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Future military transport aircraft (FMTA) have to cope with the increasing demands
in tactical and strategic airlift. Within the DLR-internal project MiTraPor II simulation
and assessment tools have been developed that can be used as a virtual test bed for the
evaluation and optimization of new technologies and procedures applied to military
transport aircraft. This paper gives an overview over the three different approaches that
have been developed for the simulation of cargo airdrop, namely a flight dynamical simulation of the entire airdrop sequence, a high-fidelity CFD-simulation accounting for airflow influence in the near field of the aircraft, and a multi-body simulation for the evaluation of the impact on the payload during landing.

I. Introduction
The differences of military transport aircraft compared to civil aircraft require the development of new tools for
the evaluation and verification of technologies and performance of future military aircraft systems. The DLRinternal project MiTraPor II (2010-2014) was dedicated to the development of such simulation tools. This project
was carried out jointly by the DLR Institute of Flight Systems, the DLR Institute of Aerodynamics and Flow
Technology, the DLR Institute of Aeroelasticity and the low-speed wind tunnel of the German-Dutch Wind
Tunnels. By combining the expertise from flight mechanics, aerodynamics and multi-body dynamics the
prerequisites were established that allowed a comprehensive and detailed understanding of the flying system and
the development of sophisticated simulation models for different mission scenarios. Based on these models, new
methods for the system assessment have been developed and applied.

Fig. 1: Cargo airdrop sequence from ‘green light’ until ‘touch down’.
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One focus was the cargo airdrop over the ramp of the aircraft. Here, a multi-fidelity approach was used, in which
the airdrop sequence is evaluated according to the main physical drivers and simulated by specific models. The
simulations serve for predicting the trajectory of the cargo motion in the near and far field, the governing forces,
and the retroactive effect on the transport aircraft. These aspects are covered by three different approaches:
1.
2.
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3.

The simulation of the entire airdrop sequence from the release of the payload inside the cargo bay
(‘green light’) until the landing on ground (‘touch-down’) (cf. Fig. 1) is based on an extended flightmechanic simulation method, which also accounts for the aircraft reaction during airdrop.
The accurate simulation of the interference effects between the highly vortical wake in the vicinity of
the aircraft with the airdropped supply was realized by coupling high-precision flow and multi-body
simulation methods. Wind tunnel tests are carried out, focusing on the assessment of the general flow
topology and the provision trajectory and attitude information of dropped bodies, to validate the simulations.
The simulation of the ground impact of an airdropped supply is accounted for by means of a multibody simulation method, allowing the simulation of the interaction of different cargo components during impact as well as an investigation of the damping elements and their arrangement.

These three approaches provide the capability to comprehensively simulate and optimize new airdrop configurations and scenarios before the first flight tests take place. This paper gives an overview over the three different simulation methods and shows exemplary results that were obtained by each of them.

II. Flight Dynamical Simulation Using PARALAB
The developed simulation framework PARALAB (parachute and airdrop evaluation laboratory) can be used with
MATLAB/Simulink® to analyze and evaluate different airdrop and parachute scenarios. It can be seen as a construction kit for parachute and airdrop simulations, allowing quick ‘what-if’ checks or Monte-Carlo analyses in
order to predict the effects of changes in existing airdrop equipment and procedures or of new airdrop methods
to be introduced. The advantage of the flight dynamical simulation approach consists in its fast turnaround times,
up to real-time capabilities that also allow the implementation and evaluation of airdrop scenarios in a cockpit
simulator. The drawback compared to the high-precision approach, presented in section III, is the considerably
less accurate prediction of the aerodynamics as interference effects are neglected.
A. PARALAB Simulation Framework
Compared to the preceding PARALAB version V1, which was developed in the earlier project MiTraPor, the
new version has been extended to general multi-body systems (> 2) and 3-dimensional motion (instead of 2).
This extension provides the possibility of a realistic simulation of previously unmodeled elements and features in
complex parachute systems.
In PARALAB V1 the simulation model was organized in so-called phase modules (Fig. 2, left)1. Each phase
module contains the specific model structure that reflects the physical requirements and constrains in the corresponding phase in the scenario. At the transition from one phase to the next, the state values from the preceding
phase are used as starting values for the following phase. The phase transitions are controlled on a global level.
PARALAB V1 could already simulate the 2D longitudinal motion for simple airdrop scenarios with one (payload only) or two bodies (payload and parachute) satisfactorily. However, further extensions were very difficult
and laborious showing the limits of the phase module concept.
For the extension towards more complex parachute-payload configurations a complete redesign of the model
structure was required. The new modeling concept should be flexible and capable to represent multi-body systems with more than 2 bodies in 3D. In addition, the concept must also be able to reproduce changing model
structures like those that appear for example when the payload leaves the ramp or during parachute inflation. For
the realization of such a simulation framework an object-oriented approach has been selected, where blocks
represent rather physical objects like bodies and joints instead of system theoretical elements. The objects are
interfacing each other by states like position and attitude on the one side and forces and moments on the other
side (Fig. 2, right). In contrast to PARALAB V1, the switching between phases is not controlled on a global
level anymore but occurs in the body and joint blocks themselves. In addition bodies and joints can be grouped
to macro models combining several characteristics of real physical objects. The approach is similar to multibody system (MBS) simulations, with the difference that the joints do not put kinematic constrains on the bodies
and do not reduce the number of degrees of freedom. This allows handling structural changes in the model much
easier.
2
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Fig. 2: left: Example for earlier model structure using phase modules and global phase control,
right: Example for new ‘physical’ model structure combining bodies and joints.

