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Abstract

Several programmes are dedicated worldwide to the development of reusable vertical take-off vertical landing (VTVL) launch
vehicles. Thereby, the touchdown event with its associated impact forces and shocks poses load cases to the vehicle being
new in the launcher domain. Furthermore, the application of related knowledge from planetary, exploration-type landers
has to be taken cautiously due to the differences between those types of vehicle, particularly with regard to their tank con-
figuration and structural sizing. Depending on flight test conditions and operational concept, non-neglectable amounts of
liquid propellant can still be inside the tanks at landing and interact with the vehicle. These interactions cause dynamic and
structural effects that affect the landing stability and structural integrity of the vehicle. This study aims to experimentally
investigate the fluid—vehicle interactions of a fully functional touchdown demonstrator during touchdown. For this, a vehicle
landing engineering model is equipped with a circular cylindrical tank and a series of touchdown tests with varying horizontal
landing velocities and fill levels is conducted. Thereby, the main objectives are to prove repeatable landing behaviour under
sloshing impact for constant landing conditions, to characterise the fluid impact on landing stability and to investigate the
fluid—structure interactions on the tank. Therefore, test data of different test cases are compared and analysed with regard to

dynamic behaviour and structural responses.
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1 Introduction

An increasing number of space flying nations and the rise
of private space flight renewed the idea of reusability as an
enabler for decreasing launch costs and increasing launch
flexibility. Several programmes have been established world-
wide with the common goal to accelerate the development of
reusable space launch vehicles. In Europe, ESA is funding
the Themis programme. In cooperation with the Horizon
Europe project SALTO, Themis aims to develop the first
European reusable rocket prototype [1]. Within SALTO
the landing phase of the vertical take-off vertical landing
(VTVL) vehicle Themis will be tested and validated. Fly/
entry/re-fly cycles will be flown [2]. One of the most criti-
cal phases of these cycles is the event of touchdown, since
an unsuccessful landing will cause the loss of the vehicle.
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As reusable spacecraft rely on re-ignitable engines for
deceleration and attitude control, their tanks are partly
filled with remaining liquid propellant during touchdown.
The free surface within a partly filled tank allows the fluid
to perform a sloshing movement when excited. Depending
on the amount of sloshing fluid, this has an impact on the
vehicle dynamics. As for conventional lunar and planetary
landers, the amount of remaining propellant at the moment
of touchdown is comparably small, the sloshing effects dur-
ing touchdown are in most cases neglectable [3]. For reus-
able space flight, VT VL vehicles are under development, for
which significantly larger amounts of propellant are present
at the moment of touchdown. This can be due to ballistic
extra masses required for test flights, or due to extra propel-
lant needed for take-off from another celestial body, as in
SpaceX’ Lunar Starship when re-ascending from the moon.
The combination of larger propellant mass to total mass ratio
and the higher height of centre of gravity (hqqg) to foot-
pad diameter (Dp) ratio, typical for VT VL vehicles, makes
them more prone to fluid—vehicle interactions. These can be
divided into dynamic effects that affect the landing stability
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and the impact behaviour and structural effects, such as
fluid—tank interactions, which might induce load cases that
affect the general vehicle and tank design. To ensure a stable
landing under the impact of sloshing fluid and structural
integrity at the moment of touchdown, the investigation of
fluid-induced effects is indispensable for the design of reus-
able VTVL vehicles.

Numerous studies have been conducted to analyse and
model inflight fluid sloshing with regard to its impact on
spacecraft dynamics, flight stability and guidance, naviga-
tion and attitude control systems [4—13]. Several others have
been dedicated to sloshing reduction methods for VTVL
vehicles [14-16]. The sloshing impact on spacecraft land-
ing dynamics has been investigated numerically and experi-
mentally by Anii et al. and Furuich [17, 18]. However, their
work is restricted to sloshing in spherical tanks in small
body landers under micro-gravity conditions. Roithmayr and
Pei are, to the author’s knowledge, the only ones to investi-
gate the effect of propellant sloshing on touchdown stability
boundaries for landing space vehicles under lunar gravity
[19]. Their work addresses a two-dimensional multibody
modelling approach, consisting of a rigid pendulum, rep-
resenting the sloshing fluid, attached to a rigid lander body.
They offer first insights on how different propellant slosh-
ing states before touchdown affect the landing stability for
varying landing conditions and provide preliminary design
trends. Being intended for the early design phase, no details
of landing gear articulation, energy absorption and elasticity
are considered. Therefore, the impact of these parameters on
the landing dynamics is being neglected and no options for
the examination of fluid—structure interactions during touch-
down are given. For the detailed design of a reusable VTVL
vehicle, further investigations of the sloshing impact are
required, which deviate from the rigid modelling approach
and thus provide dynamic interactions, structural responses
and interface forces for a specific spacecraft. While theoreti-
cal and numerical studies can cover the examination of a
broad spectrum of test cases and vehicle forms, these models
underlie assumptions and approximations and hence rely on
experimental data for validation. Therefore, the aim of this
paper is the experimental investigation of fluid—lander inter-
action of a fully functional touchdown demonstrator (TDD)
during touchdown. Thereby, the main objectives are

1) to prove repeatable landing behaviour under fluid impact
and thus prove that constant landing conditions can be
provided and results are comparable for further investi-
gation,

2) the investigation and characterisation of the fluid slosh-
ing impact on dynamical behaviour with regard to land-
ing stability and

3) the analysis of the fluid—structure interaction of the tank
with regard to structural responses induced by the fluid

@ Springer

under varying landing conditions. The obtained data can
later be used to validate numerical models, with which para-
metric studies can be performed. To serve as a validation
model, the TDD must represent all kinematic and dynamic
dependencies of a real reusable launch vehicle, but must not
be a specific subscale model. For this a lander engineering
model is expanded by a circular cylindrical tank and a series
of touchdown test with varying horizontal landing veloci-
ties and fill levels is conducted. A description of the test
setup, including a detailed description of the TDD, is given
in Sect. 2. In Sect. 3 test data are analysed, interpreted and
discussed with regard to the three before defined main test
objectives. A final conclusion is drawn and open questions
are formulated in Sect. 4.

