimates at the flight point in 

able 2 . It can be observed that the empirical estimates for the 

A do not match the numerical results from CFD very closely. This 

s simply because complex geometries like landing gear are dif- 

cult to model accurately using empirical methods. The simpler 

ing-body-fin geometry of the RLV shows good agreement be- 

ween empirical and CFD datasets. The selected TA configuration 

ith spoilers deflected at -20 °, front and main landing gears de- 

loyed reaches a maximum trimmed L/D ratio of 8 at an AoA of 

 °. However, the RLV only reaches a maximum trimmed L/D ratio 

f 6 at an AoA of 10 °. Although the performance is not identical,

et they may be similar enough to maintain a formation for some 

ime. An extensive dataset is generated using the CFD data (pre- 
5 
ented in Section 3.2.1 ) and used in trajectory simulations of for- 

ation flight. 

.3. Mass Properties 

The current full-scale scenario involves two sizable aircraft. The 

LV descending with an unpowered glide is assumed to have a 

onstant mass throughout the formation flight of approximately 

0 tons. For the TA, the dive configuration is considered to have 

o payload and some parts, such as the central landing gear, re- 

oved. Depending on the required fuel for the trip, the aircraft 

s expected to weigh between 180 tons to 310 tons during forma- 

ion flight. However, the mass of the aircraft also affects its aero- 

ynamic behaviour. This effect can be observed with a sensitivity 

tudy performed using the 2DOF steady flight Equations of Motion 

EOM) given as follows: 

 ̇

 V = T + W sin γ − D = 0 (2) 

V ˙ γ = L − W cos γ = 0 (3) 

Here, V is the velocity in m/s, m is the mass of the aircraft in

g, L is the lift force in N, D is the drag force in N, T is the thrust in

, W is the weight of the aircraft in N and γ is the FPA in radians.

or the study, it is assumed that the acceleration and the rate of 

hange of FPA of the system remain zero. The thrust is assumed to 

ct only in the direction of the velocity. The analysis is performed 

t the flight point given in Table 2 . Eqs. (2), (3) are then statically

olved for a range of masses between 180 tons and 310 tons, and 

he resulting values of AoA and FPA are studied. 

Fig. 6 (Left) shows the effect of TA mass on the FPA. The cor- 

esponding AoA and L/D is plotted in Fig. 6 (Right). It can be ob- 

erved that for larger TA mass, lower FPAs can be reached. Further, 

he L/D ratio is reduced with larger masses. Since a large AoA (up 

o 10 °) can help slow down the aircraft during descent, a heavier 

onfiguration seems favourable. Also, a lower FPA may be required 

ue to the RLV descending steeply (low L/D ratio). Based on these 

actors, a mass of 280 tons was selected to facilitate a longer for- 

ation time. 

Further, the effect of idle thrust (10% engine throttle) is also 

hown in Fig. 6 (Left). Compared to unpowered descent, it appears 

hat including idle thrust increases the FPA. As a result, the TA can- 

ot descend as steeply and could lead to challenges during forma- 

ion flight. A detailed analysis and modelling of idle thrust will be 

iscussed in Section 3.3 . 

.4. Flight Envelope 

Since the aerodynamic properties of the vehicles are not ex- 

ctly identical, the vehicles would have different flight envelopes. 

o identify the flight conditions for formation flight, the glide en- 

elope of both the vehicles are analysed between the minimum 

-10 °) and the maximum (0 °) expected FPAs. It is also critical to 

nalyse the envelope to establish safe or unsafe flight profiles (for 

nstance, to avoid stall). 
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Fig. 6. Sensitivity of TA aerodynamics to mass. 

Fig. 7. V-h flight envelope for formation flight. 
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Aircraft stall typically occurs at high AoAs around 15 ° [28] . 

owever, the exact stall region varies from one aircraft to another, 

nd is dependent on the aircraft aerodynamics. The stall limits of 

he A340-600 in its original configuration is expected to be differ- 

nt from the configuration used during formation flight. Since the 

erodynamic dataset was generated for a smaller AoA range (0 ° to 

0 ° for TA and 0 ° to 12 ° for RLV), the exact stall conditions could 

ot be reached within this range. The flight envelope is then com- 

uted using Eqs. (2), (3) stated in the previous section. Again, it 

as assumed that the acceleration and the rate of change of FPA 

f the system are zero and the thrust acts only in the direction of 

elocity. 