PARALAB V2 was developed in MATLAB/Simulink for 2D- and 3D-simulations. The corresponding 2D- and
3D-models and blocks are organized in libraries that can be assembled and connected to airdrop missions. In 2D,
only the longitudinal motion of the parachute-payload system is taken into account. For many applications this
limitation is not critical because the motion essentially occurs in the symmetry plane. Since the longitudinal
motion of each rigid body can be described by 3 degrees of freedom (2 translational, 1 rotational), coordinate
transformations are simpler and the simulation runs significantly faster than in 3D. In 3D, the rigid body motion
is described with 6 degrees of freedom (DoF) using quaternions for the rotation and the position defined in
WGS-84 coordinates. As the lateral motion is completely taken into account, two-row gravity airdrop scenarios
can be adequately represented, too. On the lower modeling level, 3D-simulations are much more complex than
2D, requiring longer computation times, which might limit the real-time capability for large and complex 3Dmodels.
The modular concept along with graphical user interfaces (GUIs) allows comfortably connecting and configuring
the involved objects in order to model specific airdrop or parachute missions. The PARALAB toolbox includes
models of several essential elements like ramp, payload, slings and risers, suspension lines and parachutes, but
also static line, pendulum, tow plate, pilot chute and others. To some degree, collisions between objects are taken
into account by specific contact models. Payload aerodynamics as well as the flow field behind the ramp were
provided by computational fluid dynamic (CFD) analysis and incorporated into the dynamic simulation using
look-up tables. The parachute characteristics including inflation timing (reefing, etc.) can either be loaded from a
database for standard parachute systems or be customized by the user. Further details on the PARALAB simulation elements are given in another paper2.
In order to realistically simulate the aircraft reaction resulting from of the airdrop, an interface block was developed that provides the required inputs and outputs for the aircraft states and the contact forces and moments (Fig.
3). The coupling with a sophisticated full flight FMTA model, representing the full 6-DoF motion of the aircraft,
allows the evaluation of the nominal aircraft reaction for example for large payloads, but also in the case of failures during airdrop, as result of a jammed payload, a premature dereefing or a rupture of the extraction chute.
Those simulations can be executed within desktop analyses but also in the cockpit simulator with a pilot in the
loop. In case the aircraft reaction is of secondary importance, the full flight FMTA model can be exchanged by a
much simpler model simulating only a steady straight forward flight.

3
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Fig. 3: Interface GUI and Simulink block for coupling with FMTA aircraft model.

The required model parameters can be defined within the corresponding GUI, which can be opened by doubleclick on the corresponding model block. Herein parameters are defined, which are subsequently required for the
underlying simulation model. The GUI parameters are saved with the model. Another possibility is to define and
initialize the model parameters as structured variable in the workspace before the simulation is started. There are
also blocks for the animation, visualization (Fig. 4) and logging of the simulated data. For the simulation of
complex parachute-payload systems animation and/or visualization possibilities are crucial to evaluate and assess the correct interaction of the connected bodies.

Fig. 4: Schematic animation (left)- and more realistic visualization capabilities (middle, right) of PARALAB.

While the animation is created by MATLAB scripts including the PARALAB libraries, the visualization is performed by a separate program, a so-called 3D render engine, which allows drawing multiple 3-dimensional objects in its virtual environment from different viewpoints. The render engine is executed either on the same computer as a parallel task, or runs on a second computer that is connected via Ethernet. The data required for the
visualization is transferred from the simulation to the render engine via TCP/IP using the user datagram protocol
(UDP).
B. Exemplary Simulation Results
Since PARALAB simulations are executed in the MATLAB/Simulink environment, the available MATLAB
tools offer comprehensive possibilities for evaluating and plotting the logged results. Scripts have been developed to read the log files, identify the significant events and generate diagrams showing the trajectory and time
histories for the quantities of interest like velocities and attitude angles of the payload, payload accelerations,
energy and momentum of the system, aircraft reaction or the simulated forces in the parachute and sling system.
4
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An example of such forces is shown in Fig. 5 for a gravity airdrop of an 1830 lbs payload from an aircraft flying
with 130 kts at 1300 ft AGL.

Fig. 5: Forces on a parachute-payload system during simulated gravity airdrop.

Fig. 5 shows the contact forces between payload and aircraft cargo bay. At the beginning of the simulation the
payload brakes are still active. Because of the pitch attitude of approximately 7 deg, also the payload is inclined
with respect to the gravity vector and the contact force at the rear payload edge (back bottom) is larger than at
the contact force at the front payload edge (front bottom). As soon as the brakes are released (at green light), the
payload starts rolling out, while the contact forces on both sides become almost equal (except for a small amount
due to friction). When reaching the edge of the ramp, the back bottom point of the payload loses contact and the
contact point at the ramp edge moves inwards along the payload bottom. In the zoomed detail it can be seen that
the contact force at the ramp edge increases as the payload center of gravity (CG) approaches the edge and then
decreases again after the CG has passed the edge and the payload starts to tilt. The parachute forces in the third
diagram equal approximately the sum of the sling forces shown in the second diagram. The zoomed detail of the
sling force plot (second subplot) reveals the differences between the back and front slings due to their elastic
properties and the payload oscillation during inflation.

