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Abstract

A novel Inflatable Aerodynamic Decelerator (IAD) and platform for multi-point
measurements in the ionosphere, has been evaluated in the REXUS (Rocket-bourne
EXperiments for University Students) program. The experiment, named LAPLander
(Light Airbag-Protected Lander), was launched from Esrange 4th of March 2010 to an
altitude of 88 km. LAPLander is a 3.043 kg right-circular cylinder with a diameter of
24 cm and a length of 8.4 cm when the IAD is folded inside. At ejection LAPLander
is spin stabilized around its polar axis with 3.5-4 Hz. Contact was lost after ejection
which points to an electrical failure.

This thesis presents an evaluation of the LAPLander IAD and a 6 Degrees-Of-
Freedom (6-DOF) flight analysis. The 6-DOF simulation indicates that LAPLander
would start to wobble, but if the rotation around its polar axis is decreased more
than estimated, it will start to autorotate. Perhaps with high enough angular rate to
demand special precautions if a parachute is to be used as a mean of recovery. The
LAPLander IAD is designed to deploy at 6 km altitude. If the IAD was inflated in
space instead, the resulting reduction in the ballistic factor at reentry would save mass
on the heat protection system, and thus save mass on the overall recovery system. An
IAD derived from the LAPLander IAD capable of a 250 km apogee reentry will be
provided.

The IAD incorporate CO2 cartridges to inflate the system, these do each contain
a CO2 valve. A pre-launch valve failure resulted in that LAPLander flew without a
working IAD. The valves are based on the principle that resistors heat Field’s metal
above 62◦C (the melting temperature). The main mechanism of the valve failure seems
to be brittle creep in the Field’s metal at this point. Some IAD inflation-problematics
have been detected and this report provides a few recommendations.
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Sammanfattning

En innovativ Inflatable Aerodynamic Decelerator (IAD) (sv uppbl̊asbar aerody-
namisk decelerator) och plattform för multipunktsmätningar i jonosfären, har ut-
värderats inom REXUS-programmet (Rocket-bourne EXperiments for University Stu-
dents). Experimentet, kallat LAPLander (Light Airbag-Protected Lander), sköts upp
fr̊an Esrange den 4:e Mars 2010 till en höjd av 88 km. LAPLander är en 3.043 kg
tung cylinder med diametern 24 cm och höjden 8.4 cm när IAD är hopvikt inuti. Vid
separation fr̊an raketen, är den spinstabiliserad runt sin polära axel med 3.5-4 Hz.
Kontakten bröts med LAPLander efter raketseparationen vilket tyder p̊a ett elektriskt
fel.

Den här rapporten presenterar en utvärdering av LAPLanders IAD och en 6-
frihetsgrads flyganalys. Flyganalysen pekar mot att LAPLander kommer att börja
vobbla, men om rotationen runt dess polära axel minskar mer än uppskattat, kom-
mer den börja att autorotera. Kanske med s̊adan hög rotationshastighet att speciella
åtgärder kommer krävas om en fallskärm skall användas som huvudmetod att retardera
fallet. LAPLanders IAD är tänkt att vecklas ut p̊a en höjd av 6 km. Om IAD skulle
vecklas ut i rymden, skulle den ballistiska faktorn minska, vilket i sin tur skulle spara
massa p̊a värmeskyddssystemet. En IAD framtagen fr̊an LAPLanders IAD, kapabel
att klara ett återinträde fr̊an 250 km höjd, kommer att presenteras.

IAD inbegriper fyra CO2-trycktankar för att bl̊asa upp systemet. Var och en av
dessa inneh̊aller i sin tur en CO2-ventil. Ett ventilfel före uppskjutningen resulterade
i att LAPLander flög utan en fungerande IAD. Ventilerna är baserade p̊a principen
att resistorer värmer Field’s-metall över 62◦C (smältpunkten). Huvudmekanismen i
ventilfelet verkar i denna stund vara sprött krypbrott i Field’s-metallen. En del IAD-
problematik har uppmärksammats och denna rapport bidrar med n̊agra rekommenda-
tioner.
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Chapter 1

Introduction

The background of this thesis is the latest progress in space plasma physics research. To
make multipoint measurements in the ionosphere, several small space probes (< 3 kg) will
fly simultaneously, and because of bandwidth limitations, it is preferred that the data are
stored onboard which demand a safe recovery of these. One first prototype of this type
of space probe is the Light Airbag-Protected Lander (LAPLander) [52] built at the Space
and Plasma Physics division in the School of Electrical Engineering. The main objective
for the LAPLander project was to develop and test a novel recovery system. Being a
project under the REXUS program (Rocket-bourne EXperiments for University Students),
a second objective was to provide the involved students with a learning opportunity. In
total, 12 students have been involved in the project, including the author.

This thesis was initially meant to use post-flight data from LAPLander in order to build
an aerodynamic database and to perform a 6 Degrees-Of-Freedom (6-DOF) flight analysis.
Unfortunately, LAPLander was lost, and no data retrieved. The subsequent loss of the
LAPLander data analysis part of this thesis project has been replaced by a brief failure
investigation and more ambition to find data from other resources.

Understanding the motion, design and performance of LAPLander can provide a base in
the design of future recovery systems: this is the least common denominator of the report.
The LAPLander recovery system (RS) consists of an Inflatable Aerodynamic Decelerator
(IAD), a heat-protection management system and electronics that provide the landing po-
sition. How this RS was designed will be covered in the next Chapter. One idea that will
be examined is what would happen if the LAPLander IAD was inflated at the future des-
ignated 250 km altitude of the intended plasma physics platform. This idea will be treated
in Chapter 9. The chapters in between will formulate the 6-DOF simulation model and
suggest how LAPLander would have flown.
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Chapter 2

LAPLander

After reading this chapter, the reader will know the key features of the LAPLander experi-
ment, and also what happened to LAPLander at the launch campaign. The focus is on the
mechanical design since this is most relevant when making the flight analysis which also
includes an evaluation of the recovery system.

Figure 2.1 shows the main features of LAPLander. With the Inflatable Aerodynamic
Decelerator (IAD) folded inside the space probe, LAPLander is a 3.0 kg right-circular
cylinder with a diameter of 24 cm and a height of 8.4 cm, see the lower left corner of
Figure 2.1. LAPLander was ejected from the rocket at approximately 60 km altitude with
a rotation of 3-4 Hz around its polar axis.

The IAD would be deployed at 6 km altitude and is based on four ring-shaped airbags,
that each are connected to a CO2 cartridge and the parachute, see Figure 2.1. Together
they assemble a ballute (the word was invented by Goodyear in 1958 and originates from a
mix between balloon and parachute). The airbags are also supposed to protect the lander
at impact. To avoid further confusion it is worth to define the terminology. A ballute is a
type of IAD in which a fabric (i.e. parachute) is erected by the inflated subcomponents (i.e.
balloons or in this case airbags). The term ballute will be used to refer to the LAPLander
IAD. The word airbag is used in a different context than usual since the main function of
the LAPLander airbags is to erect the parachute and not to provide impact protection. In
order to protect the ballute at reentry, the lander has an ejectable hatch, see lower right
corner of Figure 2.1. The main structure can also be seen in Figure 2.1. In future versions,
such as in the SQUID (Spinning QUad Ionospheric Deployer) project, four wire-booms for
electric field measurements [24] will be attached to the sides of the square electronics box
located in the centre.

The conceptual design of the IAD have been performed by Christian Westlund, Mat́ıas
Wartelski and Li Xin, and the airbags designed by Patrik Ahlén, the author and Mat́ıas
Wartelski. The main reason of choosing this type of system was that such an IAD is
insensitive towards the motion of the space probe at deployment, and that it could float in
wet terrain (e.g. lake, marsh).

In addition to the mechanical part of the recovery system (RS), the payload is also
equipped with a radio beacon operating at 169.7 MHz and a satellite modem, which will
transmit the payload’s GPS position after landing. LAPLander carried an array of sensors
onboard in order to post-flight evaluate the performance of the RS (i.e. this thesis):

� One Inertial Measurement Unit consisting of a 3-axis accelerometer and four angular
rate sensors.

3



4 CHAPTER 2. LAPLANDER

� One pressure sensor to determine altitude.

� A pressure sensor in each CO2 cartridge to record the airbag inflation.

� A number of temperature sensors to monitor the CO2 cartridge, electronic box, etc.

� One camera to record ballute inflation.

� One state-of-the-art 3-axis digital magnetometer SMILE (Small Magnetometer In
Low-mass Experiment).

� One GPS based unit to determine attitude and position, CAGE (Cornell Attitude
GPS Experiment).

Figure 2.1: LAPLander after completed conceptual design. Illustration: Christian West-
lund.
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2.1 Design Overview

Figures 2.2 and 2.3 show the exterior of LAPLander during the days of the launch campaign.
The airbags are manufactured using an Aramide fibre sleeve (30 mm diameter at 45 deg,
13 grams/m) on the outside and with a low-mass butyl-rubber bicycle tube inflated on
the inside (50 grams). Typical mass of an airbag was 75 grams and the major and minor
diameters are 40 and 3.5 cm respectively. Typical inflation pressure is around 6 bar (tested
up to 12 bar). Burst pressure is unknown. Because the Aramide fibre sleeve was not coated,
its diameter varied with pressure, this is the reason for the appearance that the airbags are
too big for the parachute in Figure 2.2. Each airbag is connected to the parachute at eight
points. The parachute is made of coated nylon fabric with a total mass of 66 grams, and
the sides of the parachute are 0.75 m, making the reference area a 0.56 m2 square. The
beacon antenna is visible as the white cable spanning the airbag to the right in Figure 2.3.

In Figure 2.4 the ballute has been folded inside the probe and the hatch is to be closed.
On the top disk, the two black GPS antennas from the CAGE experiment are visible. The
antenna to the right is an ordinary GPS antenna and to the left is the satellite transmitter.
A second GPS antenna and satellite transmitter is present on the bottom disk since the
space probe may land on either side. In total LAPLander has seven antennas. Kapton film
covers the lander on all sides to thermally insulate it during reentry and after landing. The
heat-protection management is only covered by the mechanical design of the space probe.
The hatch consists of two 1.5 mm sheet aluminum panels connected by a hinge on the
backside. The hatch is wrapped around the probe by ropes pulling in the ends and is held
in place by the grooves on the disks. The disks are made of 3 mm sheet aluminum with 2 mm
deep grooves. To eject the hatch, a Dyneema rope is melted using an overloaded resistor
pushed against the rope by a spring, see Figure 2.5. The cutter is based on the design of the
BUGS experiment (Boom for University Gravity gradient stabilized Satellites), designed by
the Gruppo di Astrodinamica dell’ Universita degli Studi ’la Sapienza’ (GAUSS) [40]. Since
the hatch may become hot during reentry, the Dyneema rope is thermally insulated from
the hatch using an Aramide rope in between.

As mentioned before, LAPLander is the first prototype of a miniaturized platform for
plasma physics measurements, successors to LAPLander will have four wire-booms for elec-
tric field measurements [24]. In LAPLander the wire boom units are represented by four
dummies of the same dimensions, see Figure 2.5. In this version, the dummies are used for
alternative purposes:

� Umbilical: where the connection to the rocket service system is located.

� SMILE: contains the SMILE sensor (Small Magnetometer In Low-mass Experiment)
and a mascot for the rocket science course at KTH (which also acts as a counterweight
towards the heavier Camera dummy).

� Cutter: where the hatch rope is melted and thus ejects the hatch.

� Camera: contains the camera and one analog baroswitch that triggers the RS at 20
000 feet (6.1 km).

The square electronic box is positioned in the middle. The disks are attached to the elec-
tronics box using threaded plastic (PEEK) supports. In each corner a CO2 cartridge is
screwed to the electronic box. The cartridges are CNC-milled aluminum and have an as-
sembled mass, including control circuit boards and cabling, of 89 grams without CO2. They
are filled with a maximum of 13 grams CO2 ice each. The valves work by the principle that
Field’s metal plugs four holes on a circuit board, to release the valve, the metal is melted
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using four resistors, see Figure D.2 in Appendix D, [52] and [16]. About 1.5 W of input
power for 2 s is required to open a valve. Airbag supports are mounted on each side of the
cartridges, made of 0.5 mm sheet aluminum, in order to prevent the airbags from moving.
A close-up of the airbag supports with airbag can be seen in Figure 2.6. The blue fabric
is glued to the Aramide fibre sleeve and screwed to the supports; black tape covers the
screws so that the airbag will not get caught at deployment. Plastic film and tape are used
at various locations for this reason. The interface to the rocket can be seen in Figure 2.7.
LAPLander will be pushed away from the rocket by a spring that sits under the lander (not
seen in the figure). The lander is ejected by the pyrotechnic cutter.

Figure 2.2: LAPLander before folding the ballute.
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Figure 2.3: LAPLander showing the correct ballute geometry.

Figure 2.4: LAPLander with the hatch and the rope cutting mechanism (cutter dummy).
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Figure 2.5: LAPLander with removed top disk, electronic-box lid and airbags. The dummies
can be seen as: umbilical (top), SMILE (right), cutter (bottom) and Camera (left). Four
angular rate sensors can be seen on in the center of the circuit board on the prism-shaped
supports.
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Figure 2.6: Airbag support and umbilical dummy.
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Figure 2.7: LAPLander integration to the rocket. The nosecone will be attached to the
black cylinder which is the fuselage of the rocket, in other words, LAPLander sits under
the nosecone. The pyrotechic cutter and wire can be seen holding the three clamps which
in turn hold LAPLander.
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2.2 Launch Campaign

The rocket in the REXUS program is based on Swedish military surplus using Robot 77
(Raytheon MIM-23 HAWK), a single-stage boost-sustain Improved Orion rocket motor.
The mass of the rocket is about 515 kg (at launch) with a length of 5.6 m and a diameter of
35.6 cm. REXUS 8 carrying LAPLander, was launched from Esrange at 11:15 LT the 4th
of March 2010. The rocket had an apogee of about 88 km. LAPLander is expected to have
a similar apogee. The launch mass of LAPLander was 3043 grams (2747 grams without the
hatch). Because of a valve failure before launch, LAPLander flew unpressurized. A failure
analysis have been provided in Appendix D.

During the ascent, the system provided data from all sensors through the REXUS Service
Module up to the point of ejection. No signals were received after LAPLander left the rocket
which indicates that the space probe can have been turned off at ejection. Because of this
no conclusions can be drawn whether LAPLander would manage an impact or not. In the
future someone may find LAPLander in Lapland, Sweden, and then some light will be shed
on this matter; if the main payload and the hatch are separated, then LAPLander was likely
not turned off at ejection and the first part of the recovery system worked as intended.