2 Test setup
2.1 Touchdown demonstrator

The Touchdown Demonstrator (TDD) design (Fig. 1) is
based on the Lander Engineering Model (LEM) design
(Fig. 1(1)) [20]. The already existing LEM is adapted to
accommodate a fluid containing tank (Fig. 1(3)). As verti-
cally landing vehicles tend to have a higher Hqg/Dy. ratio

Footpad diameter

Fig.1 Touchdown demonstrator, 1: Vehicle aftbay with four landing
legs in ‘inverted tripod’ configuration, 2: Reinforcement Rings, 3:
Tank, 4: Robot Adapter and Horizontal Reinforcement
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than conventional planetary landers, the tank is to be posi-
tioned at the highest possible position as technically permit-
ted by the test facility. The maximum height of the TDD is
limited by the working space of the test facility, which is
used to lift the TDD to its drop position, and the maximum
drop height, resulting from the maximum intended verti-
cal drop velocity, described more in detail in the following
sub-chapter. The resulting maximum TDD height is approx.
3000 mm. To ensure torsional stiffness, two reinforcement
rings (Fig. 1(2)) are implemented. At the top of the TDD a
robot interface (Fig. 1 (4)) is combined with a horizontal
reinforcement structure, that prevents the vertical profiles
from bending inwards when being lifted by the robot. The
maximum total mass of the TDD is 500 kg, corresponding
to the maximal static load bearing capacity of the robot. To
ensure a constant TDD mass throughout all test cases, with
and without fluid, extra masses can be accommodated within
the TDD’s tip.

The LEM, depicted in Fig. 2, is used in a four-legged
inverted tripod configuration, equivalent to state-of-the-
art vertically landing vehicles [21, 22]. Every leg consists
of one primary telescopic strut (b), including an internal
energy absorption mechanism, two secondary struts (a) and
a fixed aluminium-rubber footpad. Cardan joints (d) serve
as interfaces between the primary struts and the lander body
(e). Interfaces (g) at the lander body baseplate (f) provide a
connection for the secondary struts.

Leg 1 and adjacent leg 2, which correspond to the front
and rear left leg respectively, are being equipped with sen-
sors, as shown in Fig. 3. Triaxial force sensors (Fgp; and
Fgp,) are placed between the footpad and the primary strut.
The sensors are integrated such that the sensors’ z-axes
are aligned with the primary struts. Uniaxial force sensors
(Fps1 g and Fpg, 1) are placed at the top of the primary
struts, right before the cardan lander body interface, the sen-
sors’ measurement axes aligned with the primary strut axes.
Leg 1 is additionally equipped with accelerometers, which
are positioned on the footpad (Accgp,) as well as on all three
interfaces to the lander body (Accpg; |, Accggyy g and

Fig.2 Lander Engineering Model used as Platform for TDD Design
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Fig.3 Sensor locations (leg and body)

Accggio1p)- The accelerometers measure the acceleration
along the global vertical axis. On the baseplate inside the
lander body a triaxial accelerometer (Acc; ) is positioned.

The tank is made of transparent acrylic glass to visually
detect the fluid movement. De-mineralised water is chosen
as test fluid, as its parameters are well known and it poses no
handling risks. It is non-toxic and can be coloured for better
visual detection. The tank is supported by four triaxial force
sensors (Fy;—Fp,). Additionally, two uniaxial accelerometers
are placed on the tank wall (Accy,, and Accr,_), as shown in
Fig. 4. The accelerometers are installed at about 10 cm tank
height, which is about the height of the water edge for 50 1
of water. Further, a triaxial accelerometer is attached from
underneath to the tank bottom plate.

2.2 Test facility

The tests are performed in the Landing and Mobility Test
Facility (LAMA) at the DLR-institute of space systems
in Bremen [23], shown in Fig. 5. The LAMA laboratory
consists of a test cell, surrounded by a protective fence
and a control and work space outside the fence. The test
cell includes a landing area and is equipped with a 6-axis
industrial robot system KR500 with an additional rail track
system for horizontal movement (max. 1.5 m/s in both direc-
tions). As the robot follows a pre-programmed path, the test
sequence can be completely automated and constant drop
conditions and a precision landing can be ensured. At the
release point the test object will have the predefined horizon-
tal velocity. The release height has to be chosen with respect
to the test object’s size, so that the required vertical landing
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Fig.4 Sensor locations (tank)

velocity is achieved by the free fall until ground contact.
For this campaign the landing zone is equipped with con-
crete plates, placed on rubber mats to prevent sliding during
touchdown. The concrete plates are chosen to ensure defined
touchdown conditions in terms of stiffness and roughness.

A camera system is set up for visual documentation and
motion tracking, as shown in Fig. 6. Two high-speed cam-
eras are used. High-speed camera 1 (HS1) makes close up
videos of the tank during touchdown, where special attention
is needed. The HS2 camera is placed in a far perspective of
the landing. Both high-speed cameras are mounted on the
LAMA fence. A HD reflex camera (canon) is positioned in
front of the test setup, providing a front view.
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Fig.5 Landing and mobility test facility at DLR Bremen
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Fig.6 Spotlight and camera positions