Fig. 6: Results from Monte-Carlo simulations of the gravity airdrop scenario.

5

Fig. 6 shows an example of a Monte-Carlo analysis for a gravity airdrop from 500 m, similar to the scenario
discussed previously. 4 cases with 200 simulations each were executed. The crosses indicate the landing points
at 0 m altitude. In the first case (blue crosses) wind speed and wind direction were varied. Unsurprisingly, the
wind has the largest influence. For wind speeds up to 8 m/s and arbitrary direction, the landings occur within a
radius of 400 m around the nominal landing point for zero wind conditions, which is quite obvious for a system
that is exposed to the air about 50 sec under the open parachute. In the second case (cyan crosses) some aircraft,
and in the third case (red crosses) some payload related parameters were varied. Finally all variations were applied simultaneously (magenta crosses). The third case shows a distribution of the landing points in a range of
approximately ±65 m for a variation of the payload position of ±4 m inside the cargo bay and the variation of the
payload mass of ±25 kg, a quantitative result that might not be as obvious as the influence of the wind.
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C. Preliminary Validation from Scaled Wind Tunnel Drop Tests
Within MiTraPor II and the preceding project MiTraPor, several wind tunnel tests with a scaled FMTA model
were conducted. Among these tests, a couple of drop tests with generic payload and parachute like components
took place and provided experimental data for validation (see section III-E and –F) Compared to full scale airdrop tests, the scenarios in the wind tunnel were significantly less complex. Because of these simple configurations the significance of the results for a complex scenario is somewhat limited. Nevertheless, the wind tunnel
tests provide a clean setup with only few side effects, so there was a good chance to reproduce the experimental
results by simulation.
Fig. 7 shows results from test and simulation of an airdrop with a single cuboid of 335 g and the dimensions of
110 x 90 x 50 mm (corresponding to a full scale payload mass of 3100 kg with the dimensions of 2.31 x 1.98 x
1.05 m). A special mechanical actuator inside the aircraft model accelerated the cuboid to an exit speed of approximately 0.6 m/s. The aircraft was installed with an angle of attack of 0° and the wind tunnel speed was 18
m/s (corresponding to a velocity of 82.5 m/s or 160 kts in full scale). The simulation was configured according to
the wind tunnel scale. Airflow behind the aircraft was included by look-up-tables as described in Jann1, the aerodynamics of the cuboid was modeled according to Jann and Geisbauer3. Measurements and simulation results are
in very good agreement. However, since the translational motion is mainly ballistic, a significant deviation was
not expected anyway. More interesting are the rotational trajectories and the small variation in the vertical speed
that are greatly influenced by aerodynamic forces and moments and could be reproduced very well by the simulation. The small bias is attributed to small imprecisions in the starting values in the simulation, which were
taken from the mean value of the measurements. 2D- and 3D-trajectories agree very well; cumulative differences
over the time are resulting from a small lateral motion in 3D that is not considered in 2D.

Fig. 7: Comparison of wind tunnel measurements with simulation for single cuboid (Cargo).

Later, scaled drop tests with parachute-like objects with a rigid hemispherical shell as canopy were conducted.
The canopy with a diameter of 130 mm was attached to the cuboid by a rigid rod of 215 mm length. As the canopy produced enough drag to extract the cuboid, the actuation mechanism was not required. Instead, the cuboid
was kept in place by a small bracket that was released for starting the drop. Fig. 8 shows again the results for the
trajectories of the cuboid CG for both, wind tunnel tests and simulation. To reproduce the behavior correctly, a
6
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special simulation model for the rigid canopy was developed and attached to the payload. The aerodynamics of
the rigid canopy was taken again from Jann and Geisbauer3. Simulation and test match very well for the 0.5 sec
shown (would be 2.3 sec in full scale). The cuboid is accelerated horizontally by the drag of the canopy, vertically by the gravity. As the system gets more vertical, the pitching moment due to gravity is diminished on the one
hand, but on the other hand augmented due to the drag of the cuboid. Furthermore the aerodynamic drag and lift
of the hemispherical shell, which is dependent on the angle of attack, too, contribute to the pitching moment and
support the pitch up motion at the beginning. Altogether this creates first an accelerating followed by a decelerating pitching motion. During this transition also a small effect on the translational velocities can be observed.
However, in the real tests this effect seems to be less distinct than in the simulation.

Fig. 8: Comparison of wind tunnel measurements with simulation for rigid parachute object (Cargo + P0).

At the end the wind tunnel tests provided some first experimental data that allowed a preliminary validation of
the simulation. The agreement between simulation and experiment is good. However, as already mentioned, the
scope is limited since only simple configurations could be tested. Test data for complex parachute scenarios with
multi-stage / multi-parachute systems and relevant inflation dynamics have to be obtained from full scale airdrop
tests. This task is currently tackled in cooperation with Technical and Airworthiness Center for Aircraft
(WTD61) of the German Bundeswehr.

III. High-Precision Near-Field Airdrop Simulation Approach
While the advantage of the PARALAB simulation approach consists in its ability to simulate entire airdrop sequences including parachute deployment in very fast turnaround times, the strong aerodynamic interference
effects between the aircraft and the dropped body and between cargo and parachute are not accounted for.
To overcome this drawback and to investigate and understand the prevailing flow interference effects at the very
beginning of a dropping sequence, DLR simultaneously developed the AIRBORNE (Airdrop Simulation based
on Reynolds-Averaged Navier-Stokes Equations) simulation suite. It combines the advantages of modern Computational Fluid Dynamics (CFD) methods in predicting the prevailing viscous and vortical flow phenomena
with the ability of multi-body simulation tools to analyze dynamic systems including kinematic constraints. As
AIRBORNE does not consider fluid-structure interactions the inflation of the parachute and its deformation due
to interaction with the surrounding fluid are not accounted for.

