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Summary

In the very first steps of the formation of a new planetary system, dust agglomerates and
grows inside the protoplanetary disk that rotates around the newly formed star. In this
disk, collisions between the dust particles, induced by interactions with the surrounding
gas, lead to sticking. Aggregates start growing until their sizes and relative velocities are
high enough for collisions to result in bouncing or fragmentation.

As part of a series of microgravity experiments aiming at the investigation of the transi-
tions between sticking, bouncing and fragmentation of colliding dust aggregates, the Sub-
orbital Particle and Aggregation Experiment (SPACE) was designed, built and operated
both at the drop tower in Bremen (August 2011) and on the REXUS 12 suborbital rocket
(March 2012). The SPACE experiment allowed for the observation of collisions between
aggregates of sizes of a few 100 um that were composed of SiO,, a commonly used proto-
planetary dust analog material. The microgravity conditions provided by the drop tower
and the suborbital flight allowed for collision velocities below 1 cm s™!. At these low
velocities, clusters composed of a high number of aggregates (more than 10*) formed and
grew to sizes of up to 5 mm. The analysis of these collisions, by direct tracking in the case
of the drop tower data, or statistically for the suborbital flight data, delivered valuable in-
put to a current dust collision model, which maps the outcome of collisions depending on
the aggregate sizes and their relative velocities. The data results showed that the sticking
probability of a collision is enhanced for aggregate-cluster and cluster-cluster collisions
compared to simple aggregate-aggregate collisions. Furthermore, the sticking probability
of sub-mm-sized dust aggregates could directly be measured during the suborbital rocket
flight, over a velocity range covering the transition between the sticking and bouncing
regimes. It was also shown that the formed clusters are more fragile and fragment at col-
lision velocities as low as 5 cm s,

In addition, the evolution of clusters formed from sub-mm-sized aggregates during the
different experiments could be observed and some of their intrinsic properties derived.
The measured characteristics were the cluster fractal dimensions, the tensile strength of
their outer aggregate layer and the effective surface energy of their constituents. Thresh-
old energies for cluster restructuring and fragmentation could also be determined. All
these cluster properties are important input parameters for molecular dynamics or numer-
ical simulations investigating the behavior of macroscopic clusters (>1 mm in size) in
protoplanetary disks.






1 Introduction

The latest progress in observational techniques opens promising prospects on a better un-
derstanding of planet formation. The Kepler space telescope is continuously discovering
new planets orbiting other stars, with sizes now ranging from Jupiter down to Earth di-
mensions (Howard et al. 2012), indicating that the processes leading to the formation of
planets are actually very common in our universe. Furthermore, the revolutionary reso-
lution in sub- and mm-wavelengths obtained with the ALMA telescope (Atacama Large
Millimeter Array in Chile) now allows for a direct observation of the presence and spatial
distribution of mm- to cm-sized dust grains down to a few astronomical units of the cen-
tral star in accretion or debris disks around young stellar objects such as T-Tauri or Herbig
Ae/Be stars (e.g. MacGregor et al. 2013). As these disks are believed to be the location
of planet formation, the now possible observations will bring brand new insights into the
processes leading to planetary systems similar to our own. The first published observa-
tions (Boley et al. 2012, van der Marel et al. 2013, for example) already demonstrate how
powerful this new observational tool is, and how it will help validating current theories
on planet formation and protoplanetary disk (PPD) models.

Of course, due to the very long timescales of astronomical processes (disks evolving on a
timescale of ~ 10° years, Herndndez et al. 2007, Yasui et al. 2012), observations alone are
not sufficient to get a complete picture of the processes leading to planet formation. The
combination of observations with theoretical models, numerical simulations and experi-
mental studies is essential for an overall understanding. The experimental work presented
here is intended to contribute to the current research on processes taking place in the early
stages of planet formation, when dust particles inside the protoplanetary disk grow by
mutual collisions. In the following, it is shown how the dust collision experiments per-
formed in this work can help to better understand dust behavior in protoplanetary disks
during the first steps of planet formation.

1.1 The planetesimal theory

As mentioned above, the presence of terrestrial planets around other stars seems to be
very common. Surveys in the solar neighborhood (Howard et al. 2010b, Wittenmyer et al.
2010) concur with data gathered from space telecopes like Kepler (Howard et al. 2012) in
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1 Introduction

finding that between 15 and 20 % of the observed main sequence stars host at least one
planet. Another exoplanet observation technique, gravitational microlensing, reveals that
up to 62 % of the observed stars host super-Earth-like planets (5-10Mg) (Cassan et al.
2012). These observations reveal the ubiquity of the processes leading to the formation
of rocky bodies around newly formed stars.

Indications on how such efficient processes could take place can be inferred from the com-
position of primitive meteorites (Armitage 2010). These meteorites are called "primitive"
as they have undergone only minor alterations since their formation, neither thermally nor
chemically, which makes them suitable to gather clues about the environment they were
formed in. The majority of primitive meteorites are composed of cm-sized inclusions
(chondrules) surrounded by a matrix composed of micrometer-sized grains. The chon-
drules themselves appear to be former dust aggregates that went through one, or several
flash heating events (Hewins 1997, Morris & Desch 2010). This composition indicates
that meteorites were formed in an environment where dust particles of ym- to cm-sizes
were abundant. As radiometric dating of the meteoritic components places them into the
early stages of the Solar System, the so-called Solar Nebula (Amelin et al. 2002), it is
likely that the rocky bodies present in the Solar System today found their origin in a dusty
environment (Armitage 2010).

In addition, astronomical observations of young stellar objects such as T-Tauri or Her-
big Ae/Be stars reveal the presence of disks composed of gas and dust around them, that
could be matching environments for the formation of planets from dust (D’Alessio et al.
2001, van Boekel et al. 2003, Testi et al. 2014).

Both of these observations on how and where terrestrial planets could form, lead to the
planetesimal theory for the formation of planets in protoplanetary disks (e.g. Chambers
2004). In this theory, dust in protoplanetary disks around young stars agglomerates into
"planetesimals”. These planetesimals are bodies of about 1 km in size, just massive
enough for their self-gravity to become stronger than their inner cohesion forces. Some
of these planetesimals then undergo runaway growth by gravitational focusing, becom-
ing so-called protoplanets of about Mercury to Mars sizes (Wetherill & Stewart 1989).
In a final stage, these protoplanets collide amongst each other due to their mutual orbital
perturbances, leading to a stable planetary system as witnessed in our own Solar System
(Chambers & Wetherill 1998).

The work presented here deals with the first stage in this process: the agglomeration of
dust in protoplanetary disks.

1.2 Dust growth in protoplanetary disks

The very first stage of the planetesimal theory described above is the growth of dust aggre-
gates inside of the protoplanetary disk, by mutual collisions. The smallest grains observed
in protoplanetary disks have about um sizes (e.g. van Boekel et al. 2005). To achieve
growth to bigger sizes, two things are required. First the dust particles need to collide
amongst each other, i.e. they need to have non-zero relative velocities. Secondly, colli-
sions have to lead to aggregate growth instead of erosion, destruction or simple bouncing.

10



1.2 Dust growth in protoplanetary disks

1.2.1 Sources of dust particle motion

Collisions between particles are caused by several thermal and aerodynamical processes
acting on the dust particles embedded in the gas of a protoplanetary disk and inducing
relative velocities between them.

Particles surrounded by gas are subjected to Brownian motion (Einstein 1905). For par-
ticles with um sizes or smaller, this Brownian motion induces relative velocities on the
order of 107> m s~! (at 300 K). At these velocities, collisions are in the so-called "hit and
stick" regime, i.e. particles always stick upon collision, building fractal aggregates. This
thermal growth has been directly observed for example by Blum et al. (2002) for silicate
particles (covered by a silicate-organic mantle) of 0.95 um radius. If m is the mass of the
dust paritcles colliding, the relative velocities induced by Brownian motion are propor-
tional to m™ 3. Thus, with increasing size, the influence of Brownian motion lessens and
becomes negligible compared to the relative velocities induced by aerodynamical pro-
cesses.

Interactions of the particles and the surrounding gas lead to several drift motions: az-
imuthal, radial and vertical drift. The main gas-induced effect causing these drift motions
is aerodynamical drag. Dust particles orbiting the central star are under the influence of
its gravitational field and will therefore tend to have Keplerian orbits. The gas in the disk,
however, is supported by its own pressure, which partly compensated the star’s gravity,
and rotates at sub-Keplerian velocities. In addition, the gas rotates as a torus, i.e. with the
same rotation speed on and above the midplane. Therefore, dust particles in the disk ro-
tate faster than the gas, and particles that are not on the midplane oscillate vertically. The
induced velocity difference between the dust particles and the gas leads to drag forces on
the particles and to their azimuthal, radial and vertical drift. In addition, the deceleration
caused by the gas drag depends on the particle size, or more precisely on their cross sec-
tion to mass ratio. Accordingly, particles of different sizes drift with different velocities
and have a relative velocity to one another. This leads to collisions between particles.
Another aerodynamical process leading to relative velocities between particles is turbu-
lence. Gas turbulence was introduced into protoplanetary disk models as a source of
viscosity to explain the lifetimes of the disks observed. Laminar disks would accrete onto
the central star with a time scale of about 103 years, which is in contradiction with ob-
served disk ages of no more than ~ 10° years (Armitage 2010). A commonly assumed
source of this turbulence could be magnetorotational instability (MRI) of the differentially
rotating disk gas (Balbus & Hawley 1991). Just like for drift motions, in gas turbulence
the coupling of the dust particles to the gas vortices depends on their mass to cross section
ratio. This is why differently sized particles acquire different velocities in the turbulence
and relative velocities lead to particle collisions.

Figure 1.1 shows the velocities induced on PPD dust aggregates by the surrounding gas
and the resulting relative velocities generated between aggregates. For radii larger than
0.1 mm, gas drag starts to induce relative velocities between differently-sized particles
and can reach up to 100 m s~! between um- and m-sized particles. The influence of gas
turbulence on the relative velocities becomes apparent for bodies larger than 1 m in radius,
with up to a few 10 m s™! between cm-sized or smaller particles and 100 m-sized bodies.
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Figure 1.1: Velocities induced by the surrounding gas on dust aggregates in a protoplanetary disk: a.
velocities induced by Brownian motion (solid line), radial drift (dotted line) and gas turbulence (dashed
line), depending on the aggregate size. Here, only radial drift velocities are depicted. b. relative velocities
of dust aggregates induced by all three processes combined (Brownian motion, radial drift and turbulence)
depending on the aggregate sizes. The relative velocities are indicated in m s™'. The PPD model used is the
Minimum Mass Solar Nebula (MMSN) introduced by Weidenschilling (1977b). These plots were generated
using equations by Einstein (1905) (Brownian motion), Weidenschilling (1977a) (radial drift) and Ormel &
Cuzzi (2007) (turbulences). A distance to the central star of 1 AU and a low-turbulence environment are
assumed.
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1.3 Dust growth challenges

1.2.2 Dust particle collision behavior

Upon collision, two particles can stick together due to short range dipole-dipole interac-
tions between molecules, known as the Van-der-Waals force. This attractive force can be
modelled as a specific surface energy at the contact area between the particles holding
them together (Johnson et al. 1971, Derjaguin et al. 1975). This attractive force has to
be overcome in order to separate two particles sticking together and the outcome of a
collision depends on the collision energy. This is why slow velocity collisions between
small particles (e.g. the um particles subjected to Brownian motion in the PPD) always
lead to sticking. Bigger and more complex aggregates (composed of a very high number
of monomer particles), however, are influenced by interactions with the surrounding gas
(see Section 1.2.1) and gain higher relative velocities, leading them to leave the "hit and
stick" regime. Therefore, direct agglomeration of um-sized dust particles into km-sized
planetesimals via simple growth by sticking appears challenging.

1.3 Dust growth challenges

In addition to experiments on um-sized particles (e.g. Poppe et al. 2000a,b, Blum et al.
2002), several dust collision experiments were performed observing aggregates of bigger
masses and at higher relative velocities (see a review by Blum & Wurm 2008, and ref-
erences therein). 19 of these experiments were combined with the Hertz contact theory
(Hertz 1896) by Giittler et al. (2010) resulting in a dust collision model. This model pre-
dicts the outcome of a collision between two dust particles depending on their mass and
relative velocity: for certain aggregate masses, increasing relative velocities lead to a tran-
sition in collision outcomes from sticking to bouncing and even fragmentation for higher
velocities. Figure 1.2 sketches this model in its current version (Kothe et al. 2013). The
transition between sticking and bouncing follows a power law relation with v oc ;™"
v being the collision velocity and m the mass of the smaller colliding aggregate. At parti-
cle masses of about 10~ g (corresponding to about a mm in radius for silicate particles),
the transition takes place for relative velocities of a few cm s™!. The observed collisions
around this transition show an evolution of the sticking probability from O to 1 illustrated
by the dashed lines (Weidling et al. 2012, Kothe et al. 2013). For relative velocities higher
than ~1 m s~!, fragmentation was observed (Blum & Miinch 1993). The transition from
sticking to bouncing and to fragmentation with increasing particle mass and collision ve-
locity is also observed in molecular dynamics simulations (see e.g. Dominik & Tielens
1997, Wada et al. 2009).

The impact of this transition becomes apparent when it is taken into account in PPD dust
growth models and numerical simulations. In Monte Carlo dust collision simulations of
Zsom et al. (2010) for example, the introduction of aggregate bouncing stalls their growth
at sizes around 1 cm in diameter ("bouncing barrier"). In Brauer et al. (2008a), it is aggre-
gate fragmentation that stalls the growth and keeps the dust size distribution under a few
mm in radius ("fragmentation barrier"). In addition to these two "collision barriers", the
radial drift of the particles towards the central star (induced by gas drag) is also limiting
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Figure 1.2: Sketch of the dust collision model elaborated by Giittler et al. (2010) and Kothe et al. (2013).
The collision outcome is indicated by colors: sticking (green), bouncing (yellow) and fragmentation (red).
The parameter field regions investigated by previous experiments are indicated with dashed boxes (see
Giittler et al. 2010, for details). The parameters for the experiments of Weidling et al. (2012), Kothe et al.
(2013), and the SPACE experiment are indicated. Image credit: S. Kothe

the particle growth (Weidenschilling 1977a). As seen in Figure 1.1, the drift velocities
depend on the particle size and reach a maximum around 100 m s™! for meter-sized bod-
ies (considered at around 1 AU). At these speeds, bodies at 1 AU get lost to the central
star, either by accretion or evaporation, within ~100 years. This systematic body loss to
the central star is called "meter-size barrier".

An investigated option for overcoming these three growth barriers (bouncing, fragmen-
tation and drift) is, for example, planetesimal formation by gravitational instability in
regions of aerodynamic dust concentration, like turbulent vortices, streaming instabilites
of the dust-dense disk midplane or pressure bumps in condensation regions (Johansen
et al. 2007, Cuzzi et al. 2008, Chiang & Youdin 2010). Another direction of research is
the growth of planetesimals by mass transfer between porous aggregates colliding at high
velocities of a few m s™!. Experiments have shown that event though one of the collision
partners fragments, part of its mass sticks to the other collidiing partner leading to a net
aggregate growth (e.g. Langkowski et al. 2008, Kothe et al. 2010, Beitz et al. 2011, Wind-
mark et al. 2012).

These barriers imply that dust agglomeration to planetesimal sizes requires more com-

14



1.4 The SPACE experiment

Table 1.1: Microgravity time and quality for the different possible microgravity platforms. g is the Earth’s
gravitational acceleration.

Flight type Microgravity time per | Microgravity quality
experiment run

Drop tower Bremen upto ~9s < 107%¢

Parabolic flight ~20 s per parabola ~107%g

Suborbital rocket flight | a few minutes ~ 107%g

Orbital flight up to several months (In- | ~ 10~%¢g
ternational Space Station)

plex processes than simple growth upon collision. Information about aggregate collision
behavior at masses and velocities around the transitions between sticking and bouncing
and between bouncing and fragmentation are therefore very important for the further in-
vestigation of dust growth in PPDs. The Suborbital Particle Aggregation and Collision
Experiment (SPACE) is part of a series of experiments attempting to better define the pa-
rameters leading to aggregate sticking, bouncing or fragmenting upon collision.

1.4 The SPACE experiment

One of the challenges of observing dust collisions in many-particle systems at gentle
velocities of 10 cm s~ and below is the necessity to conduct these experiments under
microgravity conditions. Weidling et al. (2012) and Kothe et al. (2013) performed their
experiments in the drop tower at the Center of Applied Space Technology and Micrograv-
ity (ZARM) in Bremen, where each experiment run can last up to 9 s (microgravity time
while the experiment capsule is in free-fall).

Other possibilities for conducting microgravity experiments include parabolic flights on
an airplane, suborbital flights on a rocket or orbital flights on either an orbital vehicle
or the International Space Station. Table 1.1 lists the associated microgravity times and
qualities. The best microgravity qualities are reached at the drop tower and on orbital
flights. The drawbacks are a short microgravity time of 9 s at the drop tower and very
high flight costs on orbital vehicles. A good compromise between microgravity time and
financial costs are suborbital rockets. Compared to parabolic or drop tower flights, how-
ever, they are not easily repeatable. With the REXUS project!, the SPACE experiment got
the valuable opportunity to fly on-board a suborbital rocket. REXUS stands for Rocket
EXperiments for University Students and is a joint project between the Deutsche Zen-
trum fiir Luft- und Raumfahrt (DLR) and the Swedish National Space Board (SNSB).
The rocket reaches apogees of ~100 km and the time lapse during which the on-board
experiments are under reduced gravity conditions is significantly increased compared to

'http://www.rexusbexus.net/
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1 Introduction

drop tower or parabolic flight experiments, allowing for a "long-term" evolution of a dust
aggregate system.

The SPACE experiment was selected in February 2011 to fly on the REXUS 12 rocket.
In the process of hardware building and testing, SPACE was also flown at the drop tower
in Bremen in August 2011, delivering additional dust collision data that completed the
data obtained during the suborbital flight. On March 19", 2012, SPACE was launched
on-board the REXUS 12 rocket, from the Esrange launch site near Kiruna, in Northern
Sweden. The successful experiment run allowed for the continuous observation of colli-
sions between sub-mm-sized dust aggregates for about 150 s.

1.5 This work

Section 2 describes the SPACE experiment design-driving requirements and the hardware
set-up. Section 3 details the different experiment runs and the hardware performance at
the drop tower and during the REXUS 12 suborbital flight. In Section 4, the dust aggre-
gates investigated with SPACE are described.

Section 5 specifies the methods used for the analysis of the SPACE data. In particular for
the suborbital flight data, the data analysis and validation was not trivial. In Section 6, the
results obtained from the different SPACE experiments are presented. Section 7 draws
a few conclusions on sub-mm-sized dust aggregates collision behavior from the experi-
mental data obtained. In addition, some properties of clusters composed of sub-mm-sized
aggregates are investigated.

16



2 Experiment Description

This section describes the Suborbital Particle Agglomeration and Collision Experiment
(SPACE), the design-driving requirements (Section 2.1) and the experiment set-up fulfill-
ing these requirements (Section 2.2).

2.1 Experiment design requirements

2.1.1 Experiment objectives

As the SPACE experiment was built to investigate the collision behavior of sub-mm-sized
dust aggregates, two main design requirements for the hardware were first, to generate
observable dust aggregate collisions under vacuum conditions and second, to record video
data of these collisions for later analysis.

To create the required environment for aggregate collisions, the dust aggregates needed
to be placed into experiment cells of the appropriate size, with non-adhesive walls. These
cells had to shake the aggregates at different velocities during the experiment run to keep
the aggregates in the cell inner volume and control their relative velocities. Furthermore,
the cells had to provide vacuum conditions for the dust aggregates to collide without any
influence of ambient gas.

The observation of the aggregate collisions required the cell walls to be transparent as
well as the implementation of an illumination system. A camera with the appropriate
resolution and frame rate had to capture the collisions during the experiment run. The
camera frames then had to be recorded on a retrievable and robust data storage device to
be used in the experiment data analysis.

2.1.2 Carrier requirements

In addition to fulfilling the experiment objectives, the SPACE hardware also had to com-
ply to the requirements of its carrier, the REXUS rocket. The following paragraphs de-
scribe and quantify these requirements.

17



2 Experiment Description
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Figure 2.1: Scheme of the REXUS 12 rocket components and payload configuration. REXUS 12 flew four
experiments including one under the nosecone. The location of the SPACE experiment is marked with an
asterisk and its dimensions are indicated. Image credit: S. Kothe.

Experiment size and mass: Experiments flying on the REXUS rocket have to fit into
an experiment module, which is an empty cylinder of 355.6 mm (14") in diameter, 4 mm
wall thickness and, in the case of the SPACE experiment, 220 mm height. The actual
available height, however, was reduced by the presence of the lower and upper bulkhead.
This bulkhead was a 4 mm thick baseplate on which the experiment components could
be accomodated. The lower bulkhead supported the SPACE components and the upper
one supported the neighbor experiment, as in the final rocket configuration the experiment
modules were screwed together to form the payload part of the rocket (see Figure 2.1).
Hence, the volume available for accomodating the SPACE experiment was a cylinder of
355.6 mm diameter and 200 mm height.

The typical payload mass on a REXUS rocket is between 40 and 60 kg, comprising
3 to 5 experiments with their modules and bulkheads. The experiment weight limita-
tions are not as restrictive as the size limitations. However, a heavier payload reduces the
height of the trajectory apogee and therefore the total microgravity time for experiment
runs. Hence, the experiment design should try to keep the weight as low as possible. The
objective for the SPACE experiment was a weight between 10 and 15 kg.
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2.1 Experiment design requirements

Experiment autonomy: An additional implication of flying the experiment on the
REXUS rocket was the need for a high degree of autonomy, compared to drop tower
experiment runs for example, where data recording and storage were supplied. REXUS
did provide power and signal channels, allowing the sending of commands to activate
components during the flight. However, the flight time was very short (~10 min) and
subjected to communication losses. As the SPACE experiment timeline events were very
time critical (subsystems switching sequence), the experiment required its own contol
system to run the event sequence autonomously during the flight.

Rocket interfaces: The bulkhead and the module’s inner skin were the mechanical in-
terfaces from the experiment to the rocket. The roll axis (see Figure 2.1), being the direc-
tion of lift-off and landing, was the line of strongest loads. This means a rather uniform
weight distribution of the experiment components on the bulkhead was recommended.
The experiment hardware needed to have a center of gravity as close as possible to the
rocket roll axis and to be mechanically designed to survive the launch, re-entry and land-
ing loads (see below and the REXUS Manual, Eurolaunch 2010).

In addition the evacuation of the SPACE vacuum chamber required a late access con-
nection to the hadware inside the experiment module. Indeed, the pumps needed for
evacuation could not be implemented in the experiment hardware. To be able to evacuate
the chamber as late as possible before launch, an umbilical was required.

The electrical interface between experiment and rocket is also described in the REXUS
Manual (Eurolaunch 2010). It consisted of a female D-SUB 15 connector on the rocket
side delivering power, signals and a communication interface. During the flight, power
was delivered to the experiments by the REXUS Service Module’s batteries. Each ex-
periment was provided with about 28 W at 1 A for nominal consumption and up to 3 A
peak consumption (through the 28 V line of the REXUS Service Module). Through the
D-SUB 15 connector, the Service Module also delivered three signals, Lift-Off (LO),
Start Of Experiment (SOE) and Start Of Data Storage (SODS). The LO signal was au-
tomatically sent to all experiments at lift-off, while the SOE and SODS signals could be
implemented as required by each experiment.

