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1 Introduction

Within the next years several missions will take
place to land scientific payloads on Mars. Most of
the upcoming missions will deploy rovers, but also
other scientific payloads are to be delivered to the
surface. In the long term some missions aim at
paving the way towards the first man-rated mission.

In this context one critical technology to master is
the entry, descent and landing (EDL). While
previous missions targeted to reach easy-to-access
landing sites with minor precision requirements, the
more ambitious scientific missions will have to cope
with new issues. The main technology drivers in this
context are the requirements to be able to land at
higher altitudes, to perform precision landing and
finally to perform hazard avoidance manoeuvres.
The typical approach for such an EDL scenario is to
use parachutes deployed at supersonic speeds in
combination with powered soft-landing. Clearly, the
performance of a powered lander is restricted by its
amount of propellant, while all of its initial kinetic
energy is dissipated during entry and parachute
descent. This disadvantage might be avoided by the
implementation of an auto-rotative descent and
landing system.

Auto-rotation is a state of motion in which the air
stream around a free-falling vehicle propels a rotor
such that the rotor produces thrust. Helicopters use
this principal to land safely in the event of turbine
failure. With an auto-rotating vehicle it is possible to
perform precision landing while maintaining
complete controllability. A Martian EDL system
based on auto-rotation can, therefore, decelerate
after entry, like a parachute equipped system, and
glide to a dedicated landing site reaching a down-
range capability as high as 25 kilometres. The study
performed for ESA describes such a system
concept, its applicability and the need for technology
demonstration.

The documentation supporting this study is to be
found in References [1] to [18].

The work summarized here is based on the following

requirements:

— the probe to be landed shall follow a ballistic
entry trajectory,

— the probe shall have a Viking-like aeroshell,

— the probe shall be landed at altitudes below
2000 m,

— the probe shall be landed at a descent velocity of
less than 20 m/s,

— the landing vehicle shall be capable of
manoeuvring close to the surface prior to
touchdown, and the landed mass shall be
between 20 and 200 kg.
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2 Mars, Entry, Descent and Landing
Challenges

For scientific missions on Mars it is necessary to

decelerate a probe from interplanetary arrival

speeds of about 5 km/s to 7 km/s to nearly zero

speed at touchdown. Typically most of the kinetic

energy is dissipated during entry and to date most of

the remaining kinetic and potential energy is

dissipated during a parachute descent. A typical

entry, descent and landing mission on Mars consists

of the following phases:

e Entry

e Parachute deployment (at about Mach 1.5 - 2.0)

e Descent

o Retro-rocket braking (at about 100 m altitude and
60 m/s descent velocity)

e Airbag landing

Alternatively, powered landing missions (e.g. Viking)
were performed in which the landing was achieved
completely by thrusters and landing legs instead of
retro-rockets and airbags. Reference [19] provides
an overview of past and planned Mars exploration
missions.

As the study is intended mainly to analyse the
feasibility of an auto-rotation system for descent and
landing on Mars, the focus has not been set on the
entry phase. Nevertheless, the entry strongly
influences the rotor deployment conditions, as it
does also with the parachute deployment conditions
in a “traditional” EDL scenario. It is also known that
the ballistic coefficient of the entry vehicle
significantly influences the rotor deployment
conditions. The ballistic coefficient is defined as:

m
= A
D " ref
where: m = mass of entry vehicle,
Cp = drag coefficient, and
Ar = aerodynamic reference area

For a Viking-like entry probe the drag coefficient
around zero degree angle-of-attack (hypersonic
ballistic entry) is Cp =1.6. The reference area in this
case is a circular area with a diameter d. For
different entry vehicles the mass and the diameter
are different thus leading to different ballistic
coefficients.

As can be seen from Figure 1, the entry becomes
steeper with increasing ballistic coefficient and the
deceleration starts at lower altitudes. The result is a
higher velocity at any given altitude (e.g. at 10 km
the velocity for B = 50 kg/m? is 340 m/s and for B =
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150 kg/m? it is 900 m/s). The blue zone in Figure 1
marks the zone of typical parachute deployment
(dynamic pressures between 250 Pa to 1200 Pa and
Mach numbers between 1.1 and 2.1). It can be seen
that the entry flight paths with ballistic coefficients
above 140 kg/m? do not pass through this region
and hence cannot be used with ballistic entry
missions. This limit will most probably decrease
further when atmosphere variations are taken into
account. Also, a ballistic coefficient of 30 kg/m?
defines a lower limit.
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Figure 1: Flight path velocity - altitude diagram for
entries with various ballistic coefficients

Probes are either controlled during entry in order to
achieve lift at a specific angle-of-attack or enter on a
ballistic trajectory. However, just before entry
uncontrolled ballistic capsules are rotated with a
small spin rate in order to provide spin-stabilization
(Mars Pathfinder’s roll-rate is 12 deg/s [20]). The
design of the deceleration system has to take into
account spinning motion which might tangle
parachute lines or induce other undesirable effects.