A. Numerical Approach and Coupling Procedure
The computation of the aerodynamic loads within AIRBORNE relies on the DLR TAU code, a hybrid unstructured Reynolds-averaged Navier-Stokes solver for three-dimensional, time-accurate and compressible flows.4,5 It
is under continuous development by DLR. The grids for TAU were generated with the hybrid grid generator
CENTAUR, a commercial software product developed and distributed by CentaurSoft6. Each body participating
in the airdrop simulation, i.e. FMTA, cargo and parachute, was meshed separately in order to yield a non7

dimensional first wall distance of y+ ≈ 1 for each body. It was thus ensured that the viscous effects in the boundary layer were properly resolved. The volume mesh, especially the part where the trajectory was anticipated, was
additionally refined to capture the larger vortical flow structures of the aircraft as well as the flow separation
areas around the blunt cargo body and the wake of the parachute. The separate meshes were assembled by applying the overset grid approach7 in TAU. This approach was deliberately chosen in place of other techniques, e.g. a
local remeshing, as the grids only need to be generated once, i.e. no additional CPU efforts are accumulated for
mesh generation while the simulation is running.
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The spatial discretization in TAU was carried out using a Jameson-type central scheme8 with artificial matrix
dissipation. A semi-implicit approach was chosen to discretize the time derivative, using a backward difference
formula in combination with the Lower-Upper Symmetric Gauss-Seidel scheme as described by Dwight9. A
dual-time stepping approach was employed for the unsteady simulations. All airdrop simulations relied on the
one-equation turbulence model by Spalart and Allmaras10.
The TAU computations were carried out by the DLR Institute of Aerodynamics and Flow Technology on the
DLR C2A2S2E (Center for Computer Applications in Aerospace Science and Engineering) high-performance
cluster in Braunschweig, Germany. Using 144 nodes a single trajectory computation with AIRBORNE took
around 126 hours, based on a mesh size of approx. 50 mio. nodes.
After computing the aerodynamic loads they are transferred via a TCP/IP socket to SIMPACK11, a commercial
multi-body simulation tool, based on a development by DLR, which integrates the flight mechanic equations of
motion. SIMPACK is loosely coupled to TAU in a classical co-simulation approach, with dual data exchange
within a given time step. A schematic overview of the coupling procedure is given in Fig. 9.
The main advantage of SIMPACK in the present context consists in its ability to easily handle kinematic constraints, e.g. to simulate the motion of the parachute relative to the cargo. To avoid the singularity in the Euler
angle formulation as soon as the pitch angle of a body approaches Θ = 90°, which is easily possible in airdrop
simulations, the computations in SIMPACK rely on the quaternion formulation instead.

Fig. 9: Schematic overview of the coupling process in AIRBORNE

After solving the equations of motion SIMPACK sends the new position, attitude and the velocities for each of
the bodies in the next time step back to TAU. The new spatial arrangement of the bodies is then accomplished
using the aforementioned overset grid technique. The coupled, unsteady simulations were conducted with a time
step size equivalent to 600 Hz, while the experimental trajectory was recorded at 300 Hz. The SIMPACK simulations were run on a desktop workstation at the DLR Institute of Aeroelasticity in Göttingen, Germany.
For a deeper insight into AIRBORNE the reader is referred to the paper of Geisbauer and Schmidt12.

B. Description of Investigated Airdrop Configurations
The current version of AIRBORNE is able to simulate the near-field trajectories of geometrically simplified
cargo and cargo-parachute configurations as depicted in Fig. 10. In its first version cargo-only configurations and
configurations with rigidly attached parachute could be simulated. The feasibility of that development stage was
successfully validated by DLR and published in 201113. Since that time the level of maturity was gradually increased in two steps as shown in Fig. 10:

8
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Fig. 10: Evolution of the simulated configurations towards more
realistic airdrop configurations