The telemetry and telecommand interface to the rocket was also included in this connec-
tion. It allowed receiving hardware health and status information during the flight and
operated the experiment during the numerous tests and simulations prior to the flight. It
consisted of an RS422 interface to the Service Module which required a baud rate of
38.4 kb s7! for both up- and downlink. Each experiment was responsible for the format-
ting of their telemetry and telecommand data.

The rocket itself also provided a thermal interface by contact surfaces to the experiments.
It was required for the experiments to not heat up the module skin nor the air interfaces
with neighboring experiments to more than 10 °C above the ambiant temperature. Parts
interfacing with other modules should not heat up to more than +50 °C and parts in contact
with Service Module cables no more than +70 °C (see the REXUS Manual, Eurolaunch
2010).
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2 Experiment Description

Launch site conditions: The launch site conditions also set a certain number of con-
straints on the experiment hardware design choices. Kiruna, in northern Sweden, is sit-
uated North of the Arctic circle, at a lattitude of 67 °North, and can still have very low
outside temperatures of down to -40 °C during REXUS launch campaigns (usually in
March). Most of the time, experiments stayed protected inside of the Esrange premises,
at room temperatures of about 17 °C. However, after the rocket launcher was elevated, a
countdown hold could have left the hardware exposed to the low outside temperature for
an indefinite period of time. The experiments had therefore to be reliably functional at
-40 °C.

Another constraint was set on the experiment durability by the numerous tests and simu-
lations that were part of the REXUS launch preparation protocol. The hardware had to be
able to survive a very high number of power cycles and still be functional for the actual
flight.

Flight and landing conditions: The launch phase of the rocket was one of the most
critical flight phases for the experiment hardware. The maximum acceleration load of
about 20g, g being the Earth’s gravitation acceleration, was reached a few seconds after
launch (see Section 3.2.1 for more details). In addition, the rocket rotated at about 3 to 4
Hz inducing centrifugal loads of up to 11g inside the experiment module.

The hardware also had to withstand the launch vibration loads. The REXUS sinusoidal
qualification levels were at 0.124 m s™! for 10-50 Hz and 4g for 50-2000 Hz on all three
axes, and the random vibration levels were at 6grms for 20-2000 Hz, gryvs being the ran-
dom vibration root mean square acceleration (see Eurolaunch 2010).

During the reduced gravity phase, the experiment experienced disturbance accelerations
due to both the residual atmosphere it was flying through, and the residual rocket spin.
After launch, the rocket was de-spun by releasing two masses on strings (Yo-Yo mech-
anism) but still rotated at about 0.03 Hz (see Section 5.6.1 for a detailed calculation of
the flight residual accelerations). As they were free-flying during this phase of flight, the
dust aggregates inside the SPACE experiment cells had a tendency to gather in one cor-
ner of the cell due to the residual accelerations, reducing or even stalling inter-aggregate
collisions. It was therefore essential to take this effect into account during the experiment
design and to create a cell shaking mechanism that counteracted these disturbances.
Finally, the hardware, or at a minimum the memory card containing the experiment data,
needed to survive payload re-entry and landing. During re-entry, the experiment module’s
skin temperature reached peaks above 200 °C, which partly transfered to the inner hard-
ware. The maximum load during the descend was expected to be about 5g at opening of
the parachutes. The payload then was planned to touch the ground at a velocity of around
10 m s~!. As the rocket could land into snow or water, it was essential for the experiment
to be completely decoupled from power latest during re-entry to avoid electrical shortcuts
and data loss.
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2.2 Experiment set-up

2.2 Experiment set-up

The overall set-up of the SPACE experiment can be seen in Figure 2.2. For the flight on
the suborbital rocket, the dust samples investigated were placed inside three glass cells
which were accomodated into a vacuum chamber. The cells were backlit by an LED
array and the collisions between aggregates were observed with a high-speed camera
through a viewport. The following paragraphs describe the experiment set-up and the
components used. A table with a detailed list of the experiment components can be found
in appendix A.

Experiment
module skin

Vacuum chamber

Figure 2.2: Scheme of the overall set-up of the SPACE experiment. The solid and dashed lines indicate the
optical path of the light from the LED array behind the experiment cells to the camera sensor.
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2 Experiment Description

2.2.1 The mechanical design

Figure 2.3 shows the experiment hardware accomodated on the module bulkhead and
inside the module skin. Figure 2.4 shows the hardware inside the vacuum chamber.

Figure 2.3: SPACE experiment hardware accomodated on the REXUS module bulkhead: a. side view
CAD drawing, b. top view CAD drawing of the hardware on the bulkhead. The position and coordinates of
the experiment center of gravity are indicated (green circle). c. top view photograph of the hardware inside
the experiment module skin (blue outside cylinder). Image credit: D. Heilelmann. The numbers indicate
1. the vacuum chamber (without the clamps, screws and feed-through in a. and b.), 2. the vacuum valve, 3.
the electronics box, 4. the pressure sensor, 5. the camera, 6. the on-board computer and 7. the mirror.
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Figure 2.4: SPACE experiment hardware accomodated inside the vacuum chamber: a. top view photo-
graph, b. front view photograph throught he vacuum chamber viewport. Image credits: D. Heilelmann.
The numbers indicate 1. the LED array covered with diffusion paper, 2. the shaking motor, 3. the shaking
mechanism cog wheels and 4. the experiment cells. c¢. scheme of the three experiment glass cells with
their dimensions and circular motion indicated. The types of dust inserted into each cell are also specified:
aggregates composed of monodisperse SiO, dust with mean sizes of 180 um in the top cell, and 370 um in
the right bottom cell, and aggregates composed of polydisperse SiO, with a mean size of 370 um in the left
bottom cell (see Section 4.4.2 for details).
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2 Experiment Description

Figure 2.5: SEM image of the nano-particle coating on the inner walls of the SPACE glass cells. The red
arc represents the typical size of a dust monomer particle of about 1 ym in diameter (constituent of a dust
aggregate) colliding with the wall. Image credit: Oliver Lenck.

The experiment cells: The experiment cells were three rectangular glass boxes held
together by an aluminum frame (see Figure 2.4c¢). Two of these cells were smaller with
dimensions of 11x10x15 mm?® placed next to each other and the third was about twice
as big with 24x10x15 mm? on the top of the two other ones. This cell disposition was
optimal for the aluminum frame to resist launch acceleration loads.

The glass used to build the cells was Borofloat 33 technical glass (manufactured by Schott
AG), which was able to resist mechanical and thermal loads better than normal glass. This
borosilicate glass had a coefficient of thermal expansion lower by a factor of about 3 com-
pared to standard soda lime glass (manufacturer information, Schott AG), resulting in less
mechanical stresses due to thermal deformation. In addition, the interfaces between the
glass and the aluminum frame were covered with Kapton tape (manufactured by DuPont)
to absorb thermal deformations of the materials and reduce the stresses on the glass dur-
ing launch preparation and flight.

As silicate dust aggregates tend to stick to glass surfaces, the glass was covered with a non-
adhesive coating on the inner cell side, provided by the Frauenhofer Institute for Surface
Engineering and Thin Films of Braunschweig. To produce this coating, nano-particles of
ZnAlO were deposited on the glass surface, creating narrow peaks that prevented (much
bigger) dust particles to stick to it by reducing the contact surface significantly (see Figure
2.5).
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Figure 2.6: 2D-shaking mechanism of the SPACE experiment: a. side view of the shaking mechanism
CAD drawing. The transmission ratios were 2:1 behind the motor (1) and 10:1 from the central axis to the
shaker frame (2). b. top view of the shaking mechanism CAD drawing. The numbers stand for: 1. the
two conical cog wheels, 2. the central axis outfitted with two cog wheels (blue), 3. the four experiment
cells frame cog wheels (orange) and 4. the experiment cells excentered axes (green). The experiment cells’
frame is not depicted. The motor can been seen in pink.

The shaking mechanism: The shaking of the experiment cells containing the dust ag-
gregates was essential for two reasons: first, it compensated for residual accelerations
induced by the rocket flight and kept the aggregates in the inner cell volume, where they
could collide with each other. Second, it allowed control of the aggregate relative colli-
sion velocities, and thereby the type of collisions observed: either sticking collisions at
low velocities or bouncing and aggregate fragmentation at higher velocities.

The quality of the microgravity during the parabolic portion of the rocket’s trajectory was
expected to be disturbed by the effects of residual accelerations, namely the drag of the
residual atmosphere at the flight altitudes of the rocket, and the centrifugal acceleration
due to the residual rocket spin at about 0.03 Hz (see Section 5.6.1 for details). These
two accelerations acting on the dust aggregates had perpendicular directions. The atmo-
spheric drag acted in the rocket flight axis, while the centrifugal spin acted in the outward
radial direction. In order to compensate for both of these disturbances, the shaking mech-
anism was designed to agitate the cells in two dimensions by applying a circular motion.
The concept and set-up of this shaking mechanism are depicted in Figure 2.6. A conical
transmission of 2:1 (1) transmitted the motor rotation to a central axis (2). This axis was
outfitted with two cog wheels transmitting the motion to the four shaker frame wheels
(3) with aratio of 10:1. Excentered axes (4) at I mm off center supported the experiment
cells frame and induced their circular motion. The velocity profile with which the shaking
mechanism agitated the cells during the SPACE experiment runs is described in Sections
3.1.2 and 3.2.2).
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2 Experiment Description

Table 2.1: SPACE mechanical characteristics

Experiment mass [kg] (with module and bulkhead) | 14.7

Experiment dimensions [m] 20.355x0.190

Experiment footprint are [m?] 0.0493

Experiment volume [m?] 0.005

Experiment center of gravity position [mm] x: -28,y: 16, z: 117
(see Figure 2.3b.)

The mechanical structure of the experiment: As can be seen in Figure 2.3, most of
the experiment components were accomodated on the REXUS module bulkhead. This al-
lowed for a high load resistance along the rocket roll axis. The heaviest piece of hardware
was the vacuum chamber with 6.9 kg. As it had to be positioned slightly off-center to
allow for the correct optical path between the experiment cells and the camera, the center
of gravity of the entire experiment was shifted off-center (see Figure 2.3b). The SPACE
experiment module was placed as close as possible to the overall rocket center of gravity,
in the configuration after motor and nosecone separation, in an attempt to reduce residual
accelerations due to spinning or tumbling during flight (see Figure 2.1 for the location of
the SPACE module on the REXUS 12 rocket).

The pressure sensor and the vacuum valve were the only components not fixed to the
bulkhead but to the vacuum chamber. Both parts weighed 131 g and 462 g, respectively.
The pressure sensor was attached to a CF-16 flange via 6 screws and the vacuum valve
was attached to a KF-16 flange with a ring shell. These accomodations were designed to
resist the rocket flight and landing loads.

Inside of the vacuum chamber, all the components were accomodated on the bottom flange
to ensure mechanical robustness (see Figure 2.4). The most sensitive connections were
the cog wheel transmissions between the experiment cells and the motor. During a drop
tower campaign and a vibration test at REXUS flight loads, it was demonstrated that the
hardware was able to resist all flight phases (see Annex C.6).

Table 2.1 summarizes the machanical characteristics of the SPACE experiment set-up.

The thermal interfaces: In addition to mechanical requirements, the REXUS rocket
also set thermal requirements on the experiment hardware. The thermal behavior of the
SPACE components and the implemented countermeasures are listed in Table 2.2. The
piece of hardware heating up the most was the on-board computer with up to 60°C. To
avoid overheating, a heat-sink plate was mounted to the computer. The other electronical
components were all mounted to the metal structure of the experiment allowing them to
evacuate the heat generated.
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2.2 Experiment set-up

Table 2.2: SPACE components thermal characteristics and experiment heating countermeasures.

Component | Material Nominal Highest Countermeasure

likely to operation expected

generate range tempera-

heat ture

Motor Outer shell: -30 to 85°C 45°C Motor mounted to an
steel/brass aluminum plate

connected to the
vacuum chamber
bottom flange
(aluminum).

LED array Electronic -30 to 50°C 50°C LED array mounted in
components, an aluminum frame
e-board connected to the
material and vacuum chamber
aluminum bottom flange

(aluminum).

Camera Outer shell: 0to 50°C 45°C Camera mounted to

aluminum an aluminum frame
connected to the
REXUS bulkhead.

Electronics Electronic -30 to 50°C 50°C E-Box mounted to an

box components aluminum box
and E-board connected to the
material REXUS bulkhead.

Single-board | Electronic 0 to 60°C 60°C Heat-sink plate

computer components mounted to SBC.

(SBC) and E-board
material
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2 Experiment Description

2.2.2 The vacuum system

The purpose of the vacuum system was to be able to observe aggregate collisions without
any influence of gas on the particle trajectories and collisions. The vacuum chamber was
cylindrical with an inner diameter of 100 mm. The top and bottom plates were aluminum
blind flanges attached to the chamber core via four double-claw clamps each (ISO-K con-
figuration). The vacuum chamber was outfitted with a CF-63 flange for the viewport, a
CF-16 flange for the pressure sensor, aother CF-16 flange for the electrical feed-through
(8 copper pins) and a KF-16 flange for the vacuum valve.

The experiment was evacuated with a pre-vacuum and a turbo-molecular pump. For obvi-
ous dimension and weight reasons, the pumps could not be accomodated inside the exper-
iment module. Therefore, the evacuation took place before the rocket launch, through a
module skin umbilical (see Figure 2.7a.). This umbilical was a cylinder oriented towards
the bottom of the rocket forming a 30 deg angle with the REXUS module skin. It was
outfitted with a KF-16 flange, where the hose coming from the SPACE experiment was
connected, and two electrical pins for the valve power connection. Inside the experiment
module, the umbilical was placed at an appropriate distance of the SPACE vaccum valve
in order to fit the 500 mm hose connecting the umbilical to the vacuum chamber inside
the experiment module. The valve was electro-magnetically operated (EVC 110 M man-
ufactured by Balzers). It required 125 W when open, and was powered externally before
launch.

To allow for continuing the evacuation as late as possible before launch, in order to opti-
mize the vacuum quality inside the vacuum chamber during the flight, the turbo-molecular
and pre-vacuum pumps were accommodated into a Zarges box and fixed to the rocket
launcher. A rubber hose connected the turbo-molecular pump to the experiment umbilical
(see Figure 2.7b for a pre-integration configuration). The experiment vacuum valve was
closed 120 s and the pumps shut-off 115 s and 60 s before lift-off (turbo-molecular and
pre-vacuum pump, respectively). At lift-off, the rubber hose tore apart from the umbilical.

2.2.3 The data acquisition and storage sytems

The data acquisition system comprised the optical components (LED array and mirror),
the camera and the on-board computer. The LED array was composed of 86 blue LEDs
distributed over 9 rows and was covered with diffusion paper to uniformize the back-
ground illumination. Each LED had an intensity of 8200 mcd and a dominent wavelength
of about 470 nm (468 to 474 nm, blue). This color was chosen as the camera sensitivity
was better at this wavelength than for other commercially available LEDs.

The optical path between the background illumination and the camera can be seen in
Figure 2.2. To accomodate the experiment inside of the rocket module, a mirror was in-
troduced between the viewport and the camera lens. The lens attached to the camera had
23 mm focal length and the aperture was set to 1.4.

The camera used for recording the dust collisions was the Allied Vision Prosilica GE680
(see Table 2.3 for camera details). This camera recorded 640x480 px 8-bit grayscale
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a. Valve Power
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Figure 2.7: SPACE vacuum umbilical for late evacuation before launch. a. scheme of the umbilical
concept, b. photograph of the SPACE module (blue cylinder on the table) being evacuated before integration
into the REXUS 12 rocket. The Zarges box containing the pumps can be seen under the table. Image credit:

D. HeiBlelmann
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Figure 2.8: Diagram of the SPACE data acquisition and storage system concept.

Table 2.3: Prosilica GE680 Characteristics.

Allied Vision Prosilica GE680
Maximum acquisition speed possible 205 fps
Maximum resolution 640x480 px
Camera control External
Data storage External
Weight 170 g
Dimensions 39 x 51 x 80 mm’
Power consumption 4.5 W at full capacity

frames at a rate of 170 frames per second. Its small dimensions and light weight made it
an appropriate compromise for use in a rocket experiment. However, its lack of autonomy
was a major constraint: having neither internal command nor memory units, it needed ex-
ternal control and data storage systems for acquiring and recording data.

The camera control was performed by a single-board computer provided with a Linux
Server edition and a C++ program for running frame streaming and recording. The single-
board computer used in the SPACE experiment was the Robin Module from Toradex with
the corresponding Daisy nano-ITX baseboard. These components were also chosen as
a compromise between their size and weight and their capacities (see Table 2.4 for de-
tails). The two most crucial abilities needed were an adequate processor speed to record
the incoming camera frames and an Ethernet controller that supported so-called "Jumbo
frames" required by the Prosilica GE680 frame format at frame rates above 150 fps. Ta-
ble 2.4 lists the details of data rate and quantity produced during the SPACE experiment
run on the suborbital rocket. To be able to perform a 180 s stream at 170 fps in this
hardware configuration, 1.5 GB of the Robin flash memory and 5 GB of the data storage
flash card were allocated as swap space. In addition, the Linux Server kernel was tuned
to highly prioritize the data acquisition and storage. Even with these measures to increase
the computer streaming capacities, 170 fps was the highest frame rate at which recording
was reliable.

30



2.2 Experiment set-up

Table 2.4: Data acquition system requirements and characteristics

Data requirements
Camera resolution 480 x 640 px
Bytes per frame 307200 B/f
Acquisition speed during the SPACE experiment | 170 f/s
Data Rate 52.2 MB/s
Total Data Quantity (for 180 s recording) 9.4 GB
Robin module characteristics
CPU Intel Atom Z530
Clock Rate 1.6 GHz
CPU Type 533 MHz Front Side Bus
Power dissipation 5W
RAM 1 GByte DDR2 533 MHz
Flash disk 4GB
Throughput 10/100/1000 Mbit LAN
Ethernet Controller RTL 8111D
Weight 40¢g
Dimensions 55 x 84 x 5 mm’>
Power consumption 6W
Daisy baseboard characteristics

Connections used by the experiment set-up PCle

Ethernet LAN

S-ATA
Weight 71¢g
Dimensions 72 x 100 x 10 mm°’

Figure 2.8 depicts the data acquisition and storage system concept. The experiment on-
board computer streamed frames from the camera via an Ethernet cable and directly stored
them on an external CompactFlash card via an S-ATA connection. The required storage
space was about 10 GB at a data rate of 52 MB/s
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2 Experiment Description

2.2.4 Electronics

The requirement for an autonomous run of the experiment necessitated the inclusion of
an electronics board into the experiment design. This board had a certain number of
functions:

e power distribution as required to the different electronic components, namely the
computer, the flashcard adapter, the camera, the LED array and the shaker motor as
well as to its own components like the microcontroller, the servo-controller and the
solid-state relays

e execution of the experiment timeline during the rocket flight (switching of the cam-
era, the LED array and the motor at the required time)

e control of the shaking speed of the motor (to run the shaking sequence)
e generation of health and status telemetry for the ground station

e handling commands from the ground station while in test mode (hardware and in-
terface tests before launch)

e record the pressure sensor data.

- - o o o o 1
I
I

Power (28V)

o  Pressure
! | Sensor
Power (28V) e —
PR === Motor
Servo-Controller |
[ LED Array
i
------ Camera

Microcontroller

Power (12V)
1 i

: ..................... e bbbk Sing|e_board
computer
Power line P
"""" Command line
..... Data line Power (5/12V)
. 1
Flash Card

Figure 2.9: Diagram of the SPACE electronics concept. Components listed on the right of the diagram
(green boxes) are not on the electronics board.
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Table 2.5: SPACE power consumption summary table.

Component Expected power consumption = Voltage required
Shaker motor 6W 28V
LED array 1.5W 28V
Electronic components SW 5V
Camera 45W 12V
Camera control and data TW 12V
storage

Pressure sensor 03W 28V

| Total 243 W ‘ ‘

Figure 2.9 shows a diagram of the electronics concept. The board provided power lines to
the experiment components (green boxes), command lines to the relays (blue dotted lines)
that switched power to the experiment components, and data lines for reading the com-
ponents’ power consumption as well as recording the pressure sensor readings (purple
dashed lines). The electronics circuit diagram and board print can be seen in Annex B.
The microcontroller ATMega32 (Atmel), the servo-controller LS6202 (SGS-Thomson)
and the solid-state relays DMP6301A (Crydom) were chosen for their adequate capaci-
ties and robustness.

The power consumption of the different experiment components measured in the labora-
tory is listed in Table 2.5. The total nominal and peak consumption did not exceed 25 W
and could meet the REXUS requirements.
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2.2.5 The software and experiment sequence

To run the SPACE experiment, three pieces of software were required. The first was a
Basic code on the microcontroller. This software ran the experiment sequence by switch-
ing components on and off, either according to a time table (experiment sequence), or
upon reception of Service Module signals. It also controlled the motor input voltage to
run the shaker sequence. The second piece of software was a C++ code on the on-board
computer, whose function was to execute the frame streaming and recording during the
experiment run. Finally a Shell script, also on the on-board computer, set up the connec-
tion to the camera and started the C++ code.

Figure 2.10 depicts the software concept: the software was held by the microcontroller
and single-board computer and commanded the motor, LED array, camera and Com-
pactFlash card upon signals received from the REXUS Service Module. The experiment
sequence during the REXUS rocket flight ran as follows:

e as soon as the experiment was powered, the electronics board, computer, and flash
card were powered

e at reception of the Start Of Experiment (SOE) signal, the camera and the LED Array
were powered

e at SOE + 30 s, the microcontroller ran through the shaking sequence

e at SOE + 180 s, the shaker motor, the camera and the LED array were powered off
and the single-board computer was switched to stand-by mode

e 300 s after lift-off, the experiment was powered off by the REXUS Service Module.

The implementation of this experiment sequence into the flight timeline is shown in Sec-
tion 3.2.

CompactFlash card | | Camera LED Array Motor
Servo-Controller
Single-Board sresssnenensslasessssnnnssenesnsnsnennssnanis I
Computer Microcontroller i
Electronics Board External Quartz

End units commanded 1
by the software

Active components

r

Component holding REXUS Service
i.....? software Module

Figure 2.10: Diagram of the SPACE communication concept. The components holding software are in-
dicated by a purple dotted frame and the components controlled by the software are indicated by stripped
boxes.
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2.2.6 Fullfilling requirements

Table 2.6 lists the requirements described in Section 2.1 and their implementation in the
experiment set-up. All requirements on the hardware could be fulfilled.

Table 2.6: SPACE set-up requirement fulfillment.

Experiment requirement ‘ Set-up implementation

Experiment objectives

- generate dust collisions | shaking mechanism

- vacuum conditions vacuum chamber and late evacuation

- observe dust collisions camera

- record video data data acquisition and storage system

Size 2355.6 mmx220 mm inside the experiment module

Mass <15 kg

Autonomy Electronics board and computer

Rocket interfaces

- power consumption <28W

- thermal highest component temperature <60 °C

- vacuum umbilical for late evacuation

Launch site conditions

- temperature hardware tested for operation from -40 °C to + 70 °C
(Annex C.2)

- durability hardware tested for many power cycles (without dust
aggregates in the experiment cells, Annex C.7)

Flight conditions

- acceleration loads hardware tested for operation from 0Og to 30g (Annex C.6)

- vibration loads hardware tested for operation in the vibration range of a
REXUS flight (Annex C.6)

- temperature loads hardware tested for operation from -40 °C to + 70 °C
(Annex C.2)

Landing conditions hardware tested for operation from Og to 30g (Annex C.6)

experiment power off at LO + 300 s
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3 Experiment runs

This section describes the different experiment runs and the performance of the SPACE
set-up at the drop tower Bremen and on the suborbital rocket flight.