Besides mission specific constraints arising from the
entry, the selection of a target landing site is also of
importance for EDL missions. Figure 2 shows the
global topography of the surface of Mars as a
function of surface elevation. While the northern
hemisphere is well below the reference zero altitude,
the southern hemisphere is mostly above. The
southern hemisphere is on average six kilometres
higher than the northern and contains older
areological formations. Figure 3 depicts some of the
past landed science missions as well as the
envisaged landing altitude of the Mars Science
Laboratory. From this figure it can be seen that most
of the past missions reached landing sites in modest
and easy-to-reach altitudes. Regions of interest are,
nevertheless, located on the ancient highlands of the
south. However, landing sites above 4 km altitude
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are relatively small parts of the whole planet.
Landing missions should, therefore, aim for landing
altitudes of up to 4 km. The altitudes were measured
by the Mars Orbiter Laser Altimeter (MOLA). Future
missions are, therefore, likely to aim for landings
below this height.

Selection of a specific landing site depends on the
goals of each individual mission and imposes
constraints on the design of any landing system. An
issue of importance is the hazard due to rocks in the
landing area. The rock size and distribution defines
the landing system as well as the desired method of
landing (e.g. landing with a horizontal velocity
component and a sled-like landing system).

]

Figure 2: Maps of Mars global topography
(Courtesy NASA/JPL-Caltech)
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Figure 3: Mars elevation area distribution [20]
The above definition of the maximum target landing

site altitude defines a lower limit for the deployment
altitude. Assuming a parachute deceleration of

2
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typical missions, the vertical distance covered during
deceleration is about 800 to 1000 m. Accounting for
deployment delays due to sensor uncertainties and
other sources, a loss of altitude of 1500 m should be
assumed for the deceleration. Combining these with
the desired landing altitude the deployment must be
performed at least at an altitude above 5.5 km.

From Figure 1 it can be seen that for a parachute
deployment at Mach 2.1, the minimum 5.5 km
altitude can only be achieved by entry capsules with
a ballistic coefficient less than 120 kg/m2. The upper
deployment altitude is not really limited despite the
fact that higher altitudes at given Mach numbers are
only reached for lower ballistic profile capsules.
Therefore, the upper limit for a 30 kg/m? capsule
would be 19 km. Such a capsule would very soon
break through the upper dynamic pressure boundary
and thus reach Mach 1.1 at a higher than allowed
dynamic pressure. An upper limit of 19 km was,
nevertheless, selected as the parameter range for
further analysis. Table 1 summarizes the selected
boundary conditions.

Ballistic coefficient (entry) [kg/m?] 30 120
Mach number [ 1.1 21
Dynamic pressure [Pa] 250 1200
Deployment altitude [km] 55 19

Table 1: Deployment conditions for parachute/auto-
rotative EDL missions

In contrast to classical EDL missions, the mission

sequence of an auto-rotation system is as follows:

— entry

— release of rotor cover

— deployment of rotor, establishment of auto-
rotation state and deceleration

— release of heat shield (assuming traditional heat
shield technology)

— glide phase

- flare

— touchdown

For a mission capable of meeting future require-
ments it will almost certainly be mandatory to
provide full hazard avoidance capability and,
therefore, the complete chain of EDL events should
be designed to support guided flight operation. In
order to ensure this type of operation, the orientation
of the rotor disc of the deployed configuration must
be fully controllable. Therefore, an auto-rotation
based EDL system will have a high degree of
autonomy and, when equipped with a dedicated
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sensor suite and a modern avionics system, it will

have the following features:

e autonomous deployment of the rotor system as
commanded by the guidance system

e guided flight to a dedicated target point

e autonomous performance of hazard avoidance
manoeuvres (selection of new target point)

o flare manoeuvre to perform a soft and precise
landing at the selected location

2.1 Transition from Entry to Descent

Transition from entry to descent takes place when
the rotor is deployed. This is assumed to happen at
Mach 2. Past missions tend to release the parachute
at smaller Mach numbers but in order to reach
landing sites at a high altitude an earlier deployment
at higher Mach numbers is necessary. Rotor
deployment is designed to take place at Mach 2 and
at an altitude of approximately 10 km. The required
target landing velocity is in the range from 10 m/s to
20 m/s. Figure 4 shows the velocity-altitude diagram
for the transition to both landing velocities, the solid
red lines indicating the velocity profiles for 10 m/s
and 20 m/s landing speeds. It can be seen that after
entry the capsule encounters the region of
parachute/rotor deployment (blue zone). After
deployment the velocity decreases until the vehicle
achieves steady state descent. Depending on the
target landing speed, the vehicle either decelerates
faster at higher altitudes or slower at lower altitudes.
The dotted line shows the entry trajectory to
touchdown if no deceleration device is deployed.
The final descent trajectories with 10 m/s and 20 m/s
in this figure are assumed to be vertical.
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Figure 4: Altitude vs. Velocity for reference mission
(B =70 kg/m?)

It was found during first mission design iterations
that it might be beneficial to use the lifting
capabilities of the rotor even during deployment.
However, at present it is not clear how this would
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interfere with the acquisition of auto-rotation and
what the impacts will be on controllability. Therefore,
it was assumed for the purposes of analysis, that
during rotor deployment, the rotor disc will be
perpendicular to the free stream and hence to the
general motion of the vehicle. Glide and controlled
flight will take place after the vehicle has been
decelerated and a steady descent state has been
achieved. During deceleration altitude is lost and,
since it is an uncontrolled phase in terms of flight
direction, down and cross range capability is also
lost.