During the test campaign (treated in Chapter 7), there was a problem with the valves.
In some occasions, soldering problems caused failure at the second day. To be sure that
this would not occur, they were always filled at least two days prior to assembly. The
CO2 cartridges were filled with 9 grams of CO2 ice (max 13 gram). Six days later one
valve failed. At this point LAPLander was situated on the rocket payload in the workshop.
Two loud noises could be heard, likely from when the Dyneema rope that holds the hatch
panels in place snapped, followed by the airbag burst. The wire and clamps successfully
held LAPLander in place (see Figure 2.7). After this failure the valve was resoldered and
the cartridge filled again. Another valve failed the same day eight hours later, fortunately
precautions had been taken, and LAPLander was not assembled to the rocket payload. By
then it was clear that the system could not be trusted; therefore, the three remaining valves
were released on purpose one at the time. This is how Figure 2.3 came to be.





Chapter 3

Formulation of the
6-Degrees-Of-Freedom Equation of
Motion

The main objective of this thesis was to calculate the trajectory and attitude of the space
probe. To perform this task, the full 6-Degrees-Of-Freedom (6-DOF) rigid body mechanics
will be implemented. This chapter will take the reader through the 6-DOF model, and set
the ground on definitions that will be used later on.

Figure 3.1 shows the Cartesian coordinate system that will be used in this report. Origo
is positioned in the centre of gravity. When confused with the 18 variables, go back to the
caption of this figure that provides these. For the reader not familiar with aeronautical
terms: roll correspond to a rotation around xB , pitch around yB and yaw around zB . The
LAPLander cylinder will be referred to as being disk-shaped, or just a disk; for now, this is
motivated by that its diameter is more than twice of the height. Another important feature
is the symmetry of the body which presumably will make the aerodynamic model simpler.
When modeling high apogees, a moving earth must be implemented since the earth will
move under the space probe, in this report, earth is flat. This assumption is valid for the
LAPLander trajectory analysis.

All units that will be used are standard ISO units, the angles are in radians and an-
gular rates in rad/s, these are converted in the results to the more apprehensive unit’s
degree and Hertz. Note that the earth x-axis, xE , is pointing down and not zE ; otherwise,
standard notations have been used, consult Modeling and Simulation of Aerospace Vehicle
Dynamics [13] and Dynamics of Flight, Stability and Control [6] for advice in the material
presented in this chapter.

3.1 Frames

Two frames are defined in Figure 3.1, the earth bound frame, denoted E, and the body
bound frame, denoted B. To move between the earth and body frame, following transfor-
mation matrix is used:

TBE =

 cos θ cosψ cos θ sinψ − sin θ
sinφ sin θ cosψ − cosφ sinψ sinφ sin θ sinψ + cosφ cosψ sinφ cos θ
cosφ sin θ cosψ − sinφ sinψ cosφ sin θ sinψ − sinφ cosψ cosφ cos θ

 (3.1)

13
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Figure 3.1: Earth/body coordinate system, where (xE , yE , zE) is the earth fixed coordi-
nates, (xB , yB , zB) is the body fixed coordinates, (u, v, w) is the velocities, (X,Y, Z) is the
aerodynamic forces, (ψ, θ, φ) is the Euler angles, (p, q, r) is the angular rates and (L,M,N)
is the aerodynamic moments.



3.2. KINEMATICS 15

where
−180 deg ≤ ψ < 180 deg
−90 deg ≤ θ ≤ 90 deg
−180 deg ≤ φ < 180 deg

are the Euler angles, see Figure 3.1. To avoid ambiguities these angles have to be applied
in a specific order, first a rotation ψ, then θ, and lastly ψ. The angles are defined with
respect to the earth frame. This matrix are used when transforming between the earth and
the body velocity, so that the position of the vehicle can be determined

VB =

 u
v
w

 = TBEVE (3.2)

and for clarity in the other direction

VE =

 uE
vE
wE

 = TEBVB (3.3)

where we have TEB = TTBE in this case (mathematical proofs can be found in [13] and [6]).
The aerodynamic forces (X,Y, Z) and moments (L,M,N) on the vehicle will depend

on how the velocity vector points. Because of this, another frame will be useful, the wind
frame denoted A (A stands for air), see Figure 3.2. The following transformation matrix,
TAB , moves between the body and wind frame (aeroballistic wind coordinates): V

0
0

 =

 cosαT sinαT sinφ′ sinαT cosφ′

0 cosφ′ − sinφ′

− sinαT cosαT sinφ′ cosαT cosφ′

 u− uw
v − vw
w − ww

 (3.4)

where the total angle of attack is

αT = arccos
u− uw
V

(3.5)

and the ballistic roll angle is

φ′ = arctan
v − vw
w − ww

(3.6)

where the four quadrant inverse tangent should be used so that −180 < φ′ < 180 deg and
0 < αT < 180 deg . The absolute value of the velocity vector is

V =
√

(u− uw)2 + (v − vw)2 + (w − ww)2 (3.7)

where the denotation W is stands for atmospheric wind (treated later in section 3.4). Note
that the atmospheric winds are defined in the earth frame, thus TBE must be used to get
uw, vw and ww from uwE , vwE and wwE . Just as before the transformation matrix obey
TBA = TTAB . In the left side vector of Eq. 3.4 only V is present, this must not always be
the case, turbulence is frequently modeled orthogonal to V .

3.2 Kinematics

Kinematics is the study of motion without reference to force or mass. As seen before, in
Figure 3.1, the Euler angles are used as a convenient way to represent the attitude of the
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space probe. Unfortunately, the Euler angels are not convenient to implement numerically.
Because of this the rotation quaternion’s will be implemented. The quaternion’s can be
derived from the Euler angles by using

q0 = cos ψ0
2 cos θ02 cos φ0

2 + sin ψ0
2 sin θ0

2 sin φ0
2

q1 = cos ψ0
2 cos θ02 sin φ0

2 − sin ψ0
2 sin θ0

2 cos φ0
2

q2 = cos ψ0
2 sin θ0

2 cos φ0
2 + sin ψ0

2 cos θ02 sin φ0
2

q3 = sin ψ0
2 cos θ02 cos φ0

2 − cos ψ0
2 sin θ0

2 sin φ0
2

(3.8)

and in the other direction by

ψ = arctan 2(q1q2+q0q3)
q20+q21−q22−q23

θ = arcsin−2(q1q3 − q0q2)
φ = arctan 2(q2q3+q0q1)

q20−q21−q22+q23

(3.9)

where the four quadrant inverse tangent is used. Eqation 3.8 is only used once: the input
will be in Euler angles which is more apprehensive, the Euler angles are then converted by
Equation 3.8 and the quaternion’s are used as boundary values in the ordinary differential
solver. Equation 3.9 are used to convert the results to Euler angles again, and also inside
the solver to obtain TBE . The beauty of the quaternion’s come into this equation system
which can be solved numerically:

q̇0
q̇1
q̇2
q̇3

 =
1
2


0 −p −q −r
p 0 r −q
q −r 0 p
r q −p 0



q0
q1
q2
q3

+ λ


q0
q1
q2
q3

 (3.10)

where (p, q, r) are the angular rates, see Figure 3.1, and λ is the integration drift coefficient
equal to

λ = 1− (q20 + q21 + q22 + q23) (3.11)

Figure 3.2: Wind/body coordinate system, where (xA, yA, zA) is the wind fixed coordinates,
φ′ is the ballistic roll angle and αT is the total angle of attack. The yA axis always lie in
the plane drawn up by yB and zB .
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3.3 Dynamics

Now mass, mass moment of inertia, force, and moment will be introduced. The aerodynamic
forces are given by

X = qdynSCX
Y = qdynSCY
Z = qdynSCZ

(3.12)

and the aerodynamic moments by

N = qdynSdCn
M = qdynSdCm
L = qdynSdCl

(3.13)

where qdyn is the dynamic pressure, S is the reference area, d is the diameter of the cylinder,
and Ci is the respective aerodynamic coefficient. For the disk shown in Figure 3.1, S = 1

4πd
2

and when the ballute is inflated d = 0.75 m and S = 0.56 m2. The dynamic pressure is
given by

qdyn =
1
2
ρV 2 (3.14)

where ρ is the ambient density (treated in section 3.4). The aerodynamic pressure relates to
how large the aerodynamic forces and moments will be, and is frequently used as a measure
on how large load the vehicle must endure.

One attractive feature of the wind coordinates, is that the yA axis always lie in the plane
drawn up by yB and zB . This makes it convenient to define a pitch moment coefficient CM
around the yA axis (note CM 6= Cm), see Figure 3.3. Now, presumably, there will be no
force in the yA axis. The three force coefficients (CX , CY , CZ) have been reduced to the
drag and lift coefficient CD and CL, and the three moment coefficients (Cl, Cm, Cn) to CM .
The force and moment coefficients can now be obtained by

Figure 3.3: Drag, lift and pitch moment coefficient.

 CX
CY
CZ

 = TBA

 −CD0
−CL

 (3.15)
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Cm
Cn

 = TBA

 0
CM
0

 (3.16)

How the aerodynamic coefficients vary will be treated in the coming chapters, whereas; how
the mass, reference area- or diameter and the mass moment of inertia will be treated in this
section. LAPLander can be divided into three configurations (described in Chapter 2): the
undeployed, then without the hatch, and last with the deployed ballute. The mass moment
of intertia is given by the matrix

IB =

 Ixx Ixy Ixz
Iyx Iyy Iyz
Izx Izy Izz

 (3.17)

On a solid cylinder the matrix IB can be calculated by

Ixx =
mr2d

2
(3.18)

Izz =
1
12
m(3r2d + l2) (3.19)

where Izz = Iyy, Ixy = Ixz = Iyz = 0, rd is the disk radius and l is the height. Using a mass
of 3.0 kg yield Ixx = 2.16×10−2 kgm2 and Izz = Iyy = 1.24×10−2 kgm2. Another method
is to use a CAD program together with a table on the mass of individual components.
When the hatch deploys and the airbags inflate, both m and IB will change. This change
in moment of inertia due to inflation is substantial. It can be estimated using the Huygens-
Steiner theorem and the moment of inertia on a toroid

Ixx = m(rc +
3
4
r2a) (3.20)

Izz =
1
8
m(4r2c + 5r2a) (3.21)

where rc is the cross section and ra toroid radius, respectively. For LAPLander, using a
300 gram hatch and four airbags 85 grams each (10 grams CO2), the deployed ballute has
Ixx = 0.0377 kgm2, Izz = Iyy = 0.0270 kgm2 and Ixy = Ixz = Iyz = 0.

Note that this model assumes ˙IB = 0 which makes the inflation semi-realistic; however,
since the roll damping moment L (see Figure 3.1 ) due to inflation will increase substantially,
it will now be assumed that the spin rate rapidly reach zero. The main influence of including
the ˙IB effect should be a reduction in the angular rates. The bridge between the undeployed
and deployed configuration is assumed appear linearly, if this was modeled as a step, an
unwanted numerical property arises. This model does not include accurate dynamics during
the transition between the configurations. Such an analysis would require an advanced aero-
elastic model in combination with CFD and/or an impressive experimental database. In [23]
an inflation of an IAD (inflatable aerodynamic decelerator) was performed in a supersonic
wind tunnel. The axial force was measured and the typical inflation shock (a delta pulse in
the axial force coefficient) encountered for parachutes was absent. Because the transition
will occur near instantly in respect to the entire flight time it will not be so important to
model correctly in respect to the overall objective of the thesis.

The accelerations can now be calculated with Newton’s second law
u̇ = X+mgx−m(qw−rv)

m

v̇ = Y+mgy−m(ru−pv)
m

ẇ = Z+mgz−m(pv−qu)
m

(3.22)
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where the gravity components gi can be derived from TBE and knowing that gE = [9.82 0 0]T m/s2.
The angular accelerations are obtained by Euler’s equation

ṗ = L+Iyz(q2−r2)+Ixz(ṙ+pq)+Ixy(q̇−rp)+(Iyy−Izz)qr
Ixx

q̇ = M+Ixz(r2−p2)+Ixy(ṗ+qr)+Iyz(ṙ−pq)+(Izz−Ixx)rp
Iyy

ṙ = N+Ixy(p2−q2)+Iyz(q̇+rp)+Ixz(ṗ−qr)+(Ixx−Iyy)pq
Izz

(3.23)

that can also be written in matrix form but is not given so here because Equation system 3.23
is more apprehensive and compact. A piece of Matlab code to present the core of the
programming is provided in Appendix C. Equation systems 3.3, 3.10, 3.22 and 3.23 provide
all 13 variables that can be solved in Matlab’s ODE invironment.

3.4 The Atmosphere

To model an aerospace vehicle the atmosphere must be modeled correctly. The simulation
model presented here uses the 1976 U.S. Standard Atmosphere provided by the Matlab
function atmo.m [34]. This function gives relevant parameters, such as pressure, density
and gravity up to 1000 km, and the speed of sound up to 86 km.

The winds are provided by the Swedish Space Corporation, they do balloon soundings
in order to compute rocket trajectories from Esrange, see Figure 3.4. Equations 3.4 to 3.7
include the wind velocity components (uw, vw, ww). It will be assumed that uwE = 0 and
(vwE , wwE) are provided in Figure 3.4.
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Figure 3.4: Thirtynine wind samples at Esrange.



Chapter 4

Flow Regimes and Aerodynamic
Parameters

A loose end in the previous chapter is how to model the aerodynamic coefficients: (CX , CY , CZ),
(Cl, Cm, Cn) and (CD, CM , CL). To do this, the aerodynamic conditions that the space
probe encounter must be known, then the coefficients as a function of relevant aerodynamic
parameters, can be found in various technical literatures. This chapter will describe these
aerodynamic conditions and the corresponding parameters.

4.1 Aerodynamic Parameters

Assuming a descent from 250 km altitude the space probe will pass through six flow regimes
with their special physical properties:

1. Free molecular, Kn > 10

2. Transitional, 0.01 < Kn < 10

3. Supersonic/hypersonic continuum, M > 1.2 and Kn < 0.01

4. Transonic, 0.8 < M < 1.2 and Kn < 0.01

5. Subsonic, M < 0.8 and Kn < 0.01

Where the Knudsen number Kn and the Mach number M will be explained in the coming
text together with the flow regimes.

The Knudsen number relates to if the continuum approximation holds or not. It is given
by

Kn =
λ

d
(4.1)

where λ is the mean free path, which is the average distance an air-particle will traverse
before hitting another air-particle, and d is the diameter of the disk. The free molecular
and transitional regime requires data on low-density (or rarefied) aerodynamics.

At some point the atmosphere can be seen as a continuum, by then, the space probe
will descend faster than the speed of sound. The Mach number is given as

M =
V

a
(4.2)
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where a is the speed of sound and V the velocity (see Eq. 3.7). This parameter indicates
how important momentum effects are in the flow. The limit between super and hypersonic
flow is floating. In hypersonic flow the air molecules will start reacting forming nitrogen
oxides, nitrogen/oxygen atoms or even plasma. Later only some parts of the flow will be
supersonic, where the flow is locally accelerated, called transonic.