3.1 Experiments at the drop tower Bremen

From the 15" to the 19" of August 2011, a preliminary version of the SPACE experiment
was tested during the third MEDEA campaign at the drop tower in Bremen (Weidling
et al. 2012). This drop tower of 146 m height offers 4.74 s of microgravity time when
dropping an experiment capsule and up to 9.3 s when using the catapult . Disturbances to
the microgravity quality are lower than 10~°g, g being the Earth’s gravitational accelera-
tion.

During this campaign, mainly mechanical parts of the experiment were tested, such as
the glass cells, the shaking mechanism and the LED array (see Section 2.2 for details). In
addition to validating some of the experiment hardware, the drop tower campaign also de-
livered valuable scientific data. Indeed, the four experiment cells were filled with several
samples of SiO, dust (see Section 4.4.1 for details) and aggregate collisions and agglom-
eration under microgravity conditions were observed. In total, the SPACE experiment
flew five times.

12.7 mm U

See type of SiO,
/4 InTable 4.2

- Glass particle

cells

Figure 3.1: Particle glass cells in the drop tower configuration: a. picture of the glass cells (numbered from
1 to 4), b. scheme of the four glass cells with their dimensions and circular motion indicated.
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3.1.1 Drop tower experiment set-up

During the experiments at the Bremen drop tower, the hardware still was in development
and therefore the experiment set-up was a preliminary version of the experiment design.
The first difference to the suborbital flight set-up was that drop tower experiments did
not require any autonomy. The complete data recording and storage was provided with
the drop tower capsule. The camera used was a Photron Fastcam MC2 producing 8-bit
grayscale frames and recording at a resolution of 512x512 px and a rate of 500 fps.

The second difference was that the drop tower set-up had four glass experiment cells (in-
stead of three for the rocket flight) with the identical dimensions of 10.2x7.6x12.7 mm®
(see Figure 3.1). The glass used was common soda lime glass cut out of microscope
slides, which had been anti-adhesively coated by the Frauenhofer Institute for Surface
Engineering and Thin Films of Braunschweig (see Section 2.2.1).

The rest of the drop-tower hardware was identical to the rocket flight set-up.

3.1.2 Drop tower shaking profile

The shaking frequencies at each second of each experiment are listed in Table 3.1. The
first few seconds were used for de-agglomerating clusters that formed during the exper-
iment preparation and the capsule launch. They ranged from 10.5 Hz to 16.7 Hz. This
fast shaking phase was followed by a slower shaking phase, whith shaking frequencies
from 3 Hz to 6 Hz, allowing for low velocity collisions and cluster formation (see Sec-
tion 6.1.1).

Table 3.1: Shaking frequencies during each drop tower experiment run (in Hz). During drop 4, a glass chip
blocked the shaking mechanism.

Flight time [s]
Drop| 1| 2] 3/ 4] 5] 6] 7] 8] 9
Shaking frequency [Hz]

1 16.7 | 16.7 | 84 84145 4545|4545
2 16.7 | 16.7 | 16.7 | 16.7/5 5 5 5 5] 5
3 10.5 | 10.5 | 10.5 3 3 3 3 3 3
+ 0 0 0 o, 0, 0} O} O O
5 133 | 153 | 1535 6/ 6 6| 6| 6| 6
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3.1 Experiments at the drop tower Bremen

3.1.3 [Experiment performance

The technical outcome of this hardware test was that the design of the vacuum chamber
inner components, comprising the glass cells, shaking mechanism and LED array could
be validated. Except for the first drop, all experiment components behaved nominally and
withstood the drop tower acceleration loads. During drop 1, the bottom left screw holding
the experiment cell frame to the shaking mechanism broke and the cells detached from
the shaking mechanism. For the flight on the suborbital rocket, bigger screws were used
for holding the cell frame.

In addition, the use of common glass for the experiment cells had to be reconsidered.
During the cell handling before and during the experiment run itself, tensions and loads
induced severe cracking and the generation of glass chips (see Figure C.6). During drop 4,
one of these chips jammed the cog wheels of the shaking mechanism and the experiment
cells could not rotate. For the flight on the suborbital rocket, it was decided to use the
more resistant technical glass Borofloat33. It was also noted that enhanced caution had to
be applied when handling the coated glass components, as this coating was very delicate
and got damaged while handling for the first time.

3.1.4 Scientific data

Drop 1 and 4 did not deliver any scientific data due to the hardware issues described
previously. During the three remaining drops, the formation of clusters of sizes up to
5 mm could be observed in some of the cells. These clusters formed free-flying inside
of the experiment cell volume. Some examples of clusters observed in the SPACE drop
tower experiments can be seen in Figure 3.2.

Figure 3.2: Examples of clusters formed during the SPACE drop tower experiments: a. cluster formed in
cell 1 after 7.9 s of drop 5 (aggregates composed of spherical polydisperse SiO-, see Table 4.2). b. cluster
formed in cell 2 after 8.5 s of drop 5 (aggregates composed of monodisperse SiO,, see Table 4.2).
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3.2 Experiment run on the REXUS 12 rocket

On the 12" of March, 2012, at 13:00 Kiruna time, REXUS 12 was launched from Esrange
near Kiruna, Sweden, carrying the SPACE experiment on-board. This section describes
the suborbital flight and the experiment in-flight performance.

3.2.1 Rocket flight data

REXUS 12 was carrying 4 experiments on-board, including one under the nosecone (see
Figure 2.1). In addition to the payload stage, the rocket consisted of an improved Orion
motor, a Recovery Module and a Service Module. The Recovery Module held the sec-
ondary and primary parachutes for payload deceleration and landing, along with their
release mechanism and a GPS beacon for payload localization and recovery. The Service
Module was responsible for providing the experiments with power and signals and guar-
anteed telemetry and telecommand communications. In total, REXUS 12 had a weight of
542 kg.

Figure 3.4 and Table 3.2 are showing the REXUS 12 and SPACE events during the flight.
21 s after lift-off, the motor burnt out shortly after which it separated from the payload.
The Yo-yo mechanism, which consisted of two masses on strings, was released and re-
duced the rocket’s rotation rate from 3-4 Hz to about 0.03 Hz. The trajectory apogee was
reached at 82 km in altitude. The reduced gravity phase lasted about 150 s starting with
the motor separation, which was the last event inducing strong acceleration perturbances.
In order to match the longest and slowest shaking phase of the experiment with the tra-
jectory apogee, where the better microgravity quality was expected, the SOE signal was
set to 65 s after lift-off. Subsequently, the data recording was planned to start at 75 s after
lift-off. The motor shaking start was set to 30 s after the reception of SOE (95 s after
lift-off).

The roll, pitch and yaw accelerations measured by the REXUS Service Module during the
flight are plotted in Figure 3.3. The maximum loads the payload hardware was subjected
to were reached during launch with about 17g along the roll axis, g being the Earth’s
gravitational acceleration. Re-entry loads did not exceed 6g.

3.2.2 Flight shaking profile

During the suborbital flight, the microgravity time available was about 15 times longer
than during an experiment at the drop tower. The shaking profile applied to the experiment
cells had to be adapted accordingly. Moreover, because of the microgravity disturbances
described in Section 5.6.1, it was decided to shake the dust cells along two directions in a
circular motion (see Section 2.2.1).
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3.2 Experiment run on the REXUS 12 rocket

Accelerations (g-loads)

Figure 3.3: Measured REXUS 12 accelerations: on the roll (black, quoted "R"), pitch (red, quoted "P") and
yaw (green, quoted "Y") axis. The acceleration is given in units of g, the Earth’s gravitaitonal acceleration.
The telemetry loss between 120 and 180 s (also seen in Figure 3.4) is indicated by a blue dashed line.

The shaking profile at which the containers were agitated included three cycles, each com-
posed of a fast shaking period of 5 to 10 s and a longer slow shaking period of 15 to 25 s
with transition ramps between them (see Figure 3.5 and Table 3.3). This shaking profile
was conceived to submit the aggregate systems to three agglomeration phases and three
fragmentation phases. Agglomeration took place when the container rotation speed was
ramping down. As the cell walls rotated slower, the relative velocities between aggregates
decreased and the sticking probability between them increased, leading to cluster growth.
In the opposite way, ramping up the shaking frequency led to higher collision energies
and cluster disruption. The slowest and longest shaking phase was scheduled around the
apogee of the rocket trajectory, when the quality of the microgravity was at its best (i.e.
the residual accelerations were minimal).
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Figure 3.4: Measured REXUS 12 flight altitude according to the flight time. Three data drop-outs happened
at around 150 s, 320 s and 350 s. The dashed line around apogee marks the interpolation of the flight
parabola.The numbers represent REXUS flight events and are explained in Table 3.2. The actual start of
data recording and the motor profile of the SPACE experiment are also indicated. In this graph, the time
count starts at rocket lift-off.
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3.2 Experiment run on the REXUS 12 rocket

Table 3.2: REXUS and SPACE countdown and flight events. LO stands for lift-off.

Number
in REXUS Event SPACE Event Flight Time
Figure 3.4
Experiments power on Main power on: the
on-board, computer, flash | | 5 _600s
card and electronics board
are powered.
REXUS Service Module | End of SPACE vacuum
) . LO-120s
switch to battery power chamber evacuation
1 Llftof_f: LO signal to all SPACE enters the flight LO+0s
experiments mode
2 Motor Burn-Out LO +21s
SPACE SOE signal The microcontroller
y switches on the LED
LO+65s
array and camera and
motor
4 Yo-Yo despin LO+70s
3 Nosecone ejection LO+ 745
6 Payload/motor separation LO+77s
The microcontroller starts
7 the shaking sequence of LO+95s
the motor (see Figure 3.5)
8 Measured s_tart of video LO+ 102 s
data recording
9 Apogee LO + 144 s
10 End of the shaking
sequence. Motor, camera
and LED array are LO+245s
switched off.
11 Start of re-entry LO+270s
12 SPACE power offt All experiment LO + 300 s
components are off
Planned parachute release LO +420s
Planned landing of LO + 640 s
payload
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Time from Lift-Off [s]
140 160 180 200

' 2.Cycle

220

120

3. Cycle

Motor input voltage [V]

100
Time from start of data recording [s]

150

Figure 3.5: Input voltage of the SPACE motor according to the flight timeline. The times indicated originate
at the start of data recording (bottom axis) and at rocket loft-off (top axis). The three cycles composed of a
growth and a fragmentation phase are specified. Apogee was reached 144 s after lift-off and is indicated by
an asterisk.

Table 3.3: Delimitations of the growth and fragmentation phases used for the data analysis. The origin of
the times is the first recorded frame 97 s after rocket lift-off. The three cycles can be seen on Figure 3.5.
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Phase Cycle | Start time (s) | End time (s)
1 6 15
Growth 2 35 46
3 85 102
1 17 32
Fragmentation 2 62 76
3 112 132
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Figure 3.6: SPACE experiment power draw during the REXUS 12 flight. The origin of the times is at
lift-off. The following events can be identified: 1. experiment switch on, 2. on-board computer bocting,
3. switch to the REXUS 12 Service Module batteries, 4. lift-off, 5. switch on of the experiment camera
and LED array, 6. run of the shaking sequence, 7. switch off of the motor, camera, LED array and pressure
sensor and 8. experiment shut-down by the Service Module.

3.2.3 Experiment flight performance

During the REXUS 12 flight, the experiment health and status telemetry received at the
SPACE ground station displayed a nominal functioning of the experiment. The power
consumption records made by the REXUS Service Module during flight can be seen in
Figure 3.6. 600 s before launch, the experiment was powered on and the on-board com-
puter booted with a peak consumption of 6 W (0.21 A at 28 V). During the countdown
before launch, the computer and electronics had a nominal consumption of 3.5 W. At 65 s
after lift-off, the experiment switched on the camera and the LED array, increasing its
power consumption to 8.9 W shortly after which the motor was switched on. The maxi-
mum power consumption of about 18 W (0.64 A at 28 V) was reached between 100 s and
250 s after lift-off while all components were on and the computer was recording data at
maximum capacity.

The computer data log also confirmed the nominal functioning of the experiment hard-
ware. In addition, the microcontroller memory, which was recovered intact, confirmed
the nominal functioning of the vacuum system. Figure 3.7 shows the pressure readings
recorded during the flight and confirms that the air pressure inside the vacuum chamber
remained below 8.7x10~> mbar during the experiment.
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Figure 3.7: Pressure measured inside the SPACE vacuum chamber during the REXUS 12 flight. The time
origin is at rocket lift-off. The pressure sensor was switched off at LO + 200 s

The frame streaming logs revealed a certain number of missing frames between the first
5 and 15 s of the recording time: the streaming randomly lost a couple of frames, never
more than 5 in a row, on an irregular pattern. This "hick-up” of the data recording system
was a known behavior and had been observed on ground during hardware tests. Its origin
could not be determined with certainty, but seemed to lie in the “warming up” of the on-
board computer processor. The option of starting the data recording earlier in the flight
timeline was avoided, since it implied all experiment components to be on and function-
ing at their maximum capacities during the high acceleration phases of the launch. As
the amount of lost frames was very low compared to the total amount recorded, and as
the frame loss always stopped after the first 10 s of the recording flight, this behavior was
evaluated acceptable and did indeed not influence the later data analysis.

One discrepancy with ground test behavior was detected in the starting time of the camera
streaming. On all ground tests (including temperature tests), the camera required about
10 s between receiving power and starting frame acquisition. During the REXUS flight,
however, 31.65 s separated the camera powering and the time of the first frame. In the
experiment sequence design, 30 s buffer time were implemented between the expected
time of the first recorded frame and the start of the particle shaking (which marks the start
of the actual experiment run). That is why the non-recorded time of the shaking sequence
only lasted 1.65 s.
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3.2 Experiment run on the REXUS 12 rocket

Figure 3.8: SPACE hardware after payload recovery: a. top view of the complete experiment module,
b. front view of the vacuum chamber inner volume through the chamber view port, c. top view of the
vacuum chamber inner volume, d. on-board computer baseboard, e. CompactFlash memory card with
S-ATA adapter. Image credits: D. Heillelmann.

3.2.4 Recovery

At lift-off + 420 s, the drag parachute was supposed to be released, pulling with it the main
parachute which should have substantially decreased the fall velocity of the payload stage.
A nominal ground impact velocity for a REXUS flight would usually be around 10 m s~!
(see the Rexus Manual, Eurolaunch 2010). During the REXUS 12 flight, however, the
release of the secondary parachute did not trigger and the payload impacted ground with
a much higher velocity. The rocket hit an open space covered with about a meter of snow,
which damped the crash. The impact loads were still much higher than expected, and,
moreover, the strongest loads were not along the rocket roll axis but along an oblique
axis, due to free tumbling of the payload during re-entry.

Furthermore, the GPS beacon leading the recovery helicopter to the payload never started
emitting, as it is usually triggered by the release of the drag parachute. Hence, a recovery
was solely based on the good eyes of the helicopter team searching a calculated impact
area. Fortunately, despite being entirely covered in snow, the payload could be retrieved.
The outer skin of the rocket was undamaged. However, lots of the inner experiment
hardware had been broken by the crash. In the case of the SPACE experiment, most of the
components were destroyed. Figure 3.8 shows a few pictures taken while unmounting the
experiment after recovery. There were exactly two hardware components that remained
undamaged: the electronic board and the memory card. Therefore a recovery of the
scientific data was possible.
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flight direction after apogee

outward radial direction

Figure 3.9: Two 8-bit grayscale frames recorded during the SPACE experiment run: a. at the very beginning
of the experiment (1 s after start of data recording), when all the dust aggregates were free-flying, b. during
a slow shaking phase of the experiment run (50 s after start of data recording). During slow shaking phases,
aggregates preferentially accumulated in the cells’ left upper corner due to microgravity disturbances (see
Section 5.6.1 for details). The rocket flight and outward radial directions are indicated.

3.2.5 Scientific data

The scientific data recorded revealed an unexpected behavior of the dust aggregates: dur-
ing slow shaking phases, instead of agglomerating inside the experiment cell volume, the
dust aggregates formed agglomerates on the cell glass walls. This could be easily iden-
tified as dust sticking to the glass walls rotated with the container, whereas free-floating
particles had linear trajectories. During the slowest and longest shaking phase (see Sec-
tion 3.2.2 and Figure 3.4), collisions with the glass very quickly depleted the number of
aggregates in the inner cell volume. Thus, no free-flying collisions could be observed.
This constituted a major difference to other dust collision microgravity experiments, such
as the SPACE experiment at the drop tower Bremen, or the experiments performed by
Weidling et al. (2012) and Kothe et al. (2013). During most of the other shaking phases
of the experiment run, however, particles were free-flying in the cell volume and collision
properties of the dust aggregates could be analyzed (see Section 5).
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4 Dust samples

This section describes the dust analog material investigated with the SPACE experiment
set-up. For both, the drop tower and the rocket flight experiments, SiO, aggregates of
different types and sizes were used.

In the following, single dust aggregates introduced into the experiment glass cells before
the beginning of the experiment (~100 um in size) will be referred to as aggregates or
equivalently monomer aggregates. Indeed they are themselves aggregates of smaller dust
monomer particles of mean sizes around 1 ym and acquired commercially. During the
different SPACE experiments, several of these aggregates stuck together to form bigger
agglomerates. These new structures will be referred to as clusters.

4.1 Choice of the dust analog material

The choice of silicates as sample material is relevant for several reasons. First, the spectral
analysis of many young stellar objects such as T-Tauri and Herbig Ae/Be stars displays a
10 um absorption feature indicating the presence of silicates in their circumstellar disks
(see e.g. Bouwman et al. 2001, Sicilia-Aguilar et al. 2007, Sargent et al. 2009). Secondly,
protoplanetary disk models and their associated dust condensation sequence predict the
presence of numerous forms of silicates in the planet formation regions (Boss 1998, Hen-
ning & Meeus 2009). Finally, silicates are found in meteorites, which are remnants of
the planet formation phase of the Solar System (see e.g. Scott 2007). These observations
are indicating that silicates play an important role in the early stages of the formation of
rocky bodies in disks around young stars and are, therefore, relevant for use in dust colli-
sion experiments like SPACE.

The dust material used to observe collisions in the SPACE experiments was chosen such
as to be representative for materials thought to be found in the early Solar System, the
so-called Solar Nebula, or in other observable protoplanetary disks. This supports the
application of the coagulation and fragmentation properties observed during the experi-
ments to dust collision behavior in these protoplanetary environments.

A commonly used dust analog material is silicate dioxide, Si0,. Table 4.1 lists the rele-
vant characteristics for the dust types investigated in this work (see also Blum et al. 2006b,
for more details). SiO, was already used in several dust collision experiments aiming at
the investigation of dust behavior in protoplanetary disks (see e.g. Blum & Wurm 2008,
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Table 4.1: Properties of the dust types investigated with the SPACE experiment.

Dust type Spherical Spherical Irregular
Monodisperse polydisperse polydisperse
Figure 4.1c. 4.1b. 4.1a.
Manufacturer Micromod Admatechs (SO-E3) | Sigma-Aldrich
Monomer radius (um) | 0.76 + 0.03V 0.8 to 1.2 0.05 - 5
Density (kg/m*) 2000 26000 2600
Young’s modulus (GPa) 543 41@ 419
Poisson number 0.17® 0.179 0.17%

(D Blum et al. (2006b)

@ Seizinger et al. (2012)

) manufacturer information Admatechs

@) Weidling et al. (2012)

4 manufacturer information Sigma-Aldrich GmbH

and references therein). More recently, Giittler et al. (2010) , Weidling et al. (2012) and
Kothe et al. (2013) performed related experiments in the laboratory, in the Bremen drop
tower and on parabolic flights, investigating SiO, collisions of aggregates of different
sizes and at different velocities. SiO, can be commercially acquired in several shapes and
sizes. The species used in the SPACE experiment was produced by Admatechs, Sigma-
Aldrich and Micromod (see Table 4.1). Monodisperse dust is composed of same-sized
spherical monomer particles. Polydisperse dust has a monomer particle size distribution.
The monomers can be spheres or irregularly shaped particles. In the following, these poly-
disperse dust types will be called spherical and irregular polydisperse dust, respectively.
For SiO; acquired by Sigma-Aldrich, this size distribution was investigated in further de-
tails by Kothe et al. (2013). SEM images of these three sample materials can be seen
in Figure 4.1. The investigation of monodisperse dust is interesting because it is easy to
model in molecular dynamics or smooth particle hydrodynamics (SPH) simulations (see
for example Wada et al. 2009, Giittler et al. 2009, Seizinger et al. 2012), and was already
used in many other dust collision experiments. As its properties are best known, exper-
iment and simulation results using monodisperse dust can be compared one to another.
However, the dust in real astronomical environments is expected to be irregularly shaped,
which makes experiments with polydisperse dust also relevant. Comparing the behavior
of both types of particles has already revealed some interesting differences in sticking and
collision properties (for example irregular SiC and diamond grains in Poppe et al. 2000a).
This is why both types of dust, mono- and polydisperse SiO,, were flown on the SPACE
experiment.
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Figure 4.1: Dust analog SiO; used in the SPACE experiment: a. SEM picture of an aggregate composed
of irregular polydisperse SiO, (Sigma-Aldrich). Image credit: E. Beitz b. SEM picture of an aggregate
composed of spherical polydisperse SiO, (Admatechs). Image credit: N. Machii ¢c. SEM picture of an
aggregate composed of monodisperse SiO; (Micromod). Image credit: E. Beitz d. microscope picture of
aggregates composed of irregular polydisperse SiO,, sieved between 250 and 500 zm.

4.2 Aggregate sizes

As described in Section 1.2, dust aggregates growing in a protoplanetary disk have relative
velocities between each other induced by different thermodynamical (Brownian motion)
and aerodynamical (settling to the midplane, gas drag and turbulences) processes. De-
pending on the aggregate sizes, collisions at these velocities do not always lead to stick-
ing and growing anymore, but as the aggregates experience restructuring and compaction
with increasing collision energies, their new properties lead to bouncing or fragmentation
upon collision. It is still under discussion whether both of these collision outcomes are
an obstacle to further aggregate growth or favor it (see Zsom et al. 2010, Windmark et al.
2012) and experiments in size and velocity ranges around the transition from sticking to
bouncing can deliver crucial information on dust growth behavior as input to disk models
and simulations.

The dust collision model developed by Giittler et al. (2010), which was improved by
Kothe et al. (2013), aims at better characterizing the transitions between the sticking,
bouncing and fragmentation regimes. Recent experiments by Weidling et al. (2012) and
Kothe et al. (2013) have been investigating more specifically the transition between the
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Figure 4.2: Size distributions a. by cumulative particle count (number of particles with a size smaller than
the size indicated in the x-axis) and b. by cumulative mass (total mass of the particles smaller than the size
indicated in the x-axis) of the different SiO, aggregates used in the SPACE experiment: aggregates sieved
between 100 and 250 gm and composed of monodisperse (black diamonds) and spherical polydisperse dust
(green squares) and aggregates sieved between 250 and 500 um and composed of monodisperse (triangles)
and spherical polydisperse dust (green asterisks).
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sticking and bouncing regimes. Sub-mm- to cm-sized aggregates colliding at velocities
between 1 and 10 cm s™! are precisely in this regime (see Figure 1.2). In this context,
two sub-mm size distributions were chosen for the aggregates to be flown in the SPACE
experiment: a smaller distribution between 100 and 250 ym and a bigger one, between
250 and 500 gm.

Aggregates composed of commercially acquired Si0O, monomer grains actually coagulate
inside of their storage container. To produce the two size distributions investigated in the
SPACE experiment, these aggregates were sieved to the required sizes. The resulting size
distributions were measured and can be seen in Figure 4.2. A microscope picture of a
sample of sieved aggregates can be seen in Figure 4.1d.