2.2 Glide Phase

During the glide phase it is possible to guide the
auto-rotation system in a desired direction. Figure 5
shows the theoretically possible down range capa-
bility. For example, the lander could achieve a
maximum down range of 28 km from an initial height
of 8 km to reach a desired landing site at an
elevation of 0 km assuming a lift/drag (L/D) ratio of
3.5.

Altitude Difference [km]

Figure 5: Down range (km) capability as a function
of altitude difference and L/D ratio

However, two effects need to be considered. Firstly,
if it is intended to land at higher altitudes, say 4 km,
the possible achievable down range is reduced to
14 km. Secondly, if winds are encountered (which is
most likely), then the down range capability might
also be reduced since the wind alters the angle-of-
attack and hence the L/D ratio. Furthermore, it might
be necessary to perform a hazard avoidance
manoeuvre, which, depending on the mission
specific needs, imposes a minimum cross and down
range requirement.

Figure 6 shows the down range capability of an
auto-rotation system for a ballistic coefficient of
0.8 kg/m? and an 8 km altitude difference. It can be
seen that, depending on the L/D ratio at lower wind

© 2009 EADS Astrium

velocities, flight against the wind is possible. When
the wind increases, the down range capability is lost
and even becomes negative. Changing the L/D ratio
actively during flight by altering the angle-of-attack
has a beneficial effect only on the down range if the
drag is not increased.
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Figure 6: Down range (km) as a function of L/D ratio
and wind speed (AH = 8 km, B = 0.8 kg/m?)

2.3 Flare and Touchdown

The gliding phase could include a flare manoeuvre
prior to the actual landing. This manoeuvre can be
performed in two ways:

e by pitching up the whole vehicle and thus
reducing vertical speed while simultaneously
decreasing lateral speed (maximum horizontal
velocity component reduction will be achieved
when pitching against the wind direction), or

e by increasing the collective pitch angle of the
rotor blades.

In principal, the two options might also be combined
and performed simultaneously.

3 Auto-rotation

The auto-rotation principle is based on the
aerodynamic lift generated by freely-rotating (i.e.
unpowered) rotor blades in forward and vertically-
descending flight. Vehicles using this principle are
termed autogyros. Unlike helicopter rotor systems,
the autogyro rotor is mechanically simple and the
blades do not necessarily require cyclic pitch control.
Autogyros have been developed and flown with a
moveable axis without cyclic pitch control or a fixed
rotor axis with cyclic pitch control.

Auto-rotational landings of various types of vehicle
have been conducted in terrestrial free flight trials
and wind tunnels tests, and, practically, in
emergency situations with helicopters since the

4
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1920s. Interest in auto-rotation landing systems re-
emerged in the 1950s and 1960s with schemes for
the recovery of air-launched payloads, rocket
boosters and manned lifting bodies and capsules as
an alternative to parachutes and parafoils. In the
event only parachutes were adopted for the retrieval
of re-entry vehicles; rotor systems being considered
difficult to develop, especially if deployed during the
re-entry phase (aerothermodynamic technology
development was required), mechanically too com-
plex and difficult to install.

The most extensive investigation of auto-rotation
landing systems was done by Kaman Aircraft
Corporation in the period mid-1957 to mid-1967. At
that time Kaman was interested in developing these
systems for air-launched payloads but suggested
that the system was applicable to the terrestrial
recovery of space vehicles such as manned re-entry
capsules [21]. Other proposals for auto-rotation EDL
systems also considered inflatable rotors [22, 23].

Figure 7 shows the interaction of design parameters
with the dynamic and kinematic parameters
influencing the design of an auto-rotation EDL
system.

A comparatively simple calculation to determine
rotor sizes to meet the requirements specified in the
Introduction can be based on estimates of the
performance of a rotor system by applying
momentum theory for an actuator disc model of a

uniformly loaded rotor. The auto-rotation perform-
ance may be considered in terms of a drag
coefficient based on rotor disc area and vertical
descent velocity (leading to a drag coefficient Cp
=1.1).

Considering a vertical descent, the condition that the
auto-rotation system drag should equal weight for
the maximum permissible descent velocity at the
elevation of the landing surface leads to the
following simple formula:

1/ ,"IS-m-g
d_/\-'r \,‘I ACD,U

where: d = rotor diameter,
v = descent velocity,
m = landing mass including rotor system,
g = gravitational acceleration,
Cp = drag coefficient, and
P = atmospheric density

Therefore, the rotor diameter required is inversely
proportional to the maximum permissible vertical
speed at landing elevation and proportional to the
square root of the total landed mass (landing mass
and mass of descent and landing system).
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Figure 7: Design parameters and their interaction for an auto-rotation EDL system
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The main considerations for initial rotor sizing can be

summarized as follows:

e The rotor diameter is basically determined by
the desired vertical descent velocity.

e The desired vertical descent velocity 10-20 m/s
(ESA Specification) is high. However, glide
operations with a forward speed component as
well as landing flare allow significant reductions
of sink rate compared to vertical descent.

e Blade geometry (chord length, aspect ratio) is
determined by the number of blades and the
desired rotor solidity.

e Maximum permissible rotor speed of rotation is
determined by rotor blade tip Mach number
limitation (Mach 0.8 - 0.9).