(a) Additional degrees of freedom for the parachute were introduced, allowing it to perform a relative motion behind the cargo. Whereas the parachute was rigidly attached to the cargo in configuration Cargo+P0, it is allowed to perform a relative pitching motion in the x-z-symmetry plane of the cargo in
configuration Cargo+P1. The parachute rotates at constant distance about a hinge line adjacent to the
rear face of the cargo. Its trajectory thus lies on a circular arc. In configuration Cargo+P2 an additional
degree of freedom has been assigned to the parachute. Parachute P2 can perform a relative pitching and
yawing motion at constant distance behind the hinge point, which is the same as before. The resulting
trajectory of the parachute now lies on a spherical shell. Thus, in its current stage of development,
AIRBORNE is able to simulate the near-field trajectory of up to 8-DoF cargo-parachute configurations,
while the FMTA itself is still modelled as a non-moving 0-DoF body.
(b) The geometrical representation of the parachute model was improved. While parachute models P0 and
P1 are represented by a hemispherical shell of constant thickness and a single apex vent hole, model P2
is based on a CAD model of a ring-slotted extraction parachute. It represents a scaled-down version of a
real 15-feet extraction canopy and was manufactured on behalf of DLR to be used in wind tunnel airdrop experiments. This parachute features a geometric porosity of 18%. Its nominal inlet area is increased by 90% compared to P1 and by 185% compared to P0. Further information on the experimental
work is given in section III-C.
The cargo itself is represented by a blunt, cuboid main body with an aspect ratio of 11:5:9 (length x height x
width) and constant outer dimensions. Its mass, however, changes between configurations. In the following the
focus will be on configuration Cargo+P2 only, as it represents the most realistic configuration that has been
simulated so far. A more detailed discussion of the other configurations is given in the papers from Geisbauer et
al12,13.
The mass of the cargo of configuration Cargo+P2 amounts to m = 335 g, whereas the mass of the parachute
including suspension lines is m = 7.8 g. Considering the relevant scaling laws when comparing wind tunnel trajectories with full-scale trajectories, as for example given by Wolowicz et al.14, the mass of the cargo body con2
,
verted into full-scale would amount to m = 3100 kg. The nominal outer diameter of parachute P2 is
0.136
. The canopy was modwith l being the length of the cargo. The apex vent hole diameter equals
elled with a constant thickness of
0.5%
. The canopy inlet area is located
7.3
downstream of the
hinge point. The latter is located at
0.136
behind the rear face of the cargo. These parameters are illustrated in Fig. 11.
The CFD geometry of the FMTA neglects the dorsal sting of the wind tunnel support as well as the components
belonging to the ejection mechanism. Apart from these simplifications the models are identical.

9
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Fig. 11: Initial position and attitude of configuration Cargo+P2 behind the FMTA

C. Experimental Airdrop Investigation
For both, PARALAB and AIRBORNE, it is essential to have a comprehensive experimental dataset at hand to
validate these simulation tools. In particular, the interaction of the released cargo bodies with the vortexdominated flow field downstream of the lowered ramp needs to be modelled correctly in order to obtain accurate
trajectories.
For this purpose the wind tunnel model of the FMTA, as shown in Fig. 12, was equipped with a mechanical
ejection mechanism to release the cargo configurations. A CAD model of the latter is depicted in Fig. 13. The
ejection mechanism was designed at DLR and incorporated into the rear fuselage of the FMTA. It consists of a
support rack made of aluminum, which is mounted to a radio-controlled jackscrew drive. The rack is remotely
controlled and accelerated up to a release speed of 1 m/s. As soon as the rack reaches its rearmost position, just
above the edge of the cargo ramp, the cargo body is released due to its inertia. The position and attitude of the
cargo in this particular moment represent the initial conditions for the numerical simulation. For the experiments
with attached parachute models the mechanism was modified with an additional arrestor plate, preventing the
cargo model of prematurely exiting or tilting.
The FMTA model was mounted to the Model Positioning Mechanism15 of the DNW-NWB low speed wind
tunnel in Braunschweig by a dorsal sting in order to minimize influences on the vortex-dominated flow behind
the lowered ramp. An overview of the capabilities of deployment tests in this wind tunnel is given in the paper of
Löser and Bergmann16. During the airdrop experiments the wind tunnel velocity was chosen such that the Froude
number was similar to real airdrop missions as published in Schade17, leading to full-scale cargo masses in the
range of approximately 500 kg to 5000 kg. The medium and heavy sized masses were additionally equipped with
the different parachute models presented in section II-B.
The cargo models used for validation purposes featured a homogenous density distribution with the center of
gravity (CG) being coincident with the geometric center of the cargo. However, also more realistic cargo models
consisting of two layers of materials of different (homogenous) density were built for demonstration purposes.
Since the overall weight and the outer dimensions were kept constant this resulted in a vertical shift of the CG
and allowed to simulate trajectories similar to cargo setups with honeycomb structures at the bottom.

Fig. 12: FMTA wind tunnel model with open rear fuselage in the DNW-NWB wind tunnel in Braunschweig,
Germany

Fig. 13: CAD model of the airdrop ejection mechanism

10

To capture the trajectory and orientation of the dropped configurations an optical trajectory tracking system
consisting of two Mikrotron MC1310 CMOS cameras was applied. The cameras worked with a resolution of
1280 x 1024 pixels and a frame rate of 300 fps as a compromise between spatial and temporal resolution. The
cameras were positioned at a viewing angle of approximately 60° apart from each other.
Using the commercial tool picCOLOR18 the position of each marker on the side of the cargo facing the cameras
was extracted for every recorded position. Based on these, the position of the cuboid’s geometrical center and the
cuboid’s orientation was computed in terms of its Euler angles, which were determined based on the rotation
sequence yaw-pitch-roll in the body-fixed coordinate system. The corresponding translational and rotational
velocities are derived from the positions and the Euler angles with the given frame rate.
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The calibration of the tracking system relied on 16 light sources with known positions, evenly distributed in the
trajectory space. The accuracy of the calibrated setup was checked using rotated cuboids in fixed positions inside
and outside the calibrated field. The position error in all spatial directions is lower than 1% of the length of the
cuboid. The position error in lateral direction, however, increased up to 4% for highly rotated cargo bodies,
which were additionally located outside of the calibration window.
Two samples of recorded trajectories for cargo-only configurations are shown for a medium-weight cargo of
0.286 kg in Fig. 14 and for a heavy cargo of 0.518 kg in Fig. 15. According to the aforementioned scaling laws
the full-scale masses would correspond to 2650 kg and 4800 kg. In both cases the camera images after every
100 ms were overlaid to obtain the depicted trajectories. The dash-dotted line in each figure represents the trajectory of the respective other cargo. Despite the comparatively high full-scale masses the trajectories are far from
being ballistic and the influence of the aerodynamic forces is clearly visible.