Eventually, the entire flow field can be seen as subsonic. The space probe will be in the
subsonic regime for most of the time. In the subsonic regime viscous effects will be more
important; they are described by the Reynolds number which is given as

Re =
ρV d

µ
(4.3)

where µ is the dynamic viscosity of air.
The Mach number and Reynolds number can be used to derive the Knudsen number

using the relation

Kn =
M

Re

√
γπ

2
(4.4)

where γ is the heat capacity ratio (for air approximately 1.4 when 3 ≤ T ≤ 600 K).
The geometry of the space probe matters, the fineness ratio is defined by

τ =
l

d
(4.5)

where l is the height of the cylinder. When τ ≈ 0 the object is a flat disk. LAPLander has
a fineness ratio of τ = 8.4/24 = 0.35; later on, it will be seen how disk-shaped it is in an
aerodynamic sense.

4.2 Quantatetive Estimation of
Knudsen, Mach and Reynolds Number

A simple program was written to estimate the magnitudes of Kn, M and Re. This program
had only one degree of freedom: altitude. This means that the only aerodynamic coefficient
to include is CD. The resulting equation system is trivial compared to the full 6-DOF
equations and will not be described further. Because M and Re depend on the velocity V ,
see Equations 4.2 and 4.3, and the velocity will depend on the drag coefficient CD, which is
a function of velocity by CD = CD(M,Re), it must be an iterative process to estimate M
and Re. The aerodynamic data have been collected in the next chapter, but at this point
some essential aerodynamic data are already known. Two examples will be presented, first
the undeployed LAPLander, and later what would happen if the LAPLander ballute was
inflated in space:

1. In the first example, a LAPLander size cylinder is ejected from the rocket with a
positive velocity at an altitude of 60 km, this gives an apogee if of 85 km, see Fig. 4.1.
Because the apogee is ≤ 86km all variables in Eq. 4.2 to 4.4 are given in the atmo-
spheric model. LAPLander would have an apogee near 88 km, so in terms of altitude,
this example describes a realistic scenario. The drag coefficient is only a function of
Mach number in this program, see Figure 6.6 [3]. This approximation is valid for
a cylinder with small fineness ratio when Re is higher than about 103 [3], see Fig-
ure 6.4(a). The Knudsen number is larger than 0.01 for altitudes over 80 km and has
a maximum of 0.03. The transitional regime can be neglected in this example because



4.3. CONCLUDING REMARKS 23

the aerodynamic forces are small. Maximum Mach number is 2.3 and occur at about
45 km, this is reduced to less than 0.6 below 24 km altitude, where the remaining
430 s therefore is subsonic. The Reynolds number vary strongly, from 8.2 to 4.8×105.
At peak Mach number Re is 1.5×104. Under 67 km Re is over 103. For a cylinder in
perpendicular flow, critical Re is approximately 3-4×105 (for a cylinder critical Re is
the point when the flow start to separate leading to a von Kármán vortex street and
reduced CD). This critical Re is within the range and occur between 13 and 6.8 km.
This may be important later on.

2. Now LAPLander has been inflated in space at an altitude of 250 km. The mass is 3 kg
and the reference area is 0.54 m2, here the characteristic length is also the diameter,
0.92 m. The drag coefficient is not as well motivated as before, it is taken similar to
other Inflatable Aerodynamic Decelerators’s (IAD’s), see Figure 9.1. Since the speed
of sound is not defined above 86 km another expression for the Knudsen number will
be used, and that is:

Kn =
kBT√

2πσ2patmd
(4.6)

where kB is the Boltzmann constant (1.38×10−23), T is the ambient temperature, σ
is the hard shell diameter of the air-particles and patm is the ambient pressure. The
hard shell diameter was calculated using Kn for 86 km obtained from Eq. 4.4 and
solving for σ in Eq. 4.6. This yields σ ≈ 0.40 nm. By inspection, these two formulas
are very similar for altitudes less than 86 km.

The result can be seen in Figures 4.2 and 4.3. Maximum M is 6.2 and occur directly
when the speed of sound is defined in atmo.m at 86 km (see Section 3.4). Such a high
M suggests that hypersonic aerodynamics must be considered. The Knudsen number
is over 10 at 186 km, however the dynamic pressure is absent until about 120 km.
At 83 km, Kn is less than 0.01, this also because the scale of the vehicle is larger.
Low-density aerodynamics (rarefied flow) may be important to include because the
space probe has a high velocity in the transitional regime; this together with the larger
reference area, results in relatively larger axial force than in the first example. The
Reynolds number varies between 1.4×103 and 5.4×105. The space probe reach about
2000 m/s at reentry and the dynamic pressure qdyn peaks at 330 Pa, see Equation 3.14.
This introduces another factor that the structure of the vehicle may depend on the
aerodynamic loads. It seems feasible that the LAPLander ballute could master the
loads, maybe with or without some modifications.

4.3 Concluding Remarks

When modeling LAPLander, the Knudsen number can be excluded from the analysis be-
cause the aerodynamic influence is too small. In the other hand, the Mach number will be
up to around 2.3, reaching the supersonic regime, and the Reynolds number varies strongly,
none of these can be neglected.

The case example of inflating LAPLander in space, at an altitude of 250 km, gives
different results. When the space probe reach around 120 km altitude, it will have a much
higher velocity, and this, together with a larger reference area, results in an aerodynamic
influence that cannot be ignored in the transitional regime. The space probe will also have
a high Mach number above 6, which makes the flow hypersonic, and thus two more regimes
must be included, the transitional and the hypersonic.
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Another factor that is essential when modeling the aerodynamic coefficients is the motion
of the space probe, especially the angular rates (p, q, r). The next chapter will treat the
motion of disks since LAPLander is a disk-shaped object.

Figure 4.1: Estimation of flow parameters for the undeployed LAPLander in a 85 km apogee
descent, dashed line labeled to the right.
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Figure 4.2: Estimation of flow parameters for the deployed LAPLander in a 250 km apogee
descent, dashed line labeled to the right.

Figure 4.3: The Knudsen number for the deployed LAPLander in a 250 km apogee descent.





Chapter 5

On The Motion of Disks

How do disk-shaped objects like LAPLander move in free fall? This question is important
to answer to obtain data that can be compared with the results from the 6-DOF simulation
model. Another reason to look into the motion of disks, is that the aerodynamic coefficients
depend to a large extent of the motion, for example how it rotates in (p, q, r), α̇T and φ̇′.

Material regarding spinning flight can be found in Spinning Flight, Dynamics of Frisbees,
Boomerangs, Samaras, and Skipping Stones [12]. LAPLander will be spin stabilized with a
roll rate of p = 3 to 4 Hz and is likely to start wobbling, see Figure 5.1(b). But what may
happen when the roll damping acts so that p→ 0? In free flight at subsonic speeds, a none
spin-stabilized disk with low enough fineness ratio has four modes of motion ([55] and [51]):

1. Stable flat down.

2. Flat down with side-to-side oscillations (fluttering).

3. Chaotic.

4. Autorotating (tumbling).

Stable flat down is when αT ≈ 0, fluttering when αT oscillates but the disk is not turned,
tumbling is when the disk start to rotate, and finally, chaotic, when it switches between the
two adjacent modes randomly. The tumbling motion can be seen in Figure 5.1(a).

(a) Autorotation ωauto ⊥ V . (b) Wobbling.

Figure 5.1: Two types of disk motion.

27
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Generally speaking the modes of motion depend on three parameters: namely I∗, Re
and τ , but when the fineness ratio τ is small, it can be neglected. The dimensionless moment
of inertia is calculated as

I∗ =
Ilow
ρd5

(5.1)

where Ilow is the smallest of Ixx and Iyy. It relates to the moment of inertia of the body to
that of a sphere of the medium it traverse.

Figure 5.2 shows the modes of motion versus Re and I∗, it is composed of two figures,
one from disks [51], and one from flat plates to fill the void at high Re and I∗ [50]. The
later only providing the dashed lines in the figure. The lines are the boundaries between
the modes of motion. The appearance of this type of diagram is the same for disks and flat
plates. At low Re, the motion is stable. When increasing Re, and having low enough I∗,
the object starts to oscillate (periodic). When increasing I∗ the objects start to autorotate.
At the boundary between oscillation and autorotation, the motion changes between these
two, and shows a random behavior, even chaotic.

One single point (circle) comes from a vertical wind tunnel experiment [26], this object,
is a disk with one of the sides flared, but several other objects started autorotating, Re .
2 × 105. Three points come from a free-flight experiment of disks that will be returned
to later [53]. For LAPLander I∗ ≈ 12.8 and Re is in the order of 105. Theoretically
LAPLander should autorotate, provided that the roll rate p and fineness ratio τ = 0.35 are
low enough.

Now the question of how the fineness ratio affects the motion will be treated. In [45]
disks with τ ranging from 0.5 to 2.0 were tested in a water tunnel with fixed axis of rotation.
Autorotation occurred for τ < 1 (this was only presented briefly). In [43] two-dimensional
plates have been analyzed. The physical properties should be similar, but quantitative
differences are evident. When τ is increased the transition from oscillation to autorotation
happens at higher and higher Re. A two dimensional plate (clamped between wind tunnel
walls) with τ = 1 (i.e. a square) started autorotate. Rounded corners reduces the probability
of autorotation, this is because most moment is caused by surface pressure difference and
not shear force. From these examples it seems feasible that LAPLander indeed will start to
autorotate.

In an experiment made to measure the terminal velocity of disk-shaped nuclear heat
sources for radioisotope thermoelectric generators, different disk-shaped bodies have been
dropped from an aircraft at 4600 m [53]. The properties for the type A disk was: m=1.64 kg,
d=18.3 cm and l=2.08 cm, which gives τ = 0.11 and m/S = 62 kg/m2 (LAPL τ = 0.35
and m/S = 66 kg/m2). In the report it is claimed that all of the models were autorotating
despite launched with spin stabilization (in roll p), both horizontal (p ‖ xE) and vertical, of
about 5 to 10 Hz, or not spin stabilized at all. This claim is only based on the slow descent
rate. The measured terminal speed yielded an empirical expression of the terminal speed
VT , and report [53] does also cite an expression for the autorotation rate ωauto (based on
the tip-speed ratio):

VT = 5.53 + 0.467
(m
S

)
− 0.00145

(m
S

)2

(5.2)

ωauto =
VT × 0.433

rd
(5.3)

where the first equation is restricted to 30 <
(
m
S

)
< 130 kg/m2. See Figure 5.3, LAPLander

would fall at 30 m/s and rotate with 16 Hz. One interesting fact is that VT for a flat disk
at αT = 0 and the empirical expression gives nearly an identical result. May it be so that
the disks in fact do not autorotate? The evidence suggests that the none-spin-stabilized
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disks would start to autorotate, the spin stabilized disks may have stabilized at αT = 0.
This is also suggested by looking at the presented figures of vE and wE versus altitude,
see Figure 5. Only the none spin-stabilized launched disks showed a harmonic appearance
(except the heaviest type B model that did not show this).

Figure 5.2: Flight modes of disks and flat plates in free flight. Solid line is for disks and
the dashed for flat wings, all points originates from disks.

Figure 5.3: Terminal velocity and autorotation spin rate calculated by Eqations 5.2 and
5.3, and the terminal velocity based on CD = 1.2 at αT = 0 and sea level.
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(a) No spin at launch. (b) Both types of spin at launch shows
similar apperance.

Figure 5.4: The velocity components in the earth frame, vX points north and T denotes
terminal [53].



Chapter 6

Building an Aerodynamic Database of
Disks

Now all preparations before modeling the aerodynamic coefficients have been made; the
relevant flow regimes with their set of aerodynamic parameters are known, and the motion
of the disk will be either wobbling or autorotation depending on the magnitude of the roll
rate p. The main problem of finding relevant aerodynamic data was caused by that such
tests are relatively expensive and thus, testing are pragmatic; only aerospace vehicles that
are of any use have been tested. Low fineness-ratio cylinders (or disks), at reentry have
not yet had any practical significance. Usually, the engineer aspires to have the aerospace
vehicles as stable as possible. This may be due to accurate impact prediction (e.g. weapons),
keep the vehicle attitude in control for comfort, steering, or structural reasons, etcetera. In
fact, the material that has been collected for this report, points to that there exist no data
that match LAPLaner yet.

One source that has been especially useful was the book Fluid-Dynamic Drag [3]. An-
other helpful source was Selected Aerothermodynamic Design Problems of Hypersonic Flight
Vehicles [15] and to treat the disk as a porly designed reentry vehicle.

Because of the unstable motion, and the presumable resulting high angle of attacks, the
aerodynamic variables will not be linear, and further; the wobbling or autorotation will also
require that nonstationary aerodynamics must be considered. Nonstationary aerodynamic
is when the flow field depends on time (for example turbulence and vortex shedding), and
stationary when it does not (for example the flow over a stable streamlined object).

The chapter begins with the roll damping coefficient. Since the roll rate provides gyro-
scopic stability, it is important to estimate how much p may be reduced. The data presented
in this section are assembled and provided in Appendix A.

6.1 Roll damping

In [37] the roll damping coefficient has been estimated for a Mars entry and landing capsule.
The stepping stone is the roll damping of a flat disk with turbulent boundary layer in axial
(αT = 0) subsonic flow:

Clp′ =
Kp

(Rep)0.2

(
V

rdp

)0.8

(6.1)
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where Kp =0.079 is a constant and the rotational Reynolds number is

Rep =
r2dpρ

µ
(6.2)

wherer rd is the disk radius as before (in Eqations 3.18 and 3.19). Since a Mars entry hardly
is subsonic, the author of [37] calculates the conditions behind the normal shock wave (where
the flow is subsonic). Analytical shock relations will be covered later in section 6.2. The
viscosity can be calculated from the temperature behind the shock wave with Sutherland’s
formula

µ = µ0
T0 + C

T2 + C

(
T

T0

)3/2

(6.3)

where T0 =291.2 K, C =120 K and µ0=1.87×10−5 Pas are constants for air, and T2 is the
temperature behind the shock wave (Eq. 6.5). Sutherland’s formula is valid up to 555 K
with an error less than 10% due to pressure below 3.45 MPa, the later is an issue since the
pressure is low in the upper atmosphere. The coefficient Clp′ has a different definition than
used in the simulation model, it is transformed by

Clp =
pd

4πV
Clp′ (6.4)

The equation applies strictly to αT = 0 and aerodynamically smooth surfaces. LAPLander
is not a completely smooth surface because of some surface protuberances like antennas
etcetera. Since the disk is not as smooth and τ 6= 0 the number 0.079 is probably too low.
This relation should not be considered accurate but is consistent with other assumptions in
the model.