Assuming a single rotor system, a variation of key
parameters reveals the dependencies shown in
Figures 8 and 9, the former showing the required
rotor diameter versus total landing mass for a
vertical descent speed range of 10 to 20 m/s und
Mars conditions at 0 m MOLA.

Figure 9 shows the non-linear increase of the rotor
diameter with increasing EDL system mass. The
shape of the curve allows the conclusion that the
relative weight and size required for a rotor system-
based EDL system tends to favour such applications
towards heavier lander masses.
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Figure 8: Required Rotor Diameter vs. Total Landing
Mass (Mars conditions 0 m MOLA)
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Figure 9: Comparison of Rotor Diameter vs. Vertical
for a vertical descent speeds of 10 m/s and 20 m/s
Descent Velocity for Mars and Earth (Mars
conditions 0 m MOLA)

4 Inflatable Auto-rotation System
Concept for EDL on Mars

Two basic rotor concepts were examined using data
derived from Figures 8 and 9, namely, a “rigid” rotor
system with telescopic blades (Figure 10) and a fully
inflatable rotor system (Figure 11).

The potential advantage of the rigid rotor system
might be seen in the fact that there exists a wealth of
experience on the actual aerodynamic function of
rotor systems made of rigid materials, at least for
terrestrial applications. This also includes various
rotor folding mechanisms to reduce hangar space
required by larger helicopters. Of course, such
folding mechanisms can in no way be considered
fully comparable to the requirements for a rotor
system to be unfolded in flight on Mars. Of relevance
to telescopic rotor blade mechanisms, is the
experience gained with of a high performance
sailplane, the Akaflieg Stuttgart fs29, which
demonstrated the feasibility of varying the span of
thin, high aspect ratio lifting surfaces by means of
telescopic wings in flight. On the other hand, only
limited actual experience exists regarding the aero-
dynamic operation and performance of inflatable
rotor systems.[24] However, inflatable fixed wing
piloted and remotely-piloted aircraft have been
demonstrated in actual flight under Earth conditions.
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Figure 10: “Rigid” rotor system with telescopic
blades
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Figure 11: Inflatable rotor system concept

A detailed trade-off between these two basic options
clearly favoured the inflatable system both in terms
of mass and packaging. The rigid rotor system
proved much heavier than the inflatable system and
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had a mass almost as much as the capsule it was
intended to land. The three-bladed inflatable rotor
mass/total landed mass fraction is of the order of
11% (descent speed 20 m/s, landed mass 200 kg,
mean rotor diameter 19.30 m). The size of the
stowed rigid rotors required them to be housed in a
tail-like fairing behind the entry vehicle, whereas the
deflated inflatable rotor was stowed in a flat circular
compartment within the capsule’s back shell. The
inflatable rotor was selected as the more promising
concept and a successful deployment test
demonstration of the concept took place in the
autumn of 2009.

The initial design of the inflatable rotor system
concept was based on a rotor solidity factor of 0.08,
a value defined for a vertical descent of 20 m/s at an
altitude of 2000 m MOLA. This performance
requirement allowed a three-bladed rotor system to
be considered (Figure 11) but in order to achieve a
sufficiently high gliding performance to allow lower
touchdown speeds it was found necessary to
increase rotor solidity to a value of 0.16. This
situation led to a reconsideration of the method of
packaging the deflated rotor without substantially
increasing its stowage volume and resulted in a six-
bladed rotor system. (Figure 12). The six-bladed
inflatable rotor mass/total landed mass fraction is of
the order of 18% (descent speed 20 m/s, landed
mass 200 kg, mean rotor diameter 20.16 m).
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Figure 12: Improved inflatable rotor system concept
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5 Simulation for System Evaluation

The logic for the system comparison is shown in
Figure 13. Auto-rotation system concepts are
defined by means of the integrated parametric
design tool from specific requirements. The same
requirements are applied to reference parachute
based system concepts. Both system concepts are
transferred to the ATPE simulator to simulate the
trajectory and derive the landing state, which will
enable a performance comparison to be made.

Integrated

Parametric
Design Tool

auto-rotation
system concept

parachute based
system concept

ATPE ATPE

Simulator

Simulator

auto-rotation vs. parachute
performance comparison

Figure 13: Simulation workflow and usage of tools

In order to produce comparable results, both lander
system options must be based on the same
requirements. The SOW requested consideration of
landed masses between 20 and 200 kg and vertical
landing velocities of 10 to 20 m/s. Table 1 identifies
the options which were analysed in the study.

Landed Mass [kg]
20 100 200
Landing 10| Option1 | Option 3 | Option 5
Velocity
[m/s] 20 | Option2 | Option4 | Option 6

Table 1: System option designations

For all options, as defined in Table 1 and for the
auto-rotation and parachute-based system concepts,
the results were derived for:

— alanding site altitude of 0 m MOLA,

— a mean atmospheric density, and

— no and medium wind conditions

The entry conditions are the same for all options and

both concepts and the initial and final conditions of
the entry are given in Table 2.