2.3 Test programme

All tests are conducted with a 2—2 configuration, at which
the TDD has two leading and two trailing legs. This configu-
ration is chosen to ensure a repeatable tilting axis, which is
perpendicular to the horizontal landing velocity vector. The
total TDD mass is kept constant throughout the test cam-
paign at approx. 500 kg. The test parameters are driven by
two rationale. On one hand, it is aimed for high energy input,
within the capability levels of the test facility, to generate
significant responses from which the sloshing impact can be
derived. On the other hand, the test parameters shall be of
comparable magnitude of typical landing test parameters to
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ensure structural integrity. During all tests the TDD has the
vertical landing velocity of 3.5 m/s, which is comparable to
typical VTVL vehicle vertical landing velocities [24, 25]. To
investigate the fluid impact on the landing behaviour of the
TDD and on the structural responses, drop tests with three
different fill levels are conducted:

— Fill level 1: 01 of water
— Fill level 2: 501 of water
— Fill level 3: 75 1 of water

Fill level 1 serves as reference. At fill level 2 the fluid
mass corresponds to 10% of the total TDD mass, which cor-
responds to maximum residual fuel levels upon touchdown
for scientific flight experiments. At fill level 3 approx. 40%
of the tank are filled, which correlates with the fill level for
which the highest sloshing impact is expected [26]. This
fill level range corresponds to expected propellant masses
for different VT VL vehicle applications during touchdown.
This includes residual propellant mass for successful land-
ing, propellant masses present in landing vehicles, which
are supposed to take off and return from extra-terrestrial
bodies or propellant masses required as ballistic masses for
test flight conditions [27].

For each fill level different horizontal landing velocities
are tested, as effects that affect the landing stability and
landing dynamics only occur at horizontal landing veloci-
ties greater than 0 m/s:

— a)vy=0m/s
— b)vy=0.5m/s
- c)vg=1m/s

Tests with vy;=0 m/s serve as reference and are neces-
sary to examine the structural responses at different fill lev-
els and distinguish between structural responses due to the
fluid impact and those due to dynamic effects. As the slosh-
ing amplitude and thus the sloshing impact on the landing
dynamics of the TDD are expected to grow with increas-
ing horizontal landing velocity, two additional horizontal

velocities are tested. For each fill level tests with v;=0.5
m/s are conducted. For the fill level extrema of 0 1 and 75 1
additional tests with vy=1 m/s are conducted. Both values
lie within the capabilities of the test facility and are based on
previous landing test campaigns and hence are expected not
to peril the structural integrity of the TDD but, nonetheless,
induce measurable sloshing impacts.

This results in eight different test cases as listed in
Table 1. Two test runs are conducted for each test case to
prove non-chaotic and repeatable landing behaviour.

3 Test results and observations
3.1 Repeatability

To ensure repeatable landing behaviour, repeatable landing
conditions have to be provided. Inertial robot data show that
equal force, acceleration and velocity curves for repetitions
of the same test case are achieved. This is shown exemplarily
for test runs 3c.1 and 3c.2, which are the ones with high-
est fluid mass and horizontal landing velocity. The robot
interface gripper forces in flight direction Fy , and in verti-
cal direction Fy ,, the robot velocity in flight direction vy ,
and acceleration in flight direction ag , of test runs 3c.1 and
3c.2 are shown in Fig. 7. Time t=0.0 s marks the release
moment, when the interface gripper opens. It can be seen
that for both test repetitions equal release conditions are
achieved. It shall be noted that the Fy, , oscillations before
release are also found in test cases without fluid and are due
to TDD oscillations resulting from the start up accelerations
and not due to sloshing liquid.

Although, the overall test parameters can be kept constant
throughout one test case, slight dispersions during the robot
release can occur due to friction at the robot interface grip-
per. The impact of these dispersion is neglectable, as will be
shown in the following. Analysis of video data shows con-
stant fluid conditions at touchdown for all test cases. Exem-
plarily for test run 3c.1 the fluid conditions just before and
after touchdown are shown in Fig. 8. No significant sloshing

Table 1 Test plan with test

Case Fill level (1) Structural Extra masses Total mass (kg) vy (m/s) vy (m/s)
parameters mass (kg) (kg)

la 0 ~375 120 ~495 35 0

1b 0 ~375 120 ~495 35 0.5

lc 0 ~375 120 ~495 35 1

2a 50 ~375 70 ~495 35 0

2b 50 ~375 70 ~495 35 0.5

3a 75 ~375 45 ~495 35 0

3b 75 ~375 45 ~495 35 0.5

3c 75 ~375 45 ~495 35 1
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Fig.7 Robot interface gripper forces in flight direction Fy, and in
vertical direction Fy ,, robot velocity in flight direction vy , and accel-
eration in flight direction ag , for test runs 3c.1 and 3c.2

is detected before touchdown, providing repeatable landing
conditions for all tests.

Sensor data of both test repetitions belonging to the same
test case are compared with each other to verify repeatable
landing behaviour under fluid impact. In the following, sen-
sor data, which are of special significance for the analysis
of fluid—vehicle interactions, are presented. This includes
tank-lander interface forces, accelerations at the tank bottom
plate, tilting motions and footpad forces. Although all test
cases are examined, exemplarily only test case 2b is shown,
as it is argued that if repeatability can be proven for one test
case it can be assumed to be applicable for the others as well.

For the analysis of the fluid impact on the structural
responses of the tank-lander interfaces, the tank and the fluid
are considered to be one single rigid body. Therefore, instead
of analysing each interface force sensor (Fp,—F,) individu-
ally, the sum of all tank-lander interface force sensors is con-
sidered. The sum of the vertical tank-lander interface forces
Frpv.or OVer time for both test runs 2b.1 and 2b.2 of test case
2b is shown in Fig. 9. Time r=0.0 s marks the beginning
of the touchdown event, which is defined as the moment
of first ground contact of footpad 1. It can be seen that up
until approx. 0.15 s after first ground contact amplitude and
frequency of the measured forces of both test runs are in
high accordance. Frequency deviations are less than 1%. The
deviation of the maximum compression forces is less than
1.3% and the deviation of the lower magnitude tensile force
maxima is 5.8%. After 0.15 s the curves diverge, indicating
a frequency difference in the decay behaviour, which is of
minor significance for the fluid—structure interaction analysis
and therefore neglectable. As the here compared test repeti-
tions are both conducted with same TDD configurations and
test parameters, it is assumed that the deviations are due to
slight dispersions in the robot release procedure.