Fig. 14: Experimental cargo-only trajectory. The dashdotted line indicates the corresponding trajectory of the
cargo in the Fig. 15.

Fig. 15: Experimental cargo-only trajectory. The dashdotted line indicates the corresponding trajectory of the
cargo in the Fig. 14.

This aerodynamic influence becomes more pronounced the more lightweight the cargo is. If the mass per unit
area finally falls below a certain minimum level the cargo gets highly susceptible to the aerodynamic forces. For
example, the region just aft of the open ramp of a military transport aircraft is often characterized by a local flow
in upward direction, as published in papers by Schade and Roosenboom19,20. The interaction of very lightweight
cargo configurations with such a local flow field might easily lead to an unstable trajectory, i.e. the aerodynamic
forces become dominant and the cargo is no longer falling below the level of the ramp in the near field of the
aircraft. In addition a rotation about all three axes can occur, posing a potential threat to the aircraft or the inflation of the main landing parachutes and, thus to the cargo itself. However, since one major concern of the wind
tunnel tests was the generation of validation data rather than simulating real airdrops, also the latter trajectories
were extensively investigated.
In all cases a good repeatability of the up to 20 airdrops at constant reference conditions was achieved, even for
the lightweight cargo bodies. The mean deviation in the final position of the cargo, for configurations without
parachute, amounted to nearly 5% of the length of the cuboid. For configurations with parachute, it occasionally
increased up to 50%. The maximum deviations in the pitch angle were less than 10° for cargo-only configurations and configuration Cargo+P2. The earlier configurations Cargo+P0 and Cargo+P1 exhibit higher deviations up to 20° due to the very simple and heavier parachute model. Nevertheless, the quality of the experimental
11

data was found to be sufficiently high to be used for validating both simulation suites, PARALAB and AIRBORNE.
D. Verification of AIRBORNE
The verification was carried out at the very beginning of the development and is discussed to some extent in a
previous work13. A brief summary shall nonetheless be given here.
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A very important point in the early development of AIRBORNE dealt with the question whether or not RANS
methods are suited to capture the highly vortical flow field behind a military transport aircraft with open ramp. A
literature survey revealed that other researchers21-23 preferably applied delayed detached eddy simulation
(DDES) methods to investigate the flow around such a military transport aircraft or about the canopy of parachutes. Although DDES indisputably resolves more details of the prevailing flow features compared to RANS
the question arises whether or not these additional details provide any benefit in terms of accuracy when it comes
to trajectory computations of the investigated cargo configurations. Even if that is the case the gain in accuracy
needs to be sufficiently high to legitimate the higher computational costs in applying DDES. To the knowledge
of the authors no such investigations have been published yet.
As a consequence DLR carried out its own study on the impact of each of the two numerical methods in predicting the typical flow features of an aircraft with open ramp. At the very low wind tunnel Reynolds numbers DLR
found no difference between the DDES and unsteady RANS results compared to experimental data. Hence, the
development of AIRBORNE was fostered with the more time-efficient RANS approach.
The impact of the turbulence model in predicting the flow field encountered in airdrop simulations was examined in a separate study24. It was shown that the Spalart-Allmaras model revealed the best compromise with
respect to accuracy, efficiency and robustness. Consequently, it was the model of choice in TAU.

E. Validation of AIRBORNE
The validation is exemplarily shown in the following for configuration Cargo+P2 in wind tunnel conditions at
1:21 scale. The initial position and attitude of this configuration relative to the aircraft are shown in Fig. 11. The
data for the initial position, attitude and the velocities were derived from the wind tunnel trajectories, as discussed in section III-C.
The simulation was carried out at an onflow velocity of 18 m/s, leading to a Reynolds number of 59,000, based
on the height of the cargo. The cargo-parachute configuration is symmetrically positioned in the wake of the
aircraft, i.e. the x-z-symmetry plane of the cargo is coincident with the symmetry plane of the aircraft. In addition
the parachute is not shifted out of that plane in lateral direction as its relative yaw angle is zero as depicted in the
bottom view of Fig. 11. However, as the side view reveals, the parachute is slightly deflected in upward direction, i.e. it is not aligned with the extended symmetry axis of the cargo. Its initial relative pitch angle is -3.8°.
The cargo itself features an initial pitch angle of +3.0°, while initial roll and yaw angles are zero.
The resulting trajectory of Cargo+P2 is presented in the following. Note that in the following diagrams only
every fourth experimental data point is printed for the sake of readability. The translation of the cargo is depicted
in Fig. 16 in terms of displacement of its CG over time.
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Fig. 16: Translational motion of the cargo CG in simulation and experiment

Fig. 17: Rotational motion of the cargo in simulation and
experiment

As shown the qualitative agreement between simulation and experiment is very good. The same holds from a
quantitative perspective for the largest part of the trajectory. After 0.29 s the motion in the x-z-plane starts getting overpredicted a little by the simulation. The cargo is moving a bit faster away from the aircraft in downstream direction and is also falling marginally faster towards ground. The reason for this marginal deterioration
towards the end of the simulation is subject to ongoing investigations. As the qualitative behavior is predicted
correctly it is assumed that the reason for the overprediction is related to the initial values of the motion parameters. As the simulation has been conducted under symmetric onflow conditions and due to the fact that the cargo
was aligned in the symmetry plane of the aircraft, no pronounced motion in lateral y-direction takes place.
The rotation of the cargo in terms of its Euler angles is depicted in Fig. 17. The qualitative and quantitative
agreement is excellent. Throughout the dropping sequence all simulated attitude angles are within the range of
the experimental data. Due to the symmetric initial conditions the dropping cargo only performs a pitching motion, while roll and yaw angles remain close to zero.