4.3 Volume filling factor and inner structure of the ag-
gregates

The volume filling factor of SiO, aggregates produced as described in Section 4.2 was
investigated by Weidling et al. (2012) and Kothe et al. (2013). Weidling et al. (2012)
determined a value for the volume filling factor by accurately measuring the volume and
mass of aggregates composed of polydisperse SiO,, with sizes between 500 and 4000 ym
with a material density p = 2600 kg/m? for polydisperse SiO,. They found a value of
$=0.35+0.05. Kothe et al. (2013) analyzed nano-CT images of sieved monodisperse
SiO, aggregates at sizes around 100 ym and determined a value of ¢=0.37*00°. These
two values are relatively close together. For the sub-mm-sized aggregates investigated
in this work, identical in size and preparation to the ones used by Kothe et al. (2013), a
volume filling factor of ¢=0.37 was assumed.

In addition, Kothe et al. (2013) examined the inner structure of such dust aggregates.
They observed a 100 um-sized SiO, aggregate with a nano-CT microscope and showed
that the inner volume filling factor of these aggregates is regular, displaying only a very
slight compaction at the outer border of +5% compared to the inner part of the aggregate.
This result shows that the collision behavior of these aggregates is not influenced by their
preparation method.

4.4 Allocation of the dust aggregates to the different ex-
periments

4.4.1 Drop tower experiments

The Si0, aggregates prepared for the drop tower experiment runs were sieved into a size
distribution between 100 and 250 m and were distributed amongst the experiment cells as
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Table 4.2: Details of the SiO, aggregate types and sizes observed during the five SPACE drop tower ex-
periments. The asterisk (*) denotes spherical polydisperse dust manufactured by Admatechs (type SO-E3).
The other polydisperse dust listed is irregular and manufactured by Sigma-Aldrich. As these experiments
were performed with a preliminary version of the experiment hardware, not all cells were filled with dust
aggregates and not all drops delivered useful experimental data. Data that was not relevant is marked by
N/A. The agglomerate sizes are indicated with their standard deviation.

Drop | Cell Dust type Mean Quantity Result type
aggregate [mg]
diameter
[ym]

1 polydisperse 118+88 13.2 N/AD

2 | polydisperse* 156+28 13.2 N/A™

] 3 comp.acted 118+88 17.1 N/AD

monodisperse

4 | monodisperse 118+88 17.1 N/AD

1 polydisperse 156+28 11.0 no agglomeration

2 | polydisperse* 156+28 11.0 monomer

2 agglomeration
3 | monodisperse 118+88 14.3 cluster agglomeration

4 N/A N/A N/A N/A

1 N/A N/A N/A N/A

2 polydisperse 156+28 11.7 no agglomeration

compacted 118+88 6.8 :
3 3 . cluster agglomeration
monodisperse

4 N/A N/A N/A N/A

1 N/A N/A N/A N/AD

2 | polydisperse* 156+28 8.6 N/AW™

4 3 N/A N/A N/A N/AD
4 N/A N/A N/A N/AD

1 polydisperse* 156+28 8.8 cluster agglomeration

2 | monodisperse 118+88 6.8 cluster agglomeration

5 3 | monodisperse 118+88 6.8 cluster agglomeration
4 N/A N/A N/A N/A

(Dgee Section 3.1.3

listed in Table 4.2. Four different types of aggregates were used. The first were aggregates
of monodisperse dust, which is composed of same-sized spherical particles, manufactured
by Micromod (Figure 4.1c.). The second were compacted aggregates of monodisperse
dust. These aggregates were prepared like the ones mentioned above but in addition, they
were shaken on a metal plate for 10 min at 10 Hz (plate shaking frequency). This leads
to a compaction of the outer parts of the aggregates (see Weidling et al. 2009, for details).
The third aggregate type were aggregates of polydisperse dust which is composed of
irregularly shaped particles, manufactured by Sigma-Aldrich (Figure 4.1a.). Finally, the
last aggregate type were aggregates of polydisperse dust which is composed of different-
sized spheres, manufactured by Admatechs (type SO-E3) (Figure 4.1b.).
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4.4 Allocation of the dust aggregates to the different experiments

Table 4.3: Details of the SiO, aggregate types and sizes observed during the rocket flight experiment run.
The polydisperse dust listed is irregular and manufactured by Sigma-Aldrich. The cells are identified as
seen by the camera in experimental configuration (see Figure 2.4c.).

Cell Dust type Mean Quantity Result type

aggregate [mg]

diameter
[m]

Top monodisperse 118+88 19.2 Cluster agglomeration
on the cell walls"
Bottom left | monodisperse 320+90 15.3 Cluster agglomeration
on the cell walls"
Bottom right | polydisperse 320+90 19.8 Cluster agglomeration
on the cell walls"

(Dgee Section 3.2.5

4.4.2 Suborbital rocket flight experiment run

For the REXUS flight, the aggregates were sieved into size distributions between 100 and
250 pm and between 250 and 500 um. Two types of SiO, aggregates were used: aggre-
gates of monodisperse dust, manufactured by Micromod (Figure 4.1c.) and aggregates of
polydisperse dust composed of irregular particles, manufactured by Sigma-Aldrich (Fig-
ure 4.1a.).

The dust samples were distributed into the experiment cells as listed in Table 4.3). From
the three aggregate types used in the suborbital flight experiment run, the smaller aggre-
gates composed of monodisperse dust were observed to grow fastest during the drop tower
experiments (see Section 6.1.1). Therefore they were placed into the bigger top cell with
the largest available volume.
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This section describes how the video data gathered during the different SPACE experi-
ments was analyzed. As mentioned in Section 4, single sieved particles inserted into the
experiment cells will be named aggregates or equivalently monomer aggregates. These
~100 um aggregates are themselves composed of monomer particles of ~1 pm in size.
Agglomerates of aggregates building up during the experiments will be named clusters.

5.1 Drop tower scientific data

The SPACE experiment participated into a drop tower campaign with five catapulted drops
(see Section 3.1). For each drop performed, the collision behavior of dust aggregates
inside of four experiment cells was recorded. However, due to hardware issues, only
drops 2, 3 and 5 delivered data that could be analyzed. For these three drops, Table 4.2
lists the agglomeration results in the experiment cells. This section describes the tools
and methods used for the analysis of this data.

5.1.1 Aggregate and cluster collisions

For the experiments in which cluster agglomeration was observed (see Table 4.2), aggre-
gates and clusters could be tracked individually. In this case, the collisions in the different
experiments were analyzed with a semi-automatic tracking program also used by Giit-
tler et al. (2010), Weidling et al. (2012) and Kothe et al. (2013). This program tracks
the center-of-mass position of aggregates upon indication by the user and after frame bi-
narization. For each user-detected collision, it computes the velocities of the colliding
aggregates allowing for the determination of the collision velocity. In addition, the pro-
gram tracks the cross section area of the aggregates on each two dimensional frame. As
the aggregates rotate during the time they are tracked, they present different angles to the
camera and, thus, different surface areas. The average of their visible surface over their
tracking time is used to calculate their mass.

In the case of no observable or only monomer agglomeration, individual aggregates were
too small and too numerous to be tracked.
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As the cell glass of the preliminary version of the hardware used at the drop tower was an
ordinary glass, it developed cracks during hardware assembly and the non-adhesive coat-
ing (see Section 2.2.1) underwent damages. These cracks and coating damages led to a
non-uniform background illumination that could not be corrected properly, as it changed
with time. However, the induced imperfections had only minor effects on the actual track-
ing of aggregates and clusters, as they were much smaller than the tracked aggregate.

5.1.2 Determination of the cluster fractal dimensions

The bigger clusters that grew during the drop tower experiments had a 3D fractal dimen-
sion of less than three. The exact dimension can be approximated using several 2D frames
of each cluster, where it can be seen from different angles. For each frame, the 2D fractal
dimension is determined using the box-counting method (Falconer 2003). In this method,
a grid of varying mesh size is laid over a cluster with € X € boxes and, for each frame,
the number N(e€) of grid boxes covered by the cluster is compared to the total number of
boxes €. € is increased progressively and the fractal dimension of the cluster projection
on this frame, Dy, is deduced via

N(e) < €Pr, (5.1

To take the three-dimensionality of the cluster into account, Dy is then averaged over sev-
eral frames. For a detailed description of this method applied to similar dust aggregates,
see Kothe et al. (2013).

5.2 Dust growth during the suborbital flight

This section describes how the SPACE flight data can deliver information on dust aggre-
gate properties and growth despite the fact that the observed clusters are growing on the
glass walls of the experiment cell instead of free-flying in the inner cell volume, as they
usually do in drop tower data.

5.2.1 Growing dust aggregates?

Before analyzing the aggregate growth behavior in the suborbital flight experiment, it has
to be investigated if the dust clusters are indeed growing through dust-dust collisions in-
stead of dust-glass collisions. In the latter case, the results would only deliver information
about the interaction of the dust and glass and not the desired dust properties.
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To investigate this, a series of Monte-Carlo simulations was performed, where particles
were randomly deposited on a surface representing the cell glass wall. When colliding
with the cell wall, the particles either encounter bare glass or another particle already
sticking to the glass. The purpose of these simulations was to reproduce the aggregate
deposition pattern seen on the SPACE experiment cells and to see whether the aggregates
stuck directly to the glass or tended to form clusters through dust-dust collisions. The
parameters that were varied between the simulations were the initial number of particles
deposited on the glass surface, Ny, and a glass sticking probability parameter, «, defined
as
Cg_lass_stick

K= S (5.2)
Cglass

with Cyjass sick being the number of collisions on bare glass that led to a deposition of the
particle on the wall, and C,, the total number of collisions on bare glass. This parameter
accounts for the probability for a collision of an aggregate onto the bare glass to lead to
aggregate deposition.

Before the simulation starts, no particles are on the surface. A number N, of particles
are created with a size distribution similar to the size distribution of the dust aggregates
inserted into the experiment cells. At each step of the simulation, one of the created Ny,
particles collides with a randomly chosen location on the surface. A collision with the
bare surface either leads to deposition according to the sticking probability « or to bounc-
ing back into the cell volume. In the latter case, the particle collides with the surface
again, on a random new position. A collision with another particle already sticking to the
surface always leads to deposition (the sticking probability between particles is consid-
ered to be 1). The simulation stops when all the Ng;, particles are deposited.

As the frames recorded during the experiment had a resolution of 56.5 um/px, it was
possible to simulate the particle growth on a one-to-one scale. The smaller sieved ag-
gregates observed in the SPACE experiment had a mean size of 120 ym ranging from
~20 to 300 um in diameter and the bigger aggregates had a mean size of 330 um ranging
from ~50 to 600 um (see Figure 4.2). Hence, 1 to 25 pixel particles inserted into the
simulation correspond to the size range of dust aggregates observed in the SPACE experi-
ments. Simulation wall surfaces of 221x362 px and 192x141 px correspond to regions of
interest inside the 15x24 mm? and 15x11 mm? visible surfaces of the larger and smaller
experiment cells.

For the small monodisperse SiO, dust distribution, the real inserted number of aggregates
was Nexp = 4000. Thus, the initial number of particles created in the simulations was
varied from 3000 to 5000 with a step size of 100 particles. For the larger distributions of
aggregates composed of mono-and polydisperse, the real number of inserted aggregates
was Ny, = 400. Here, the initial number of particles was varied from 300 to 500 with
a step size of 10. For both distributions the glass sticking parameter x was varied from
0.0001 to 0.1 with a step size of 0.0001.

A few examples of the simulation results can be seen in Figures 5.1 and 5.2. For low glass
sticking probabilities «, only very few seeds deposited on the surface and clusters grow
from there, leading to a few large clusters. For higher values of x, many more particles de-
posit on the glass surface and the simulation results in a higher number of smaller clusters.
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Nsim =
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Figure 5.1: Monte-Carlo simulation results for the agglomeration of the small monodisperse dust size
distribution used in the SPACE experiment rocket flight (mean size of 120 um). The simulation surface
of 221x362 px represents a region of interest inside the bigger experiment cell. Each column has the
same initial number of particles inserted into the simulation Ny,. Each row has the same glass sticking

probability «.
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Figure 5.2: Monte-Carlo simulation results for the agglomeration of the large size distribution of aggregates
composed of monodisperse dust used in the SPACE experiment rocket flight (mean size of 330 yum). The
simulation surface of 192x141 px represents a region of interest inside one of the smaller experiment cells.
Each column has the same initial number of particles inserted into the simulation Ng,,. Each row has the
same glass sticking probability «.

To quantitatively compare the results of the simulation with experimental data, a SPACE
frame taken at 47 s after start of recording was used. This frame was recorded during
a slow shaking phase (see Table 3.3), while all particles are incorporated in clusters and
none are free-floating. This frame was binarized and the resulting number of clusters and
their size distribution were determined. The root mean square of the bin by bin difference
between this size distribution and the size distribution of the simulation result, oy, was
used as comparision criterium. To smooth out binarization effects on the size distribution
of the data frame, the bin sizes were chosen at 4 px for the small and 9 px for the larger dust
distribution. The simulations were run 5000 times for each set of parameters and the mean
0 gise determined. The best matches (minimum o) were found for Ng,, = 4600 and 360
and k = 0.0055 and 0.0045 for the smaller and larger aggregate distributions, respectively
(Table 5.1). Figure 5.3 illustrates the best match between data and simulations for the
smaller aggregate size distribution. The size distributions of 5000 simulation runs and of
the chosen data frame are plotted in grey and in light red, respectively. It can be seen
that the size distribution of the data frame lies within the size distribution range obtained
for the simulations. As the number Ny, of inserted particles is in good agreement with
the number of aggregates inserted into the SPACE experiment cells, glass sticking values
around 0.5 % can be assumed. It can be concluded that it was not an enhanced glass
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a. REXUS 12 data b. Monte Carlo simulation
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Figure 5.3: Results of a Monte-Carlo simulation for the smaller aggregate size distribution used in SPACE
during the suborbital flight: a. binarized SPACE data frame at 47 s after start of data recording (region of
interest at the center of the cell containing the smaller size distribution of aggregates composed of monodis-
perse dust). At this point of the experiment run, all dust aggregates are clustered on the cell wall. b. Monte-
Carlo simulation depositing 4600 particles on a surface with a glass sticking parameter « = 0.0055, c. size
distribution of the data frame seen in a. (light red line, triangles) and 5000 runs of Monte Carlo simulations
with the parameters of image b. (gray lines). The bin size for these distributions is 4 px (1.23x10%m?).

Table 5.1: Monte-Carlo simulation results: the best match between simulation and data for both dust
distributions are presented. Ney, and Ny, are the inserted numbers of aggregates into the experiment cell
and into the simulation, respectively, « is the glass sticking probability parameter and oy the final size
distribution difference which both are described in the text.

Aggregate distribution | Ny, | Ngim K | T gist
Small 4240 | 4600 | 0.0055 | 18.3
Large 375 | 360 [ 0.0045 | 11

62



5.2 Dust growth during the suborbital flight

sticking efficiency that led to clusters on the cell walls but indeed the enhanced number
of collisions of the aggregates on the glass, induced by residual accelerations during the
rocket flight (see Section 5.6.1). This is also supported by the fact that the glass walls did
not get dirty during the experiment run (see Section 5.4.3) despite the very high number
of collisions.

It can also be concluded that dust clusters were not growing on the glass directly but on a
few dust aggregates that deposited on the glass and served as seeds. Accordingly, clusters
in the SPACE experiment grew by collisions between dust aggregates and the further data
analysis will deliver information on the properties of these aggregates.

5.2.2 Growing on the wall?

The next question is whether or not the fact that the clusters grew on the cell glass walls,
instead of free-flying in the cell volume, is a restriction to determining the collision prop-
erties of the dust. Indeed, compared to the mass of the considered aggregates, the mass of
the cell wall can be considered as infinite, which could influence the collision parameters.
The interesting collision parameters for the sticking and fragmentation events observed in
the rocket flight experiment run are given by the Johnson-Kendall-Roberts (JKR) model
of elastic collisions of spheres (Johnson et al. 1971). According to this model, the radius
of the contact surface area between two colliding soft spheres is given by

3R
a = 4E*(F + 3ynR + \J6ynRF + (3ynR)?) ,
[ (5.3)
with { RN
E - E =+ B>

where a is the contact surface radius, R;», vi;» and E;, are the radii, Poisson number
and Young modulus of the two colliding spheres with indices 1 and 2, respectively, y is
their surface energy and F is the pressure force of one sphere on the other. This means
that for an aggregate of mass m impacting another free-flying aggregate with the same
composition properties but a different mass M, their relative velocity being v (case a. in
Figure 5.4), their common sticking surface area will be determined by R, E*, y and F. If
this is compared to the case where the target aggregate is sticking to a wall considered to
have an infinite mass with respect to the mass m of the incoming aggregate (case b. in
Figure 5.4), the parameters R, E* and vy are approximately unchanged. This is a reason-
able assumption if the upper part of the aggregate, where the impact takes place, is not
affected by the lower part, where it sticks to the glass wall. Molecular dynamics numer-
ical simulations of aggregates composed of a high number of monomer particles, e.g. in
Wada et al. (2011), support such an approximation by showing (e.g. in their Figure 5) that
aggregates are only locally affected by low-velocity collisions (under 2 m s~ for their ice
aggregates).
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m,v
m,v
Before collision

After collision

m+M, v* . o, 0

wall

Figure 5.4: Scheme of an aggregate of mass m and velocity v colliding a. with an aggregate at rest of mass
M and b. with an aggregate sticking to a wall of infinite mass.

As for the pressure force F of one aggregate on the other, it can be seen as the change in
momentum of the impacting aggregate before and after the impact. This momentum vari-
ation can be compared for the two cases a. and b. in Figure 5.4. In case a. an aggregate of
mass m impacts another free-flying aggregate of mass M with a relative velocity v. After

m

a sticking collision, the resulting aggregate has a mass m + M and a velocity v = —=-v

(the collision is considered to be perfectly elastic). Hence, for the impacting aggregate
Ap = |Pinat = Pinitiatl = |m + M)V —my| = v (5.4)

with = 1+ being the reduced mass of the system.

" o M

In the second case the target aggregate is considered to be already sticking on the wall
(caseb. in Figure 5.4). This aggregrate has the same properties as before but, as now M >
m, the reduced mass u = m and Ap = mv. This value of Ap could also be obtained by two
aggregates of the same mass m (implying u = %m) flying towards each other with the same
velocity v (the relative velocity then would be 2v). This means that the configuration of
an aggregate sticking to a target aggregate on a wall (case b.) is equivalent to an aggregate
sticking to another of the same mass and velocity, free-flying in the cell volume (case a.).
Therefore, it is reasonable to consider clusters growing on the experiment cell walls as
being equivalent to clusters growing inside the cell volume.
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5.3 Suborbital flight data analysis

To study the multi-particle systems presented here and ensure the occurrence of observ-
able collisions during the experiment run, a high number of aggregates was inserted into
each experiment cell. This resulted in too high an optical depth in the cells to be able to
study collisions individually. It was also impossible to measure their number and sizes
directly. The flight data had to be analyzed in a statistical manner, by analyzing the inter-
esting aggregate properties averaged over a high number of collisions.

A way of accessing the desired information was to average each image over a certain
number of frames before and after it. Because the aggregates were constantly moving,
the total surface of each aggregate was thus taken into account by contributing to the
background grayscale. Furthermore, non-moving clusters growing on the glass wall be-
came fully visible (see Figure 5.7c.).

5.3.1 Frame averaging

Each frame of the SPACE experiment was averaged over 201 frames (1.2 s) as follows:

for 100 < N < 27900

ﬁ . rame;

i=N-100

framey =

An example of the frames obtained by this averaging can be seen in Figure 5.7c. The
clusters on the glass walls are apparent as dark spots and can be monitored along the ex-
periment. Furthermore, the background grayscale value of cluster-free parts of the frame
delivers information on the quantity of dust aggregates that are free-flying at that moment:
the darker the background, the more aggregates are free-flying, and the brighter the back-
ground, the more aggregates are incorporated in clusters on the cell walls.

5.3.2 Statistical analysis methods

The analysis of the frame background grayscale and of the clusters on the cell walls are
in fact two distinct ways of retrieving information on the experiment aggregates. Figure
5.5 shows histograms of two data frames: in the left frame (a.), all of the dust aggregates
present in the cell are free-flying. Its histogram (c., dashed red line) shows a rather dif-
fuse distribution of medium-dark grayscale values: a uniform gray background. In the
right frame (b.), however, all aggregates are incorporated in clusters and none are free-
flying. The histogram now shows two peaks (c., solid black line): a strong and narrow
peak for bright (high) grayscale values accounting for the now very bright background,
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Figure 5.5: Analysis method used on the SPACE experiment data to determine the number of free-flying
aggregates in the experiment cells at each moment: a. Region of interest inside an averaged data frame
of the larger experiment cell (see Figure 2.4c.) at the beginning of the experiment run (1.2 s after start
of recording), when all aggregates are free-flying. b. Region of interest inside an averaged data frame of
the same experiment cell during a slow shaking phase (47.1 s after start of recording), when all aggregates
are incorporated in clusters. c¢. Histograms of these frames a. and b.: when all aggregates are free-flying
(a.), the background is uniformly gray (dashed red line), whereas the dark particles (small peak in lower
grayscale values) and the bright background (high and narrow peak in higher grayscale values) are clearly
differenciated when the aggregates are all incorporated in clusters (solid black line).

and a smaller but also quite narrow peak in very dark (low) grayscale values accounting
for the visible clusters on the cell walls. As the glass remained perfectly clean during the
experiment run (see Section 5.4.3), these two frames can be used to calibrate the back-
ground grayscale to the fraction of aggregates free-flying in the cell volume at this time
(see Section 6.2.1).

The other analysis method consists in binarizing the averaged frames and look at the area
covered by clusters at a certain point in time. Figure 5.6 illustrates this by presenting two
frames at the beginning and the end of a fragmentation phase: clusters (black areas) have
dissolved with time. The total frame surface covered by clusters can be tracked with time
and plotted according to the collision velocity (see Section 6.2.2).
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fragmentation s
phase - _-5 i-','-.. :

Figure 5.6: Analysis of the clusters growing on the cell walls inside the SPACE experiment during the
suborbital flight : a. Region of interest inside an averaged and binarized data frame of the bigger experiment
cell at the beginning of a fragmentation phase (61.8 s after beginning of the recording) and b. Region of
interest inside an averaged and binarized data frame of the same cell at the end of this fragmentation phase
(76.5 s after beginning of the recording). The frame area covered by clusters (black areas) has decreased.

5.4 Suborbital flight frame correction

To allow for the statistical data analysis described above, the correction of the recorded
frames is of utmost importance. Averaging can only be performed on non-moving frames
(the original frame sequence was rotating with the shaking mechanism). Moreover, a
background grayscale analysis can only deliver meaningful information if the frame back-
ground is spatially (over the entire cell) and timely (during the entire experiment) uniform.

5.4.1 Cell rotational movement

In order to obtain non-moving cell walls in each frame, the cell rotation induced by the
shaking mechanism had to be corrected. In this new reference system, free-flying aggre-
gates and clusters on the glass walls can easily be identified: the latter are immobile over
all frames, while free-flying aggregates are still moving. The initially linear aggregate
trajectories are transformed into cycloids.

The first step in performing this correction was to determine the position of the experi-
ment cell walls in each frame. In a second step, each frame was shifted in a way that the
cell walls were always at the same position.