Validating the Roll Damping Coefficient using a 2-DOF Simulation
Model

What may be feasible values for the roll damping coefficient? Many aerospace vehicles are
spin stabilized and the spin duration has been measured. The first example is taken from a
Mars entry capsule [38] where Clp is assumed constant -0.01 for a roll rate of 0.17 Hz. A low
roll rate is common for reentry vehicles. For Frisbees the roll damping varied with angle of
attack, but for αT = 90 deg, it is around -0.011 for p =24 Hz and for p =4 Hz near -0.001,
see [41]. Other, more abundant sources, cover the damping on various projectiles; for small
caliber ammunition (5.56 mm-7.62 mm) Clp is between -0.007 and -0.014 for Mach 1 and 3
respectively [49], for a larger projectile (M910, d = 16.2 mm) the Clp was estimated between
-0.035 and -0.01 for Mach 0.8 and 4.5 respectively; however, the spin rates for bullets are
much higher than 4 Hz at an order 102 or even 103 higher [19]. The roll damping on a
65 mm mortar round where found in [39] and was near constant -0.025 for roll rates 40 to
70 Hz and Mach 0.5 to 0.95.

The program in Section 4.2 was modified by adding one dimension to enable rotation.
The initial conditions is the same as before, see Figure 4.1, and the newly added condition is
a roll rate of p0=4 Hz. The moment of inertia was calculated analytically by Equation 3.18.
The results can be seen in Figure 6.1. The analytical expression presented in the previous
section have been used with three different values of the constant Kp, and one simulation
uses a constant Clp of -0.01. It can be seen that the roll rate does not differ much between
Kp=0.6 and Clp=-0.01, for this reason, it seem not so important to to accurately model
Clp, only the magnitude of Clp must be known within sufficient limits. Unfortunately no
”spot on” data were found, and how much the roll rate would be reduced is not completely
sure.
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6.2 Normal Shock Wave Relations

Information on this subject was found in [10]. The equations in this section were used to
calculate the roll damping coefficient Clp and will be used later on when performing an
aerothermodynamic load analysis. Figure 6.2 shows a cylinder in free flight at supersonic
flow [4]. This is similar to what LAPlander will face during reentry except that LAPLander
will have a lower Mach number, about 2.5, and has lower fineness ratio, 0.35 compared to 1.
The cylinder is a blunt body and has a detached shock wave. After the first wave, the air
is compressed and slowed down to subsonic speed. Over the corner, the flow is expanded
and accelerated to supersonic speed again leading to the second shock wave. After this it
is subsonic again, and is accelerated in the wake leading to the last shock wave. The last
two shock waves are joined further downstream leading to a total of two waves and the
typical ”two booms”. In the case of LAPLander, the shock waves should be closer to each
other and the lower Mach number will move the shock wave further away from the object
compared to the figure.

LAPLander is assumed to descend with the flat side down during reentry but even if
it does not, LAPLander is a blunt body. A blunt body can be assumed to have a normal
shock wave. This can be seen in Figure 6.2. The temperature behind a normal shock wave
can be expressed as

T2 = T1

[
1 +

2γ
γ + 1

(M2
1 − 1)

] [
2 + (γ − 1)M2

1

(γ + 1)M2
1

]
(6.5)

where the notation 1 and 2 stand for up- and downstream of the shock wave, and γ is the
heat capacity ratio (for air approximately 1.4 when 3 K≤T≤600 K). In reality the shock

Figure 6.1: Estimation of the roll damping.



34 CHAPTER 6. BUILDING AN AERODYNAMIC DATABASE OF DISKS

wave is only normal at one place, and tends to curve away, making a wave angle β. For
LAPLander this angle will be lower than in Figure 6.2. The oblique shock relation take the
wave angle into consideration and can be calculated by the same formula as before, Eq. 6.5,
but changing M with M = Mnormal sinβ. The oblique shock wave temperature is lower
than the normal shock wave temperature. The velocity and density after a normal shock
wave is

V2 = V1

[
2 + (γ − 1)M2

1

(γ + 1)M2
1

]
(6.6)

and

ρ2 = ρ1

[
(γ + 1)M2

1

2 + (γ − 1)M2
1

]
(6.7)

Figure 6.2: Cylinder in free flight at Mach 3.6 supersonic flow [4]. The apparent squashing
of the front is an optical distortion.
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6.3 Stationary Drag, Lift and Pitch Moment Coefficient

From Equations 3.15 and 3.16 it were shown how to obtain the force (CX , CY , CZ) and mo-
ment (Cl, Cm, Cn) coefficients from the drag CD, pitch moment CM and lift CL coefficient,
see Figure 3.3. If the space probe is not rotating in any way, p = q = r = 0, and the wind
angles does not change either, α̇T = φ̇′ = 0, then this chapter could in principle end after
this section. Because of symmetry, these coefficients must only be modeled up to 90 deg.

CM at Varying αT

Figure 6.3 shows the pitch moment CM in the subsonic regime. The Reynolds number in the
provided data, presented in the figure, are in the same range as calculated in Section 4.2, and
should not be too far from reality. A negative CM results in that the disk is stable at αT = 0
or αT = 180 deg (symmetry). So by now, it can be concluded that the mechanism that
govern the oscillation or autorotation, must be in the nonstationary coefficients (provided
a balanced centre of gravity). The main effect of τ may be the magnitude of CM but the
found data are too scarce to make any good judgments on this.

No data on how CM varies with M were found. The aerodynamic center (a.c.) of a disk,
where CD and CL impinge, is located at 0.25 of the cord (the diameter for a disk) which is
usual for wings; making a connection between wings and a disk, it is also commonly known
that the aerodynamic center moves to 0.45 of the cord when reaching supersonic speeds.
In [11] an empirical formula for this is given:

xac = xd/4 + ∆xac
√
S (6.8)

where S is the reference area, xd/4 = d/4 and

∆xac = 0.26(M − 0.4)2.5 0.4 < M < 1.1
∆xac = 0.112− 0.004M M > 1.1 (6.9)

Data on various reentry capsules also suggest that CM will be smaller in the supersonic
regime.

Subsonic CD for Axial and
Perpindicular Flow at Varying Re and τ

Two cases will be presented: the first case when αT = 0, and the second case when αT =
90 deg. These two scenarios differ in when the Reynolds number Re can be neglected
(αT = 0) and when it has a strong effect (αT = 90 deg). Many sources treat the drag of a
cylinder in axial subsonic flow such as [21], [9] and [3].

Figure 6.4(a) shows the results from [9] and [3] which agrees with [21]. At low fineness
ratio, CD is high since the flow does not reattach to the surface, while in the other end, when
τ increases, the skin friction results in higher drag. Lowest drag can be found for τ ≈ 1.8.
In this region, CD start to depend on Re. For our purposes, a low fineness ratio ≤ 0.5 is
considered, here the viscous effects are not important, clearly the flow will be separated
from the disk. And thus, Re is not a parameter; actually, wind tunnels can be calibrated
using disks since CD does not vary with Re ([48] and [33]), at least not for Re up to 5×106.
In [3], CD is constant down to Re = 103, and does not change considerably until 102. At
these low Reynolds number, the space probe is likely to be at supersonic velocities or too
high up in the atmosphere where viscous effects does not dominate.
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Now in the other hand, CD of a cylinder at αT = 90 deg depends strongly on Re. For an
infinite cylinder, the drag coefficient drops from 1.2 to 0.3 in the vicinity of Red = 3−4×105,
where CD based on S = ld. Figure 6.4(b) is based on the definitions used in this report,
that the reference area is S = πr2. If Re < 102 and τ ≥ 1 the drag coefficient will start to
increase [3]. Considering a flat disk, the drag coefficient should be obtained by a flat-plate
boundary layer. Such a flat plate (1.6 mm thick) is provided by an old NACA report [57]
at Re = 8.6 × 105. No data for the LAPLander τ = 0.35 were found. In [41] the drag
coefficient of a Frisbee at Red = 3.78 × 105 is given. Note that Frisbees have a different
plan form than a pure cylinder. It will be assumed that LAPLander has CD = 0.2 when
αT = 90 deg.

Subsonic CD and CL at Varying αT

The two cases in the previous section must be joined to make the model work. Fortunately,
αT will be small unless it starts to wobble too much or autorotate. When this happen,
dynamic effects will take over; therefore, it may not be relevant to model the stationary
drag and lift coefficients at high αT correctly. Hoerner [3] suggest the following assumption
for a disk when αT < 45 deg:

CD ≈ CA sinαT
CL ≈ CA cosαT

(6.10)

where CA is the axial drag coefficient (CA = CD(αT = 0)). Other references gives an idea
of CD(αT ) and CL(αT ), see Figures 6.5(a) and 6.5(b).

CD in Axial Flow at Varying M

The drag coefficient on a flat disk is given in [3], because the disk is flat, mostly pressure
drag is present, see Figure 6.6. Another source gives the drag on a cylinder between 0.6 <
M < 1.2 resulting in 4 × 106 < Re < 8.3 × 106. The measurement is done on a free flying
cylinder with ballast to gain stability [30]. LAPLander should have a drag close to the solid
line but slightly higher. In the 6-DOF simulation model, this difference is neglected.

Concluding Remarks

The main findings of this section are that CM will tend to stabilize the disk at αT = 0
where CD does not vary with Re and CL = 0. It is also so that Equation 6.10 can model
CD and CL when αT < 45 deg. And when the stationary aerodynamics are considered,
like in this section, the data will not be relevant if the disk start to wobble too much or
autorotate, why the data for higher αT is rendered useless. The results are provided in
Figures A.1, A.2 and A.3. The 6-DOF simulation model will interpolate data from these
figures.
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Figure 6.3: Moment coefficient versus angle of attack, t.s. (turbulence strips),
[26], [41] and [56].
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(a) At αT = 0 and Re ≈ 1× 105, [9] and [3].

(b) Before boundary layer transition and αT = 90 deg, [9], [57], [3] and [41].

Figure 6.4: The drag coefficient and fineness ratio.
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(a) Drag, [26] and [57].

(b) Lift, note CL is negative, [26] and [57].

Figure 6.5: The drag and lift coefficient versus angle of attack, τ = 0.35.
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Figure 6.6: Drag coefficient versus Mach number at αT = 0, [3] and [30].
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6.4 Nonstationary Coefficients

In Chapter 5 the motion of disks were treated. How can the aerodynamic coefficients
be modeled to obtain such a motion? From the previous section it was evident that the
stationary aerodynamics did not provide an answer.

In [45] disks have been analysed in a water tunnel. A restricted disk (τ ≈ 0.7) was
compared to one that was free to oscillate around yA, see Figure 3.3. Flow visualization using
the hydrogen bubble technique shows a significant difference in the wake. The experiment
support that vortex shedding drives the oscillation process, and consequently, that it is the
nonstationary coefficients that will be important to model the instable behaviour.

The Pitch Damping Coefficient CMqA

The strategy to model the moment coefficients (Cl, Cm, Cn) from CM will encounter a
problem now, the disk will not only have a rotation qA around the axis yA, see Figure 3.3;
however, this analysis begin with that limitation.

No complete data for a disk were found but this can possible be patched with more
readily found data on reentry vehicles [15]. Other more specific reports were from the
Mars Exploration Rover (MER) entry trajectory analysis [42] and a ballistic range test for
MER [36]. Some general aspects can be drawn: the dynamic pitch derivatives (Cmq +Cmα̇)
are more stable at higher Mach numbers, and is unstable for low αT and stable when this
is increased. The MER 6-DOF model interpolate from a table such as Cmq = Cmq(αT ,M).

A wind tunnel experiment on the motion of disks with sharp edges, fineness ratio up to
τ = 0.125 and varying dimensionless moment of inertia I∗ was provided in [56]. The disks
were supported with an axis through the centre of gravity and yA.

Both free and forced oscillation experiments were conducted: free oscillations by using a
low-friction axis and forced when this axis was connected to a torsion spring. The angular
deflection of the disk relative a wind tunnel fixed coordinate, is denoted θ′, and should be
similar to αT since the free stream velocity in the wind tunnel does not change.

It is important to note that the mechanics of the motion in a wind tunnel and in a
free flight is not the same because the angle of attack would depend differently on the
attitude of the disk. In the free oscillation test, all disks oscillated with a dimensionless
frequency, f∗ = nd/V , where n is the number of cycles per second, and f∗ depends on
I∗. The oscillations had random phase ϕ and amplitude θ′0 (20 to 40 deg). When the
disks were θ′ = 0 in the air-stream, and the wind tunnel started up slowly, the disks did
not start to autorotate; however, they did start if they were given an initial rotation when
the wind tunnel was on. This may indicate that turbulence is important to give an initial
perturbation.

Data from the forced oscillation tests can be seen in Figure 6.7(a). As can be seen,
separation from the disks influences the aerodynamics strongly, making CM fluctuate. The
figure can be transformed into showing Cm versus θ′ by using

θ′(t) = θ′0(t) cos(ωt+ ϕ(t)) (6.11)

where ϕ(t) is the phase and θ′0(t) is the amplitude. These are assumed to vary slowly,
especially over one period, therefore the angle can be extracted from

θ′(t) = θ′0 cos(ωt) (6.12)

which yields Figure 6.7(b). Hysteresis due to oscillatory motion is common, for an autoro-
tating disk, this is very apparent.
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The measured damping coefficient can be seen in Figure 6.8. It depends on the frequency
f∗ and amplitude θ′0. LAPLander has I∗ ≈ 13 which gives f∗ ≈ 0.01. The resulting damping
coefficient should vary between 0.04 and up to perhaps 0.1 (τ neglected). The maximum
value is 0.2 and may be used as a worst-case scenario. If the coefficient is modeled by
CMqA

= CMqA
(αT ,M) it will show similar behavior as that of reentry capsules, larger

when αT is small.

(a) At varying amplitude and frequency (n = f∗V/d).

(b) Hysteresis in Cm (from Fig. 6.7(a)) due to the pitch rate θ̇′. Start at ”o”
and end at ”x”.

Figure 6.7: The pitch damping coefficient during one oscillation, τ = 0.1 [56].
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Nonstationary Force Coefficients

If αT is low, the point of separation will naturally be at the edge of the disk, and the Magnus
force will not be relevant to include. A rotating disk have slightly higher CD than a non-
rotating, but this effect is neglectable in our case because the rotation is too small [3]. An
autorotating disk will have a lift coefficient [25] depending on the magnitude and direction
of the rotation.