The accelerations in flight direction ar, (upper plot) and
in vertical direction ap, (bottom plot) at the tank bottom
plate over time for both test runs 2b.1 and 2b.2 are shown
in Fig. 10. The acceleration curves of both test runs are

t=-0.002 s

Fig. 8 Fluid behaviour before and after touchdown during test run 3c.1
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Fig.9 Sum of vertical tank-lander interface forces Fyy , ., for test
runs 2b.1 and 2b.2
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Fig. 10 Acceleration ar, in flight direction (upper plot) and vertical
acceleration ay, (bottom plot) at tank bottom plate for test runs 2b.1
and 2b.2

identical for both directions, except for a minor neglectable
phase shift in vertical direction, that occurs at approx. 0.2
s, as has been observed in the tank-lander interface force.
The angular displacement, here referred to as the tilting
angle a, from the vertically neutral position of the TDD
during touchdown for both test runs 2b.1 and 2b.2 is given
in Fig. 11. It can be seen that the overall course of both
test runs is identical and the test runs correlate in terms of

1.5 T T : . y
Test run 2b.1
[ Test run 2b.2
E 0.5
3

0 02 04 06 08 1

Fig. 11 Tilting angle « for test runs 2b.1 and 2b.2
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Fig. 12 Footpad forces for test runs 2b.1 and 2b.2

tilting amplitude and frequency. Neglectable differences
are only found in the maximum displacements, proving
repeatable behaviour in terms of angular displacements.
The footpad forces of footpad 1 Fgp; and footpad
2 Fgp, of test runs 2b.1 and 2b.2 are shown in Fig. 12.
Both test runs show the same characteristic curve with
only neglectable differences in peak magnitudes. Hence,
examination of the here shown data allows the conclusion
of repeatable non-chaotic fluid behaviour and thus repeat-
able fluid—vehicle interactions for constant test conditions.
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3.2 Sloshing impact on dynamical landing
behaviour

The touchdown event is defined as the time span reaching
from the moment of first ground contact until all kinetic
energy has ceased. All TDD motions during touchdown can
be summarised as dynamical landing behaviour. Within this

Fig. 13 Tilting motion of a lander with tilting angle o (a) and thresh-
old angle oy, (b)

section, the dynamic landing behaviour of the TDD under
the impact of sloshing fluid is investigated with regard to
landing stability. For this, the tilting motion of the TDD and
the vertical motion in combination with the footpad forces
are analysed. Thereby, it is differentiated between

a) the impact of increasing fluid mass on the dynamic
behaviour for constant horizontal landing velocities
(comparison of test cases 1b, 2b and 3b) and

b) the impact of increasing landing velocities on sloshing-
induced effects (comparison of effects observed between
1b and 3b to effects observed between 1c¢ and 3c).

3.3 Tilting motion

A stable landing is achieved if the landing vehicle does not
tip over during touchdown. Thus, when performing a tilting
motion, as shown in Fig. 13 a, the vehicle’s tilting angle
stays below the stability threshold angle o;,, (Fig. 13 b) and
decreases with time. The impact of different parameters on
the landing stability can therefore be measured by the maxi-
mum tilting angle which is achieved during touchdown and
the motion decay rate.

The landing sequence of the TDD is shown exemplarily
for test case 3b in Fig. 14. The TDD approaches its land-
ing spot with a specific vertical and horizontal velocity (1).
Right after touchdown (2), the horizontal landing velocity
causes the TDD to tilt in flight direction until a maximum
positive tilt angle is reached (3). If the tilt angle was greater
than the stability threshold, the TDD would overturn. As in
this campaign the stability threshold is not reached, the TDD
is tilted back by gravity into its vertically neutral position.

(1) -1.06s 2)0s
Fig. 14 Landing sequence of the TDD
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If the kinetic energy has not yet ceased, the TDD will tilt
further until a maximum negative tilt angle is reached (4),
before tilting into flight direction again. This movement con-
tinues until the kinetic energy of the TDD has ceased.

The tilting motion data are retrieved from video analy-
sis using the video analysis software ‘Tracker’ [28]. The
angle is calculated from the vertical and horizontal distances
between two marker points on the TDD in a stationary refer-
ence coordinate system. The absolute tilt angles o, , for test
cases 1b, 2b and 3b over time are given in the upper plot of
Fig. 15. In all three test cases the TDD performs a forward
and backward tilting motion with decreasing tilt amplitudes,
indicating stable landing behaviour, as o;,, is not exceeded.
In all test cases an end position is reached, where o, >0,
hence the TDD being tilted into flight direction. For test
cases 1b and 2b o, is positive during the entire touchdown
event, showing that the TDD does not exceed its neutral
position, where o, =0°, when tilting backwards. Only for
test case 3b negative tilt angles are reached. However, as
no correlation can be found between the absolute values of
o, and the fluid mass, the negative tilt angles in test case

Test case 1b
20 /\\ Test case 2b | |

Test casc 3b

BR' : :
0 0.5 1 1.5

t[s]

Fig. 15 TDD tilt angle o, and normalised TDD tilt angle o, for
test cases 1b, 2b and 3b

3b are not considered to be due to the larger fluid mass in
this test case.

The bottom plot of Fig. 15 illustrates the normalised tilt
angles o, which are the angular displacements in rela-
tion to the end position. It can be seen that the maximum
00> Which is reached when the TDD is firstly tilted into
flight direction, is approx. the same for all test cases. Also,
the minimum a,,,, which is reached during the first tilt
back, is similar in test cases 1b, 2b and 3b. After this, the
o,.:m Maxima and the total tilting amplitude decrease with
increasing fluid mass, while the o, .., minima are lower for
higher fluid levels. This implies smaller angular displace-
ments when tilting in flight direction and larger angular dis-
placements when tilting backwards for higher fluid levels.
Further, the tilting motion decays faster with larger fluid
masses. From this it can be concluded that the fluid causes
a dampening effect on the TDD’s tilting motion and thus
improving landing stability.