The shifting of the frame to place the cell walls at the same position in each frame induced
the loss of border regions for each cell, reducing the further analysis to a region of interest
covering the inner part of the cells. However, as the clusters on the side walls were not
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Figure 5.7: Image processing: a. SPACE data frame at 11.8 s after beginning of frame recording showing
the two lower experiment cells (containing ~320 um aggregates), b. the same frame after background
illumination correction, c. the same frame after background correction and averaging over 201 frames
(1.2 s). The clusters on the cell wall become apparent and the background grayscale value depends on the
number of free-flying aggregates.
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properly visible and could not be used in the data analysis, the loss of these border re-
gions did not impact the results. Moreover, the preferential agglomeration of aggregates
into one corner of the cells due to residual flight accelerations (see Section 5.6.1) had less
influence on the results, as the borders were partially cut off.

This method successfully eliminated the rotational movement of the experiment cells
from the recorded frames. However, the cells had an additional movement along the
line of sight of the camera: they were wobbling slightly due to frictions between the cog
wheels of the shaking mechanism. This produced a non-zero noise level in the grayscale
histogram of averaged frames (see Figure 5.5¢.) that could be disregarded as not being
related to the number of free-flying aggregates.

5.4.2 Background illumination

As the background grayscale value of the images was an indicator of the number of free-
flying aggregates in the experiment cell volumes, it was essential to perform background
correction (flat-fielding) for each frame. In a first step the background illumination of
the cells was determined. The main background imperfections were a darker spot due to
one non-functioning LED and a loss in the light intensity towards the lower cell regions
due to the edge of the LED array (both can be seen in Figure 3.9). These imperfections
were specific to the SPACE experiment run on the rocket and could not be corrected by
subtracting a previously taken background frame: the background illumination had to be
determined from the flight frames.

To do this, the value of each pixel of a reference frame was set to the grayscale value
that was most frequently displayed during the time of the experiment run. As aggregates
were never covering the same area during all 150 s of recording, this most frequent value
was the background grayscale. The result of subtracting this computed background to the
recorded frames can be seen in Figure 5.7b.

5.4.3 Glass cleanliness

The aggregates observed in the SPACE experiment were composed of dust monomer
particles and the high number of collisions taking place during the 150 s of experiment
run in microgravity could have led to aggregate erosion, liberating fine ym-sized dust in
the experiment cell. This fine dust sticking to the glass walls would have led to a gradual
smearing, thereby influencing the background grayscale value of the averaged frames (as
well as the background illumination correction described above). Therefore, the glass
cleanliness along the experiment run had to be checked.

To this purpose, one pixel of each cell was chosen and its grayscale value measured at
three points in time: once at the beginning of the experiment, once in the middle and once
at the end. It was assessed that the background grayscale values did not change during
the experiment and stayed at ~172, 187 and 175 for the three chosen pixels, respectively
(Figure 5.8). The result of this investigation guarantees that the glass stayed perfectly
clean during the whole experiment run and no further correction was required.
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Figure 5.8: Glass smearing analysis: by choosing three random background pixels at the beginning (up to
0.08 s), in the middle (around 70 s) and at the end (after 147 s) of the experiment run and looking at their
gray scale value it can be concluded that the glass walls of the experiment cells stayed clean during the
whole experiment. The times refer to the start of data recording.

5.5 Determination of the statistical relative velocities

As mentioned in Section 5.3, the optical depth in the SPACE suborbital flight experiment
was too high to track aggregates individually. It was therefore not possible to determine
collision velocities by following the aggregate positions with time. This led to a statistical
approach of the aggregate velocity determination, according to the shaking frequency
of the experiment cells. In a first step, this rotation frequency was measured from the
recorded data. This rotation speed was then used to determine a mean collision velacity
between free-flying aggregates and the clusters on the experiment cell walls.

5.5.1 Wall velocity

The rotation velocity of the experiment cells was determined by the rotation velocity of the
DC/DC motor (see Section 2.2.1 for a description of the shaking mechanism). Figure 3.5
shows the input voltage received by the motor during the experiment run on REXUS 12.
However, the motor rotation speed did not follow the input voltage linearly. The exact
cell rotation speed at each moment had to be determined from the data recorded during
the flight.
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Figure 5.9: Measured motor rotation frequency during the SPACE suborbital flight experiment (solid line,
left axis). Also plotted is the motor input voltage (dashed line, right axis).

This was done by counting the number of frames needed for a full rotation. The rotation
velocity obtained at a full turn was then interpolated between each measured value (full
turn) to obtain a rotation velocity at each recorded frame between the full turns. The result
of this investigation can be seen in Figure 5.9 (solid line, left axis). Also plotted is the mo-
tor input voltage (dashed line, right axis). As can be noticed, the motor response behaved
non-linearly when outside the nominal input voltage range (around 12 V). Furthermore,
the fast downward ramps displayed a damping before settling to the lower shaking veloc-
ities.

5.5.2 Calculating the aggregate relative velocities

The residual accelerations during flight (see Section 5.6.1) were neglected and the velacity
of the dust aggregates was assumed to be solely induced by collisions with the container
walls. For the two sizes of experiment cells and dust aggregates, the mean free path of
the aggregates inside the cell volume was calculated with A = 1/(no), n being the number
density of particles in the experiment cell, and o~ their mean cross section. For the smaller
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Figure 5.10: Resulting relative collision velocity probability between an in-flying aggregate at vp,, and a
rotating cluster on the wall with linear velocity v,,,,x. The mean of all possible collision velocities weighted
by their probability is at 1.78vyax.

size distribution counting ~4240 aggregates of mean diameter 120 um and a cell volume
of 15x10x24 mm?, the mean free path was A = 16 mm. For the larger size distributions
counting ~375 aggregates of mean diameter 320 um and a cell volume of 15x10x11 mm?,
the mean free path was 13 mm. Thus, in both cases the mean free path of the aggregates
was comparable with the size of the cell. Considering collisions between aggregates and
the cell walls to be perfectly inelastic, and knowing that the pressure in the cells was below
10~* mbar during the experiment run (the influence of gas on the aggregate trajectory
could be neglected), the free-flying aggregates were assumed to obtain and retain the
maximum linear wall velocity until they collided with another aggregate or cluster on the
cell walls. The clusters growing on the wall were rotating at wall speed (see Figure 5.9 for
the cell shaking profile). The relative velocity between the incoming aggregate and the
rotating cluster was between 0 and 2v,,,«, Vmax being the maximum wall velocity. Indeed,
as juste described, a free-flying aggregate moving towards the wall was approaching with
a velocity vy, (considered constant). On the other hand, a cluster growing on the wall
had a velocity v, ranging from -vp,,x t0 V., as it was rotating at wall frequency. Thus
the relative velocity v, was in the range 0 < Vo] = Viax + Velus < 2Viax-
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5.6 Other influences on the aggregate motion

In the collision direction, the cluster had a sinusoidal linear velocity of the form vg,s =
rweos(wt) varying between vy, = rw and -vp,,. Its probability of having a velocity v at
the time of collision was

PW)dv = fx[t(v + %) —t(v— %)] (5.6)

with f = 72 the cell rotation frequency and #(v) = iarccos(ﬁ). As described in Weidling
et al. (2009), the chances of an aggregate colliding with a cluster moving away from it
were lower than the chances to hit a cluster moving towards it. Hence, the probability
of equation 5.6 was convolved with a linear collision probability from O to 1 between
0 and +v,,, (only aggregates moving towards the cluster on the cell wall were consid-
ered). The resulting probability of a certain collision velocity is shown in Figure 5.10.
The most frequent collision velocity was at twice the maximum linear wall velocity, 2v,,..
The relative velocity used for the further data analysis was the mean of the possible ve-
locity range (between 0 and 2v,,,,) weighted by the velocity probability: 1.78Vx.

5.6 Other influences on the aggregate motion

This section estimates the disturbance accelerations acting on the dust aggregates ob-
served and compares them to the intentionally induced shaking accelerations.

5.6.1 Residual accelerations during the suborbital flight

During the experiment on the suborbital flight, the dust aggregates in the containers were
subjected to two types of residual acceleration: atmospheric drag and rocket spin.

The residual atmospheric drag accelerations were due to the fact that the REXUS 12
rocket had an apogee of 82 km, an altitude at which the aerodynamic effects of the re-
maining atmosphere on the rocket were still influencial. The drag force induced along
the direction of flight was Fg,, = %pvaCd, with p being the local air pressure, v, A
and C, the rocket’s flight velocity, cross section and drag coefficient, respectively. Com-
paring the rocket’s flight altitude profile with the recorded SPACE data, it could be de-
termined that the frame streaming started at an altitude of about 70 km, lasted through
the passing of apogee (82 km) and stopped during descent at about 50 km. Hence, it
could be assumed that the relevant data used for this analysis was recorded above an al-
titude of 70 km (the last seconds of recording were not relevant for the data analysis).
The standard atmosphere model (1976 US Standard Atmosphere) at this altitude, yields
Pair = 7.42 x 107 kg/m3. The rocket had a diameter of d = 0.356 m and a cross section
of A = n($)* = 9.95 x 102 m?. The drag coefficient Cq = 0.341 was calculated from
measurements made on the REXUS rocket by Anderson et al. (2009) on a REXUS flight
in 2009. The maximum rocket speed was v = 562 m s~! at 70 km which led to a maximum
drag force on the rocket of F = 0.398 N. For a rocket mass of m, = 515 kg, the maximum
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residual drag acceleration was dgpg = Fuarag/m: = 7.72x107™* m s7% = 7.86x107%g, with
g being the Earth’s gravitational acceleration. As the dust aggregates were free-flying in
vacuum inside of the experiment cells, which are directly coupled to the rocket itself, this
was the residual drag acceleration they experience relative to the cell walls.

The residual rotation speed of the rocket after de-spin was measured by the Service Mod-
ule to be w, = 11 deg/s = 0.19 rad/s. The resulting centrifugal acceleration on one of the
SPACE dust aggregates was deengit = w-R with R being the distance of the aggregate to the
roll axis of the rocket. The way the experiment was designed, the distance to the rocket’s
roll axis could be approximated to R = 0.04 m. Thus, the residual spin acceleration on an
aggregate was about deenyis = 1.47 X 107*g with g being the Earth’s gravitational acceler-
ation.

The effects of these residual accelerations on the behavior of the dust aggregates can be
seen in Figure 3.9b. The tendency of the aggregates to gather in the upper left corner
of the frame revealed the combination of a residual acceleration acting on them in the
direction of flight (vertically on the frames) and in the radially outward direction (hori-
zontally), increasing the number of their collisions in this corner of the cell.

To see if these two residual accelerations had an influence on the collision behavior of the
observed aggregates, the values calculated were compared to the accelerations induced by
the rotating cell walls. The minimum rotation frequency of the cells was f,;, = 4.78 Hz,
inducing a minimum wall acceleration of @pin = (27 finin)*F = 0.90 m s7!' = 9.2.102g,
7 = 1 mm being the rotation radius of the experiment cells. This is almost 3 orders of
magnitude stronger than the residual accelerations calculated above. It is therefore rea-
sonable to neglect the effects of residual accelerations in the data results.

5.6.2 Magnetic and electrostatic effects on the aggregate trajectories

To validate the data results as being meaningful for pure dust aggregates properties, it
was also important to rule out magnetic or electrostatic effects on the collision properties.
Both magnetic and electrostatic effects are known to play an important role on dust par-
ticle collisions (e.g. Poppe et al. 2000a, Niibold et al. 2003). However, in this series of
experiments with Si0, dust aggregates the intention was to investigate aggregate proper-
ties free from these influences.

Ruling out magnetic effects was trivial as none of the materials used for this experiment
were magnetic. Furthermore, to avoid electrostatic charging of any kind, the glass cells
holding the particles were built inside of an aluminum frame acting as a Faraday cage
and preventing the charging of the particles by the carrier (drop tower capsule or rocket).
Before inserting the dust aggregates into the containers, they were grounded for several
days to avoid initial particle charging.

To make sure that these precautions guaranteed negligible electrostatic effects, the charg-
ing of the aggregates observed was derived from the analyzed data. For the REXUS
flight experimental data, the relevant collisions were between free-flying aggregates and
clusters forming on the cell walls. Electrostatic effects were ruled out by picking a few
random aggregates, which could be directly observed colliding with a container wall, and
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Figure 5.11: Reduced y? error statistics for linear and parabolic fits to the trajectories of 10 traceable
aggregates in the cell containing the larger aggregates composed of monodisperse dust during the SPACE
rocket flight experiment: before (triangles, open for the linear fit and filled for the parabolic fit) and after
impact with a glass wall (squares, open for the linear fit and filled for the parabolic fit).

determining the form of their trajectories. In the case of electrostatic charging of the dust
and the cell walls, the aggregates would have behaved like charged particles in an electric
field: their trajectories approaching the cell wall would have been non-linear with respect
to time due to induced acceleration or deceleration. For the 10 analyzed collisions, the re-
duced y? error statistics of both the linear and parabolic fit of their trajectories approaching
and leaving the glass wall was measured (see Figure 5.11). The mean y? error statistics
for a linear trajectory fit were 0.083 and 0.040 before and after the aggregate collision
with the cell wall, respectively. For the parabolic fit, these values were 0.90 and 0.12,
respectively, indicating a better fit of the trajectory to linear than to parabolic.

In the drop tower data, each aggregate and cluster was tracked individually and the re-
duced y? error statistics of both the linear and parabolic fit of each trajectory could be
determined. Figure 5.12 plots the normalized cumulative aggregate count for the error
statistics values (number of aggregates with a reduced y> parameter lower than the value
indicated on the x-axis). The deviation from the parabolic fit (dashed line) is higher than
the deviation from the linear fit (solid line), indicating a better fit of the trajectory to linear
than parabolic. For both these data sets, the second degree coefficient of the parabolic fit,
p2, can be related to an electrical charge of the corresponding aggregate. If each aggre-
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Figure 5.12: Cumulative aggregate count for the reduced y? error statistics for linear and parabolic fits to
the trajectories of all tracked dust aggregates during the SPACE drop tower experiments (solid line far the
linear fit and dashed line for the parabolic fit). The y-axis gives the normalized number of aggregates with
a reduced y? error statistics parameter lower than the number indicated on the x-axis.

gate is considered as being a particle of charge ¢ moving in a uniform electric field E, then

P2 = %%, with m being the mass of the aggregate, in a gross approximation. The electric
field was approximated to be E = ﬁ with €, being the dielectric constant in vacuum and

r the distance from the aggregate to the interacting charge (taken here as about twice the
aggregate diameter). The charge ¢ producing the electric field was assumed to be held by
an aggregate that was either also free-flying, in the case of the drop tower experiements,
or sticking to the cell wall, in the case of the suborbital flight experiment. This charge was
considered identical to the charge of the in-flying aggregate whose trajectory was being
investigated. The mean number of elementary charges carried by each monomer particle
(~1 pm in size) was calculated to be 0.015 and 0.57 for the suborbital flight and the drop
tower experiments, respectively.

The induced accelerations were aq = 2p, = 7.27 x 107" m s and 2.25x107% m s~2
for the suborbital flight and the drop tower experiments, respectively. These accelerations
could be neglected compared to the ones induced by the cell shaking.
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This section presents the results of the SPACE experiments obtained via the analysis meth-
ods described in the previous section.

6.1 Drop tower dust collisions

During the drop tower experiments, aggregates and clusters were tracked individually (see
Section 5.1.1). The collisions observed took place between aggregates and clusters (Sec-
tion 6.1.1) or between clusters and the experiment cell walls (Section 6.1.2). In addition
to the collision properties, the cluster fractal dimensions could also be determined

6.1.1 Aggregate and cluster collisions

From the five drop tower experiments, data from eight cells could be analyzed (see Ta-
ble 4.2 for the type of result). The 162 collisions observed are presented in Figure 6.1.
For each collision, the mass of the smaller colliding aggregate and the collision velacity
are plotted. The different symbols represent the different types of aggregates observed

Table 6.1: Legend for the symbols used to visualize collisions of different kind of aggregates observed
during the SPACE drop tower experiment runs.

Aggregate type Sticking/bouncing Fragmenting
collisions collisions
Aggregates composed of O/e® *
monodisperse SiO»
Compacted aggregates composed O/e X
of monodisperse SiO,
Aggregates composed of Al A +
spherical polydisperse SiO,
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Figure 6.1: Collisions between dust aggregates and clusters during the drop tower experiments listed in
Table 4.2 according to the mass of the smaller collision partner, the relative aggregate velocity and the
collision outcome: sticking (open symbols) and bouncing (filled symbols). The three dust types are non-
compacted and compacted aggregates composed of monodisperse SiO; (circles and diamonds, respectively)
and spherical polydisperse SiO; (triangles). The data points deduced from non-agglomerating aggregates
composed of irregular polydisperse SiO, are represented by stars.

(circles for agggregates composed of monodisperse SiO,, diamonds for aggregates of the
same material that underwent preliminary compaction and triangles for aggregates com-
posed of spherical polydisperse SiO,, see Table 6.1). Open symbols represent sticking,
filled symbols bouncing and asterisks mark fragmenting collisions. Aggregates composed
of monodisperse SiO, were the only ones observed fragmenting upon mutual collision.
Aggregates composed of irregular polydisperse SiO, did not cluster at all and their size
distribution did not change during the experiment run. It can be assumed that all colli-
sions taking place in this experiment cell lead to bouncing of both collision partners. The
mean free path of these aggregates during the experiment was calculated to be A = 1/(no)
= 8.31 mm. This is of the same order as the experiment cell size, and the mean aggregate
collision velocity can be determined by assuming that free flying aggregates have a speed
of about vy,,, the maximum velocity of the cell walls (see Section 5.5.2 where the mean
collision velocity between aggregates and clusters during the suborbital flight was deter-
mined in a similar manner). The resulting mean collision velocities were 2.51 cm s~! for
drop 2 and 7.54 cm s~! for drop 3. In both cases, the mean aggregate mass was 8.61x107’
g. These two "bouncing" data points are plotted as stars in Figure 6.1 and represent an
average over a great number of collisions.
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Aggregates composed of spherical polydisperse SiO, displayed two different behaviors
during drop 2 and drop 5. During drop 2, the initial clusters were efficiently destroyed
at a fast shaking frequency of 16.7 Hz. At the slower frequency of 5 Hz, they clustered
only a few monomers at a time. These clusters were then destroyed by encounters with
the cell walls before they could grow any further. They were too small and surrounded
by too many free-flying aggregates for them to be tracked with the program described in
Section 5.1.1. During drop 5 however, clusters started forming already during the fast
shaking phase at 15.5 Hz and continued to grow at 6 Hz. In 23 sticking collisions at
low velocities down to under 1 cm s~!, clusters grew to masses of up to about 1073 g,
which corresponds to ~1160 monomer aggregates (triangles in Figure 6.1). 5 bouncing
collisions at these velocity- and size-ranges (1 cm s™! and 10 g) were observed as well
(filled triangles).

For the aggregates composed of monodisperse dust that were not previously compacted,
a total of 116 collisions were analyzed. The outcome of these collisions was sticking for
88 of them, bouncing for 16 and fragmentation for 12. With relative velocities down to a
few mm s~!, these aggregates formed clusters of up to about 1072 g, which corresponds to
~11600 monomer aggregates. The bouncing collisions were observed at higher velocities
between 2 and 11 cm s™! for aggregate sizes ranging from the sieved monomer aggregate
(~ 107° g) to the bigger clusters (~ 107 g). At about 5 cm s~', the first fragmenting
collision was observed. Except for one, which took place at the highest observed velacity
of 23.8 cm s7!, the other fragmenting collisions happened in collisions between bigger
clusters (2x10~* g and more).

Aggregates composed of monodisperse SiO; that were previously compacted (by shaking
them 10 minutes on a plate at 10 Hz) were observed in 18 collisions resulting in sticking
(diamonds). Neither bouncing nor fragmenting collisions between these aggregates could
be analyzed. The aggregates were observed during drop 3, which had the slowest shaking
profile from all considered drops (10.5 and 3 Hz shaking frequencies compared to >15
and >5 Hz for drops 2 and 5). Therefore, the collision velocities were also smaller, rang-
ing from 0.1 to 6 cm s~!. The masses of the clusters reached 5x10™* g, which is more
than one order of magnitude smaller than those composed of aggregates that were not
previously compacted.

6.1.2 Cluster restructuring and fragmentation

In addition to the collisions between aggregates and clusters, the drop tower data also
showed collisions of aggregates or clusters with the cell walls. These aggregates were
tracked and the collision properties were deduced (Figure 6.2). The highest observed col-
lision velocities were around the maximum wall speed of ~20 cm s™!, corresponding the
the maximum shaking frequency of 16.7 Hz. The mass presented is the reduced mass of
the collision, i.e. the mass of the aggregate/cluster, as in comparision, the wall is consid-
ered to have an infinite mass.

For aggregates composed of monodisperse SiO,, 64 bouncing and 37 fragmenting wall
collisions were observed. For smaller clusters of masses between 10~ and 10~ g, both

79



6 Experimental results

10" E - - 3
; % -
-2- A - ¥ 1
s o F )&? *é‘ﬂ % X ?
22 : O * K )
A 3 A@% 3} %é(*é .
= ° 00 8% ?Pﬂg@%&
o [ o 0 g
S 10'k MR wagigg' o -
=, o &
[} C O Lo o c& Oﬂ@ ]
R X b @O o 990 ]
10" ¢ 8- 3
10° [ T T |
0.1 1.0 10.0

Collision velocity [cm/s]

Figure 6.2: Outcome of collisions between aggregates or clusters with the experiment cell walls during the
SPACE drop tower experiments. The symbols used are listed in Table 6.1. No sticking collisions with the
walls were observed and bouncing collisions are represented by open symbols for an easier graph reading.
Asterisks, plus and x signs represent fragmentation collisions for non-compacted and compacted aggregates
composed of monodisperse dust and aggregates composed of polydisperse dust, respectively. Collisions for
which aggregtate or cluster restructuring was visible are showed in red.

collision outcomes were observed for the maximum velocities of ~20 cm s™'. Bigger

clusters, however, fragmented more frequently than they bounced. The two other tyvpes
of aggregates also displayed a transition from boucing to fragmentation with increasing
cluster mass and velocity. For compacted aggregates composed of monodisperse dust,
34 bouncing and 8 fragmenting wall collisions were observed. For aggregates composed
of spherical polydisperse dust, 17 bouncing and 9 fragmenting wall collisions were ob-
served.

Figure 6.2 shows all the collisions between aggregates/clusters and the cell wall in the
drop tower experiments, according to the reduced mass of the collision and the collision
velocity. Collisions where aggregate or cluster restructuring was visible are plotted in red.
For the non-compacted aggregates composed of monodisperse dust and the aggregates
composed of polydisperse dust, most of the restructuring events occured at velocties and
masses higher than 5 cm s~ and 10~ g, respectively, and became more frequent with in-
creasing velocity and cluster mass. For the compacted aggregates composed of monadis-
perse dust, restructuring events already occured at velocities as low as 0.19 cm s™! for
masses around 4x107° g.
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It can be noted that even at higher relative velocities, the bigger clusters observed col-
liding with the cell walls had masses of up to ~ 1072 g. For aggregates composed of
polydisperse SiO,, these clusters formed during the fast phase of the shaking profile of
the experiment in a growth process just like the bigger clusters observed colliding with
each other inside of the cell volume (see Section 6.1.1). For the other two aggregate types,
the clusters observed colliding with the cell walls were remnants of the drop tower capsule
launch. They formed while aggregates were lying in a heap on the bottom of the cell and
were pressed together when the capsule was accelerated. Afterwards, they were partially
destroyed by the fast shaking at the beginning of the microgravity phase, which reduced
their size.