Fig. 7 shows the height-velocity diagram (or h-V curve) for the 

xpected FPA range of formation flight. The highlighted green re- 

ion indicates the operating altitude and velocity in which the 

ight envelopes of the two vehicles overlap. In these flight condi- 

ions, the formation flight can be maintained. For this analysis, the 

ighest AoA of the aerodynamic dataset (10 ° for TA and 12 ° for the 

LV) are assumed as stall AoAs to establish safety margins. An im- 

ortant observation that can be made from the figure, is that the 

ormation envelope occurs within the safety limits (between solid 

ines) of each vehicle. This indicates that there is no risk of stall 

ithin the AoAs required during formation flight. 

. Modelling of Subsystems 

For a realistic simulation of the full-scale scenario of IAC, some 

mportant subsystems must be reliably modelled. The dynamics of 

he vehicles not only depend on the aerodynamics, but also other 

actors like the environment, propulsion system and external dis- 

urbances. Further, a simplified flight controller is required to en- 

ure that the formation is maintained as long as possible. 

For the current study, only 3DOFs are analysed. The transla- 

ional motion is restricted to X and Z-directions (no sideslip) and 
6 
he rotational DOF is restricted to pitch. Fig. 8 shows the frame- 

ork of the plant model used for closed loop simulation of the 

ormation flight trajectory. In the coming section, the modelling 

f these three critical subsystems and the control architecture are 

resented. 

.1. Environment Model 

The environment model defines the external factors that affect 

he dynamics of the system. First, the elliptical planet block uses 

he “U.S World Geodetic System 1984 (WGS84)” to define the grav- 

tational acceleration, based on the position of the vehicle with 

espect to Earth [29] . The model considers the change in gravita- 

ional acceleration due to Earth’s rotation and irregular shape. 

Next, the atmosphere module uses the US Standard Atmosphere 

US76) to determine the pressure, density and temperature of the 

ir based on the altitude of the vehicle. These parameters further 

ffect the properties of the air flow, such as the Reynold’s number, 

ynamic pressure and free stream velocity. 

The wind/ wake module is used to include the effect of external 

isturbances on the vehicle trajectory. For the current study, the 

ake from the aircraft plays a critical role in the dynamics and is 

nalysed in further detail. 

.1.1. Aircraft Wake 

The formation flight requires the RLV to be in close proximity 

ehind the TA (about 350 m for the current test scenario). This 

eans that the aircraft wake can act as a disturbance to the RLV 

nd may lead to loss of formation. Therefore, RANS calculations for 

he wake were performed for A340-600 with the spoilers at -20 °
nd the front and main landing gears deployed. The same simu- 

ation parameters given in Section 2.2 were used for the wake. A 

etailed description of the CFD study of the wake can be found in 

27] . 

Fig. 9 shows the velocity contour plots, wherein the effects of 

ake can be seen as far as 315 m from the nose of the aircraft.

he wake behaviour is also varied with AoA and the effects can be 

bserved more distinctly in Fig. 10 . The figure shows the wake ve- 

ocity components in streamwise direction (horizontal) and down- 

ash direction (vertical) as a function of distance from the aircraft. 

hile the magnitude of the streamwise velocity (U X ) for both 0 °
nd 8 ° AoA remain similar, a drift in the Z-direction can be ob- 

erved for 8 ° AoA. Then, it appears that the magnitude of down- 

ash component (U Z ) is strongly affected by the AoA of 8 °. This 

s evident by the fact that even after moving away from the TA, 

he downwash velocity component remains close to 8% of the free 

tream velocity (U ∞ 

). The change in velocity caused by this com- 

onent can possibly affect the AoA of the RLV leading to a distur- 

ance in formation. Thus, it is critical to analyse the sensitivity of 

he formation flight trajectory to the wake disturbances. 



S. Singh, S. Stappert, L. Bussler et al. Journal of Space Safety Engineering xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JSSE [m5G; October 8, 2022;3:45 ] 

Fig. 8. Plant model for formation trajectory simulation. 

Fig. 9. Wake velocity magnitude contours for AoA of 0 ° (top) and 8 ° (bottom). 