To analyse the impact of the landing velocity on the
fluid sloshing-induced effects on the tilting motion and
thus the landing stability, in Fig. 16 the absolute tilting
angle o, (upper plot) and the normalised tilting angle
o,.-m (lower plot) of test cases 1c and 3c are given. It can
be seen that, independently of the fluid mass, an increase
in horizontal landing velocity, and thus in kinetic energy,

Test case 1c
Test case 3¢

t[s]

Fig. 16 TDD tilt angle o, and normalised TDD tilt angle «,,,, for
test cases 1c and 3c
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causes larger tilt angles, hence, larger tilt amplitudes and
tilt cycle durations. In both test cases 1c and 3c also nega-
tive tilt angles are reached.

To determine the impact of the landing velocity on the
tilting motion decay rate, the decay rates of test cases 1b,
3b, 1c and 3c are compared and given in Table 2. As for
test case 1b not sufficient data are available to identify
the absolute time until the tilting motion has ceased, the
first three o, maxima of each test case and the time
span between them are used to approximate the decay
rates. It can be seen that with higher horizontal land-
ing velocity the tilting motion decay rate of the TDD
increases. The fluid impact is determined by comparing
the tilting motion decay rates of test cases without fluid
(1b and 1c) to those of the test cases with fluid (3b and
3c). A dampening effect of the fluid slosh on the tilting
motion is shown, causing up to 1.8 times higher tilting
motion decay rates. A non-linear relationship between
the fluid damping efficiency and the horizontal landing
velocity is detected, as the damping efficiency decreases
with increasing horizontal landing velocity. This might be
due to several possible reasons, such as sloshing energy
dissipation limits or non-linear wave interactions. The
investigation of these reasons, however, lies beyond the
scope of this study and is to be addressed in the follow-
up studies.

Analysis of the fluid motion suggests, the dampening
effect could be due to a phase shifted sloshing wave, as
shown in Fig. 17. During touchdown part of the kinetic
energy is stored in the fluid, causing the fluid to perform
a sloshing movement in form of a circulating wave, which
counteracts the tilting motion of the TDD.

For all test cases in this campaign, the maximum of
the sloshing amplitude on the front tank wall is reached
shortly before a,, ., reaches its local minimum (compare
Fig. 18). Thus, the sloshing fluid acts against the TDD
movement, causing a returning moment, which has a
damping effect on the tilting motion.

3.3.1 Footpad forces

Complementary to the tilting motion analysis, the landing
stability is investigated by analysis of the footpad forces.
The tilting motion during touchdown is superimposed by a
vertical motion, due to elastic resilience through which the
footpads lose ground contact. This causes a changing and
uneven load distribution in the vehicle’s landing legs, which
might degrade landing stability. Analysis of the tilting angle,
the vertical lander position and the footpad forces of leg 1
and 2 reveals direct correlations between these quantities
(compare Fig. 19), which are presented in the following. In a
first step, the general courses of the footpad forces and their
correlations with the TDD motions are given. In a second
step, the fluid impact on these quantities is investigated. As
reference quantity for the vertical TDD position the total
vertical displacement s, is introduced, which describes
the vertical position of an arbitrary marker on the TDD in
relation to its final position. This quantity includes the verti-
cal displacement due to the tilting motion and due to elastic
rebound jumps.

Frp; and Frp,, o0, and s, are shown exemplarily
for test case 1b in Fig. 19. Both footpad forces show a
characteristic double compressive force peak (1,2) shortly
after first ground contact. Thereby, the first peak (1) cor-
relates with the first tilting angle minimum (a), which is
established right after ground contact before the TDD is
tilted into flight direction. The second peak correlates with
the minimum total vertical displacement s, ., (I), which
corresponds to elastic deformations after first ground
contact. As the TDD is tilted into flight direction and as
S0t iNCTEASES, both footpad forces decrease below 0 N
(3), indicating a loss of ground contact due to a rebound
jump. The front leg, leg 1, regains ground contact and Fgp
begins to increase again as s, , reaches a local maximum
(IT). This results in another compressive force peak (4)
when s, ., reaches a local minimum (III) and the TDD
reaches its maximum positive tilting angle (b). When the
TDD is tilted backwards and at the same time s, reaches

Table 2 Tilting motion decay rates as calculated for test cases 1b, 3b, 1c and 3¢

Maxima considered Test Case 1b Test Case 3b Fluid
damping
efficiency

anorm,max,l - norm,max,2 —1.4°s —2.57°Is 1.8

o norm,max,2 — norm,max,3 —0.48°/s —0.623°/s 1.3

Maxima considered Test Case 1c Test Case 3¢ Fluid
damping
efficiency

unorm,max,l - 0(norm.max,Z —2.35%s —-3.87°/s 1.6

o norm,max,2 - (xnorm.max,_’; —-1.36s —1.3%s 0.96
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(4)0.94s (5) 1.33s (6) 1.61s

Fig. 17 Circulating sloshing wave
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Fig. 18 Fluid amplitude Ag,;4 at tank wall front and back (top) and normalised tilting angle o, ., (bottom) for test cases 2b, 3b and 3c
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Fpp [KN]

norm

Fig. 19 Footpad forces Fgp; and Fgp,, normalised tilting angle o,

and total vertical displacement s, ,, for test case 1b

another local maximum (IV), leg 1 becomes force free
again (5), indicating another rebound jump. This is ended
as o, falls below a certain value (c) and the footpads of
leg 2 regain ground contact and Fpp, increases (6). During
the backwards tilt leg 1 stays force free, except for a short
force increase (7), when the TDD falls below its final ver-
tical position, s, reaching another local minimum (V).
As the TDD passes its o, minimum (d), reaching its
maximum negative tilting angle, and tilts forwards again.
When the tilting angle o, passes a certain value (e),
Fgp, increases again. With decaying s, ., both footpad
forces fluctuate around approx. the same value, alternately
falling below O N only when the tilting angle maxima are
reached. The fluctuation continues beyond the TDD reach-
ing its final vertical position (VI).