6.1.3 Cluster fractal dimensions

The mean 2D fractal dimension of the tracked clusters, determined via the box-counting
method described in Section 5.1.2, was 1.70. The individual fractal dimensions are plotted
in Figure 6.3 according to the cluster equivalent radius. This equivalent radius is calcu-
lated based on the aggregate projected cross section. It corresponds to the radius of a
sphere with the same cross section area as the aggregate. As in Figure 6.1, diamonds and
circles represent compacted and non-compacted aggregates composed of monodisperse
dust, respectively, and triangles represent aggregates composed of polydisperse dust (see
Table 6.1). The fractal dimensions range from 1.53 to 1.94 at smaller aggregate sizes of
around 0.03 cm equivalent radius and from 1.61 to 1.71 at bigger sizes of about 0.16 cm
(see Figure 6.4 for some examples). It can be seen that the clusters composed of com-
pacted aggregates do not reach the same sizes as those composed of non-compacted aggre-
gates (equivalent radii up to 0.062 cm instead of 0.16 cm for non-compacted aggregates).
Their fractal dimensions are also lower than for clusters composed of non-compacted ag-
gregates: the mean value is 1.69, while clusters composed of non-compacted aggregates
have a mean fractal dimension of 1.76. The mean fractal dimension of the clusters com-
posed of aggregates of polydisperse dust is 1.72.

The fractal dimension of the aggregates/clusters colliding with the cell walls were deter-
mined in the same manner (Figure 6.3b). The values range from 1.52 to 1.93 for a mean
value at 1.71. Compacted and non-compacted aggregates composed of monodisperse dust
have mean fractal dimensions of 1.66 and 1.76 respectively and the aggregates composed
of polydisperse dust have a mean fractal dimension of 1.73.
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Figure 6.3: Drop tower aggregate and cluster fractal dimensions: a. Two-dimensional fractal dimensions of
the aggregates tracked during the drop tower experiment runs plotted against their mean equivalent radius
for aggregates involved in inter-aggregate collisions. The symbols correspond to the different types of
aggregates observed (see Table 6.1. The aggregates/clusters marked with numbers are shown in Figure 6.4.
b. Two-dimensional fractal dimensions of the aggregates/clusters colliding with the expeirment cell walls
during the drop tower experiment runs plotted against their mean equivalent radius for the three types of
aggregates observed. The symbols used are listed in Table 6.1.
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Figure 6.4: Examples of aggregates/clusters composed of monodisperse SiO, displaying the maximum
(a,b) and minimum (c,d) fractal dimension for their respective sizes: 1. fractal dimension Dy = 1.94 and

equivalent radius roq = 0.30 mm, 2. Dy = 1.71 and req = 1.57 mm, 3. Dy = 1.57 and r,q = 0.66 mm and 4.
D¢ = 1.65 and req = 1.58 mm. These four examples are from drop 2 cell 3 (see Table 4.2) and their fractal
dimension and radii are marked in Figure 6.3. The time elapsed after start of data recording (launch of the
drop tower capsule) is indicated.

6.2 Suborbital flight dust collisions

This section describes the results obtained by the SPACE suborbital flight experiment. As
described in Section 5.3, the flight data was analyzed in a statistical manner, unlike the
drop tower data, where collisions were tracked individually. The background grayscale
analysis allowed for a determination of the number density of free-flying aggregates (Sec-
tion 6.2.1). Together with the analysis of clusters growing on the cell walls (Section 6.2.2),
the sticking probability of the aggregates in the SPACE experiment could be determined
continuously during the growth phases of the experiment shaking profile (Section 6.2.3).
Furthermore, the dismantling of clusters during fragmentation phases allowed for a deter-
mination of the pull-off forces of aggregates from the surfaces of these clusters.
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6.2.1 Number density of free-flying aggregates

As described in Section 5.3.1, the background grayscale of the averaged recorded frame
delivered information on the number of free-flying aggregates in the inner cell volume
at each moment. In the following, this is quantified to determine the number density of
free-flying aggregates during the different phases of the experiment.

The background grayscale value of each averaged frame was determined as being the
maximum of the normalized histogram of this frame (see Figure 5.5c., solid line). When
no aggregates were flying in the cell volume, the background had the brightest possible
value which is 1. When all aggregates were free-flying, like at the very beginning of the
experiment (see Figure 5.5c. dashed red line), its value was around 0.7.

This background grayscale value, G, is related to the optical depth of the aggregate system
7, by G = e™". The optical density is in turn related to the aggregate number density in
the experiment cell volume n, by 7 = nomenoL, Where omono 18 the projection area of one
monomer aggregate and L the depth of the experiment cell. Accordingly, the number
density of free-flying aggregates is

p=— G (6.1)

(TITl(!TI(] L

The aggregate number density over the experiment is plotted in Figure 6.5. The slow
shaking phase of the second cycle (see Table 3.3) can clearly be recognized at around 50 s
after start of data recording: no aggregates were flying in the volume. The two other slow
shaking phases (cycles 1 and 3) were less pronounced at around 15 and 110 s after start
of data recording, as both still had free-flying aggregates.

6.2.2 Growth of clusters on the cell walls

When averaging the corrected recorded frames, the clusters growing on the glass walls
become visible (see Figure 5.5b.). Figure 6.6 shows the evolution of the total area covered
by these clusters in a frame during the experiment run: during fast shaking phases, the
clusters covered no or only small surfaces, while the maximum value of the cluster area
was reached during the very slow shaking phase of cycle 2 after around 50 s after start
of data recording. The absolute value of the area covered by clusters growing on the
cell walls appears to be higher for the large size distribution of aggregates composed of
monodisperse dust than for the two other types of dust. However, this had no influence
on the results as only derivative values were used. As this difference is not reflected in
the background grayscale analysis, it is likely that, by chance, more growth seeds were
created on the glass surfaces perpendicular to the line of sight, compared to the two other
cells, where parallel surfaces, which do not get accounted for in the absolute value of wall
cluster surfaces, got more of the flying aggregates.
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Figure 6.5: Particle number densities in the three cells of the SPACE experiment: the large size distributions
of aggregates composed of poly- and monodisperse dust (black solid and green dashed lines, respectively)
and the small size distribution of aggregates composed of monodisperse dust (red dash-dotted line). The

origin of the times is at start of data recording.
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Figure 6.6: Cell wall surface area covered by clusters during the SPACE experiment for all three dust types:
the large distribution of aggregates composed of poly- and monodisperse dust (black solid and green dashed
line, respectively) and the small distribution of aggregates composed of monodisperse dust (red dash-dotted

line). The origin of the times is at start of data recording.
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6.2.3 Sticking probability

The derivative of the number density profile determined above can be used to derive the
growth rate dn/dt of clusters during slow shaking phases (6 to 15 s, 35 to 46 s and
85 to 112 s, see Figure 3.5 and Table 3.3), which in turn can be used to calculate the
sticking probability S of the coagulating system of aggregates.

Smoluchovski’s equation for particle coagulation can be adapted to the assumption that
the growing clusters in the SPACE experiment were composed of a number i of single
monomer aggregates (see Smoluchowski 1916, Blum 2006):

Gty 1o,
== K,(i- -

" . (6.2)
—n(i,1) ) Ku(jsnGj 1)
j=1

Here, n(i, t) is the number density of aggregates composed of i monomers at a time ¢ and
K, the collision kernel for ballistic collisions between aggregates composed of i and j
monomers, respectively. In this equation, the first term on the right-hand side accounts
for the creation of aggregates composed of i monomers by differently-sized aggregates,
while the second term accounts for the depletion of aggregates composed of i monomers
to form bigger clusters. The collisions taking place in the SPACE experiment cells during
growth phases were mainly between monomer aggregates and clusters growing on the cell
walls thus depleting the inner cell volume of free-flying aggregates. This implies that the
first term on the right-hand side of equation 6.2 is non-existant (no aggregates composed
of i monomers are created inside the cell).

In the second term on the right-hand side, the collision kernel is defined as

K.(j 1) = B(J, ;5 v)v(j, D)or(j, i) (6.3)

In this kernel, v(J, i) is the relative velocity between the aggregates composed of j and i
monomers, respectively, o(j, i) the collision cross section between such two aggregates
and f(j, i; v) the sticking probability of their collision. For the collisions considered here,
the sticking probability and relative velocity are considered to be the same for all aggre-
gates at each moment. Hence, equation 6.2 becomes

dn(i, t)
dt

= —n(O)n' (B0 cross (V1) (6.4)

where n(?) is the number density of free-flying aggregates in the cell volume at time ¢
determined in Section 6.2.1, dn(t)/dt is the number density of aggregates incorporated
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6.2 Suborbital flight dust collisions

in clusters on the cell walls determined in Section 6.2.2, (1) and v(¢) are the sticking
probability and relative velocity of the collisions between the monomer aggregates and
the clusters on the cell walls, respectively. o .(f) 1s the mean collision cross section
between a free-flying aggregate and a cluster on the wall, and »n’(7) the number density of
clusters on the cell walls in the experiment cell.

The relative velocity v between the free-flying monomer aggregates and the rotating clus-
ters on the cell walls has been determined in Section 5.5.2. The collision mean cross
section o ,ss Was calculated at each moment ¢ of the experiment run by summing up the
collision cross sections of all clusters on the cell walls:

| Mo
O-L‘mss(t) = m ; T crossk
NN
1
=50 RZ:[; 2Ru(t) - 2r (6.5)
B 4r i) )
T NG g

where N(1) = n’(#)V is the total number of clusters on the cell walls (V being the cell
volume) and R; and r are the radii of the wall cluster kK and a monomer aggregate, re-
spectively. This assumes that the clusters on the cell walls have a thickness of about one
monomer aggregate and that the monomer aggretates approach them perpendicular to the
camera field of view, due to their motion induced by wall collisions. To support this
assumption, a typical wall cluster was chosen in the cell containing the larger size dis-
tribution of aggregates composed of monodisperse dust. In this cluster, the constituting
monomer aggregates can still be distinguished. This indicates the cluster is very thin (pos-
sibly only one layer thick) and its packing filling factor ¢, can be determined as the ratio
between the area covered by aggregates to the total area of the cluster (see Figure 6.7).
For this cluster, the packing filling factor is ¢, = 0.9123. As the densest packing of circles
on a surface is reached for hexagonal packing, where ¢, = 0.9069, it seems an appro-
priate approximation to assume that the clusters growing on the wall during the SPACE
experiment had a thickness of about one monomer. Thus, the quantity

N(t

4 )
Carns O (1) = T " Relt) (6.6)
k=0

can be measured from the analysis of clusters growing on the wall during the SPACE
experiment (see Section 6.2.2). Finally, the sticking probability can be calculated as

1 1
Bt) = ——— dn(t) .

n(t)  dt TeonON (V) ©.7
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5.16 mm

Figure 6.7: Typical wall cluster during the REXUS flight experiment from the large size distribution of
aggregates composed of monodisperse dust. a: Original grayscale image b: Contrast enhanced image.
The red line indicates the delimitation of the total cluster area. The packing filling factor ¢, = 0.9123 is
determined by dividing the dark area by the area enclosed by the red line.

The resulting sticking probability between the monomer aggregates and the clusters on
the cell walls calculated with equation 6.7 is plotted according to the collision veloc-
ity and for all three aggregate types in Figure 6.8. During the growth phases of cycles
1 and 3, the sticking probability was very close to 0. Accordingly, only the sticking prob-
ability during the growth phase of cycle 2 is shown. The curves that can be distinguished
growing in sticking probability with decreasing impact velocity are for the three different
dust types during the growth phase of cycle 2. For a certain velocity, the sticking prob-
ability of the dust aggregates rised very steeply and approached unity. At this point, no
free-flying aggregates were left in the cell volume. This velocity was determined from
the data as the maximum velocity at which all aggregates were incorporated in clusters,
leaving none free-flying in the cell volume. Table 6.2 lists the determined values for all
three types of aggregates investigated. Both the larger distributions of aggregates com-
posed of mono and polydisperse SiO, showed perfect sticking for similar velocities of
11.1 and 11.3 cm s™', respectively, while the smaller distribution of aggregates composed
of monodisperse SiO; stuck perfectly for 12.3 cm s~'. The minimum veloctiy for which
B < 0.05 was also detemined: the smaller aggregates composed of monodisperse dust
reached B = 0.05 at a mean collision velocity of 13.0 cm s~! and the larger aggregates
composed of mono- and polydisperse dust reached 8 = 0.05 at 11.8 and 12.2 cm s/,
respectively.
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Figure 6.8: Sticking probability of the three types of dust aggregates investigated in the SPACE experiment
plotted according to the statistical relative collision velocity computed in Section 5.5.2 (1.78vp,y): the large
size distribution of aggregates composed of poly- and monodisperse dust (black solid line with squares and
green dashed line with triangles, respectively) and the small size distribution of aggregates composed of
monodisperse dust (red dash-dotted line with diamonds).

Table 6.2: Perfect sticking velocities for all three aggregate types during the SPACE suborbital flight ex-
periment. The velocities for which 8 > 0.05 are also listed.

polydisperse dust

Aggregate type Velocity for perfect Velocity above which
sticking [em s7'] B <0.05 [ecm s~!]
Small aggregates of 12.3 13.0
monodisperse dust
Large aggregates of 11.1 11.8
monodisperse dust
Large aggregates of 113 12.2
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6.2.4 Aggregate pull-off forces

By analyzing the evolution of the clusters on the experiment cell walls during the frag-
mentation phases (17 to 32's, 62 to 76 s and 112 to 132 s, see Figure 3.5 and Table 3.3),
it was possible to determine the reduced cluster fragmentation rate

= —_— (6.8)

where n(¢) is the number density of aggregates incorporated in clusters on the cell walls
determined in Section 6.2.2.

Figure 6.9 shows this reduced fragmentation rate in dependency of the centrifugal accel-
eration induced by the cell wall rotation during the second shaking cycle. The curves are
terminated at the acceleration where they reach the saturation of free-flying aggregates
in the cell volume. This saturation was reached when the number density of free-flying
aggregates in the cell did not increase anymore with increasing centrifugal acceleration.
The reduced fragmentation rate increased with increasing centrifugal acceleration indi-
cating that more and more aggregates were pulled off clusters on the wall. The maxima
of these reduced fragmentation rates indicate the acceleration at which most of the ag-
gregates composing the clusters on the cell walls were pulled off their parent cluster and
allow for a determination of a pull-off force for each investigated aggregate size and type.
For the smaller aggregates composed of monodisperse dust, the linear wall acceleration
at maximum fragmentation was a. = 16.62 m s~2. The corresponding pull-off force

Fy, = ma, (6.9)

where m is the mass of the aggregate pulled off the cluster, was 1.43x107® N (Table 6.3).
For the larger aggregates composed of mono- and polydisperse dust, the accelerations at
maximum fragmentation were a. = 9.78 m s> and 9.07 m s~2, which corresponds to
pull-off forces of F,, = 1.87 x 1077 N and 1.26x10~" N, respectively.

To verify whether the calculated pull-off forces are valid, the number of monomer aggre-
gates each cluster lost per frame during the fragmentation phase was determined. The
result of this investigation is shown in Figure 6.10. During the fragmentation phase, the
shaking frequency of the experiment cells was increased with time, implying an increas-
ing centrifugal acceleration on the external aggregate layer of clusters on the wall. At
centrifugal accelerations around the values for which the fragmentation rate of clusters
reached its maximum (~63 s after start of data recording, see Figure 6.10b.), the larger
size distribution of aggregates composed of monodisperse dust displayed a clear peak
of single monomer losses. This peak was also visible, although less marked, for the
other investigated dust types. The aggregates composed of polydisperse dust lost up to
0.4 monomers per cluster and per frame at ~65 s (Figure 6.10c.), meaning that not all clus-
ters lost monomers at the same time. The small aggregates composed of monodisperse
Si0,, however, lost up to about 4 monomers per cluster per frame at ~62 s (Figure 6.10a.).
This lead to the conclusion that the small aggregates were pulled off the clusters on the
cell walls in groups of 4 instead of individually. The corrected aggregate radius and pull-
off forces are listed in the last row of Table 6.3. As for the same wall acceleration, the
aggregates pulled off the clusters were four times larger in surface, the force required to
pull them off was about one order of magnitude higher than for single aggregates.
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Figure 6.9: Reduced fragmentation rate of the clusters on the cell walls during the fragmentation phase of
the second shaking cycle for the smaller and larger size distributions of aggregates composed of monodis-
perse SiO; (red dash-dotted and green dashed line, respectively) and the larger size distribution of aggre-
gates composed of polydisperse SiO, (black solid line), plotted according to the centrifugal acceleration
induced on the aggregates by the cell wall rotation. The curves are terminated at the acceleration where
they reach the saturation of free-flying aggregates in the cell volume.

Table 6.3: Accelerations at maximum fragmentation rate and pull-off forces F, for the three investigated
types of dust. The corresponding tensile strengths 7y = ch,f(ﬂ'ar';,gg}2 are listed in the last column (see
Section 7.2.2).

Aggregate type Monomer | Acceleration Pull-off Tensile
aggregate at force F, strength
radius r,e; | Maximum [N] T [Pa]

[m] fragmenta-
tion rate
[m s~

Small aggregates of 6.00x1073 16.62 1.43x1078 1.27
monodisperse dust

Large aggregates of 1.67x107* 9.78 1.87x1077 2.09
monodisperse dust

Large aggregates of 1.65x107* 9.07 1.26x1077 1.48
polydisperse dust

Agglomerates of 4 aggregates | 1.20x107* 16.62 1.15x1077 2.55

of monodisperse dust
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Figure 6.10: Monomer aggregate loss per cluster per frame for clusters on the cell walls during the fragmen-
tation phase of the second shaking cycle for the three dust types investigated: a. the small size distribution
of aggregates composed of monodisperse SiO,, b. the large size distribution of aggregates composed of
monodisperse SiO; and c. the large size distribution of aggregates composed of polydisperse SiO,.
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7 Sub-millimeter sized dust
aggregates: collision behavior and
cluster properties

The results from the different SPACE experiment runs can be used to draw conclusions on
the collision behavior of sub-mm-sized Si0, aggregates and on properties of the clusters
formed by these collisions. When compared with current disk models, some predictions
on aggregate and cluster behavior in the protoplanetary nebula can be inferred.

7.1 Inputs to the dust collision model

The results for collisions between aggregates obtained in the different SPACE experi-
ments are summarized in Figure 7.1. Drop tower collisions are plotted as single points
(the symbols for each dust type are listed in Table 6.1). For each collision, the mass
of the smaller collision partner is plotted. The REXUS flight results are represented by
boxes as the collision probability between aggregates with a certain size distribution (box
height) could continuously be measured while reducing the mean relative collision veloc-
ity (box width). The height of the boxes was chosen such as to represent the initial size
distributions of aggregates inserted into the experiment cells (~8x10~7 g for the small
size distribution and ~1.5x107° g for the larger size distributions) at 50 % of the respec-
tive distribution maximum (see Figure 4.2). The width of the boxes corresponds to the
relative velocity range over which the sticking probability was measured. The velocities
for start of sticking (sticking probability g > 0.05) and for perfect sticking (8 =~ 1) listed
in Table 6.2 are added to the boxes (intermediate dotted lines). As the larger aggregates
composed of mono- and polydisperse dust had very similar sticking velocities, only the
results for the monodisperse collisions were plotted (upper box). The dust collision model
developed by Giittler et al. (2010) and Kothe et al. (2013) is displayed in the background,
delimiting the regions of the parameter field where sticking (green), bouncing (yellow)
and fragmentation (red) are expectected for same-sized dust aggregate collisions.
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Figure 7.1: Compiled results of the different SPACE experiments with the drop tower collisions (indi-
vidual points) and the REXUS flight results (dotted boxes). As the larger aggregates composed of mono-
and polydisperse SiO, had very similar sticking velocities, only the results for the aggregates composed of
monodisperse SiO, are plotted (upper box). The symbols corresponding to the types of dust investigated
are explained in Table 6.1. Open symbols represent sticking collisions and filled symbols bouncing. The
asterisks represent fragmentation of aggregates composed of monodisperse SiO,. The data points deduced
from non-agglomerating aggregates composed of irregular polydisperse SiO; (Sigma-Aldrich) are repre-
sented by stars. The background colors correspond to the dust collision model developed by Giittler et al.
(2010): green for sticking collisions, yellow for bouncing and red for fragmentation. The lines represent the
limits between sticking and bouncing (solid line for a 50% sticking probability, dashed lines for 0, 25, 75
and 100 % probabilities) and bouncing and fragmentation (dash-dotted line for the onset of fragmentation),
computed by Kothe et al. (2014).

7.1.1 The sticking to bouncing transition

The overall tendency for collisions between aggregates to be less likely to lead to ag-
gregate sticking, the bigger and the faster these aggregates are, can be recognized in the
gathered data. The mean relative velocity and reduced aggregate mass for sticking col-
lisions during drop tower experiments are 1.97 cm s~ and 2.8x107* g, respectively, in
contrast to 3.66 cm s and 4.14x10~* g for the bouncing collisions (see Table 7.1). The
suborbital flight experiment run data was in general concurrence with this tendency as
well (see Table 6.2). The smaller size distribution started sticking at higher velocities
than the bigger ones (13.6 cm s~ instead of 12.4 cm s™').
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Table 7.1: Mean relative velocity and reduced mass for all collisions observed during the drop tower
experiment run according to their collision outcomes.

Collision outcome | Relative velocity (cm s™') | Reduced mass (g)
sticking 1.97 2.8x107*
bouncing 3.66 4.14x107*
fragmentation 10.8 4.5x107*

However, it is obvious that many sticking collisions were taking place in parameter ranges
where bouncing would be expected in the current model. One explanation for this colli-
sion behavior is the fact that most of the observed events were not aggregate-aggregate
collisions, for which the model was developed, but aggregate-cluster or cluster-cluster
collisions. To illustrate this, Figure 7.2 plots both aggregate/cluster masses for each col-
lision observed, for sticking collisions (a) and bouncing and fragmenting collisions (b).
During the suborbital flight experiment the collision properties of the free-flying aggre-
gates with clusters on the cell wall were measured in a continuous manner. They are
represented by striped boxes. These boxes span the initial size distributions of aggregates
inserted into the experiment cells (same values as in Figure 6.1) and their length reaches
from monomer aggregate to cluster sizes. The represented cluster sizes of 1.0x1072 g
and 5.0x1072 g for the smaller and larger aggregate size distributions, respectively, were
the mean measured sizes of clusters on the experiment cell walls during the slow shak-
ing phases of the suborbital flight. Most of the sticking collisions observed during the
drop tower experiments did not involve monomer aggregates (~8x1077 g), but clusters of
>10"* g in mass, composed of more than 100 monomer aggregates. The enhanced stick-
ing probability of clusters composed of a high number of aggregates was also observed
by Kothe et al. (2014), compared with the results of Weidling et al. (2012) who analyzed
aggregates of 107 g to 1073 g in mass that resulted in bouncing for more than 90 % of the
collisions at velocities between about 0.2 and 50 cm s™!.