Fig. 10. Wake Profiles in the Fuselage Plane for 0 ° (blue) and 8 ° (red) AoA; Streamwise Velocity Component (top) and Downwash Velocity Component (bottom). 
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Another important parameter derived from the CFD study, is 

he turbulent kinetic energy ( k ). This factor is associated with the 

ddies in turbulent flow and can be used to model the velocity 

uctuations in the wake [30] : 

 

′ = 

√ 

1 

3 

(
u 

′ 
x 

2 + u 

′ 
y 

2 + u 

′ 
z 

2 
)

= 

√ 

2 

3 

k (4) 

Here, u ′ is the root mean square of velocity fluctuations 

 u ′ x , u ′ y , u ′ z ) due to turbulence. It must be stated that the CFD

imulations were performed using a steady state solver (rhoSim- 

leFoam). Thus, the turbulence approximation is rather simplified 

ompared to the complex turbulence patterns typically observed 

n wake. However, for the current study the simplified model pro- 

ides sufficient representation of wake. 

The wake module for simulation consists of look-up tables, 

hich output a change in free stream velocity based on the posi- 

ion of the RLV behind the aircraft. Time dependent velocity fluctu- 

tions are added to this data to represent turbulence using Eq. (4) . 
7 
his change in velocity is then added to the free stream velocity of 

he airflow. The RLV sees a turbulent flow due to the changing air- 

peed, which leads to further disturbances in its AoA. The module 

s only used for the RLV, which is expected to be affected by the 

ircraft wake. 

.2. Vehicle Model 

The vehicle model consists of all the systems that are intrin- 

ic to the aircraft design. It accounts for the forces that affect the 

ynamics of the system. The gravity module computes the force 

ue to the weight of the vehicle. The aerodynamics and propulsion 

odels require a larger dataset dependent on the flight conditions. 

hey are explained in further detail. 

.2.1. Aerodynamics 

For the trajectory simulations, the CFD generated aerodynamic 

ata at Mach 0.45 (shown in Fig. 5 and explained in Section 2.2 ),

s extended across the subsonic regime (Mach 0.3 to Mach 0.75) 
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Fig. 11. Extended aerodynamic performance of TA. 

Fig. 12. Extended aerodynamic performance of RLV. 
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sing empirical relationships. The lift coefficient ( C L ) and pitch 

oment coefficient ( C M 

) are extended using Prandtl-Glauert com- 

ressibility correction [26] . The total drag coefficient ( C D ) from CFD 

an be split into zero-lift drag and lift induced drag. This is used to 

erive the zero lift drag ( C D 0 ) and k value and the data is extended

sing the drag polar relationship to different Mach numbers [26] : 

 D = C D 0 + k. C L 
2 (5) 

The k in Eq. (5) is a constant that depends on the wing aspect

atio and is assumed to be fixed for the wing design. The resulting 

xtended aerodynamic performance for the TA and RLV is shown 

n Fig. 11 and Fig. 12 respectively. Finally, the effect of control sur- 

ace deflection is added using the estimates from the DLR tool CAC 

mentioned in Section 2.2 ). The complete aerodynamic dataset is 

dded to the simulation model using look-up tables (in Simulink) 

s a function of Mach number, AoA and control surface deflection. 

.2.2. Propulsion 

For the current study, the A340-600 consists of four Rolls Royce 

rent 556 engines. These high-bypass turbofan engines provide a 

aximum take-off thrust of 260 kN and a maximum continuous 

hrust of 197 kN each [31] . For the formation flight, the TA needs

o be in a gliding descent. Typically for commercial airliners, the 

ngines are not completely turned off and kept in idle mode (the 

inimum throttle setting) during a gliding descent. For a jet en- 

ine, the flight idle RPM varies between 45% to 60%, depending on 

he manufacturers design [32] . This corresponds to a throttle value 
8 
etween 10% to 20%. For the current study, a throttle value of 10% 

s assumed as idle. 

Since idle thrust acts against the drag, it would lead to a dif- 

erent descent rate than a completely unpowered glide. It could 

ake formation flight more challenging. The effect of idle thrust 

n aerodynamic angles can be seen in Fig. 6 , wherein the achiev- 

ble FPAs with idle thrust are much larger than the FPAs without 

dle thrust. Thus, to ensure longer formation time, it is worthwhile 

o examine the trajectories without idle thrust. The possibility of 

urning off two engines (5% idle) can also be considered. There- 

ore, the formation flight trajectories are examined for sensitivity 

o idle thrust. 

It must be stated that idle thrust is mainly used in commercial 

irliners for the safety of passengers and to power some electrical 

ystems. Since the engine cannot be throttled up quickly in case a 

udden manoeuvre is required, the aircraft being on idle provides 

ore resilience to the pilot. Additionally, turning off engines can 

ncrease the drag substantially, which may increase the risk of stall. 

onetheless, it is possible to shut down and restart the engines 

id-flight, as long as the flight is within the operating envelope 

33] . 