© 2009 EADS Astrium

All auto-rotation lander system options are derived
using the integrated parametric design tool.[14]

All parachute-based lander system options are
based on the Mars Pathfinder concept, in which a
passive entry capsule deploys a disc-gap-band
parachute. The vehicle descends under the
parachute until retro-rockets are fired for terminal
descent. A few metres above ground the vehicle's
vertical velocity nulls-out and the lander is released
from the backshell protected by airbags. The
terminal descent thrust and the null-out altitude must
be adapted individually to the specific option. The
specific impulse of the retro-rocket system is
assumed to be 250 s and the drag coefficient of the
parachute is assumed to be 0.55.

Parameter Value
Entry Conditions

Flight Path Velocity [m/s] 5800
Flight Path Angle [deg] -12
Entry Ballistic Coefficient  [kg/m?] 60
Deployment Conditions

Altitude [m] 10041.00
Flight Path Velocity [m/s] 383.45
Flight Path Angle [deg] -28.40

Table 2: Initial and final conditions of the entry
trajectory

5.1 Simulation Results Auto-Rotation
System

The resulting landing velocities for all auto-rotation
options are presented in Figure 14 (vertical landing)
and Figure 15 (flare landing). For the vertical landing
it can be seen, that options 1, 3 and 5 relate to the
10 m/s landing velocity requirement. Only the
vertical component of the velocity is relevant in this
analysis, since the lateral velocity induced by wind
can be mitigated by the vehicle for the given wind
profile. A positive effect of this mitigation is that the
vertical landing velocity is slightly decreasing, when
wind acts on the lander.

For the flare landing, only the horizontal component
of the velocity is relevant since the tangential landing
sequence reduces the vertical component to nearly
zero. Flare landings reduce the landing velocity
significantly. It is to be noted, that head and tail wind
refers to the wind condition during the gliding flight.
The landing is always performed against the wind
direction.



—+
EADS -

SskEriom

The error ellipses and the mass factor of the auto-
rotation options are presented inTable 3. It can be
seen, that the error ellipses are smaller for the low
landing velocity options. The mass factors are also
smaller for the low landing velocity options.

5.2 Simulation Results Parachute-
Based System

The resulting landing velocities for all parachute
based options are presented in Figure 16 (vertical
component) and Figure 17 (total velocity). It can be
seen, that options 1, 3 and 5 relate to the 10 m/s
landing velocity requirement. It can be noted, that
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the vertical velocity component increases only
slightly when wind is acting on the vehicle. However,
the total velocity increases strongly, since lateral
velocity is induced.

All parachute-based options descend with the same
descent speed profile. Therefore, their downrange
error during descent is similar. The error induced by
the parachute descent is roughly 1.8 km. The total
error ellipse major axis of parachute missions is
typically between 80 and 150 km. This includes
errors arising from entry descent and landing.
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Figure 14: Vertical landing velocity of an auto-
rotation configuration

Figure 15: Flare landing velocity of an auto-rotation
configuration
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Figure 16: Vertical component of the landing
velocity, parachute-based configuration

Option 1
Error ellipse  Max [km] 121
major axis Min [km] 51
Landed Mass [kal 20
Entry Mass [kg] 42
Mass factor [[] 0.48

Figure 17:Total landing velocity, parachute-based

configuration
2 3 4 5 6
135 121 135 120 137
65 51 65 50 67
20 100 100 200 200
30 201 141 421 282
068 050 0.71 048 0.71

Table 3: Error ellipses and mass characteristics of auto-rotation configurations
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5.3 Results from Simulation

The primary aim of the simulation was to establish a
range of top-level mission parameters for which the
inflatable auto-rotation system is potentially a viable
or superior option. These parameters may include
the figures of merit;

— fraction of payload mass with respect to entry

mass
— maximum achievable landing site altitude
— landing accuracy in terms of error ellipse

However, other parameters, such as landing
velocity, wind conditions, etc, can also be taken into
account.

Noticeable from the results presented in Section 5.2

is that the landing velocity of the auto-rotation

system can be significantly reduced when a flared
landing is performed. This situation allows two
design options:

1. a reduction in rotor dimensions which increases
the flare landing velocity with the benefit of
increasing payload mass as well, and

2. a tightening of the landing velocity requirement
which might result in a simplified touchdown
attenuation system (airbags, legs, sled, etc).

Therefore, the application of an auto-rotation system
allows a soft landing in comparison to a parachute-
based mission, which performs a semi-hard landing.

The simulation also revealed that the landing
velocities of the auto-rotation system are less
sensitive to wind effects. While for parachute-based
systems the velocity increases, the auto-rotation
system even benefits from moderate wind velocities.
Since Mars is a windy place this helps to reduce
mission uncertainties.

Another effect of applying the auto-rotation system is
that it provides a significant glide capability which
the parachute design does not have. This allows, at
least, hazard avoidance manoeuvres and, in combi-
nation with guided entry, also precision landing.