In Figure 7.2 it can also be seen that the mass ratio between colliding aggregates in the
different SPACE experiment runs covers up to 4 orders of magnitude. At the highest mass
ratio of ~10%, only sticking collisions were observed. The highest mass ratio between
aggregates involved in a bouncing or fragmenting collision is about 10,

The coexistence of sticking and bouncing collisions in a region of the parameter field
along the transition line has also been observed by Weidling et al. (2012) and Kothe et al.
(2013). However, the rocket flight data displayed a very sharp transition from one regime
to another. This could be attributed to the statistical nature of the measurement: as the col-
lision outcomes were averaged over a high number of collisions, the transition appeared
sharper than for the individual collisions observed in the drop tower experiments.
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Figure 7.2: Masses of aggregates involved in collisions observed in the SPACE experiment: a. drop tower
and REXUS flight sticking collisions. Drop tower collisions are plotted with the symbols of Table 6.1. The
REXUS flight size distributions are plotted as striped boxes. These boxes span the initial size distributions
of aggregates inserted into the experiment cells (same values as in Figure 6.1) and their length reaches from
monomer aggregate sizes to the mean size of clusters during slow shaking phases. b. drop tower bouncing
(filled symbols) and fragmentating (asterisks) collisions. In both plots, each collision is represented twice
(symmetrically with respect to the diagonal). The sticking collisions were separated from the others for
better legibility.

96



7.1 Inputs to the dust collision model

-

Lo e =i a1

log,,(Reduced mass [g])
A
A L

S
o

0.5 1.0 1.5 2.0
log,,(Collision velocity [cm/s])

Figure 7.3: Transition between bouncing (circles, blue) and fragmentation (asterisks, red) for ~120 ym
sized aggregates composed of monodisperse SiO,. As this was the only aggregate type that displayed frag-
mentation upon collision, no other aggregate types are plotted here. The mean of each set of data points are
marked by the gray stars. The solid contours enclose 50 % of the respective data points around their mean
value and the dotted countours, 100 %. The solid black line marks the computed 50 % transition between
bouncing and fragmentation, and the dashed lines the corresponding 0, 25, 75 and 100 % probability for
fragmentation. The dash-dotted line on the right side of the plot represents the fragmentation onset in the
collision model of Kothe et al. (2014).

7.1.2 The bouncing to fragmentation transition

As can be seen in Figure 6.1 (asterisks), the fragmenting collisions (observed only be-
tween non-compacted aggregates composed of monodisperse SiO,) happened at masses
and velocities where bouncing would be expected in the dust collision model (Giittler et al.
2010, Kothe et al. 2013). For non-compacted aggregates composed of monodisperse dust,
collisions leading to bouncing had a mean collision velocity of 3.14 cm s~! and a reduced
mass of 4.35x107* g. Collisions leading to fragmentation of the cluster had a mean col-
lision velocity and reduced mass of 10.8 cm s™! and 4.5x10™* g, respectively (Table 7.3).
These values confirm the general trend of aggregate collisions to transit from bouncing
to fragmentation with growing aggregate masses and relative velocities. Figure 7.3 plots
the bouncing (circles) and fragmentation (asterisks) collisions for aggregates composed
of monodisperse Si0, according to the collision velocity and reduced mass, together with
the respective mean values (grey stars). Also shown are the contours of 50 and 100 %
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occurence of bouncing and fragmentation (solid and dotted contours around the mean
values, respectively, blue for bouncing and red for fragmentation).

A transition between bouncing and fragmentation was computed with the method pre-
sented in Kothe et al. (2013). For this transition, a power law relation was assumed, of

the form ;
m Y ?
—= 10“( ) 7.1

lg lecms™! ()

with m being the mass of the smaller aggregate, v the relative collision velocity and a,
b the fit parameters. Three fitting methods were applied to the available set of bouncing
and fragmentation data points: least squares, least linear and least number of data points
deviation, with both asymetric and symetric false data point discrimination. This resulted
in six fits optimized by different criteria. The method of conditional value at risk (CoVar,
Hull 2012) was used to choose the best fit out of these six sets of values (see Kothe et al.
2013, for details). The best fit was reached for the least squares deviation method with
an asymetric false data point discrimination, and the parameters a = 1.51 and b = -5.67.
This fit is also represented in Figure 7.3 (solid black line). The difference between the
measured collision velocities and this computed transition allow for the determination
of a fragmentation probability centered around the transition line (method used in Kothe
et al. 2013).The 0, 25, 75 and 100 % fragmentation probability limits are also plotted in
Figure 7.3 (dashed lines).

The computed transition has an offset of a factor of 6 in velocity compared with the transi-
tion line computed by Kothe et al. (2014) (dash-dotted line on the right side of Figure 7.3).
This difference can be attributed to the nature of the aggregates observed. To compute the
transition between bouncing and fragmentation, Kothe et al. (2014) used collision data
gathered by Blum & Miinch (1993), Beitz et al. (2011), Deckers & Teiser (2013) and
Schripler et al. (2013). All of these experiments were performed with aggregates pre-
pared in the laboratory that had a 2D fractal dimension of 2. The aggregates that were
seen to be fragmenting during the drop tower experiments, however, were clusters built
during the microgravity phase of the experiment, that had a mean fractal dimension of
1.70. This lower fractal dimension made them much more fragile.

7.2 Properties of clusters composed of sub-mm-sized ag-
gregates

In this section, the clusters built during the growth phases of the different SPACE experi-
ment runs are investigated and some of their properties derived. First, their fractal dimen-
sions are discussed (Section 7.2.1). Then, their inner cohesion is studied by investigating
the tensile strength (Section 7.2.2) and surface energy of their sub-mm-sized constituents
(Section 7.2.3). Finally, the adaptation of a collision recipe (Dominik & Tielens 1997) to
the aggregates investigated with the SPACE experiment yielded the derivation of contact
rolling and breaking threshold energies (Section 7.2.4).
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7.2.1 Cluster fractal dimensions

The fractal dimensions of the clusters that formed in the drop tower experiments were
determined in Section 6.1.3. The obtained values ranged from 1.53 to 1.94 with a mean
value of 1.70 and were in good agreement with the values determined by Kothe et al.
(2013) for similar aggregates (they determined a mean fractal dimension of 1.63). As
mentioned by them, the method applied to the type of data analyzed here (512x512 px
frames) seems to underestimate the real 2D fractal dimension by up to 0.1. Furthermore,
the determination of the aggregate 3D fractal dimension based on 2D frames is subjected
to a systematic error (see Hunt & Kolushin 1997, Falconer 2003, Sanchez et al. 2005).
This implies that a more exact value for the fractal dimensions of the aggregates investi-
gated here would be around 1.90 instead of 1.70 (see Figure 6 in Sanchez et al. 2005).
For non-compacted aggregates composed of monodisperse SiO,, there is a clear trend of
a decrease of the highest fractal dimensions (from 1.94 to 1.71) with increasing aggregate
size (0.30 to 1.57 mm, see Figure 6.4-1,2), independent from the absolute values. This
indicates that clusters became more fractal as they grew.

The minimum fractal dimension reached for bigger clusters was 1.65, which is compatible
with hit-and-stick cluster-cluster growth (Blum et al. 1999, Krause & Blum 2004, Paszun
& Dominik 2006). On the other hand, the lowest computed fractal dimensions seem to
increase slightly with increasing cluster size (see Figure 6.4-3,4). This could be attributed
to the frequent collisions of such clusters with the cell walls, that were usually energetic
enough to trigger local restructuring. These wall collisions tended to increase the cluster
fractal dimension.

7.2.2 Tensile strength of aggregates at the surface of clusters

The pull-off forces needed to detach a monomer aggregate (~100 um in size) from a wall
cluster built during the slow shaking phase of the suborbital flight experiment are listed in
Table 6.3. From these pull-off forces, the corresponding tensile strength of clusters com-
posed of monomer aggregates could be determined by T = F,, /04, With F,, being the
pull-off force needed to detach an aggregate from the cluster and o, the cross section of
this detaching aggregate. The values obtained were 2.09 Pa and 1.48 Pa for the larger size
distributions of aggregates composed of mono- and polydisperse dust, respectively. The
tensile strength of agglomerates of four monomer aggregates composed of monodisperse
dust was 2.55 (see Section 6.2.4 for details).

Figure 7.4 plots these three values of the tensile strength according to the size of the de-
taching aggregates (diamonds and triangle for aggregates composed of mono- and poly-
disperse SiO,, respectively). As the experiment flew only one size distribution of aggre-
gates composed of polydisperse dust, only one data point (triangle) could be measured.
The lines show the predicted values of the tensile strength of aggregates at the surface of
the clusters they compose, by the model presented in Skorov & Blum (2012). This model
results in a tensile strength for clusters composed of dust aggregates of radius r of

T=T1¢>( 4 )_i, (72)

I mm
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Figure 7.4: Tensile strength of the aggregates investigated in the SPACE suborbital flight experiment for
aggregates composed of mono- and polydisperse dust (diamonds and triangle, respectively), compared with
data from Blum et al. (2014) (squares) and the model prediction by Skorov & Blum (2012). This model is
applied for an aggregate porosity of 0.3 (dashed line) and 0.37 (solid line).

where 77 = 1.6 Pa and ¢ is the porosity of the aggregate. In Figure 7.4, the dashed
line is the tensile strength computed for an aggregate porosity of 0.3, as used by Skorov
& Blum (2012) and the solid line for a porosity of 0.37 for the aggregates used in the
SPACE experiment (see Section 4.3). The data from the SPACE experiment is in very
good agreement with the prediction of Skorov & Blum (2012). Furthermore, the experi-
ment presented in Blum et al. (2014) also measured the tensile strength of SiO, aggregates
on the surface layer of the clusters they compose, for aggregate sizes of 0.6 and 1.2 mm in
diameter. Their results are plotted in Figure 7.4 (squares) and are in agreement with both
the model by Skorov & Blum (2012) and the SPACE experiment data. The concurrence
of the theoretical model by Skorov & Blum (2012) with the results of two independant
experimental methods, as well as observed sizes of released aggregates for cometary nu-
clei (e.g. Moreno et al. 2012, 2013) suggests that the surface of these nuclei are loosely
bound conglomerates of dust and ice aggregates, most probably formed by gravitational
instability in the early stages of the Solar System formation (Blum et al. 2014).
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Figure 7.5: Aggregate pull-off forces according to their sizes, for the types of dust investigated in the
SPACE suborbital flight experiment: monodisperse (diamonds) and polydisperse SiO, (triangle). The cor-
responding linear fits passing through the origin are shown too, with slopes of 8.79x10™> N m~! (dashed
line) and 7.6x10~> N m~' (dotted line) for both dust types, respectively. The smaller aggregates composed
of monodisperse dust were assumed to detach in clumps of four aggregates.

7.2.3 Estimation of the surface energy of sub-mm-sized aggregates

The pull-off forces listed in Table 6.3 are plotted in Figure 7.5 according to the monomer
aggregate size. For the smaller size distribution of aggregates composed of monodisperse
dust, the detaching of agglomerates of four aggregates was assumed, as described in Sec-
tion 6.2.4. The Johnson-Kendall-Roberts theory (Johnson et al. 1971) for the contact
between soft spheres predicts the relationship

Fyo = 3myr (7.3)

between the pull-off force F,, of one sphere from another and their radius r. 7 is the sur-
face energy of the contact between the two spheres. Although this applies to perfect, soft
spheres, it has been observed to be valid for um-sized SiO, particles (Heim et al. 1999).
If this relationship is assumed to be also valid for the monomer aggregates investigated
by the SPACE experiment (mean sizes of ~120 and ~330 pm in diameter), an effective
surface energy Yeg, for which F,, = 3my.qr can be introduced, as done in Weidling et al.
(2012). Following their method, the effective surface energy can be scaled to the surface
energy y of the constituent monomer particles (~1 um in size) via the aggregate porosity
¢ and the Hertz factor a® /af-], where a is the radius of such a monomer particle (~0.5 ym)
and a is the radius of the contact surface between two such monomer particles. This
scaled effective surface energy can be written as:
a
Vet = 2N7¢a—2 (7.4)

0
101



7 Sub-millimeter sized dust aggregates: collision behavior and cluster properties

Table 7.2: Effective surface energies for the dust investigated in the SPACE rocket flight experiment.

Aggregate type Measured Measured Measured surface
effective effective energy scaled
surface energy | surface energy down to a
[J m2] for one contact | monomer particle
[J m~?] [J m™]
Aggregates composed of 9.3x107 1.9x107 2.2x1072
monodisperse dust
Aggregates composed of 8.1x107° 1.6x107° 1.8x1072
polydisperse dust

where N is the number of connecting surfaces from the aggregate to the cluster. The fac-
tor 2 comes from the fact that two sticking aggregates each have a surface energy of y. As
derived from Johnson et al. (1971) (Weidling et al. 2012),

g _ (&_"2))T (7.5)

2
aﬁ anE(}

where Ej and v are the monomer particles Young’s modulus and Poisson number, respec-
tively. Therefore,

Yeft
2N¢(97{(1—V3))%

apEyp

(7.6)

’y:

For the SiO, dust used in the SPACE experiment, v = 0.17, E;, = 5.4 x 10" Pa,
ap = 7.6 x 1077 m and ¢ = 0.37 (see Table 4.1). The number of connecting surfaces
was determined from a typical cluster (Figure 6.7) to be 2.5. In this cluster, each border
aggregate had between 2 and 3 neighbors.

The effective surface energy y.; was measured from the SPACE suborbital flight data, to
be 9.3x107> J m™2 and 8.1x107> J m~2 for aggregates composed of mono- and polydis-
perse dust, respectively (Figure 7.5 and Table 7.2). For these values, the surface energy of
a monomer particle (~1 um) was calculated to be y = 21.8 mJ m~? for the monodisperse
and 18.0 mJ m~ for the polydisperse SiO, particles.

These values are in very good aggrement with 25 mJ m~ measured for silica powder
by Kendall et al. (1987) and 18.6 mJ m™> measured for ~1 um SiO, particles by Heim
et al. (1999). This confirms the validity of the scaling model developed in Weidling et al.
(2012). It also indicates that the collision behavior of macroscopic (~100 um) aggregates
is comparable to the behavior of yum-sized particles. This possible scaling from parti-
cles to aggregates could be used in molecular dynamics simulations to investigate clusters
composed of 100 um-sized aggregates. Furthermore, it seems reasonable to try to adapt a
collision recipe developed for clusters composed of um-sized particles (Dominik & Tie-
lens 1997) to clusters composed of ~100 pum-sized aggregates.
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7.2 Properties of clusters composed of sub-mm-sized aggregates

7.2.4 Collision recipe for clusters composed of sub-mm-sized aggre-
gates

The collisions between clusters and the cell walls during the drop tower experiment runs
led to bouncing, with or without visible restructuring, or to fragmentation of the clusters.
These clusters were composed of aggregates of about 120 ym in diameter, but displayed
a collision behavior very similar to those in molecular dynamics simulations where the
clusters composed of sub-um-sized monomer particles (e.g. Dominik & Tielens 1997,
Wada et al. 2009). As mentioned in Section 7.2.3, the possibility to scale the surface
energy of um-sized particles to macroscopic (~100 um) aggregates indicates that these
simulated collision behaviors could be extended to clusters composed of macroscopic
aggregates.

The outcome of simulated collisions between clusters composed of pm particles follows
a collision "recipe" introduced by Dominik & Tielens (1997). This recipe defines three
threshold energies Eg;ck, Eron and Eye. and can be summarized in terms of collision
energy as follows (see Table 3 of Dominik & Tielens 1997):

e up until a certain collision energy FEg;, monomer aggregates always stick to the
target cluster they collide with,

e for a collision energy of SE., cluster restructuring becomes visible,

e for a collision energy of 3N, Eyeax, clusters start to lose monomer aggregates, where
N_. is the number of contacts each monomer particle has to its neighbours inside the
cluster,

e for a collision energy of 10N Eyea, clusters are disrupted completely.

E.q 1s the critical rolling energy defined as the energy required to start irreversible rolling
of one monomer particle over another. Ey..x is the critical breaking energy and is defined
as the energy required to break a contact between two monomer particles. The number of
contacts N, is determined by the coordination number of the aggregates inside a cluster.
The clusters in the cell volume grew either through cluster-cluster or through aggregate-
cluster collisions, which would both have led to very low coordination numbers of less
than 2. However, as they experienced frequent collisions with the cell walls leading to
compaction, the choice of a higher coordination number is necessary (random closed
packing has a coordination number of 8.4). Aggregates generated by ballistic agglomera-
tion with migration (BAM2, see Shen et al. 2008) have a volume filling factor of ~0.4 for
a coordination number of 6, which seems appropriate for the clusters studied here. The
fractal dimension is chosen to be Dy = 1.70 (measured for the aggregates observed in the
SPACE experiment in Section 6.1.3). Accordingly, the total number of contacts between
aggregates of radius rg in a cluster of radius r is

170
N, = 6(—) (7.7)

Fo
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Figure 7.6: Aggregate collisions with the cell walls during the SPACE drop tower experiments, for non-
compacted aggregates composed of monodisperse SiO,. Circles represent bouncing collisions and asterisks
fragmenting of the cluster. Red points show the collisions that displayed visible restructuring. The threshold
energies 5E,,; for onset of visible restructuring (red dashed line) and 3N E},.. for the loss of the first
monomers (solid) are represented.

In the data gathered by the SPACE experiments, aggregate restructuring and fragmenta-
tion could be observed directly. Figure 7.6 shows the collisions of clusters with the cell
walls during the drop tower experiments according to the collision energy and reduced
mass, for non-compacted aggregates composed of monodisperse SiO,. The collision en-
ergy E.on was approximated to be composed of the translational kinetic energy of the
colliding particle system only:

1 2

Eco]l = S MpedV

3 i (7.8)

with m,.4 being the reduced mass of the collision (i.e., the mass of the cluster, as the mass
of the wall is considered infinitly larger) and v, the relative velocity between the cluster
and the cell wall. The reduced radius was derived from the reduced mass of the colli-
sion (mass of the cluster) as being the radius of a sphere with the same mass. Bouncing
collisions are marked as circles and fragmenting collisions as asterisks. Red data points
indicate that restructuring of the cluster was visible. Bouncing collisions with the cell
walls were observed at collision energies between 107'! and 107® J for radii between
0.1 and 1 mm, while fragmenting collisions and energies between 1071 and 1077 J for
radii between 0.1 and 2 mm. The horizontal red dashed line represents the minimum
energy at which visible restructuring of the clusters was observed: 7x107'! J. From this
value a macroscopic E,; was calculated: E,o; = 1.28 x 107! J.
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Figure 7.7: Aggregate collisions with the cell walls during the fast shaking phases of the third drop tower
experiment run, for compacted aggregates composed of monodisperse Si0,. Diamonds represent bouncing
collisions and plus signs fragmenting of the cluster. Red points show the collisions that displayed visible
restructuring. The threshold energies 5E,,; for onset of visible restructuring (red dashed line) and 3N_Ejpcar
for the loss of the first monomers (solid) are represented.

Table 7.3: Microscopic and macroscopic threshold energies for aggregate restructuring and fragmentation.

Threshold | Microscopic value Macroscopic value Macroscopic value
energy [J] for non-compacted for compacted
aggregates [J] aggregates [J]
Eon 1.7x1071 1.3x1071 1.3x1071
(Heim et al. 1999)
Bt 1.3x1071 3.0x107 4.1x107P
(Poppe et al. 1999)

In the same manner a value for the energy required to break a contact between two macro-
scopic aggregates was derived: the solid line in Figure 7.6 marks the onset energy of frag-
mentation, 3N Epeq. The measured value was Ep = 3.0x1071° J.

The same analysis was performed for the compacted aggregates composed of monadis-
perse SiO, (Figure 7.7). Table 7.3 compares the rolling and breaking energies for the
compacted and non-compacted aggregates. The aggregate compaction seems to have no
influence on the energy required to break a contact between two aggregates (Epeax =
4.1 x 107 J and 3.0x107" J for compacted and non-compacted aggregates, respec-
tively). The rolling energy, however, is 3 orders of magnitude lower for the compacted
(1.3x107'* J) than for the non-compacted aggregates (1.3x107!" J), indicating that irre-
versible rolling is much easier to trigger between aggregates with a compacted shell than
between uniformly porous aggregates.
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7 Sub-millimeter sized dust aggregates: collision behavior and cluster properties

7.3 Application to protoplanetary disks

The collision results from the SPACE experiments can be compared with current nebula
models and some remarks on the sub-mm-sized dust aggregate behavior in protoplanetary
disks can be made.

7.3.1 The disk models

Three common nebula models are derived from Weidenschilling (1977b), Andrews &
Williams (2007) and Desch (2007). These models are based on surface density and tem-
perature profiles of the form

~

2() = Zo(5 ;U)-‘* (7.9)
and R
T() = To(5 ;U)" (7.10)

with 7 being the distance to the central star, £, and T, the values of the surface density
and temperature at 1 AU, and ¢ and € their respective exponents. Ty = 280 K and € = 0.5
are assumed identical for all three models. Table 7.4 lists the surface density parameters.
The Minimum Mass Solar Nebula developed by Weidenschilling (1977b) is based on the
minimum mass required in an original protoplanetary disk to build the Solar System as it
exists today (Zy = 1700 g/cm?). Andrews & Williams (2007) derived a low-density nebula
model from the astronomical observations of circumstellar dust disks in Taurus-Auriga
(Zo = 20 g/cm?) and Desch (2007) a high density model by considering planetesimal
migration subsequent to their formation in a compact configuration around the newly
formed star (£ = 50500 g/cm?).

Turbulence in the disk is commonly assumed to have a Richardson scale cascade and to
follow a so-called a-prescription (Shakura & Sunyaev 1973), where
v
cH

a = (7.11)

Table 7.4: Model parameters for surface density of three common protoplanetary nebula models.

Nebula model Y [g/em?] | 6
Weidenschilling (1977b) 1700 1.5
Andrews & Williams (2007) 20 0.8
Desch (2007) 50500 2.168
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with « being a dimensionless parameter characterizing the strength of the turbulence, c;
being the sound speed in the disk, and ¥ and H the disk viscosity and height, respectively.
Typical values for @ are 10~ in quiet regions of the disk, like e.g. in a "dead-zone" that
could develop around 1 AU (Turner et al. 2007, Brauer et al. 2008b), and up to 1072 in
more turbulent regions.

To compute the dust aggregate relative velocities for different aggregate sizes in the nebula
midplane, an adaptation of a code developed by Brauer et al. (2008a) was used. The
effects considered to induce relative velocities were Brownian motion (Einstein 1905),
radial drift (Whipple 1972, Weidenschilling 1977a) and turbulence (Ormel & Cuzzi 2007)
(see Section 1.2).

7.3.2 Aggregate sticking and growth

The computed relative velocity profiles for a low turbulence region (@=10">) at 1 AU can
be seen in Figures 7.8 to 7.10 for all three models. The collisions observed during the
different SPACE experiments are plotted as well (see the explanation of the symbols in
Table 6.1). The striped boxes represent the collisions observed during the SPACE exper-
iment on the REXUS suborbital flight. Similar to Figure 7.2, these boxes span the initial
size distributions of aggregates inserted into the experiment cells (same values as in Fig-
ure 6.1) and their length reaches from monomer aggregate to cluster sizes (see Section
7.1.1 for more details). From this figure, the relative velocities between the colliding ag-
gregates that would be induced by a PPD environment can be derived.

In order to compare these relative velocities to the ones induced by the SPACE set-up, the
minimum velocity for perfect aggregate sticking determined for both rocket flight aggre-
gate size distributions, 11.1 cm s™! (see Table 6.2, dotted contour in Figures 7.8 to 7.10)
and the maximum velocity at which sticking was observed during drop tower experiments,
5.2 cm s~! (see Section 6.1.1, dashed contour in Figures 7.8 to 7.10) were added.