6.5 Modeling Autorotaion in a 3-DOF Simulation Model

The aerodynamic coefficients were tested in a 3-DOF model for validation, see Figure 6.9(a).
This model was derived by limiting the 6-DOF model by assigning correct variables and
boundary values zero (CZ , w, Cl, Cm, φ, θ, p and q zero). Since the aerodynamics change
drastically due to the autorotation, the static aerodynamic coefficients are CD = 1.2, CM =
0 and CL = 0, for this state. Keeping the stationary coefficients yield too high terminal
velocity. Actually the lift coefficient will not be zero and depend on the sign of r, this has
been neglected. The drag coefficient is based on Eq. 5.2 and is only valid in the subsonic
regime. The transition between the static model and the dynamic model is assumed to
depend on the tip-speed ratio; in this simulation the transition was set between 0.25 <
r < 0.5 Hz and linear. The damping coefficient will be Cnr = Cnr(r, αT ), see Appendix A,
larger for low αT and at a certain angular rate r governed by Eq. 5.2, the damping will be
negative in order to avoid infinite spin-up. This gives the aerodynamic coefficient as

Cn = Cn,stat + Cnr
dr

2V
(6.13)

where Cn,stat comes from CM that is modified to include a centre of gravity (c.g.) offset

CM = CM,stat −
h

d
(CL,stat cosαT + CD,stat sinαT ) (6.14)

with the displacement distance h and where the denotation stat stand for stationary coef-
ficients (see Figures A.1, A.2 and A.3).

Figure 6.8: The damping coefficient Cmθ̇′ from forced oscillation data versus f∗ and ampli-
tude θ′0 [56].
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The initial conditions suit the helicopter experiment treated in Section 7.4, see Table A.1
in Appendix A. The wind profile is modeled as 8 m/s with a 400 m thick boundary layer.
Figure 6.9(b) depicts how the disk start to oscillate and eventually tips over into a tumbling
motion. The disk does not drift far; this is consistent with the distances obtained in the
helicopter test.

6.6 Assembling the Coefficients in the 6-DOF Simulation Model

It is time to assemble all coefficients and complete the disk model. The previous model
must be expanded to a 6-DOF environment. If only the part of the rotation around yA
drives the dynamic pitch coefficient, the wind frame can be used so that pA

ωauto
rA

 = TAB

 p
q
r

 (6.15)

where ωauto ⊥ V will be used in the wind frame moment-coefficients as

ClA = h2
d (−CL)

CM = CM,stat + CMωauto

ωautod
2V − h1

d (CL cosαT + CD sinαT )
CnA

= h2
d (−CD)

(6.16)

where
h1 = h cos(φ′)
h2 = h sin(φ′) (6.17)

are the effective moment arm lengths and h is the c.g. displacement as before. A complete
model must include aerodynamic effects on all axes; the model presented here only works
when the wobble is within certain limits. But it does indicate when or if a transition is
likely. The moment and force coefficients are then described by: Cl

Cm
Cn

 = TBA

 ClA
CM
CnA

+

 Clp
pd
2V

0
0

 (6.18)

 CX
CY
CZ

 = TBA

 −CL,statCC
−CD,stat

 (6.19)

where CC is the side-force coefficient. This coefficient has been set zero in the model and
depend for example on the Magnus force, see the end of Section 6.4.

Going back to the NASA experiment [53], depicted in Figures 5.4(a) and 5.4(b). The
disks are dropped from 4600 m using a C-130 Hercules aircraft. Can the measured motion
be predicted? An input of v =100 m/s, w = 0 and u = 0 (unfortunately the launch speed is
omitted) were assumed. In the case of the spin stabilized disks, the model gives reasonable
results. The non-spin stabilized disks goes into autorotation, and a helical motion (when
assigning CL 6= 0), but exits this after a while to fly in a straight path. The later is an error
in the model caused by an aerodynamic simplification. Despite all efforts, the autorotation
was never fully modeled, and is an open end in the report.
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(a) Coordinate System.

(b) The pitch rate and velocity converges at r ≈ 18 Hz and uE ≈ 30 m/s,
respectively.

Figure 6.9: Results from 3-DOF model.





Chapter 7

LAPLander Experimental Campaign

The results that are relevant in a flight mechanical and aerodynamic decelerator system
perspective will be presented. This begins with the problems associated with ballute deploy-
ment, and is followed by the aerodynamic coefficients provided that the ballute is deployed
correctly. Tests on freely falling disks were also performed since the motion of the space
probe at the point of deployment may cause problems.

7.1 Ballute Inflation Tests

Delays with the CO2 cartridges resulted in that only one realistic test was performed;
that is, with all four cartridges filled and the ballute packed inside with the hatch on, see
Figure 7.1. All four airbags deployed but did not do so correctly. Before this test, different
folding strategies had been tested to work under semi-realistic conditions. The frame at
t = 0 is the instant at valve release. Eventually two airbags exploded because they did not
fully unfold and thus reached bursting pressure. In the last frame all motion has ceased.

Figure 7.1: Realistic inflation test at DLR (Deutsches Zentrum für Luft- und Raumfahrt)
in Bremen, Germany.

47
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The ballute compartment can be seen in Figures 7.2 and 2.5. To avoid that the airbags
got stuck on any screw, or other obstacle, plastic film and tape were used. One problem
was that the airbags needed to occupy the space behind the cartridges to fit.

Figure 7.2: A 360 deg view of the ballute compartment at the launch campaign.

Under the hypothesis that the deployment failure in Figure 7.1 was caused by the folding,
a new test was performed, but this time the ballute was not folded inside the space probe,
see Figure 7.3. Three airbags inflated successfully, however, the last airbag inflated near
90 deg from the nominal direction due to the influence from the other airbags. The problem
may be prevented in future versions by using a coated Aramide fibre sleeve and connecting
the parachute to the cartridges. Because the Aramide fibre sleeve was not coated, its
diameter varied with pressure, and the individual threads in the sleeve could move about.
This seemed to cause many problems.

7.2 Wind Tunnel Experiment

Only the fully deployed configuration is considered, that means low terminal velocity and
fully inflated rigid airbags.

Introduction to Parachutes

The goal is to achieve a drag coefficient in the same order as on a typical parachute.
Parachutes have two basic modes of flight: gliding or oscillating. The most common mode
is oscillating, and perhaps in a combination with gliding. Full scale drop tests usually yield
values for CD between 1.4 and 1.8 based on the inflated frontal area. A half sphere, or
bowl shaped, metal disk has CD = 0.38 when air impacts the convex side, and 1.42 when
impacting the concave side. This can be compared to a typical parachute in three different
modes: restrained 1.26, oscillating 1.60 and gliding 2.40.

The drag coefficient of a parachute typically decreases with speed. Both since the
speed will affect the mode of flight, and also because the permeability, how much air that
leaks through the fabric, will change. When having higher dynamic pressures, i.e. higher
speed, the parachute fabric will stretch which in turn will increase permeability and thus
decrease the drag coefficient. The size of the parachute does also affect the drag coefficient,
a larger parachute has lower drag coefficient because of a comparative higher tension of the
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fabric, again leading to higher permeability. The source of all information of this section is
Hoerner’s Fluid-Dynamic Drag [3].

Experimental Setup

The experiment was performed using a 2×2 m2 low-speed wind tunnel (the L2000 wind
tunnel at the department of aeronautics at the Royal Institute of Technology). This was
sufficient to do a 1:1 scale test, which will ensure good agreement with actual free flight
conditions of LAPLander, provided two conditions: firstly, an identical model, and secondly,
a model not too large.

To preserve mass in the wind tunnel, the air must go faster around the model compared
to the free-stream velocity, leading to what is called solid blockage. And the wake is im-
pinged in a wind tunnel compared to free flight; this effect is enhanced for blunt bodies
with large wakes. According to the authors of Low-Speed Wind Tunnel Testing [8] a crude
estimation of the blockage is

εblockage =
S

4Awt
(7.1)

qc = q(1 + εblockage)2 (7.2)

where Awt is the wind tunnel cross-section area, εblockage is the blockage correction factor
and qc is the corrected dynamic pressure that will yield corrected CD and CL. The frontal
area S is 0.60 m2 and based on the square L2, see Figure 7.4. Applied to this case,
qc ≈ 1.08×q, not a large difference; however, the wake blockage increases with drag because
this enlarge the wake. An increase in drag corresponds to an increase in speed; therefore,
as speed increases the measured drag coefficient should increase.

A main source of error when making LAPLander wind-tunnel model was that the
toroidal airbags were made of a more rigid material and that the fabric was not perfectly

Figure 7.3: Inflation test with the ballute outside the lander.
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stretched between these. This makes high speed tests unrealistic because the rigid airbags
will not bend. Since the airbags will be flexible on LAPLander, the geometry will change,
and having an exactly symmetrical model is not judged important. To ensure that no air
would leak through between disk and parachute, the parachute was glued to the disk. The
wood cylinder is 6 cm thick and 25 cm in diameter, the airbags have major and minor
diameter 41 cm and 2 cm, the sides of the parachute is about 78 cm. The permeability of
the fabric is 100-150 c.f.m./ft2 (c.f.m. stands for cubic feet per minute).

Knowing the distance between the centre of gravity and the balance, the pitch moment
coefficient can be calculated from

Cm = C ′m +
h

d
(CL cosα+ CD sinα) (7.3)

where C ′m is the measured pitch coefficient, h is the distance to the balance (67 mm), d is the
disk diameter, α the angle of attack and Ci is the drag or lift coefficient. Figure 7.4 shows
how the model was mounted in the wind tunnel for the CD, CL and Cm′ measurement.

Figure 7.5 shows how the model was mounted in the wind tunnel for the stability anal-
ysis. In the stability experiment, the model could rotate around an axis through the centre
of gravity. The interference of the metal sheet that holds the model should be small since
this is located in the wake.

Figure 7.4: Drag, lift and moment measurement setup.

Results

Figure 7.6 indicates that the drag coefficient did decrease slightly with speed, despite the
adverse wake-blockage effect, probably because of increased permeability in the fabric. The
reason for the data point cluster around e.g. 5 m/s is that the wind tunnel speed V∞ staid at
these speeds for longer time in order to make observations. Given CD = 1 and m = 2.7 kg,
yield a terminal velocity of 8.5 m/s which is slightly outside, but near, the wind tunnel
measured interval seen in Figure 7.6.



7.3. DROP TESTS FROM BUILDING: 15 M 51

Figure 7.7 show the α-sweep data for the front and backside. The lift and moment
coefficients are not zero at α = 0 because of lacking symmetry. The drag coefficient is
about twice as high when the air impacts the back side, around 1.8 when considering the
blockage correction factor. A reasonable result since the parachute is inflated, giving higher
frontal area, while in the other case, it is pressed down against the airbags. Also the shape
is more favorable.

The LAPLander model was stable when wind faced the front side, for all tested speeds
and perturbations, ranging from 5 up to 12 m/s and α up to about 40 deg. Typically α→ 0
in an oscillatory manner.

7.3 Drop Tests from Building: 15 m

Later in the design phase, the fabric used in the wind tunnel experiment, was changed to
a none-permeable fabric (as can be seen in Figures 2.2 and 2.3). This change did not make
a notable difference in stability. The model used in the wind tunnel have been dropped
from a building (with both types of fabric) to see that it would stabilize regardless of start
condition.

Another drop test, with the same model but with real airbags, showed that the structure
could manage the aerodynamic forces at terminal velocity. It is doubtful that the airbags
would give a significant impact damping. The drag coefficient was similar to the wind
tunnel experiment. To confirm that the parachute template was correct, a paper model was
realized. This model was stable in a free fall, at a Reynolds number of about ReL ≈ 4×104.

Figure 7.5: Stability setup.



52 CHAPTER 7. LAPLANDER EXPERIMENTAL CAMPAIGN

Figure 7.6: Drag coefficient and free stream velocity at α = 0.

Figure 7.7: Drag, lift and moment coefficient versus angle of attack for the front- and
backside of the ballute.

7.4 Drop Tests from Helicopter: 1500 m

The helicopter version of LAPLander can be seen in Figure 7.8. The airbags have been
folded outside the lander based on the discussion in section 7.1. The first idea was to test
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hatch and ballute deployment, because the cutter and valves are quite slow, ample time is
needed; therefore, the drop height was set to 1500 m. Another factor was to have enough
time for initial transients in the motion to reach an equilibrium state (e.g. start tumbling),
and to obtain flight data on this.

Beside the main experiment, four additional were realized, see Figure 7.9. Two disks with
similar mass, mass moment of inertia and dimensions as LAPLander, disk 1 with spin start,
and disk 2 without spin start. Disk 3 is similar to the NASA free-flight disks experiment
cited earlier [53] and without spin start. Disks 1 and 2 had also two accelerometers and one
pressure sensor each. The wind tunnel model was used again.

The experiment was conducted the 14th of March at Skoggstibble skjutfält using a
Eurocopter AS350 hovering at 5000 feet (1524 m). Measured wind speed was 15 knots
(8 m/s) at 5000 feet and 30-40 deg south. Due to a chain of unfortunate events, and deep
snow, only disk 1 and 3 was recovered.

Visual observations confirmed that the deployed LAPLander wood model was stable
through the flight, see Figure 7.10. The LAPLander CO2 cartridges did not work, this
coupled with a battery failure, resulted in that the ballute was not inflated correctly and no
data were recorded. Disk 1 landed 140 m from the helicopter ground coordinate and disk 3,
32 m away. The resolution in the wind data and the helicopter ground coordinate is not
high enough to make any more conclusions than that they essentially landed straight under
the helicopter. The sensors did not perform. One of the disks (most likely Disk 3) could
actually be heard, the sound was created by vortex shedding in the wake (a von Kármán
vortex street); a strong suggestion that it autorotated.

7.5 Concluding Remarks

Wind tunnel and drop tests confirm that the deployed LAPLander is stable, and that the
airbags can master the aerodynamic load at terminal velocity. The aerodynamic coefficients
is provided in Figure A.4. The ballute system never matured enough to live one successful
inflation test. The reader may use the provided material to build one that does.
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Figure 7.8: Helicopter version of LAPLander.
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Figure 7.9: Helicopter drop test models.
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Figure 7.10: A scale 1:1 model with rigid airbags in free flight from a helicopter at 1500 m
altitude, seen from a distance. Photo: Jacob Michelsen.



Chapter 8

Results: REXUS 8 Flight Scenarious

The strategy has been to provide examples on how the motion may look like because no
case-similar real-flight data were found. This will first be done using a LAPLander size
cylinder, and later including the ballute inflation, the chapter ends with an estimation on
the impact dispersion.

The input parameters are based on measured data from the rocket launch, provided by
the Swedish Space Corporation. The start position are taken from GPS values at LAP-
Lander separation at t0 = 76 s, the trajectory angle at that instant was 76.5 deg and the
velocity 700 m/s. The velocity components were calculated using the assumption that the
rocket projects a straight line on earth, between Esrange (xE =0, yE =0, zE =0) and the
ejection point. The initial Euler angles are set so that xB is parallel to the rocket and
points down. This makes αT = 180 deg at the point of separation. The variance η is evenly
distributed by using the Matlab rand function.

Some uncertainties that may be interesting to look into, is how the roll damping effects
the outcome, and the initial spin rates; the spin rate from the rocket is between 3 and
4 Hz, and the separation spring may transfer some rotation in pitch and yaw. The later is
probably smaller than the limits chosen here. For the simulations presented in this chapter
the standard inputs are presented in Table A.2 in Appendix A.