Fig. 18: Rotational motion of the parachute in simulation and experiment

The resulting motion of the parachute is illustrated in Fig. 18. A very good qualitative agreement was obtained.
The yawing motion is only marginally pronounced, with maximum yaw angles of about 3° towards the end of
the simulation. The simulated motion largely follows the experimental mean values and is always within the
range of experimental data. Thus, the quantitative agreement is considered good.
The general motion of the parachute is dominated by its characteristic, sine-type pitching motion. Although the
simulation again lies within the range of the experimental data, it becomes evident that the mean oscillation
magnitude is underestimated by about 3°-4° by the simulation. The oscillation frequency of 2.9 Hz is correctly
predicted. A slight phase shift can be recognized, as the oscillation magnitude of the simulated pitching motion is
13

reached 0.03 s earlier than in the experiment. The reason for this behavior most probably consists in the initial
values of the parachute motion. As can be seen in Fig. 18, the gradient of the pitch angle within the first 0.05 s is
smaller than the experimental data suggest, indicating that the initial pitch velocity is too small. This assumption
will be proven in further investigations.
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t = 2 ms

t = 162 ms

t = 323 ms

Fig. 19: Visualization of the simulated trajectory of Cargo+P2 at the very beginning (left), at an intermediate stage
(middle) and at the end (right) of the simulation

The simulated trajectory of Cargo+P2 is exemplarily shown in Fig. 19. It can be summarized that the overall
motion of this configuration has successfully been simulated with AIRBORNE, especially when the challenging
flow field during airdrop is taken into account.
With the simulation of Cargo+P2 AIRBORNE has yet been validated for up to 8-DoF configurations, however,
under wind tunnel conditions. In a next step it will be examined how the Reynolds number affects the trajectory
by investigating trajectories at real flight conditions.
Finally, the application of AIRBORNE is intended to assess flow interference effects during airdrop or even
critical failure cases, such as a jamming of the cargo during extraction or non-symmetric insertion conditions
into the flow field. In such conditions the simulation tool may provide the acting loads and determine whether or
not a failure case leads to a safe initial trajectory in the vicinity of the aircraft. More detailed information on the
verification and validation process of AIRBORNE is given in a separate paper12.

IV. Multi-Body Impact Simulation for Complex Payloads
Airdropped payloads are subject to heavy impact forces during their landing on the ground. Accelerations and
forces and their distribution on the payload during impact were analyzed and evaluated within the multi-body
simulation framework SIMPACK. Multi-body models for different payload configurations, including vehicles,
have been developed. These models take into account the pallet, the damping or impact attenuation layer, the
payload itself and the elastic straps used for tying the payload on the pallet. Simulations were carried out and
allowed to assess different damper configurations in order to optimize the transmission of forces on the payload
structure during the impact.
Depending on the type of the payload, ranging from simple containers to complex vehicles, different damping
and strap configurations are used. Most of them are standardized and described in the corresponding military
documentation, including a pallet, a damping layer made of paper honeycomb (PHC) material, restrain straps,
payload boxes and the parachute container on top.25 Simulations have been carried out with configurations of
different complexities. Configuration A has only a vertical degree of freedom and was used to check the impact
dynamics in combination with ground parameters. Configuration B was a 3-dimensional model with all main
elements like pallet, dampers, straps and payload, but with the payload modeled as one rigid body. For configuration C the payload was separated in several smaller boxes, modeling also the contact among them. And finally
configuration D was simulated, which is a simplified car with 2.6 t on a 16 ft type V pallet, comprising a more
complex geometry for the chassis and explicit models for the tires and engine that are suspended by springdamper elements.
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A. One-dimensional Load Configuration
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Load configuration A was used to develop the elasto-plastic force elements used for modelling the paper honeycomb layer as well as for testing the simulation parameters for stiffness and damping of the ground. Fig. 13
shows the characteristic properties of the force element. Under compression the element deflects linearly up to
the elasto-plastic boundary, i.e. the crossing of the red and black lines in Fig. 20, left. Under higher loads the
material deforms plastically. A typical resulting force level during an impact is shown in Fig. 20, right. If the
energy of the impact is too small, the honeycomb will not compress fully, thus not absorbing the maximum of
the energy possible. However, if the energy of the impact is too high, the force will increase exponentially.

Fig. 20: Elasto-plastic force element (left) and plot of force over normalized deflection

The contact between pallet and ground is modelled with classical spring-damper elements. A stiffness value of
6,6·108 N/m and a damping value of 0,8·106 Ns/m was assumed. However, stiffness and damping of soil varies
greatly depending on composition, humidity and degree of compression. Representative values have been collected in Ref. 26.
In a realistic application, honeycomb blocks are used in stacks. Comparative studies concerning a suitable representation of such stacks in an MBS simulation have been undertaken, cf. Fig. 21.