Another aspect that cannot be overlooked while modelling the 

ropulsion is that the thrust for airbreathing engines varies with 

ir density. For any fixed throttle setting, the thrust produced at 

ower altitudes is higher than thrust produced at higher altitudes. 

his is because the air density is higher close to the Earth. The 

elationship is included in the model using a basic formula [34] : 

 = T SLmax δT 

(
ρ

ρSL 

)
(5) 

Where T SLmax is the maximum thrust at sea level in N, δT is the 

hrottle setting of the engine, ρ is the air density at the current al- 

itude in kg/m 

3 and ρSL is the air density at the sea level in kg/m 

3 .

he resulting values from Eq. (5) provides an estimate of the vari- 

tion in thrust due to change in altitude. 

.3. Dynamics Model 

The dynamics model contains the EOMs of the aircraft in 6DOF. 

he module consists of three translational EOMs and three rota- 

ional EOMs that are defined using Newton’s second law (assum- 

ng rigid bodies and constant mass) [29] . The translational EOMs 

re defined by: 

 ̄= 

d ( m ̄v ) 
dt 

(6) 

Where F̄ is a vector containing the forces (X, Y and Z directions) 

n N, v̄ is the velocity vector of the vehicle in m/s and m is the

ass of the vehicle in kg. The rotational EOMs are defined by: 

¯
 = I 

d ( ̄ω ) 

dt 
+ ω̄ × I ̄ω (7) 

Where M̄ is a vector containing the moments (X, Y and Z di- 

ections) in Nm, ω̄ is the angular velocity vector of the vehicle 

n rad/s and I is a 6 ×6 matrix representing the inertia tensor of 

he vehicle. Detailed explanation of the equations can be found in 

29] . Although, the Eqs. (6), (7) are set up for 6DOF, only 3DOF are

tudied in the current research. Due to the limited aerodynamic 

ataset, only two translational DOF (X and Z) and one rotational 

OF (pitch) are considered. Since there are no aerodynamic forces 

nd moments in the other 3DOF, the dynamics are reduced. 

.4. Controller Architecture 

For a successful and prolonged formation flight, the altitude 

nd velocity of the vehicles should be matched closely. Since the 
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Fig. 13. Flight controller architecture for formation flight. 
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erodynamic performance of the two vehicles are slightly differ- 

nt, a controller is required to maintain the best possible trajectory 

or the formation flight. For this study, a simple flight controller 

shown in Fig. 13 ) is set up. Both vehicles are controlled indepen- 

ently using PID controllers. The RLV is commanded to fly with a 

onstant FPA of -8 ° (based on the limit of flight envelope). The TA 

s commanded to follow a predefined reference trajectory of RLV 

ith a constant FPA of -8 °. Since the TA is faster than RLV and can-

ot fly very steep due to a higher L/D ratio, PID controllers are set 

p to find the best balance between altitude and velocity. Due to 

he different aerodynamic properties of the two vehicles, matching 

he FPAs result in different altitude and velocity profiles. Hence, a 

PA controller was not used for the TA. 

The RLV is controlled and trimmed using flaps that can be de- 

ected up to ±20 °. The TA is trimmed using Trimmable Horizontal 

tabilizers (THS), which can be deflected between -14 ° and + 2 °, 
nd the elevons or elevators that can be deflected between -30 ° to 

 15 ° are used for rapid manoeuvring. The sensors and actuators 

re assumed to be ideal for the study. 

. Results 

Using the simulation model presented in Section 3 , trajectory 

imulations are performed. To get a better understanding of the 

ormation flight phase, the sensitivity of the trajectory to important 

actors like idle thrust and external disturbances from the wake of 

he aircraft is analysed. The criteria or constraints for formation are 

efined as follows: 

• The formation flight must be achieved between an altitude of 

30 0 0 m and 80 0 0 m. 

• The RLV should remain behind the TA throughout the forma- 

tion. 

• The relative distance between the TA and RLV should be main- 

tained between 70 m to 350 m. 

• The relative velocity between the TA and RLV should not exceed 

±3.5 m/s. 

• The relative altitude should be maintained between ±150 m. 

• The control surfaces should be unsaturated to allow room for 

manoeuvrability. 