Additional figures on (ψ, θ, φ), (r, q, p) and (u, v, w), that may provide a better context
to the figures presented in this chapter, can be found in Appendix B.

To make it easier to connect between the figures in the result section and those in
Appendix B, the figures are marked from which simulation they come from. Each simulation
took 400-1200 s to perform on an ordinary PC and the Monte Carlo analysis was limited to
a reasonable number of points. Computation time is strongly influenced on the spin rates
with respect to flight time; high spin rates require finer resolution.

8.1 Limited to Stationary Aerodynamics

Why should the simulation model be limited to only using the stationary aerodynamic
coefficients CD, CL and CM? Well, the simulations in this section, assumes that the disk
will be stable around αT ≈ 0 where the aerodynamic model holds. It will be seen in the
next section, how valid this assumption is.
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The Undeployed LAPLander at Reentry

Two cases will be compared in detail: one simulation without wind and one simulation with
the REXUS 8 wind sample (see Figure 3.4).

The trajectories are shown in Figures 8.1(a), 8.1(b), 8.2(b) and 8.2(b). As expected the
trajectory is parabolic before the disk reenters the atmosphere. At reentry the trajectory
shows a helical appearance that decreases in amplitude and frequency, see Figure 8.1(b).
The reduction in amplitude is due to that the disk is stable at αT = 0, thus αT is constantly
reduced from the initial reentry angle. The reduction in frequency (hard to see in figure)
of the amplitude is caused by the reduced moment which depend on αT and roll rate
due to damping. The trajectory with wind is essentially equal to that without up to
the point when the disk is slowed down enough to make it drift in the atmosphere, see
Figures 8.3(a) and 8.3(b). The helical motion begins at around 50 km.

Figure 8.4(a) shows αT for the no-wind scenario. The appearance of the graph being
a thick solid line is a result of the rapid spinning of the disk. Actually the graphs show
a harmonic appearance when zooming in, see Appendix B. The disk is ejected at αT =
180 deg, and then it follows a parabolic path until it reaches the atmosphere. The peak
aerodynamic load at reentry, can be seen as the sudden dip of angle of attack at about
αT =24 deg, t =230 s and 25-30 km altitude, see the left subplot in Figure 8.4(b). When
the part of the middle subplot is entered, the large-scale helical motion, seen in Figure 8.3(a)
has been left. One of the more interesting results are that αT is less than 24 deg for the
part with aerodynamic influence; the aerodynamic data are most valid at low αT when Re
does not play a significant part (see Section 6.3). In the middle subplot in Figure 8.4(b)
it can be seen that two frequencies govern the shape, and the last subplot shows how αT
converges to zero.

The aerodynamic parameters that strongly influence the magnitude of the forces and
moments can be seen in Figure 8.5. Maximum dynamic pressure is 1.3 kPa and occurs at
the altitude 35 km and at t =258 s. This is just 4-6 s later than when the peak on the spin
rates occurs. Maximum Mach number is 2.4 and occur earlier at t =240 s.

Now the attention is directed towards the second scenario; that the wind profile of the
REXUS 8 launch is present. The angle of attack is different, see Figure 8.6(a). The wind
perturbs αT , details can be seen in 8.6(b). One thing that can be noted is that before the
second largest disturbance at t =575 s, the disturbances make ”pearls” on the trend (the
smooth line in the right subplot in Figure 8.4(b)). After the disturbance, αT appear more
noisy. Details can be seen in Appendix B.
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(a) Trajectory.

(b) Detail on the helical motion of Fig. 8.1(a).

Figure 8.1: Excluding wind and having stationary aerodynamics (1).
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(a) Trajectory.

(b) Coordinate tracks.

Figure 8.2: With REXUS 8 wind and stationary aerodynamics (2).
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(a) No wind.

(b) REXUS 8 wind.

Figure 8.3: The earth velocity components for two cases, stationary aerodynamics.
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(a) Angle of attack.

(b) Detail on αT .

Figure 8.4: Excluding wind and having stationary aerodynamics (1).
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Figure 8.5: Dynamic pressure, Mach number and velociy. Excluding wind and having
stationary aerodynamics (1).
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(a) Angle of attack.

(b) Detail on αT .

Figure 8.6: With REXUS 8 wind and stationary aerodynamics (2).
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LAPLander with Ballute Deployment

Prior to inflation CD, CL and CM will be taken from Figures A.1 to A.3 (in Appendix A)
and nonstationary effects neglected, hence, Cmq = 0 and Cnr = 0. After deployment
Clp = −0.1 and Cmq = Cnr will be -0.1 for small αT and -0.8 for larger, respectively. These
derivatives are positive if the ballute is turned to the opposite side (at αT = 180 deg).
From experiments, it is known that the configuration is stable at the terminal speed, and
the values are taken typical so that αT ≈ 0. The aerodynamic coefficients come from
Figure A.4 (Appendix A) when the ballute is deployed, the sudden rise in CD is a guess
based on that at a certain αT , it will probably inflate. This is not used in the simulation
though, because αT ≈ 0. The bridge in aerodynamic coefficients are linear with respect to
altitude, and so is the change in m and IB , see Figure B.11.

The trajectory for a typical case is shown in figures 8.7(a) and 8.7(b). Clearly, much of
the drift occur after the ballute is deployed at 5-4.8 km. The velocity component fluctuates
only due to the wind, and it stops oscillating rapidly, see Figure 8.8. The roll rate p stops
almost instantly and the assumption that the mass moment of inertia does not change with
time, ˙IB = 0, should not make much difference in the results. Impact velocity is 8.3 m/s
and occur at about t=18 min. The dynamic pressure qdyn at ballute inflation is 560 Pa.

Monte Carlo Impact Dispersion Analysis

The data from the first simulations, using static aerodynamics, are collected on the map
in Figure 8.9 and 8.10. Note that the scale is large, Kiruna could easily fit between the
separate impact clusters.

The REXUS 8 payload is a cylinder with a fineness ratio of approximately τ ≈ 2.5.
According to Figure 6.6 it should have higher CD when αT ≈ 0, then in the other hand,
Figure 6.4(a) indicate a lower CD. So the fact that the simulation shows that LAPLander
land further away is surprising but not completely unrealistic.

One interesting detail is that the sign on the roll rate cannot be neglected. This is a
common observation when flying Frisbees [12]. The difference between the inertia matrix
IB for a cylinder or using the LAPLander CAD model is neglectable.

The REXUS 8 wind is heading south-east and that is the direction where the disks
tend to drift. Note that the rocket flies into the wind (perhaps due to the weathercock
effect). The impact locations when including the nonstationary aerodynamics does not
change notably (excluded on the map), and the impact dispersion for the 4800 m deployed
LAPLander is similar to the undeployed (only one point each).
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(a) Trajcetory.

(b) Coordinate tracks.

Figure 8.7: With REXUS 8 wind and ballute deployment at 4800 m (3).
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Figure 8.8: Velocity with REXUS 8 wind and ballute deployment at 4800 m (3).
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Figure 8.9: One circle at Esrange, the second circle marks the ground trace coordinate at
LAPLander ejection, the line drawn in between should then give the rocket heading, and
the last circle, furthest away, marks where the REXUS 8 payload landed. Details on the
impact clustering can be seen in Figure 8.10.
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Figure 8.10: Detail on Figure 8.9 with legend as:
O, with REXUS 8 wind, analytical IB and p = −3.5
4, with REXUS 8 wind, analytical IB and p = 3.5
B, no wind, analytical IB and p = −3.5
C, no wind, analytical IB and p = 3.5
∗, with REXUS 8 wind, CAD IB and p = −3.5
?, with REXUS 8 wind, CAD IB and p = 3.5
×, with REXUS 8 wind, ballute inflation at 4800 m and p = 3.5
�, with REXUS 8 wind, ballute inflation at 4800 m and p = −3.5
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8.2 Including Nonstationary Aerodynamics: Stability Analysis

As usual, several runs have been performed, and typical results will be illustrated for each
type of simulation. Initial conditions is as before, see Table A.2.

In the first example, the centre of gravity is h = 0, and CMωauto
is taken from Figure A.5

in Appendix A. The later is assumed not to vary with M in this example, just to compare
what the CMωauto coefficient does in comparison to the only-stationary case earlier. Figures
8.11(a) and 8.11(b) show the results. The difference is not so large, but αT is slightly
increased and oscillates in the lower atmosphere due to changes in the wind. A notable
difference in q and r can be seen in Appendix B. As expected, these are increased.

Now the centre of gravity will be displaced h = 1 cm and CMωauto
is unchanged except

that it is linearly increasing at 0.7 < M < 0.8, from zero to its original value in A.5. For
typical reentry vehicles (capsules), this coefficient is stabilizing at higher M but destabilizing
in the subsonic regime. The results are shown in Figures 8.12(a) and 8.12(b). The disk
does not start to autorotate, but it wobbles instead, with a larger αT than before. This
wobble is so fast that the trajectory is not changed notably compared to the previous
simulations, in fact, the vE and wE components looks almost exactly the same, see detail in
Figures 8.13(a) and 8.13(b). The difference is that the dynamic instability adds oscillations
to the figure. Using a c.g. offset of 2 cm gives a figure qualitatively similar but with higher
αT around 20 deg.

So when concluding this section, it seems like the gyroscopic stability from the roll rate
p, will keep it from autorotation. It would be most interesting to model the transition
between autorotation and wobbling, unfortunately, the aerodynamics are too complex and
cannot be treated in full with this report. Aerodynamic data on this may not even exist
today.
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(a) Angle of attack.

(b) Detail on αT .

Figure 8.11: With REXUS 8 wind and including CMωauto
, h = 0 (4).
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(a) Angle of attack.

(b) Detail on αT .

Figure 8.12: With REXUS 8 wind and including CMωauto
, h = 1 cm (5).
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(a) With REXUS 8 wind and including CMωauto , h = 1 cm (5).

(b) REXUS 8 wind and stationary aerodynamics.

Figure 8.13: Detail on the earth velocity components for two cases.





Chapter 9

The Inflatable Modular Recovery
System

How can the results from the LAPLander project be used and taken into the future? This
chapter was written with the successors to LAPLander in mind. A new concept will be
presented, the Inflatable Modular Recovery System (IMRS). Little effort has been done to
balance different options against each other; the reader should see this as one option.

9.1 Introduction to Shuttlecock Reentry

Ballutes are commonly not used in the manner presented in the LAPLander concept. In-
stead they are used at supersonic velocities or in the upper atmosphere where a parachute
may be unstable or never inflate. Examples of usage are stabilization for munitions [20],
such as the MK 82 bomb [46], and for meteorological rocketsondes when a slow descent
from space is required, [28] and [29]. Inflatable Aerodynamic Decelerators (IAD’s) have
also been suggested, and are actually being developed at this time, as a mean to reenter
the earth atmosphere from orbit or extra-terrestrial atmopsheres [1], [54], [44], [35] and [2].
The advantage is that, ultimately, a larger payload can reach the surface with a given mass
and volume budget.

One important parameter for non-lifting reentry vehicles is the ballistic factor [15]. It is
given as

βB =
m

CDS
(9.1)

where m is the mass, S the reference area and CD the drag coefficient. If the ballistic
coefficient is kept small, the space probe will be subjected to a low dynamic pressure and
temperature. This is called a shuttlecock (or feathered) strategy of reentry. Some collected
examples are provided in Table 9.1, details on these examples will be introduced in the next
section. Note that the ratio m/S is not the ballistic coefficient, but since most IAD’s had
similar drag coefficient, this ratio still gives an idea of the performance.

The reduced thermal load saves mass on the heat protection, mass that can be invested in
the payload, see Table 9.2. The electronic box of LAPLander had a mass of approximately
0.96 kg and the future intended wire-booms for ionospheric measurements (the SCALE
system [24]), will have a mass of approximately 0.3-0.4 kg per unit, this makes the payload
mass about 2.2-2.6 kg. Using a space probe mass of 3-3.4 kg and the same reference area
as the LAPLander ballute, yields m/S =5.3-6.0 kg/m2.
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9.2 Reentry Vehicle Examples

One IAD is the Inflatable Re-entry Vehicle Experiment (IRVE). The IRVE is a 3.0 m
diameter, 60 deg half-angle sphere cone, and was realized to gain experience and lead the
way to a system capable to come back from Low Earth Orbit (LEO), the moon or Mars.
All facts about IRVE have been found in [35] except the mass (126 kg) which was found
in [2]. The following data are given for an apogee of 164 km: the inflation pressure is 3 psi
(0.20 bar) using nitrogen gas, peak stagnation pressure is 0.22 psi (1517 Pa) and occur at
46 km altitude and at Mach 2.56, peak temperature is 274◦C (at the outermost windward
layer). The structure is based on silicone coated Aramide fibre as inner bladder 7 mil
(0.18 mm) which is enforced by more layers of dry Aramide fibre 10 mil (0.25 mm). To
thermally protect these layers, Kapton film 3 mil and Nextel fibres are used 42 mil (1.1 mm).
In total the wall is 62 mil (1.6 mm) thick on the windward side and on the wake-facing side
it is 0.8 mm thick because two layers of Nextel fibres and Kapton are missing.

An experiment similar to the IRVE is the ESA technology demonstrator Inflatable Re-
entry Demonstrator Technology (IRDT-2), [1], [54] and [44]. The future goal is also to
return payloads from LEO and it is a sphere cone, but using a cone half angle of 45 deg.
The diameter is 2.3 m during the first phase of the reentry, when it has reached the subsonic
regime at about 25 km an extra cone is inflated with a diameter of 3.8 m. This enables a
landing speed of 13-15 m/s given its mass of 140 kg. This demonstrator have been tested
at more realistic circumstances since the reentry speed was similar to LEO at 6900 m/s.

The reference area of Space Ship One [14] is hard to estimate, the wing area is 15 m2,
but may only represent a small part of the total reference area. Empty mass is 1200 kg
and the apogee is up to 110 km. In [31] and [32] a flare-type aerodynamic decelerator is
presented. Instead of inflating a toroid, a metal wire is used to stretch out Zylon textile.
Note that this has still yet to be tested and are only based on their report. The Loki-Dart or
Arcas meteorological rocketsondes were mostly manufactured by 1/4 or 1/2 mil (6-12 µm)
Mylar film, [28] and [29].

Space probe m/S (kg/m2) Apogee (km) Ventry (m/s) qdyn,max Pa
LAPLander 66.3 88 800 ∼ 1300
IMRS 5.3-6 250 ∼ 1700 ∼ 320
IRVE 17.8 164 ∼ 1500 1517
IRDT-2 33.7 (12.4) 258 6900 -
Space Ship One ∼ 35 110 ∼ 1000 -
Flare-Membrane 1.0 LEO 7600 80
Rocketsondes < 0.1 67 - -

Table 9.1: Data of various reentry vehicles.