To investigate the fluid impact on the footpad forces and
thus landing stability, test cases 1b, 2b and 3b are compared.
In Fig. 20 the footpad forces of legs 1 and 2 are given for
test cases 1b, 2b and 3b. The overall course of both footpad
forces is similar in all three test cases. The magnitude of
the double force peaks is slightly higher for test case 1b.
With rising s, both footpads lose ground contact, indicat-
ing a rebound jump, which is terminated after s, ,, reaches
its maximum and the Fgp | increases again. It is noted that
with increasing fluid mass, the s, maxima increase and
are reached later, correlating with a later Fp; increase. This
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Fig.20 Fgp, and Fpp), oy, and s, for test cases 1b, 2b and 3b

v,tot

indicates a higher and longer first rebound jump for increas-
ing fluid masses.

However, the second rebound jump, which is detected
when footpad 1 becomes compression force free again,
becomes shorter with increasing fluid mass. This is due to a
later second loss of ground contact at footpad 1, correspond-
ing to the later reached local s, minima, and an earlier
compression force increase at footpad 2, for increasing fluid
mass. Further, permanent ground contact is reached earlier
by both footpads for larger fluid masses. This again cor-
relates with the final vertical TDD position being reached
earlier in test cases 2b and 3b.

In summary, apart from the longer and higher first
rebound jumps, which were found in test cases 2b and 3b,
analysis of the footpad forces suggests a stabilising fluid
effect on the landing behaviour. This supports the results
obtained from the tilting motion analysis.

To investigate the impact of the horizontal landing
velocity on the before observed fluid-induced effects, the
TDD motions and their impact on the footpad forces in test
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cases 1c and 3¢ are analysed. Fgp; and Fgp,, o,  and s,
for test cases 1c and 3¢ are shown in Fig. 21. While in test
case 3c a rebound jump is found between 0.2 and 0.4 s,
in test case lc the footpad forces do not both decrease to
below 0 N at the same time. Although a vertical motion is
performed, the footpads only become compression force
free when the tilting angle o, exceeds a certain threshold
value, which depends on the vertical position. The com-
pression force free time spans at both footpads are distinc-
tively shorter in test case 3c, correlating with the higher
frequency of the tilting motion. Further, do both footpads
reach permanent ground contact earlier in test case 3c,
proving a fluid-induced stabilising effect. Although not
all fluid effects found in test cases 1b, 2b and 3b could be
reproduced at higher landing velocities, the overall fluid-
induced stabilisation becomes more pronounced compar-
ing the footpad forces of test cases 1c and 3c.
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Fig.21 Fpp, and Fpp, and total vertical TDD displacement s, for

test cases lc and 3¢

v,tot

3.4 Fluid-tank interaction

In the following, the fluid—tank interaction is investigated.
For this, the tank—lander interface forces and the struc-
tural responses of the tank bottom plate to the touchdown
acceleration shocks are analysed. The tank—lander interface
forces are examined in the time domain and in the frequency
domain. For the characterisation of the fluid impact on the
structural responses of the tank bottom plate shock response
spectra and amplitude spectra of the touchdown acceleration
shocks are analysed. First, test cases with the same horizon-
tal landing velocity but different fill levels are compared to
identify the fluid impact on the structural responses. In a
next step the observed effects at different horizontal land-
ing velocities are compared to examine if certain effects are
damped or amplified through stronger sloshing.

3.4.1 Tank-lander interface forces

The sum of all vertical tank—lander interface forces Fy. 1
over time (top plot) and the total vertical displacement
Syt (bottom plot) are shown exemplarily for test case 1b
in Fig. 22. The force response is characterised in the time
domain by a compressive force peak at first ground contact
and a following decaying low frequency oscillation, which
is superimposed by a harmonic of higher frequency. Com-
parison with the s, shows that the F 11 , peak and low
frequency oscillation correlate with the vertical motion of
the TDD, although not proportionally. For the harmonic no
correlation is found, which is why this is the focus of the
following investigation.

Fiopr1y OVer time is shown for test cases la, 2a and 3a
in the top plot of Fig. 23. It can be seen that with higher
fluid levels and thus higher tank mass, the magnitude of

t[s]
— 40
g
£
§ 20 1
m“>
0 L Il 1 1 1
0 0.2 0.4 0.6 0.8 1
t[s]

Fig.22 F 1, (top) and s, (bottom) for test case 1b

@ Springer



C. Kramer, L. Witte

10°F

-10

F kN
tot,TL,v[ ]
[e)
C—
——
_
3 —
_—7
==
=
=1
=
S
=
-
P
D
Sh
2
<
L
S
S §
&

0 0.1 02 03 04 05 0.6

1500

Test case la

— 1000 } Test case 2a

o Test case 3a

< 500 A

J\‘f\\
0! ‘C-\,‘;’——\—\b ——————— ;
50 100 150
f[Hz]

Fig.23 Amplitude spectrum of total tank—lander interface forces for
test cases 1a, 2a and 3a

the compressive force peak increases. As the gradient is the
same in all three test cases, the force peak is reached later
with increasing fluid mass. Also, the amplitude of the har-
monic increases with increasing fluid level and tank mass.
For further investigation of the oscillation an amplitude
spectrum of the total vertical tank force is analysed and
shown in the bottom plot of Fig. 23. The amplitude spectrum
specifies the frequency composition of the force signal. Both
the low frequency oscillation and the harmonic are clearly
recognisable in the spectrum. For all three test cases the
oscillation has a frequency of approximately 5.5 Hz. With
increasing fluid level, the fraction of this frequency in the
overall signal increases. The harmonic is found at 40 Hz for
test case 2a and at 35 Hz for test case 3a, respectively. For
test case la the frequency is not clearly visible in the spec-
trum but can be approximated to 88 Hz from data in the time
domain, showing a decreasing frequency of the harmonic
for increasing fluid mass. As for the low frequency oscilla-
tion, the fractions of the harmonic frequencies in the overall
signals increase with higher fluid levels.