Fig. 21: Comparison of 4-layer and 1-layer representation of stacked honeycomb

A stack modelled with four elements in series displays subsequent acceleration peaks during compression. A
single-layer model with suitable parameters displays a very similar overall behavior, however, allows faster
simulation and displays greater numerical stability. It was thus decided to use a single-layer representation of the
stacked honeycomb for the analyses described below.
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B. Single Load Configuration
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Load configuration B consists of a single payload of 2.5 t on a pallet with 4-layered honeycomb, allowing a 3Dmotion of the system (cf. Fig. 22). The payload is fixed to the pallet by straps, modelled by non-linear springdampers, only active on extension; the honeycomb under the payload is thus kept under constant compression. A
contact between strap and the walls of the payload is not modelled.

Fig. 22: Load configuration B with straps and paper honeycomb elements

The model has been used to perform first simulations of a landing impact with a variation of impact parameters.
Fig. 23 shows the force in the PHC elements during an impact with 6.5 m/s horizontal velocity and 7 m/s vertical
velocity. The diagram shows the first load peak at 0.66 s, where the plastic deformation of all elements starts
simultaneously. At 0.7 s the payload pitches forward, thus loading the front PHC elements and unloading the
rear elements.

Fig. 23: Forces in the paper honeycomb elements during a representative landing impact

The simulation model has been used to investigate the influence of parameter variations on the force and acceleration level of the payload. Fig. 24 shows the influence of the variation of the center of gravity (CG) location on
the resulting acceleration of the payload. The CG position has been varied by ±0.3 m in horizontal and -0,3 m in
vertical direction. The impact velocity was kept constant at 6,5 m/s vertical and 8 m/s horizontal.
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Fig. 24: Acceleration in payload depending on CG position

In Fig. 24, right, the maximum acceleration can be seen to go up to 300 m/s² (red). Three zones are clearly visible. With a CG position in the red area, the PHC elements are fully compressed, thus resulting in very high peak
loads. In the yellow areas, the front PHC elements are fully compressed due to the pitch of the payload. If the
CG is in the blue zone (approx. 10 g), the PHC elements absorb enough energy to allow the lowest peak loads.

C. Multi Load Configuration
Load configuration C is a multi-payload configuration, coming very close to a realistic payload (cf. Fig. 25). An
extension to configuration B is the contact model between the single load blocks, allowing a motion of the
blocks with respect to each other. The contact element automatically detects contact between 3D-elements (rigid
bodies) and applies spring and friction forces between those bodies.

Fig. 25: Setup for bulk supplies on an 8-foot platform (left), generic setup for simulation (right)

For this configuration, the influence of various configurations of PHC stacks, i.e. number and location of stacks,
has been investigated. For a given range of kinetic energy of the system, an optimum placement of the PHC
stacks can thus be suggested.
D. Landing Impact of a Vehicle
The last configuration investigated (termed “D”) was a vehicle strapped to a pallet and supported with PHC
stacks (cf. Fig. 26). This complex load consists of a typical generic military vehicle of 2.6 t, placed on a 16-foot
pallet of Typ-V. The multi-body model is made up of 6 rigid bodies and 4 single suspensions. The chassis has a
mass of 2100 kg, engine and gear have a mass of 400 kg, wheels plus tire have a mass of 25 kg each. For the
damping of the impact, additional PHC elements to support front and rear of the car as well as the engine block.
The strapping of the vehicle follows common rules.
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Fig. 26: Simulated impact of a simplified car with 2.6 t

The impact of this configuration was simulated at a vertical velocity of 7.5 m/s resulting in high load factors of
up to 30 g at CG. The mass concentration at the front due to the engine is critical and needs additional support by
damper blocks. The car is jacked up by the honeycomb damper blocks, so the tire forces remain small in the
beginning until the compression of the dampers leads to the collision of the wheels with the pallet creating high
peak loads.
To summarize, the simulation results have impressively demonstrated the capabilities of SIMPACK for analyzing impact scenarios of airdropped payloads with different complexities. Such simulations allow observing the
influence of several mechanical and material-related parameters on the transmission of forces on the payload
structure and thereby assess different damper configurations in order to minimize the effects of the impact shock.

V. Conclusion
In the present paper a multi-fidelity simulation approach for the evaluation and assessment of airdrop missions in
future military transport aircraft (FMTA) applications is presented. These tools enable DLR to assess airdrop
operations by applying simulation tools which are specifically suited to the different phases of an airdrop sequence.
At the very beginning of an airdrop, the payload interacts with airflow around and the wake behind the aircraft
that subsequently influences the trajectory. To assess this phase of an airdrop, the simulation suite AIRBORNE
has been developed, verified and validated based on wind tunnel airdrop experiments. It allows for investigating
the prevailing flow features and aerodynamic interference effects during the initial phase of an airdrop while still
offering the capabilities of predicting the trajectory of cargo-parachute systems in that phase. The wind field
information, which is a by-product of AIRBORNE, is also used within the PARALAB simulation tool. PARALAB is able to compute the entire trajectory of multiple cargo-parachute configurations, including the response
of the aircraft, in real-time. The influence of parameters like mass distribution, extraction conditions or parachute
configuration on the entire trajectory can be examined. Finally, an impact simulation based on a multi-body
system approach enables DLR to predict the impact loads of a given payload or to comment on the structural
layer setup of a payload to reduce these loads.
The developed methods are expected to contribute to a significant reduction of efforts, time and costs during the
introduction and certification of new airdrop procedures.
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