Item (grams) LAPLander IMRS Parachute
Four CO2 cartridges 400 400 -
Four toroidal airbags 300 300 -
Parachute 66 100 100
Heat sink (fuselage) 1020 none 1020
Total 1786 800 1120

Table 9.2: Recovery systen mass budgets.
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9.3 IMRS Design

The IMRS is only a simple concept so far and based on that LAPLander inflates in space.
New features (or recommendations if you will) compared to the LAPLander system can be
summarized as:

� The inflation problems of LAPLander are solved by not having a hatch and top or
bottom disk. They will not have a sub-function as thermal sink. The airbags could
be kept inside shielding aluminum film and tied to the lander by breakable ropes.

� Airbags and CO2 cartridges are designed so that they fit together. This will avoid
the aluminum sheets used in the LAPLander system.

� The airbag inner bladder should be replaceable and the outer structure coated. The
extra complication to develop this should be earned in fabrication. In the LAPLander
project 34 airbags were constructed, taking about 3 hours for each airbag.

� For LAPLander the failure rate of the RS is proportional to the failure rate of each
airbag CO2-cartridge pair to the power of four. The new system must be more robust.

The IMRS and its benefits towards other IAD’s are presented below:

� Higher subsonic drag coefficient.

� It has flexibility in that each toroidal airbag is connected to one cartridge, the config-
uration can easily be changed provided working building blocks.

� The configuration raises the payload of the ground or water (not only floating).

Only benefits have been presented here, of course, there are evident problems provided
in Chapters 2 and 7.

Airbags

Because of the high 250 km apogee envisioned for the IMRS, making airbags that can
survive the aerothermodynamic loads is a key problem that must be covered this early in
the concept. This will be treated further in the next chapter. This section will point out a
feasible solution.

The outer structure of the airbags should be made of silicone coated Aramide sleeve
in order to attain correct shape. Otherwise the ballute will not inflate correctly. The
coating can be done in any workshop; the Aramide fibre sleeve is put on a mold and the
silicone rubber applied, when it has dried, the sleeve is turned inside out. In the conceptual
design phase, Casco 300◦C could be used as coating material, and a silicone hose used in
the medical/food industry can be used as a bladder. Two types that exist are platinum
hardened that can stand max 204◦C with an elasticity of 650%, and the other type is
peroxide hardened that can stand max 259◦C and with an elasticity of 375%. Such an
early airbag-concept test has been performed: a LAPLander size airbag had an outer mass
45 grams and the silicone tube around 30 grams. Urethane-coated Aramide, which is closer
to the LAPLander airbag design, was used in a supersonic wind tunnel experiment [23].
The latest option is only feasible for lower thermal loads (Mach 2.5 and Red = 2.1× 106).

High strength airbeams are used to erect tents etcetera, they have a typical inflation
pressure of about 40 to 500 psi (2.76-34.5 bar), while typical IAD’s are closer to 1 psi [17].
LAPLander had an inflation pressure of 8 bar which puts it into the airbeam category.
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Provided a material temperature limit of 204-250◦C, what will the pressure be? If the
inflation pressure is 8 bar at room temperature, the ideal gas law yields a pressure of
13 bar-14 bar. This is a manageable pressure.

9.4 Ballute Drag Coefficient

Figure 9.1 shows typical drag coefficients for various reentry vehicles. The data seem con-
sistent with other sources such as that given for IRVE, IRDT and the Flare-membrane. The
drag coefficient of the IMRS is assumed to follow the trend in Figure 9.1 and to be 1.6 at
the supersonic regime. See Figure A.6 Appendix A.

Low density aerodynamic for the IRVE can be found in [27]. The drag coefficient
increases when the atmosphere is so thin that a convention shock wave does not form. For
IRVE the difference during the transitional regime, Kn = 10−2 toKn = 10, is CD,αT =0 =1.5
to CD,αT =0 =4. The ballute is assumed to deploy at 100 km where the Knudsen number
is around 0.1. Above 86 km the drag coefficient is assumed to be slightly higher at 1.7 to
compensate for this.

Figure 9.1: Drag for various reentry vehicles αT = 0 [22].
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Results: IMRS Trajectory and
Aerothermodynamic Loads

The input parameters are provided in Table A.3. Just as before, the ballute is assumed
stable, hence αT ≈ 0. Only CD is different, this value is obtained by multiplying the
subsonic value in Figure A.4 with the supersonic drag rise in Figure A.6.

The trajectory of a simulation with the REXUS 8 wind profile can be seen in Fig-
ure 10.1(a). Despite that the wind will affect the trajectory more strongly, it is not enough
to be an issue, the space probe lands within the restricted impact zone (provided that the
rocket is aimed correctly). A comparison between the wind and IMRS velocity can be seen
in Figure 10.1(b) (not the REXUS 8 wind sample this time). It is clear that the space
probe drift with the wind, and under 35 km altitude these cannot be separated without a
closer look. From the same simulation, the peak dynamic pressure is 323 Pa and occur at
the altitude 57 km (LAPLander 35 km) and Mach number 3.7, see Figure 10.2. At sea level
this dynamic pressure correspond to a velocity of 83 km/h, a load that probably could be
mastered.

One of the key questions is whether the ballute would stand the thermal environment
or not. For a segment in any heat protection system the following heat flux balance can be
set up (reading on this subject was found in [5])

q̇conv = q̇store + q̇cond + q̇rad (10.1)

where the components are: convection, storage, conduction and radiation, respectively. It is
convection that drives the process, which is why this analysis will only focus on the left-side
of the equation. The convection can be written as

q̇conv = h (Tr − Twall) (10.2)

where h is the heat transfer coefficient, Tr the recovery temperature and Twall the wall
temperature. The temperature, density and velocity behind a normal shock wave can be
calculated by Equations 6.5 to 6.7 in the supersonic regime, where the gas can be assumed
ideal; however, in the hypersonic regime, energy will be consumed to excite the air, and an
ideal gas would over-estimate the temperature. Behind the normal shock wave NO+, N+

and O− form as the N2 and O2 in the air react. Tables on normal shock waves can be found
in [18] (this report is also cited in [15] and [10]). In this example the recovery temperature
is Tr = T2 from Eq. 6.5, or taken from Tables in [18]. The wall temperature will increase
and reduce the heat flux, here the wall temperature are set to a constant room temperature
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LOADS

thus Tr � Twall. The heat transfer coefficient can be calculated by Reynolds analogy:

h = 1
2ρ2V2CpCf (10.3)

where the variables are calculated behind the shock wave, Cp is the heat capacity of air
(assumed 1020 J/kgK) and Cf a friction coefficient. The friction coefficient is

Cf ≈ 0.0583
Re0.2

d
(10.4)

for a turbulent boundary layer. The viscosity is calculated by Sutherlands formula and Re
based on the side length 0.75 m.

Figure 10.3 shows the conditions behind the shock wave and the resulting worst-case heat
flux. The instance of peak heat flux occurs between two competing factors; the temperature
decreases while the density increases with time. Maximum dynamic pressure occurred at
26 s, slightly later than the peak heat flux. Note that the real gas temperature should be
lower than the ideal gas temperature, the error in the figure is partly due to that the table
are given in 1000 feet/s intervals, and rounded to the closest value, and perhaps partly due
to an outdated pre-1976 atmospheric model. Logically, the IMRS should need less heat
protection than IRVE that mastered a higher thermal load; it had a wind-side thickness of
1.6 mm.

If the energy transferred to the element is 0.2×25J from Figure 10.3, and 1 cm2 airbag-
wall has a mass of 0.1 grams, how warm will it be? Silicone rubber and Aramide fibre
has a specific heat capacity of approximately 1280 and 1250-2900 J/kgK (increasing with
temperature), respectively. This yields a temperature increase of only 40 K.
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(a) With REXUS 8 wind.

(b) Similarities in wind and earth velocity components.

Figure 10.1: Trajectory of the IMRS.
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Figure 10.2: Dynamic pressure, Mach number and velociy for a typical IMRS reentry.

Figure 10.3: Conditions behind the normal shock wave and maximum heat flux, note than
the real gas temperature should be lower than the ideal gas temperature.
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Conclusion

1. A 6-DOF simulation model has been built in the Matlab environment in order to
estimate the movements of the Light Airbag-Protected Lander. The results from this
simulation predict that such a body will start to wobble, but if the roll damping
proves to be higher in reality, the space probe will start to autorotate, perhaps with
a spin rate up to 16 Hz; such a high angular rate may prevent successful parachute
deployment. An estimation of impact location with or without ballute deployment
was also performed. The sign of the roll rate, proved to change the impact location
considerably. The impact locations were near the landing site of the REXUS 8 payload.

2. The LAPLander Inflatable Aerodynamic Decelerator (IAD) has been evaluated. Re-
sults from the evaluation come first from the experimental campaign and later the
launch campaign:

� Wind tunnel and free flight tests confirm that the deployed LAPLander is stable
and CD = 1.0 for the envisioned terminal descent velocity 8-10 m/s, and further;
it was proven that an inflation pressure of 4-8 bar could support the resulting
aerodynamic load. In addition to the CD coefficient, measurements on CL and
CM have been performed. Some inflation problematics have been detected, and
the design must be iterated further. This first IAD can provide a stepping stone
towards new designs.

� A brief valve failure analysis has been conducted, see Appendix D. It is likely
that the failure depends on the creep behavior of the Field’s metal, and that the
fracture may be –brittle creep–. Field’s metal is weaker than common solders.

3. If a similar IAD should be developed in the future, it should be deployed in space, and
thus obtain a reduced ballisic factor. This should in theory provide a more light-weight
recovery system because of mass savings in the thermal protection. It is suggested
that the airbags are manufactured using Aramide fibre sleeve coated with silicone
rubber, with a changeable inner bladder made of a silicone rubber hose. Initial tests
suggest that such an airbag will have a mass lower than 80 grams. Anohter remark
is that a future IAD system must be iterated further in order to become sufficiently
reliable and robust.

A case study has been performed with an apogee of 250 km yielding a reentry velocity
of about 1700 m/s. The analysis shows that the ballute can stand the aerothermody-
namic loads: maximum dynamic pressure is 320 Pa and maximum heat flux due to
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convection is approximately 0.5 W/cm2. The landing location should not be too far
away in respect to the impact zone when considering Esrange.



Appendix A

Aerodynamic Coefficients and Tables
of Model Inputs

Figure A.1: Drag coefficient. Note that the regions near αT=90 deg is not accurate.
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Figure A.2: Lift coefficient. Note that the regions near αT=90 deg is not accurate.

Figure A.3: Moment coefficient. Note that the regions near αT=90 deg is not accurate.
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Figure A.4: Drag, lift and moment coefficient for the ballute. Solid-circle line are estimated
values and the noisy solid line from Figure 7.7. The data is only valid near regions of αT = 0
or 180 deg.

Figure A.5: Pitch moment damping Cmθ̇′ (or CMqA
) versus αT .
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Parameter Value Variance η
m (kg) 3.0 none
h (cm) 2.0 none
xE0 (m) -1500 none
yE0 (m) 0 none
uE0 (m/s) 0.5 none
vE0 (m/s) 2 none
ψE0 (deg) 45 none
rE0 (Hz) 0.1 none
t0 (s) 0 none

Table A.1: Input values for the 3-DOF simulation

Figure A.6: Estimated drag coefficient in axial flow for the ballute based on Figure 9.1 and
other IAD’s. Above 86 km altitude CD = 1.7.

Parameter Value Variance η
m (kg) 3.0 none
d (cm) 24 none
Kp 0.2 ±0.1

Clp,ballute -0.1 none
xE0 (m) 65227 none
yE0 (m) -2880 none
zE0 (m) 9685 none
uE0 (m/s) -680 none
vE0 (m/s) -47 none
wE0 (m/s) 157 none
ψE0 (deg) 3.95 none
θE0 (deg) 13.0 none
φE0 (deg) 0 none
pE0 (Hz) 3.5 or -3.5 ±0.5
qE0 (Hz) 0 ±0.35
rE0 (Hz) 0 ±0.35
t0 (s) 76 none

Table A.2: Standard input values for the REXUS 8 flight scenarious.
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Parameter Value Variance η
m (kg) 3.4 none

Sinfl (m2) 0.56 none
Clp,ballute -0.1 none
xE0 (km) -100 none
yE0 (km) 0 none
zE0 (km) 20 none
uE0 (m/s) 1700 none
vE0 (m/s) 0 none
wE0 (m/s) 150 none
ψE0 (deg) 0 none
θE0 (deg) 0 none
φE0 (deg) 0 none
pE0 (Hz) 0.5 none
qE0 (Hz) 0 none
rE0 (Hz) 0 none

Wind Yes 1-39
t0 (s) 0 none

Table A.3: Standard input values for the IMRS simulation





Appendix B

Additional Figures

Because it is hard to grasp the movement by only looking at αT one appendix has been
devoted to this. The Euler angle φ is a sawtooth function that varies between −180 and
180 deg, it is not presented since it only draws a thick blue rectangle (so does the ballistic
roll angle φ′). Most figures are on samples (1) and (2) since the stationary aerodynamics
provide the basis of the model.

Figure B.1: Euler angles (1).
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Figure B.2: Details on ψ(1).

Figure B.3: Angular rates (1).
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Figure B.4: Velocities (1).

Figure B.5: Euler angles (2).
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Figure B.6: Detail on Euler angle ψ (2).

Figure B.7: Angular rates (2).
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Figure B.8: Detail on angular rate r (2).

Figure B.9: Velocities (2).
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(a) Detail on vE .

(b) Detail on wE .

Figure B.10: Detail on the earth velocity components that causes the disturbance (2).
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Figure B.11: Change in IB and m, linear with respect to altitude (3).

Figure B.12: Euler angles (4).
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Figure B.13: Angular rates (4).

Figure B.14: Angular rates (5).
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Figure B.15: Euler angles (5).