The mass factors of the parachute systems were all
assumed to be 0.62 for the analysis because of the
estimation method. The mass factors of the auto-
rotation system strongly depend on the vertical
landing velocity and glide performance require-
ments. They vary between 0.48 and 0.71 within the
analysis but even for the high velocity options (2,4
and 6), which have the highest mass factors, the
flare landing velocity is below the landing velocities
of the corresponding parachute-based options. Thus
it seems to be very likely, that lighter systems can be
achieved with an auto-rotation design resulting in an
increased payload capacity.
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When comparing the velocity results for different
landing site altitudes it was found that the velocity
stays constant for parachute-based systems. The
reason for this is that the retro-rockets are fired to
reduce the velocity to almost zero at a given altitude
above the ground followed by a freefall of the lander.
This is independent of the landing site altitude
(LSA). In contrast, the velocities for an auto-rotation
lander decrease with decreasing LSA because of
the increasing atmospheric density. If the LSA is
increased, then the landing velocity also increases.
At this point the mission requirements need to be
taken into account since increasing the LSA might
result in harming landing velocity requirements.

LSA effects on downrange are different for the
parachute-based and the auto-rotation systems.
Downrange in terms of parachute systems basically
relates to landing position error. The error ellipse
increases with decreasing LSA. For the auto-rotation
system there is a different perspective, since down-
range relates to reducing the entry induced position
error, i.e. lower LSAs increase the accuracy.

The highest achievable landing site is basically
limited by the deployment altitude and velocity. The
parachute or auto-rotation descent sequence is quite
similar in terms of timing. The parachute is deployed
and decelerates the lander which then descends
until firing the retro-rockets 100 to 200 m above the
ground. The rotor of the auto-rotation system is
deployed and decelerates the lander which then
descends until initiating the landing manoeuvre 100
to 200 m above the ground.

Auto-

Top-level Mission Rotation Parachute
Parameter System System
soft-Landing capability + -
wind effect mitigation + -
hazard avoidance + -
precision landing + -
payload mass capability + -
achievable LSA - +
heritage - +

Table 4: Top-level mission parameter evaluation

Table 4 provides an overview of some top-level
mission parameters and shows which of the descent
and landing system concepts better satisfies specific
needs. From the discussion above it can be
concluded, that the auto-rotation system offers soft
precision landing capability with hazard avoidance
and is capable of mitigating wind effects. Further-
more, a higher payload mass can be achieved with
an auto-rotation system. Concerning the achievable
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landing site altitude, the major means of increasing it
is to perform a guided entry. Thus both systems do
not offer such a possibility. The main advantage of a
parachute based system concept is its heritage.

5.4 Scaling effects

Scaling effects with respect to the size of the lander
is understood as scaling the landed mass. With the
scaling of the landed mass, all masses and
dimensions, such as entry capsule diameter, entry
mass, rotor storage volume and rotor diameter, are
also scaled. These parameters are, furthermore,
influenced by the selected rotor solidity. Figure 18
shows the influence of the landed mass on the rotor
diameter at a constant landing site altitude. The
representation includes a computation of the rotor
system mass which is specific for the selected
inflatable rotor system. It is not necessarily valid for
different auto-rotation systems.

In Figure 18 the vertical landing velocity is shown as
a function of the rotor diameter for different landed
masses. Since the vertical landing velocity is usually
a predefined requirement, the diameter of the rotor
is scaled with the landed mass. An increase in the
landed mass for a specific velocity (e.g. 15 m/s)
leads to a higher rotor diameter (10 m — 24 m —
37 m). Decreasing the mass shifts the minimum
achievable landing velocity towards lower values
while also decreasing the required rotor diameter.
However, the minimum of the specific mass line
does not necessarily correspond to an optimal
solution for the auto-rotation system. This situation is
clarified from the following figures showing the
relation between landing velocity, rotor diameter and
rotor solidity (Figure 19) and the relation between
Descent and Landing System (DLS) mass, rotor dia-
meter and rotor solidity (Figure 20).
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Figure 18: Velocity vs rotor diameter for different
landed masses
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Variation of Solidity (mL =100 kg)
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Figure 19: Velocity vs. rotor fiameter —
variation in rotor solidity
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Figure 20: DLS Mass vs. rotor diameter —
variation in rotor solidity

Obviously, there is a trade to be made between DLS
mass and glide capability, since masses are limited
by entry ballistic coefficients and launch vehicle
capacity. The following points can be concluded
from the analysis:

— for smaller landed masses and higher landing
velocities the degree-of-freedom in the selection
of rotor system characteristics increases, and

— high landed mass vehicles will need smaller
solidities

6 Inflatable Rotor Demonstrator

The inflatable rotor demonstrator was designed and
manufactured for terrestrial demonstration of its
deployment in accordance with ESA’'s SOW.[1]

The general requirements for the design of a full-

scale AMDL rotor are defined in Reference [3] and
they were applied where appropriate to the design of
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the small-scale terrestrial demonstrator. It should be
noted that the terrestrial demonstrator was required
only to demonstrate successful deployment of the
rotor blades by inflation but not necessarily a
demonstration of transition to rotary movement after
the deployment of the blades. In this case, design
comprises were made with regard to the aero-
dynamic profile of the rotor blade and the use of
non-space-qualified materials, both aspects enabling
a demonstrator to be designed and manufactured
within the ESA-specified cost for the design,
manufacture and testing of the demonstrator. Other
features essential to the operation of the full-scale
rotor were also not incorporated, e.g. pre-spin of the
capsule on entry, swashplate control system and
self-contained pressurization system.