For test cases 1b, 2b and 3b with vy=0.5 m/s, Fy; 1 ,
over time and the corresponding amplitude spectra are given
in Fig. 24. For higher fluid levels higher F, 1 , peaks are
detected in the time domain. In the frequency domain the
low frequency oscillation is found at approximately 5—6 Hz,
with increasing signal fraction for increasing fluid mass. The
harmonic is found at 88 Hz for test case 1b, at 40 Hz for test
case 2b and at 35 Hz for test case 3b, again with increasing
signal fraction for higher fluid masses.

For the test cases 1c and 3¢ with vy=1 m/s, the total
tank-lander interface forces (top plot) and the corresponding
amplitude spectra (bottom plot) are given in Fig. 25. At 5-6
Hz the low frequency oscillations are found in the amplitude
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Fig. 24 Total tank—lander interface forces of test cases 1b, 2b and 3b
and the corresponding amplitude spectra

spectra, with increasing signal fraction for increasing fluid
mass. At 35 Hz the frequency of the harmonic of test case
3c is found.

Comparing the structural responses at different hori-
zontal landing velocities, shows that the horizontal landing
velocity, and thus, the sloshing amplitude has no impact on
the observed structural responses. For all tested horizontal
landing velocities, the fluid caused a frequency decrease of
the harmonic, to the exact same frequency, only dependent
on the fluid mass, thus, independently of the horizontal land-
ing velocity. Amplitude and signal fraction of the harmonic
are raised with increasing fluid mass.
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Fig. 25 Total tank—lander interface forces of test cases 1c and 3c and
the corresponding amplitude spectra
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3.4.2 Structural responses of tank bottom plate

In Fig. 26 a comparison of the amplitude spectra of the verti-
cal tank bottom plate acceleration Accrgp,, of all test cases
is given. These show similarities to the amplitude spectra
of the total tank-lander interface forces. For all test cases a
peak at a frequency of approx. 6 Hz is found, which is coher-
ent with the frequency of the low frequency oscillation of
Fo. 71w @and hence correlates with the vertical TDD motion.

For test cases 1a and 1b, the amplitude spectra of the
Accrgp, show another peak at approx. 89 Hz, which cor-
responds to the frequency of the harmonic of F, 1y , for
these test cases. Under the impact of fluid in test cases 2a,
2b, 3a, 3b and 3c these peaks are shifted to 36 and 40 Hz,
respectively. For test cases 1a and 1b additional frequency
components, of approximately the same fraction as the 6 Hz
and 89 Hz components, are found at 69 Hz and 121 Hz in
the corresponding Accrgp, amplitude spectra. In test cases
with fluid these frequency components cannot be detected.
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Fig.26 Amplitude spectra of tank bottom plate accelerations in verti-
cal direction for all test cases

For further investigation of the fluid impact on the struc-
tural responses of the tank bottom plate, shock response
spectra of Accrgp, are analysed. In Fig. 27 the logarithmic
shock response spectra of the acceleration shocks at the tank
bottom plate for test cases la, 2a and 3a are given. These
show that, in comparison to an empty tank, the presence of
fluid in the tank causes an amplification at frequencies up
to approx. 60 Hz, with the highest excitations at approx. 42
Hz. With higher fluid masses the amplification maximum
decreases to 40 Hz. For frequencies higher than approx. 60
Hz, the fluid has a dampening effect, which intensifies with
increasing fluid mass. This could be due to the fluid acting as
arigid body at low frequencies, interacting with the lowest
eigen frequencies of the tank bottom plate. At higher fre-
quencies the fluid does not act as a rigid continuum anymore
and high frequency oscillations of the tank bottom plate dis-
sipate inside the fluid. Analysis and comparison of fluid and
structure wave modes are, however, beyond the scope of this
study and remain to be investigated in the follow-up studies.

In Fig. 28 the shock response spectra of Accygp,, for test
cases 1b, 2b and 3b are shown. For these test cases with
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Fig. 27 Shock response spectrum to acceleration shock in vertical
direction at tank bottom plate for test cases 1a, 2a and 3a
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Fig.28 Shock response spectra to acceleration shocks in vertical
direction at tank bottom plate for test cases 1b, 2b and 3b
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vy =0.5 m/s the frequency range, in which the fluid causes
an amplified excitation is extended to approx. 80 Hz. The
highest amplification is reached at 40 Hz or 42 Hz, respec-
tively. For frequencies higher than approx. 90 Hz the fluid
has a dampening effect. The larger the fluid mass, the greater
the damping effect.

Comparable to the other test cases, the shock response
spectra of Accygp, for test cases Ic and 3c, as shown in
Fig. 29, show a fluid related amplifying effect for frequen-
cies up to 100 Hz. The highest amplification is again found
at 42 Hz. At frequencies of approx. 100 and 200 Hz a damp-
ing effect due to the fluid is detected.

Comparison of the observed fluid effects on the shock
responses of the tank bottom plate reveals, depending on the
horizontal landing velocity, the fluid has an amplifying effect
on the lower frequencies. For a merely vertical landing this
amplification ranges to 60 Hz and is extended to approx.100
Hz for horizontal landing velocities of 1 m/s. The highest
amplification is unaffected by the horizontal landing velocity
and, depending on the fill level, is found at approx. 40 and
42 Hz, respectively. On higher frequencies the fluid has a
dampening effect, this transition point shifting from 60 Hz
at vy =0 m/s to 100 Hz for vy=1 m/s.