The vehicles are considered to be in formation when all the 

tated criteria are met. A preliminary requirement for 60 s of for- 

ation flight is considered. This criterion is established as a safety 

argin. In case of an abort scenario where the vehicles are 200 m 

part and moving with a relative velocity of 3.5 m/s, a minimum of 
9 
0 s would be required to perform collision avoidance maneouvres 

nd avoid loss of vehicles. Additionally, from preliminary simula- 

ions of capturing device given in [35] , the capturing device was 

ble to perform up to two maneouvres spanning up to 30 m in the 

Z plane within a span of 60 s. The initial criteria are preliminary 

nd will be reiterated in future work. 

.1. Formation Trajectory without Idle Thrust 

The formation flight trajectory is first analysed without idle 

hrust. The initial conditions for the study are derived from a sen- 

itivity study presented in [36] . Fig. 15 shows the altitude, veloc- 

ty and relative distance between the RLV and TA during the for- 

ation. The highlighted green region marks the area in which the 

ormation criteria is met. It can be observed that about 68 s of for- 

ation could be maintained. Even though the preliminary criterion 

f 60 s is met, challenges appear due to differences in aerodynamic 

roperties. The TA cannot fly with a trajectory as steep (low FPA) 

s the RLV due to a higher L/D ratio. A longer formation can be 

chieved by adding further drag generating surfaces to the TA and 

ill be examined in future iterations. 

From Fig. 14 , it can be seen that the control surfaces of the TA

nd the RLV remained unsaturated. This indicates that there is still 

cope for maneouvrability and the formation flight is mainly con- 

trained by the aerodynamic performance of the vehicles. 

.2. Sensitivity Studies 

Apart from the aerodynamics of the participating vehicles, the 

uration of formation flight also depends on factors like idle thrust 

f the aircraft engines and wake disturbances. Hence, the influence 

f these factors is studied in the following subsections. 

.2.1. Sensitivity to Idle Thrust 

As it was addressed in Section 3.2.2 , jet engines for commer- 

ial airliners are typically kept in idle mode for gliding. The idle 

hrust acting against the drag contributes to the performance of 

A, thereby virtually increasing the performance gap between TA 

nd RLV. For the formation flight, this could increase the challenges 

ecause matching the velocity and altitude at the same time be- 

omes difficult. Since the A340-600 has four engines, the impact 

f idle thrust from fours engines (10% throttle) and two engines 

5% throttle) are compared against the case when the engines are 

ompletely turned off (0% throttle). 

Fig. 16 shows the effect of idle thrust on the FPAs observed 

uring the formation flight. It can be observed that the TA is able 
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Fig. 14. Control deflections during formation flight: TA (Left) and RLV (Right). 

Fig. 15. Formation flight trajectory without Idle thrust. 
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Fig. 16. Effect of Idle thrust on formation flight trajectory. 

Fig. 17. Sensitivity of RLV AoA and formation flight trajectory to TA wake. 
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o descend steeper (lower FPA) when no idle thrust is considered. 

dding the idle thrust from two engines (5% throttle) and four en- 

ines (10%) increased the FPA leading to less steep trajectories. This 

educes the formation time as the altitude becomes more challeng- 

ng to match. Based on the trajectory simulations, the formation 

ime is reduced to 50 s with 5% throttle and 32s with 10% throttle. 

o conclude, when the idle thrust is considered the TA could not 

chieve at least 60 s of formation flight. However, when no idle 
10 
hrust was included, longer formations of more than 60 s could be 

aintained. 

.2.2. Sensitivity to Wake Disturbances 

As it was stated in Section 3.1.1 , the aircraft wake at higher 

oAs has a significant downwash component that can disturb the 

oA of the RLV when exposed to it. For an AoA of 8 °, this com-

onent was found to reach up to 11% of free stream velocity. Such 

 high deficit in vertical velocity can drastically disturb the forma- 

ion and therefore, should be analysed. 

Fig. 17 shows the effect of wake on the AoA of RLV. The time 

eriod in which the RLV was exposed to the wake is marked by the 

range area, while the green area shows the duration of formation 

ight. It can be observed from the plot that substantial disturbance 

as been caused to the RLV AoA at the peak of wake exposure. 
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owever, since the exposure to the most perturbing part of the 

ake is short, the formation is not broken. This can be explained 

etter using Fig. 10 , which shows the velocity components of the 

ake behind the TA. It can be seen from the figure that the region

f highest velocity deficit is limited to a span of about 10 m. Since

he RLV simply passes through it, the exposure is not prolonged 

nd AoA is recovered to around 8 ° as shown in Fig. 17 . 