Terrestrial demonstration took place in two phases,

namely:

1. Development and testing of a single rotor blade
which verified the overall strength of the blade
material and material bonds. These tests were
performed at different blade internal pressures
and different materials with the object of
determining the blade’s strength and stiffness
using different methods of fabrication, i.e.
bonding or welding.[17,18] The blades were
statically tested at up to an internal pressure of
500 kPa, the failure mode being delamination of
the material at the bond or weld. The deploy-
ment ring was statically tested at internal
pressures up to 180 kPa.

2. Development and deployment testing of the
inflatable rotor system:

— at Lindstrand Technologies’ premises: inflat-
able part only,

— at Astrium Bremen: complete rotor system
acceptance tests, and

— in the wind tunnel at Dresden-Klotzsche:
complete rotor system installed in the lander.

The demonstrator was tested in the large, open-
section, low-speed wind tunnel located at Dresden-
Klotzsche with the plane of the rotor disc perpen-
dicular to the airstream, i.e. the test simulated only
the deployment phase and not the glide phase prior
to touchdown of the lander. The diameter of the
deployed rotor system (2.5 m) was defined by the
size of the wind tunnel working section (3 m x 4 m).

The wind tunnel test conditions were determined
from theoretical aerodynamic/aerothermodynamic
analyses of the rotor/lander configuration using the
well-proven DLR Navier-Stokes and Euler-Solver
TAU Codes.

The freestream conditions which were selected

roughly corresponded to a deployment altitude of
5300 m MOLA at Mach 1.75. At deployment, the
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flow is basically perpendicular to the rotor disc/rotor
blades.

The corresponding freestream temperature and
pressure under typical Mars atmospheric conditions
were defined accordingly as T = 236.92 K and p =
436.18 Pa.

The CFD results for Mars conditions provided a
basis for the definition of realistic loads to be applied
under terrestrial wind tunnel test conditions to the
reduced scale deployment demonstrator model of
the inflatable rotor system. Figure 21 shows the
pressure distribution (blue curves) along the centre-
line of the rotor blade on the windward and leeward
sides with the corresponding cut through the capsule
and rotor blade outlined in black.
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Figure 21: Pressure distribution along centre-line of
the full-scale rotor blade

As can be seen from these results there is a
pressure difference between front and rear side of
the rotor blade of approximately 1800 Pa to 1900 Pa
over most of the blade span, with the exception of a
small area near the blade root where the flow is
shaded by the capsule.

The absolute pressure levels are small even under
supersonic flow conditions because of the compara-
tively very thin Mars atmosphere. Therefore, deploy-
ment seems feasible under these conditions, even if
the inflating rotor blades attain their maximum radius
initially outside the bow shock formed by the capsule
heat shield at deployment Mach number.

It is worth mentioning that the flow conditions just
after deployment indeed represent the dimensioning
blade load case with its average blade loads at
~1850 N/m? In the following flight phases, during
established auto-rotation operation, each of the six
blades (single blade area ~ 8 m2) of the reference
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design (244 kg total mass, meaning a weight force
of 903 N for the design) on average has to support
one sixth of the product weight x maximum
manoeuvring load factor. If maximum load factors
during auto-rotation manoeuvres up to n = 2 are
allowed, this translates to comparatively qwte low
average blade loads below 40 N/m? during
established auto-rotation.

The dominating aerodynamic similarity parameter
identified for the deployment test under sea level
atmospheric conditions on Earth are the dynamic
pressure conditions approximating to the typical
pressure loads on the blades, as obtained from the
theoretical CFD analysis for Mars conditions.

In order to achieve a similar dynamic pressure in the
same order of 1900 Pa in a wind tunnel with an open
test section a freestream velocity of 55 m/s under
Earth atmospheric conditions (density ~1.23 kg/m )
is required.

The wind tunnel deployment tests were conducted
with the three-bladed rotor system shown in Figure
11, which was redesigned to have a rotor solidity of
0.16. The inflatable parts of the rotor system were
fabricated from Polyurethane-coated Rrip-stop
Nylon. The fabric components were joined by
welding: the aluminium rotor blade end ribs were
bonded to the fabric. The blades were each made
from a single piece of material with vertical spar
webs, the flanges of the spars being RF-welded to
the outer skin of the blade (Figure 22). The
deployment ring was also made from a single piece
of fabric. The ring was attached to the blades by a
single hollow bolt reinforced with straps to prevent
the rotor blades twisting relative to the plane of the
ring during inflation. The air used for the inflation of
the rotor was obtained from a ground source and
distributed simultaneously through the rotor hub to
each of the blades.