4 Summary and conclusions

With the renewed rise in interest in reusable space vehi-
cles a variety of use cases sets new landing requirements for
vertically landing spacecraft, which include to carry non-
neglectable masses of liquid propellant during touchdown.
The open surface in partly filled tanks allows the fluid to
slosh when being excited. This causes dynamical and struc-
tural interactions between the fluid and the spacecraft or
its tank, respectively, affecting the spacecraft’s stability and
load cases, especially during high impact events, such as
touchdown. Therefore, it is indispensable to investigate the
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Fig.29 Shock response spectra to acceleration shocks in vertical
direction at tank bottom plate for test cases 1c¢ and 3c

@ Springer

fluid—vehicle interactions during touchdown to account for
them in the design phase and guarantee for a stable and safe
landing. Current studies offer only simplified two-dimen-
sional models to investigate the fluid sloshing impact on the
landing behaviour of vertically landing vehicles. Structural
fluid—tank interactions during touchdown are not addressed.
To contribute to the related research, the presented study
experimentally investigated the fluid—vehicle interactions
during touchdown of a functional touchdown demonstrator,
containing a partly filled tank.

The main findings of this campaign with the here exam-
ined parameter combinations can be concluded as follows:

1. To prove repeatable landing behaviour, sensor data of
tests with the same landing parameters are compared.
For all sensor data of interest for this study, which
includes accelerations and forces at the tank, attitude
data of the vehicle and impact forces at the footpads,
high congruence among tests belonging to the same
test case are found. Hence, it is shown that the fluid
impact on the landing behaviour is non-chaotic and only
dependent on the landing conditions. Based on this find-
ing, data of different test cases can be compared to iden-
tify the fluid impact on the landing stability and on the
structural responses of the tank.

2. A stable landing is achieved if the landing vehicle does
not turn over at ground contact and its motions decay
with time. The fluid impact on the landing stability
can therefore be identified by analysing the vehicle’s
motions, which are composed of a tilting motion and
a vertical motion due to elastic rebound. Analysis of
the tilting angle of the TDD during touchdown shows
a decaying tilting motion in all test cases. It is found
that with increasing fluid mass the TDD’s tilting motion
decay rate is increased. Hence, the fluid has a dampening
effect on the TDD’s tilting motion, which is assumed
to be due to a phase shifted circulating wave that coun-
teracts the TDD’s motion. At higher landing velocities
higher decay rates are reached. However, the fluid tilting
damping efficiency decreases at higher landing veloci-
ties.

3. The tilting motion of the TDD is superimposed by
rebound jumps due to elastic resilience, during which
the footpads lose ground contact. This leads to an une-
ven load distribution and thereby affects the stability
budget of the vehicle. Thus, supplementary to the tilt-
ing motion, footpad forces and the vertical motion are
analysed. The results of these analyses support the ones
found through the tilting motion analysis. It is found that
the fluid has a stabilising effect on the landing behaviour
of the TDD.

4. The investigation of the fluid—structure interaction at
the tank is divided into analysis of the vertical tank-to-
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vehicle interface forces and the structural responses of
the tank bottom plate to the acceleration shocks dur-
ing touchdown. Correlations between the total vertical
tank-lander interface force and the vertical motion are
found. The fluid impact on the force response is char-
acterised by shifting the high frequency fractions of the
force response to lower frequencies. This corresponds
to the findings from the shock response analysis of the
tank bottom plate. This reveals that with increasing
fluid mass the higher the excitation of lower frequen-
cies through the acceleration shocks at the tank bottom
plate during touchdown.

The findings of this study provide a first insight on the
fluid—vehicle interactions and their impact on landing
dynamics and structural responses depending on varying
landing conditions. The obtained results are coherent with
those from Roithmayr and Pei, who used a rigid body mod-
elling approach and showed that for certain vehicle con-
figurations and touchdown parameters sloshing could have
a stabilising effect on the landing behaviour. Although, it
has to be noted, that their work focuses on lunar applica-
tions, with landings under lunar gravity. As only one test
object was used for this study, the results only apply for a
specific set of vehicle parameters. It remains open how the
fluid impact changes with varying vehicle and tank configu-
rations. Based on the findings from Roithmayr and Pei it is
expected that with increasing Hqqg/dg ratio, or at higher
landing velocities, the stability boundary is crossed and
the fluid slosh has a rather destabilising impact. As their
results are based on rigid body assumptions, the influence
of flexible vehicle bodies and varying parameters, such as
leg elasticity or a variable Hogg/dg ratio on the landing
behaviour under fluid impact remain for further investiga-
tion. Additionally, only one tank design has been used for
this study. Different tank sizes and forms are expected to
cause different fluid behaviours which may result in different
fluid-induced effects, thus, different landing behaviours or
structural responses. The impact of different tank configura-
tions on the fluid—vehicle interaction must be addressed in
the follow-up studies.

First indications of structural responses to fluid impact
were given by this work. However, the observed phenomena
could not be fully explained yet. The reasons for the non-
linear tilting motion damping efficiency of the fluid as well
as how mode couplings between fluid and structure affect the
structural responses remain unanswered. Also, how different
tank configurations affect the structural responses must be
answered within the scope of future works.

Many of the here listed open questions can be answered
by numerical multibody parameter studies. Based on the test
data obtained from this study, a flexible simulation model
can be set up and validated and used for numerical parameter

studies. This poses a time- and cost-efficient way to investi-
gate the fluid impact for different vehicle parameters, vary-
ing tank configurations and fluids with different viscosities
to determine stability boundaries, structural responses and
interface forces for different touchdown scenarios.
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