On comparing the formation time in Fig. 17 with the time in 

ig. 15 , it can be concluded that even though the formation is 

aintained with the wake, the overall duration of formation flight 

s slightly reduced (by 1.2 s) because of the wake disturbance. 

onetheless, the minimum requirement of 60 s of formation could 

till be maintained. 

. Conclusions and Future Work 

A detailed investigation of formation flight in IAC is fundamen- 

al to understand the challenges and risks involved in the manoeu- 

re. This study is aimed at examining this phase through simula- 

ion and analysis of full-scale test cases. For this research, the two 

est vehicles are chosen to be RLVC4-IIIB, which is a large winged 

tage weighing approximately 80 tons and the A340-600, which 

s a retired long-range aircraft that can support the towing loads 

rom the large stage. Since the formation flight requires both ve- 

icles to have a similar velocity, altitude and FPA, their aerody- 

amic performances should also be similar. Therefore, a compara- 

ive study for different TA configurations is performed using em- 

irical methods. It is found that the A340-600 configuration with 

poilers deflected to -20 °, and with front and main landing gear 

eployed is the most favourable option for the capture of RLVC4- 

IIB. 

Next, critical properties of the selected vehicles like aerodynam- 

cs, mass and flight envelope are analysed. RANS studies performed 

or the selected test cases concluded that the RLV has a maximum 

/D ratio of 6 at an AoA of 10 ° and shows close agreement with

he empirically data. The TA reaches a L/D ratio of 8 at the AoA 

f 8 °. . A sensitivity study is then performed to analyse the effect

f mass on the aerodynamics of the TA, and a final mass of 280

ons is selected for the formation flight. Next, the flight envelopes 

f both the vehicles are analysed. It is concluded that the vehicles 

o not reach stall within the envelope required for the formation 

lide. 

The simulation model is then presented and the modelling of 

ome important subsystems like aerodynamics, propulsion, wake 

isturbances and flight controller are explained in detail. A simpli- 

ed model for airbreathing propulsion of TA is included by writ- 

ng thrust as a function of sea-level thrust, throttle and air density, 

hich changes with altitude. The role of idle thrust in jet engines 

s also examined and it was deduced that idle thrust (minimum 

hrottle setting) increases the achievable FPA of TA, therefore pre- 

enting it from diving too steep. This would further make the for- 

ation flight more challenging. Next, RANS studies performed on 

ake showed that at higher AoAs, the vertical component of the 

ake could cause considerable disturbance. A simple PID architec- 

ure is used to follow a constant FPA of -8 ° for RLV. The TA also

ses PID controllers to follow the velocity and altitude profile of 

he RLV trajectory. 

The criteria for successful formation are set to be a relative dis- 

ance less than 350 m, a relative altitude within ±150 m and a 

elative velocity within ±3.5 m/s for the two vehicles. From the 

DOF trajectory simulations, it was found that the 60 s formation 

ould not be maintained when idle thrust was included. However, 

ithout idle thrust, a formation of up to 68 s could be achieved. 

ut turning on engines again and bringing it to full throttle takes 

ome time, and could add some operational risk in the next phases 

f IAC. This factor should be accounted for in the following simula- 
11 
ions and consequent risks should be analysed. A sensitivity study 

o analyse the effect of external disturbances showed that the for- 

ation could be maintained despite disturbances from wake of the 

A. The wake is found to significantly affect the AoA of the RLV due 

o the strong downwash component. 

Future work will aim at extending the formation time by al- 

ernate methods. For instance, possibility of using flaps (used for 

peed braking during landing) can be explored. Performing drag 

nducing maneouvres like forward slip during formation flight can 

e studied. The preliminary criteria will be modified to more re- 

listic constraints. The trajectory simulations will be extended to 

DOF and the effect of the 3D wake will be analysed in detail. Ad- 

itional factors like sensor fusion, signal delay, noise etc. will also 

e included. Future simulations will include advanced control of 

he capturing device, attempting to capture the RLV when both ve- 

icles are in formation flight. The capabilities of the capturing de- 

ice to perform the maneouvre within a short formation flight will 

e studied in detail and further iterations will be performed ac- 

ordingly. Finally, optimized trajectories as previously analysed in 

37] and multiple failure scenarios will also be studied for IAC. 
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