Figure 22: Cross-section of multi-web demonstrator
rotor blade

The following inflation tests of the complete wind

tunnel demonstrator model were conducted:

1. Acceptance/check tests were made at Astrium
Bremen with the plane of the rotor disc
suspended vertically. These tests were con-
ducted at rotor internal inflation pressures up to
150 kPa to check for leaks and to obtain experi-
ence in packaging the deflated rotor.
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2. An initial check of rotor deployment was con-
ducted at zero wind speed in the wind tunnel
(Figure 23). During this test a leak between one
of the blade’s outer skin and inboard end rib
was found and repaired. An inflation test was
afterwards performed to ensure that the repair
had been made successfully. A rotor inflation
pressure of 130 kPa was selected for this and
all subsequent deployment tests.

V@&h

B

Figure 23: First deployment test at zero speed
WKK Dresden, 18 August 2009

3. The first series of tests at speeds of 24.2 and
28.9 m/s were conducted with the capsule
alone (rotor stowed and covered) Drag, lift, and
side forces were measured.

4. The second series were conducted with the

rotor pre-deployed at speeds between 11.7 and
15.1 m/s. These were made to assess the
behaviour of the rotor with respect to vibration,
flutter and distortion and to measure drag, lift
and side forces of the deployed rotor system.
The tests revealed a noticeable increase in
blade dihedral due to drag.

5. The third and final series of tests demon-
strated successful deployment (Deployment
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sequence shown in Figures 24 and 25). The
tests were conducted at speeds of 18.4, 20.4,
219 and 23.9 m/s. Full deployment was
achieved in about 15 seconds during the first of
this series of tests. Increases in speed up to
23.9 m/s resulted in greater deformation of the
deployment ring primarily due to drag effects on
the rotor .

© 2009 EADS Astrium

Figure 24: First of the successful deployment
demonstration tests, V = 18.4 m/s,
WKK Dresden, 19 August 2009

The tests verified the feasibility of deploying an
inflatable rotor and the use of the ring in deploying
the rotor from its downstream position immediately
after release from the capsule to its operational
position perpendicular to the airstream.

Leakage problems and pressure supply limitations
did not allow a test at a wind speed of 55 m/s to be
realized but the tests, nevertheless, achieved very
satisfactory results up to 44% of the design aim.

The design of the inflatable rotor system demon-
strator as tested will be considerably improved when
inflated with a higher pressure. On going develop-
ment on RF welding techniques by Lindstand
Technologies have led to blade designs which can
be inflated to 560 kPa.[18] These will be
incorporated in the second demonstrator to be
tested in 2010.

Improvements to the design inflatable rotor, based
on lessons learnt during the deployment
demonstration tests, are to be incorporated in the
planned second demonstrator, which is planned to
be tested in the spring of 2010.
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Figure 25: Last of the deployment
demonstration tests, V= 23.9 m/s
WKK Dresden, 19 August 2009

7 Auto-rotation Applications to
Venus and Titan Missions

Although the current study has focused on Mars
applications, the use of the DLS rotor system has
been assessed for missions to Venus and Saturn’s
moon, Titan.

Figure 26 shows the required rotor size vs. vertical
descent velocity for different planetary bodies and a
a range of landing mass of between 20 and 200 kg.
Included are rotor sizes not only for Mars but also for
Venus, Titan and Earth. As shown in this figure, the
dimensions of the rotor systems for Mars have to be
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significantly larger than for equivalent requirements
on Earth, requiring four to five times the rotor
diameters.

However, it is clearly evident from Figure 26 and
Table 5 how the dense atmospheres of both Venus
and Titan are much more conducive to the appli-
cation of rotor-based decelerators than the very thin
atmosphere of Mars. Landers for Venus and Titan
require rotor diameters more than an order of magni-
tude smaller (diameters of 1 m or less) for the
desired landing mass range.

15



—+
EADS -

SskEriom

Nevertheless, it should not be overlooked that the
environmental conditions on Venus are extremely
challenging, such as surface temperatures in excess
of 700 K, an atmosphere containing sulphuric acid
and the very high atmospheric pressure of Venus.
All of these conditions would preclude the use of an
inflatable rotor system.
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~ = — — Earth-Mass200ky
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. — = = Mars-Mass200kg
B - — WenLs - Mass 20 ki
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= ~
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i Total Landing Mass 20 or 200 kg

Rotor Diameter
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Vertical Descent Velocity (m/s)

Figure 26: Rotor size vs. vertical descent velocity for
different planetary bodies

Parameter Earth Mars | Venus | Titan
Density

[kg/m?] 1.225 0.015 64.8 5.513
Pressure

[KPa] 101.3 0.64 9200 147.9
[T}gmperat”re 288 | 214 | 720 94
Gravity 981 | 370 | 887 | 137
[m/s?]

Speed of 340 | 244 | 410 | 200
sound [m/s]

Table 5: Environmental conditions of planetary
bodies

8 Conclusions

The present status of the study indicates that auto-
rotation EDL systems are feasible within the limits
specified by the requirements. Although the
preferred concept relies on an “unconventional”
approach, the study team considers that the risk
associated with the development of an appropriate
inflatable rotor system technology is acceptable and
can be realized.

Compared with “rigid” rotor systems, the proposed
inflatable concept offers a low installation mass.

© 2009 EADS Astrium

Auto-rotation EDL systems also offer the possibility
of performing precision landings at relatively high
elevations and low descent speeds when combined
with a flared landing.

The deployment demonstrations of the inflatable
rotor system verified the feasibility of the concept.
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