Appendix C

Main Matlab Code

The main part of the Matlab code is provided in order to make more sense of Chapter 3.
How the Monte Carlo loop is built has been excluded. First the input are defined in the
main file:

%%%%% Define globals %%%%%

% the program has a lot of global variables , aerodyn. tables etc.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Input I: non-boundary-value inputs

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

m=3; % mass (kg)

rd =.24/2; % radius (m)

d=2*rd; % diam. (m)

l=.08; % thickness (m)

S=pi*rd^2; % ref. area (m^2)

%Analytical

Izz=m*(3*rd^2+l^2) /12;

Iyy=Izz;

Ixx=m*rd ^2/2;

Ixy =0;

Ixz =0;

Iyz =0;

IB=[Ixx -Ixy -Ixz;

-Ixy Iyy -Iyz;

-Ixz -Iyz Izz];

RollDampConst =0.2; % RollDampConst default = 0.079;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Input II: boundary-value inputs

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% position %%%

% rocket launch site , Esrange at (0,0,0)

xE0=-65227; % (m)

yE0=-2880;

zE0 =9685;

%%% velocity %%%

uE0=-680; % (m/s)

vE0=-47;

wE0 =157;

%%% Attitude %%%

psi0 =3.95* pi/180; % (rad)

theta0 =13*pi/180;

phi0 =0*pi/180;

%%% angular rate %%%

p0 =3.5*2* pi; % (rad/s)

q0=0*2*pi;

r0=0*2*pi;

%%% time %%%

t0=76; % (s)

t_end =350;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Transform inputs to suit the differential solver

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% Quaternions %%%

quat0=cos((psi0+psi0_err)/2)*cos(( theta0+theta0_err)/2)*cos((phi0+phi0_err)/2)+ sin((psi0+psi0_err)/2)*

sin(( theta0+theta0_err)/2)*sin((phi0+phi0_err)/2);

quat1=cos((psi0+psi0_err)/2)*cos(( theta0+theta0_err)/2)*sin((phi0+phi0_err)/2)-sin((psi0+psi0_err)/2)*

sin(( theta0+theta0_err)/2)*cos((phi0+phi0_err)/2);
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quat2=cos((psi0+psi0_err)/2)*sin(( theta0+theta0_err)/2)*cos((phi0+phi0_err)/2)+ sin((psi0+psi0_err)/2)*

cos(( theta0+theta0_err)/2)*sin((phi0+phi0_err)/2);

quat3=sin((psi0+psi0_err)/2)*cos(( theta0+theta0_err)/2)*cos((phi0+phi0_err)/2)-cos((psi0+psi0_err)/2)*

sin(( theta0+theta0_err)/2)*sin((phi0+phi0_err)/2); % MSofASV p. 126

%%% Velocities in body coord. %%%

L_EB_0 =[cos(theta0+theta0_err)*cos(psi0+psi0_err) sin(phi0+phi0_err)*sin(theta0+theta0_err)*cos(psi0+

psi0_err)-cos(phi0+phi0_err)*sin(psi0+psi0_err) cos(phi0+phi0_err)*sin(theta0+theta0_err)*cos(psi0

+psi0_err)+ sin(phi0+phi0_err)*sin(psi0+psi0_err);

cos(theta0+theta0_err)*sin(psi0+psi0_err) sin(phi0+phi0_err)*sin(theta0+theta0_err)*sin(psi0+

psi0_err)+ cos(phi0+phi0_err)*cos(psi0+psi0_err) cos(phi0+phi0_err)*sin(theta0+

theta0_err)*sin(psi0+psi0_err)-sin(phi0+phi0_err)*cos(psi0+psi0_err);

-sin(theta0+theta0_err) sin(phi0+phi0_err)*cos(theta0+theta0_err) cos(phi0+phi0_err)*cos(theta0

+theta0_err)]; % see Etkin page 99.

L_BE_0=L_EB_0 '; % see Etkin page 313

VE_0=[uE0 vE0 wE0]';

VB_0=L_BE_0*VE_0;

u0=VB_0 (1); % (m/s)

v0=VB_0 (2);

w0=VB_0 (3);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Start differential solver

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

tic % start timer

[t,f,te,ye,ie]= ode45(@(t,f) EquationsOfMotion6DOF(t,f),[t0 t_end],[u0+u0_err v0+v0_err w0+w0_err xE0+

xE0_err yE0+yE0_err zE0+zE0_err p0+p0_err q0+q0_err r0+r0_err quat0 quat1 quat2 quat3],odeset('

MaxStep ' ,0.1,'Events ',@ImpactAltTwo));

toc % end timer

% The function @ImpactAltTwo prevents the numerical solver to enter negative altitudes

% and stops the simulation at impact. It also record the output values at 6¬km altitude.

The equation system are solved using ode45, this has also been compared to other
ODE’s and gives the same result. This example only include the static coefficients. Equa-
tions 3.3, 3.10, 3.22 and 3.23 are collected and solved in:

function df=EquationsOfMotion6DOF(t,f)

%%%%% Define globals %%%%%

% the program will have a lot of global variables , aerodyn. tables etc.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Define diff. eq. syst. variables

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

u=f(1);

v=f(2);

w=f(3);

xE=f(4);

% yE=f(5); not used

% zE=f(6);

altitude=-xE; % the model is defined with x-axis pointing down

p=f(7);

q=f(8);

r=f(9);

quat0=f(10);

quat1=f(11);

quat2=f(12);

quat3=f(13);

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Calculate atmospheric properties

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% 1976 std. %%%

% zEatm limit: g, rho , T

if altitude≥0 % this fails if alt > 1000km but that is irrelevant in this case

g=interp1(zEatm ,grav ,altitude /1e3);

rho=interp1(zEatm ,RHO ,altitude /1e3);

T=interp1(zEatm ,Temp ,altitude /1e3);

else

g=interp1(zEatm ,grav ,0);

rho=interp1(zEatm ,RHO ,0);

T=interp1(zEatm ,Temp ,0);

end

% Z_L limit: a, nu

if altitude≥0 && altitude /1e3≤86
a=interp1(Z_L ,A,altitude /1e3);

nu=interp1(Z_L ,NU,altitude /1e3);

elseif altitude≤0
a=interp1(Z_L ,A,0);

nu=interp1(Z_L ,NU ,0);

elseif altitude /1e3≥86
a=interp1(Z_L ,A,86);

nu=interp1(Z_L ,NU ,86);

end

%%% Wind %%%

if altitude /1e3 < windalt(end) && altitude /1e3 > windalt (1) && (windstate ==1 || windstate ==2)
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uwE =0;

vwE=-interp1(windalt ,windeast ,altitude /1e3);

wwE=interp1(windalt ,windnorth ,altitude /1e3);

else

uwE =0;

vwE =0;

wwE =0;

end

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Transform between earth and body frame

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% Obtain Euler angles %%%

psi=atan2 (2*( quat1*quat2+quat0*quat3),(quat0 ^2+ quat1^2-quat2^2-quat3 ^2));

theta=asin(-2*( quat1*quat3-quat0*quat2));

phi=atan2 (2*( quat2*quat3+quat0*quat1),(quat0^2-quat1^2-quat2 ^2+ quat3 ^2)); % MSofASV p. 127

%%% Rotation matrix %%%

L_EB=[cos(theta)*cos(psi) sin(phi)*sin(theta)*cos(psi)-cos(phi)*sin(psi) cos(phi)*sin(theta)*cos(psi)+

sin(phi)*sin(psi);

cos(theta)*sin(psi) sin(phi)*sin(theta)*sin(psi)+cos(phi)*cos(psi) cos(phi)*sin(theta)*sin(psi)-

sin(phi)*cos(psi);

-sin(theta) sin(phi)*cos(theta) cos(phi)*cos(theta)]; % see Etkin page 99.

%%% Transform wind vel. %%%

WwB=L_EB '*[uwE;vwE;wwE];

%%% Transform body vel. %%%

VB=[u v w]';

VE=L_EB*VB;

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Calculate aerodynamic properties

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% absolute velocity %%%

VBtot=sqrt((u-WwB (1))^2+(v-WwB (2))^2+(w-WwB(3))^2);

%%% dynamic pressure %%%

qdyn =.5* rho*VBtot ^2;

%%% Mach number %%%

M=VBtot/a;

%%% Alpha and phi ' %%%

alpha_T=acos((u-WwB (1))/VBtot);

phib=atan2(v-WwB(2),w-WwB(3));

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Forces and moments

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

%%% Aerodynamic coefficients %%%

CD=interp2(alphaTdat23aug ,Mdat23aug ,CDdat23aug ,alpha_T ,M); % From Figures in Appendix A

CL=interp2(alphaTdat23aug ,Mdat23aug ,CLdat23aug ,alpha_T ,M);

CM=interp2(alphaTdat23aug ,Mdat23aug ,CMdat23aug ,alpha_T ,M);

%%% Wind frame %%%

T_AB=[cos(alpha_T) sin(alpha_T)*sin(phib) sin(alpha_T)*cos(phib);

0 cos(phib) -sin(phib);

-sin(alpha_T) cos(alpha_T)*sin(phib) cos(alpha_T)*cos(phib)];

T_BA=T_AB ';

%%% X, Y, Z force coefficients %%%

XYZ=T_BA*[-CD ; 0; -CL];

%%% Roll damping function %%%

Clp=rolldamping(d,VBtot ,p,rho ,nu,T,M,RollDampConst+RollDampConst_err);

%%% L, M, N moment coefficients %%%

lmn=T_BA *[0 ; CM; 0];

%Cl=lmn(1); % zero due to sym.

Cl=Clp*d*p/2/ VBtot;

Cm=lmn(2)+Cmq*d*q/2/ VBtot;

Cn=lmn(3)+Cnr*d*r/2/ VBtot;

%%% Forces %%%

weight =(m+m_err)*L_EB '*[g 0 0]'; % grav. in positive xE direction

X=qdyn*(S+S_err)*XYZ (1); % aerodyn. forces

Y=qdyn*(S+S_err)*XYZ (2);

Z=qdyn*(S+S_err)*XYZ (3);

%%% Moments %%%

L=qdyn*(S+S_err)*d*Cl; % aerodyn. moments

M=qdyn*(S+S_err)*d*Cm;

N=qdyn*(S+S_err)*d*Cn;

GB=[L M N]';

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Attitude kinematics

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

Quat=[ quat0 quat1 quat2 quat3]';

Quat_Rot =.5*[ 0 -p -q -r ;

p 0 r -q ;

q -r 0 p ;

r q -p 0 ]; % MSofASV p. 378 or 125

wB=[p q r]'; % Etkin p. 97

hB=IB*wB; % Etkin p. 97

% GB=hBdot+wBmat*hB; IB does NOT vary in time , Etkin p. 101 ==>

% IB*wBdot=GB-wBmat*hB ==> wBdot=IB^-1*(GB-wBmat*hB)

wBmat=[ 0 -r q; % Etkin p. 97

r 0 -p;

-q p 0];
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%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

% Equations system

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

lambda =1-(quat0 ^2+ quat1 ^2+ quat2 ^2+ quat3 ^2); % integration drit coefficient

df=zeros (13,1); % pre-allocate

df= [(X+weight (1)-(m+m_err)*(q*w-r*v))/(m+m_err); % dot u

(Y+weight (2)-(m+m_err)*(r*u-p*w))/(m+m_err); % dot v

(Z+weight (3)-(m+m_err)*(p*v-q*u))/(m+m_err); % dot w

VE(1); % dot xE

VE(2); % dot yE

VE(3); % dot zE

IB\(GB-wBmat*hB); % wBdot

% slower:

%(L+Iyz*(q^2-r^2)+Ixz*(df(9)+p*q)+Ixy*(df(8)-r*p)+(Iyy-Izz)*q*r)/Ixx; % dot p

%(M+Ixz*(r^2-p^2)+Ixy*(df(7)+q*r)+Iyz*(df(9)-p*q)+(Izz-Ixx)*r*p)/Iyy; % dot q

%(N+Ixy*(p^2-q^2)+Iyz*(df(8)+r*p)+Ixz*(df(7)-q*r)+(Ixx-Iyy)*p*q)/Izz; % dot r

Quat_Rot*Quat+lambda*Quat]; % quat dot



Appendix D

Valve Failure Analysis

As mentioned in Section 2.2 the valve did not work. The accidentally inflated airbag
damaged the SMILE dummy as can be seen in Figure D.1. In future ventures, it should be
noted that accidental airbag inflation inside a confined compartment presents a risk because
bursting pressure is high. The dummies were manufactured with 1.5 mm aluminum sheets.

Figure D.1: SMILE dummy after valve failure.

When inspecting the failed valve it seemed like the solder had not come loose from the
copper laminate, instead it looked smeared over the copper laminate. This may be caused
by a shear fracture inside the Field’s metal, see Figure D.2. Creep may be a central issue
in the failure since it is a phenomenon that becomes notable for metals at typically half the
absolute melting temperature. For solders it is notable in room temperature and a main
cause of failure [47]. Since the Field’s metal (51% In, 32.5% Bi, 16.5% Sn) has a low
melting point near 62C◦ this is a reason to be alarmed. Another important factor is the
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wetting of the solder joint, when using a better solder station the valve could manage the
load for a longer duration. Using conical and/or smaller holes for the Field’s metal may
solve this problem in the future.

Figure D.2: Looking at the pressure side of the CO2 cartridge lid after the valve failure.
The four valve resistors are thermally insulated by grease and a PEEK plate (removed in
figure).

Because no data were found on the creep behavior of Field’s metal, an experiment was
conducted to estimate this. The test rig can be seen in Figure D.3. In total two tests
were conducted on the Field’s metal, both with a 12.45 kg weight hanging on the sample
consisting of a 3.2 mm diameter wire. The first fracture occurred after 9 minutes (a shorter
piece) and the second after 14 minutes. In comparison a Castolin soldering wire (Sn and Pb,
diameter 3.1 mm) did not fracture at 17.05 kg after 1 hour and 5 minutes. This experiment
proves the presumption that the Field’s metal is weaker than ordinary solder. The shear
load on the sample should be approximately τ = mg

2A in this case, yielding 8 MPa for the
Field’s metal and 11 MPa for the Castolin. How high load may be expected in the valves?
The solder joints in [47] had a load-supporting area reduction between 5 and 30% from
soldering imperfections. Considering the difficulty in soldering with the Field’s metal, this
area may be reduced more than 30%. By multiplying the gas pressure with the valve hole
cross section area, and dividing it with the area in the soldering hole, a shear force around
1-2 MPa yields. General behavior on creep fractures was found in [7], at high loads the
fracture is ductile, while for small loads the fracture is brittle. The later strongly depend
on defects within the material (voids, cracks, etcetera) and a proper analysis becomes more
ambitious. No apparent deformation should occur before brittle fracture. This is consistent
with the observations on the undamaged soldering on the valve, and why brittle creep is
the prime suspect at this point.



107

Figure D.3: Shear load test of 3.2 mm diameter solid Fields metal sample. Fracture occurs
after 14 minutes at 120 N.
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[8] Low-Speed Wind Tunnel Testing, Third Edition. John Wiliey & Sons, Inc., 1999.

[9] Introduction to Fluid Mechanics, Revised. Butterworth Heinemann, 2002.

[10] Modern Compressible Flow With Historical Perspective, Third Edition. McGraw-Hill,
2004.

[11] Aircraft Design: A Conceptual Approach, Fourth Edition. AIAA Educational Series,
2006.

[12] Spinning Flight, Dynamics of Frisbees, Boomerangs, Samaras, and Skipping Stones.
Springer, 2006.

[13] Modeling and Simulation of Aerospace Vehicle Dynamics, Second Edition. AIAA, Inc.,
2007.

[14] Spaceshipone post-flight analysis. AIAA, 2007.

[15] Selected Aerothermodynamic Design Problems of Hypersonic Flight Vehicles. Springer-
Verlag Berlin Heidelberg, jointly published with the AIAA, 2009.
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