For the minimum mass (Figure 7.8) and the compact (Figure 7.10) nebula models, the ex-
pected relative velocities for aggregate-aggregate and aggregate-cluster collisions of these
sizes are lower than both the velocity for perfect aggregate sticking measured during the
suborbital flight and the highest observed velocity for sticking measured during the drop
tower experiments. This indicates that at 1 AU and in a low turbulence environment like
an MRI dead-zone, the investigated collisions would lead to cluster growth. In fact, col-
lisions would lead to cluster growth up to sizes of a few mm for the Minimum Mass
Solar Nebula and for the compact model. In the low density model (Figure 7.9), however,
monomer aggregates would coagulate amongst each other up to a size of ~500 um, but
not to bigger agglomerates as the expected collision velocities then become higher than
the velocity for perfect aggregate sticking determined in the suborbital flight experiment.
Above this maximum size, bouncing would be expected.
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Figure 7.8: Relative velocity between dust aggregates in a protoplanetary nebula computed according
to Weidenschilling (1977b) at 1 AU with a turbulence parameter of @=10">. The velocity profiles are
labelled in m s~!. The sticking collisions observed in the drop tower experiment are plotted as single points
(see Table 6.1 for a legend of the symbols). The striped boxes represent the collisions observed during
the SPACE experiment on the REXUS suborbital flight. The respective height of the horizontal boxes
represent the initial size distributions of aggregates inserted into the experiment cells and the width of the
horizontal boxes spans from the monomer aggregate to cluster sizes (see Section 7.1.1 for more details).
The dotted contours display the minimum sticking velocity determined for both rocket flight aggregate size
distributions (11.1 cm s™'), and the dashed contour, the maximum velocity at which sticking was observed
during drop tower experiments (5.2 cm s~1)).
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Figure 7.9: Same as in 7.8 but for the protoplanetary disk model of Andrews & Williams (2007).
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Figure 7.10: Same as in 7.8 but for the protoplanetary disk model of Desch (2007). In this model, the
dotted and dashed contours (see Figure 7.8) are outside of the depicted parameter field.
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7.3.3 Cluster restructuring and fragmentation

As the relative velocities between clusters composed of ~100 um aggregates can be pre-
dicted in the protoplanetary disk, their collision energy can be determined as well. If the
collision energy E.,; is approximated to be only composed of the translational kinetic
energy of the colliding aggregate system, then

1 mm, ,

Eon = 5———
«© 2my +my

(7.12)

rel

with m; and m, being the masses of the colliding clusters and v, the relative collision
velocity. This collision energy can be compared to the threshold energies for the onset of
restructuring (5 E,.;) and fragmentation (3N, Epeqx) determined in Section 7.2.4.
The minimum energy required for the onset of restructuring was measured to be E,.y, =
5E.on = 7x107! J. Figure 7.11 shows the expected collision energy for dust aggregates
in a Minimum Mass Solar Nebula (Weidenschilling 1977b). The dotted contour marks
the threshold energy for the onset of cluster restructuring measured for non-compacted
aggregates composed of monodisperse SiO, during the drop tower experiments (see Sec-
tion 7.2.4 for details). It can be seen that for the chosen disk conditions (at 1 AU with
a@ = 107°), clusters composed of ~100 um aggregates would start restructuring at sizes
of about 1 mm in radius, marking the onset of compaction. In addition, for each cluster
size, the approximate total number of contacts between the constituting aggregates can be
estimated as X

N. :6(1) (7.13)

ro

with r being the radius of the cluster, r, the radius of a monomer aggregate (~50 ym) and
a mean coordination number of 6, chosen as in Section 7.2.4. With the energy required to
break one contact between the constituting aggregates of the cluster, which was derived
in Section 7.2.4, and the sum of the inter-aggregate contacts inside of both clusters, the
threshold fragmentation energy Ejg,e = 3N Epreax can be computed for each pair of cluster
sizes, and compared to the collision energy predicted by the protoplanetary disk model.
The result of this investigation is presented in Figure 7.12. The values of the difference
between the predicted collision energy of two clusters and the fragmentation threshold
energy of this collision are given by contours. Positive values indicate that the collision
energy is high enough to lead to the loss of the first monomers and aggregate disruption.
In the Minimum Mass Solar Nebula model by Weidenschilling (1977b) (at 1 AU with
a = 107°), this happens for clusters of sizes ~1 cm.
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Figure 7.11: Collision energy profiles (J) for clusters composed of ~100 um aggregates in a Minimum
Mass Solar Nebula at 1 AU with @ = 107>. The dotted contour represents the minimal energy for onset of
cluster restructuring SE,o; = 6.5x107!" measured in Section 7.2.4.
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Figure 7.12: Contours of the difference between the predicted collision energy between two clusters and
the fragmentation threshold energy 3N Epe.k in @ Minimum Mass Solar Nebula at 1 AU with o = 1075,
The values are given in J. At the 0 contour line and for positive values, the clusters start fragmenting.
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8 Conclusion

This work presented the set-up, experiment runs and scientific data results of the Subor-
bital Particle Aggregation and Collision Experiment (SPACE), a multi-particle collision
experiment conducted under microgravity conditions. The particles investigated were
sub-mm-sized aggregates of protoplanetary dust analog material (mono- and polydisperse
SiO,, see Section 4). The SPACE experiment set-up was flown at the drop tower in Bre-
men in five drops with 9 s of microgravity time each, and on the REXUS 12 suborbital
rocket with 170 s of microgravity time (see Section 3).

In the different experiments performed, sub-mm-sized aggregates grew to clusters of sizes
up to a few millimeters (see Section 6). The aggregate collisions leading to this growth
were analyzed either directly or statistically, gathering data input to the collision model of
Giittler et al. (2010) and Kothe et al. (2013). In particular, the SPACE experiments deliv-
ered data in the size and velocity ranges of the transitions between sticking and bouncing
and between bouncing and fragmentation (see Section 6). While the observed collisions
were individually analyzed in the case of the drop tower experiments, the statistical ap-
proach on the suborbital flight data allowed for a first time continuous measurement of
the sticking probability between aggregates along a velocity range covering the sticking
to bouncing transition (see Figure 6.8).

The collision outcomes observed were in agreement with the model and displayed tran-
sitions from sticking to bouncing and from bouncing to fragmentation with increasing
aggregate mass and collision velocity (see Table 7.1). However, compared to the collision
outcomes expected (Weidling et al. 2012, Kothe et al. 2013), sticking in the SPACE ex-
periments occured "later" (for bigger and faster aggregates) and fragmentation "earlier"
(for smaller and slower aggregates). This behavior could be traced back to the type of
collisions observed, occuring between aggregates and bigger clusters and not between
same-sized aggregates. The model by Giittler et al. (2010) looked into the influence of
the mass ratio of colliding aggregates (their Figure 11, upper right panel). However, the
experimental results used to compile this panel of the model mostly involved collisions at
velocities around or higher than 1 m s~! (Blum & Wurm 2000, Wurm et al. 2005, Paraskov
et al. 2007, Langkowski et al. 2008, Schrépler & Blum 2011). It would be interesting to
update the model for collisions between differently-sized aggregates at the low velocities
observed here and include the data gathered by the SPACE experiments.

The fractality of the growing clusters also seems to play a role in the enhanced sticking as
well as fragmentation probabilities, as the complex shapes of the clusters ease the capture
of aggregates, but also the loss of loosely bound constituents. It would be interesting to
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confirm and quantify these observations with additional long-term (several minutes) mi-
crogravity experiments, where aggregates would have time to grow into fractal structures.
In addition to the data input to the collision model, structural properties of clusters com-
posed of sub-mm-sized dust aggregates could be determined. The cluster fractal di-
mensions, inner cohesion (effective surface energy of the constituting aggregates, tensile
strength of the outer layer) and restructuring and fragmentation energies were measured
(see Section 7.2). This investigation showed that clusters composed of sub-mm-sized
aggregates display a behavior comparable to simulated clusters composed of um-sized
particles. Therefore, the results of molecular dynamics simulations of cluster collisions
could be applied to macroscopic aggregates, when using adapted parameter values. Usu-
ally, direct dust aggregate growth simulations working with ym-sized or smaller monomer
particles are limited to final aggregate sizes of ~100 yum (see e.g. Wada et al. 2008). The
aggregate and cluster properties measured in the SPACE experiments could be used to
simulate aggregates and clusters of up to 10 cm in size, by using monomer constituents of
~100 pm. It would also be interesting to perform further long-term microgravity experi-
ments with smaller or bigger aggregates. The systematic formation of clusters and maybe
a scaling of their properties depending on the aggregate size could be derived and used in
numerical simulations.

Finally, the application to current protoplanetary disk environments of the cluster prop-
erties determined in this work lead to a few conclusions on cluster behavior (see Sec-
tion 7.3). In the minimum mass Solar Nebula (Weidenschilling 1977b), for example,
clusters composed of sub-mm-sized dust aggregates would still be sticking upon collision
at sizes of 1 mm. Restructuring would start for clusters of about 1 cm and fragmentation at
about 5 cm. The values of critical rolling and breaking energy determined for the investi-
gated aggregates (see Section 7.2.4) could be used in numerical simulations to investigate
the long-term behavior of aggregate clusters in a protoplanetary disk, e.g. in dust con-
centration regions as streaming instabilities, turbulent eddies or pressure bumps. Indeed,
such dust accumulations might lead to the formation of planetesimals by gravitational and
aerodynamic group effects (or cometesimals, Johansen et al. 2014) and thus overcome the
growth barriers mentioned in Section 1.3. Research in this field is on-going in an attempt
to close the gap between cm- to meter-sized bodies. The properties of macroscopic ag-
gregates indide of clusters are an essential input to such modelling (as seen in Skorov &
Blum 2012, for example) and the measurements performed in the SPACE experiments
could be valuable input.

To conclude this work, a final remark on the use of suborbital rockets for the investigation
of protoplanetary dust should be made. The evident advantage of microgravity phases
lasting several minutes is mitigated by the lower quality of this microgravity compared
to other microgravity platforms (e.g. drop tower, see Table 1.1). Although it was shown
that residual accelerations during the flight could be neglected compared to the inten-
tionally induced ones (cell shaking), their effect clearly influenced the obtained collision
data by growing clusters on the experiment cell walls instead of free-flying inside the cell
volume. However, with the right analysis methods, valuable and unique measurements
of dust aggregate properties could be performed, benefitting from the continuous long-
duration microgravity phase of the flight. Further suborbital flight experiments would
definitely consolidate and extend the experience gained by the present work to the profit
of future scientific outcomes.
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A SPACE components list

Item Supplier Costs | Size Weight | Details
Camera Allied €1800 | 39x51x80 |169¢g Prosilica GE680
Vision
Technolo-
gies
Objective | Schneider | Loan 230 x 37 100 g
Kreuznach | from
IGEP
Camera Control €367 | 72x100x25 | 191¢g
Single- Toradex €261 | 55x84x5 40 g Robin Module
board Z530L V2.0
computer
(SBO)
SBC Toradex €90 72x100x 10 | 71 g Daisy V1.1 COM
Baseboard Express baseboard
SBC Toradex €16 55x84x12 | 80¢g Robin Z5xx
Heatsink Heatsink
Plate
Data Storage €59 50x97x5 26 g
Compact Amazon €44 43x36x33 | 10g Transcent Compact
Flash Card Flashcard, 16GB,
600x
Compact Amazon €15 51x73x6 16 g Adapter from
Flash to Adaptare
S-ATA
Adapter
Mirror Edmund €50 75x75x5
Optics
Electronics box €11 100x 150x | 150 ¢ This weight
30 includes the
electronics box
mounting structure
Micro- Reichelt €6 I15x52x5 7g ATMega32
controller (Atmel)
Continued on next page
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Item Supplier Costs | Size Weight | Details
Servo- Reichelt €4 TX2Z5XS 2¢g L6202
controller (SGS-Thomson)
Level Reichelt €3 Tx1LES lg MAX488 (Maxim)
converter
Solid-State | Laboratory | / 30x42x5 10g DMP6301A
Relay Supply (Crydom)
Two required
Capacitors | Laboratory | / Ixlx1to lgto5 | Ceramic: 13
Supply 10x10x15 | g (2x10n, 2x22n,
8x100n, 1x220n)
Elko: 6 (4x1pu,
2x220pu)
Resistors Laboratory | / Ix6x1 05¢g 22 (4x0,1, 1x10,
Supply 8x 1k, 3x3k, 6x10k)
Quartz Laboratory | / 1x10x2 lg 16 MHz Quartz
Supply
Voltage Laboratory | / O9x15x4 5¢g 5V:1
Converter | Supply
12V:1
Operational | Laboratory | / 6x19x3 lg LM324M and
Amplifier | Supply OP13
Connectors | Reichelt <€1 8x15x 10 2gto5 | 6-pin: 1
tol12x38x | g
15
D-SUB 15 M: 1
Vacuum chamber €1126 | 2130x 180 | 6863 ¢ This weight
includes the main
chamber cylinder,
the top and bottom
flanges, the
viewport,the
double claw
clamps and the
electrical
feed-through.
Vacuum Hositrad €850 | Z130x 150 |4605¢
Chamber
Core
Top/Bottom | Hositrad €28 2130 x 20 716 g 2 aluminum ISO-K
flange each each blank flanges

Continued on next page
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Item Supplier Costs | Size Weight | Details
Double- Hositrad €2 #16 x 62.5 46 g 4 aluminum
wall each each clamps per ISO-K
clamp flange are required
(8 in total)
Centering | Hositrad €15 2125 (ring) | 125¢ 2 sealing rings for
ring each X5 each theISO-K flanges.
Viewport | Hositrad €1088 | #113.5x 152 g CF63 viewport
17.5 each with zero-length
glass
Electrical | Hositrad €1734 | 234x7.6 56¢ CF16 8-pin
feed- each feed-through with
through copper pins.
Pressure Thyracont | €277 | @32x74 131 ¢ VSMP62MVCF
sensor
Vacuum Balzers Loan 38x52x102 | 464 ¢ EVC 110M
Valve from
IGEP
LED Built at €380 11.7 x 50 x 200 g
array IGEP 50
Motor Faulhaber | €60 222 x 30 50g 2230 U (Faulhaber)
Shaking mechanism €25 55x54x100 |9 g
Conical rs-online €7for | #10x 3 and 10 g for 1 220, MO.5,
cog wheel both 220x3 both 45 deg, Delrin
1 240, MO.5,
45 deg, Delrin
Cog wheel | rs-online €3to Z6 x9 and 2gto 2 10Z, MO.5, steel
€5 226 x4 16.7 g and 4 50Z, M0.5,
steel
Axis Built at / Z3x54and |5¢g 1 rotor axis
IGEP Z4 x 36 between motor and
shaker frame and 2
rotation axes for
the shaker frame.
Shaker Built at / 30x40x20 | 8¢
Frame IGEP
Particle Built at €50 two 10 x 15 10g 3 particle
containers | IGEP x 10 and one containers
24 x 15 x10
Structural Components | / # 386 ¢
Mirror Built at / 75x140x75 |22 ¢g
frame IGEP
Camera Built at / 64x120x34 | 37¢
frame IGEP

Continued on next page
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A SPACE components list

Item Supplier | Costs | Size Weight | Details

SBC plate | Built at / 72x125x7 |56¢g
IGEP

Motor Built at / 30x30x27 |7¢g

plate IGEP

Shaking Built at / 39x32x45 |6¢g

mecha- IGEP

nism

structure

Bolts Laboratory |/ / 250 g 16 M2, 52 M3
Supply and16 M8
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B SPACE electronics board

Figure B.1: SPACE electronics board print. Red lines are on the top of the board, blue lines on the bottom.
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B SPACE electronics board

Figure B.2: SPACE electronics board circuit.
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C SPACE hardware test protocols

C.1 Vacuum tests

Title: Tightness and camera vacuum test

Date: 20.09.2011

Participants: René Weidling, Daniel Heif3elmann

Components tested: Camera.

Pre-test configuration: Camera in vacuum chamber at ambient pressure.

Procedure:
Time | Action Comments
10:30 | Cleaned all vacuum connections | Hair on glass O-ring
Scratch on aluminum top flange
11:10 | Evacuation of the vacuum
chamber
13:15 | End of chamber evacuation (0.7
mbar)
Start the leak finder
14:00 | Flooded chamber with Helium Top flange and pressure gauge
seem to be leaking
Checked leakage from outside
Continued on next page
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C SPACE hardware test protocols

Time | Action Comments

14:35 | Replaced the aluminum top Pressure = 1.3 x 10-2 mbar
flange
with a stainless steel one Leak rate= 6 x 10-6 mbarL s~

15:45 | Camera switched on for 5 min Nominal behavior
119V,0.19 A

16:00 | Replaced the stainless steel top Leak rate= 0.4 x 10-6 mbarL s~!
flange with the aluminum top
flange

Conclusion:

Camera: nominal behavior during the test

Vacuum chamber: the aluminum top flange should be polished again.

124




C.1 Vacuum tests

Title: Vacuum hose tightness test

Date: 06.12.2011

Participants: René Weidling, Daniel Heilelmann

Components tested: Vacuum hose, vacuum umbilical.

Pre-test configuration: Hose connected to umbilical.
Umbilical connected to TMP and pre-vacuum pump.
Pressure sensor connected to hose.

Procedure:
Time | Action Comments
14:00 | Start of hose evacuation
07.12.201 $witch off TMP 2.86 x 10-3 mbar
14:21
15:09 | Switch off pre-vacuum pump 4.6 x 10-2 mbar
15:10 5.6 x 10-2 mbar
15:11 5.85 x 10-2 mbar
15:12 6.25 x 10-2 mbar
15:13 6.59 x 10-2 mbar
15:34 | Switch on pre-vacuum pump 1.5 x 10-1 mbar
15:43 | Switch on TMP 4.11 x 10-2 mbar
15:59 4.14 x 10-3 mbar
08.12.201 End of test 2.57 x 10-3 mbar
09:40
Conclusion:

The vacuum hose can be used to evacuate the experiment on the launcher. The values
recorded during this test can give an indication on how long the pumps can be switched
on and off during the pre-launch phase.
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C SPACE hardware test protocols

Figure C.1: Vacuum hose tightness test setup.
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C.2 Thermal tests

C.2 Thermal tests

Title: Temperature test

Date: 15.11.2011

Participants: Julie Brisset, Stefan Kothe

Components tested: Camera with objective, motor, shaking mechanism, particle con-
tainer, LED array, pressure sensor, mirror in frame.

Pre-test configuration: All components at room temperature (19 °C) placed in tempera-
ture chamber.
All components off.

Optical calibration target placed in front of the camera.

Procedure:
Time | Action Comments
12:17 | Switch on camera Camera switches on
Centre line sharp
12:21 | Switch off camera Camera oft
12:22 | Switch on motor at 12 V Motor switches on
Shaking mechanism ok
12:24 | Switch off motor Motor off
12:25 | Switch on LED array and LED array on, all LEDs ok
pressure sensor
Pressure sensor on, nominal
reading
of ambient pressure (8 to 9 V)
12:26 | Switch off LED array and LED array and pressure sensor
pressure sensor off
12:27 | Ramp temperature down to
-40 °C at -0.9 °C/min
12:54 | Reached -40 °C
13:00 | Door opened for 2 s at -41 °C Ramp resumes at -38 °C
Continued on next page
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C SPACE hardware test protocols

Time | Action Comments
14:07 | Temperature: -40.2 °C
Switch on camera Camera on, center line sharp
Switch on LED array LED array on, 7 LEDs failed
Switch on motor at 12 V Motor on, shaking mechanism
working fine
Pressure sensor on, reading
nominal
Switch on pressure sensor
14:15 | Switch off LED array LED array off
Switch off motor Motor off
Switch off pressure sensor Pressure sensor off
14:16 | Door opened for 2 s at -40 °C Ramp resumes at -35 °C
14:25 | Door opened for 2 s at -40.2 °C Ramp resumes at -30 °C
14:26 | Ramp temperature up to -5 ° C at
0.9 °C/min
14:35 | Reached -5 °C
14:37 | Switch off camera Camera off
15:23 | Temperature: -5 °C
Switch camera on Camera on
Center line sharp
15:24 | Switch on LED array LED array on, 7 LEDs failed (the
same as before)
Motor on, shaking mechanism
working fine
Switch on motor at 12 V Pressure sensor on, reading
nominal
Switch on pressure sensor
15:26 | Switch off camera Camera off
Switch off LED array LED array off
Switch off motor Motor off
Switch off pressure sensor Pressure sensor off
15:30 | Ramp temperature up to 70 ° C at
0.9 °C/min
15:48 | Reached 70 °C
16:30 | Temperature: 70 °C
Switch on camera Camera on, center line sharp
Switch on LED array LED array on, 7 LEDs failed (the
same as before)
Motor on, shaking mechanism
working fine
Switch on motor at 12V Pressure sensor on, reading
nominal
Continued on next page
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C.2 Thermal tests

Time | Action Comments

Switch on pressure sensor

16:34 | Switch off LED array LED array off
Switch off motor Motor off
Switch off pressure sensor Pressure sensor off
16:37 | Switch camera off Camera off
16:38 | Ramp temperature down to 25 °C
at -0.9 °C/min

16:54 | Reached 25 °C
17:40 | Temperature: 25 °C
Switch on camera Camera on, center line sharp
Switch on LED array LED array on, 2 LEDs fully
recovered, 5 switch on/oft
Motor on, shaking mechanism
working fine

Switch on motor at 12V Pressure sensor on, reading
nominal

Switch on pressure sensor

17:43 | Switch off camera Camera off
Switch off LED array LED array off
Switch off motor Motor off
Switch off pressure sensor Pressure sensor off
17:45 | End of test Mirror intact
Conclusion:

Camera: nominal behavior during the test

Objective: no focus changes due to temperature

LED array: the 7 LEDs that failed are on the same circuit line, which therefore has to be
checked, fixed and re-tested Pressure sensor: nominal behavior during the test

Motor: nominal behavior during the test

Shaking mechanism: nominal behavior during the test

Mirror: intact
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C SPACE hardware test protocols

Title: Temperature test 2

Date: 22.11.2011

Participants: Julie Brisset, Stefan Kothe

Components tested: Single-board computer with baseboard and heatsink, camera, elec-
tronics board, motor with shaking mechanism and LED array.

Note: The motor and shaking mechanism behaved nominally during the first temperature
test, but as they are now mounted on the chamber plate together with the LED array,
which has to be retested, they also participate into this re-test.

The camera behaved nominally during the first temperature test, but as it is now
connected to the camera control computer which has to be tested, it also participates
into this test.

In the previous test, the components were switched on and off directly at the power
supplies. This time, the electronics board is the controlling the power distribution.
Switching components is performed via sending signals to the microcontroller.

Pre-test configuration: All components at room temperature (20.5 °C) placed in temper-
ature chamber.
All components off.

Procedure:
Time | Action Comments
11:20 | Temperature: 20.5 °C
Switch on camera Camera on
Switch on LED array LED array on
Switch on motor at 12 V Motor on, shaking mechanism
working fine
Computer on
Switch on computer
11:25 | Switch off camera Camera off
Switch off LED array LED array off
Switch off motor Motor off
11:30 | Ramp temperature down to
-40 °C at -0.9 °C/min
Continued on next page
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C.2 Thermal tests

Time | Action Comments
13:00 | The hardware in the temperature | It is decided to not test the
chamber
completely frosted, as one of the | hardware while covered in
chamber
windows was not closed during frost. The computer however is
ramping
down of temperature. still on and behaves nominally
13:05 | Switch computer off Computer off
13:10 | Ramp temperature up to 50 ° C at | This aims at evaporating the frost
0.9 °C/min as fast as possible without having
water damaging the hardware
13:50 | Reached 50 °C
14:05 | Temperature regulation is Check if the hardware survived
switched off the frost
14:09 | Temperature: 40 °C
Switch on camera Camera on
Switch on LED array LED array on
Switch on motor at 12V Motor on, shaking mechanism
working fine
Computer on, nominal behavior
Switch on computer ...everything survived
14:13 | Switch off camera Camera off
Switch off LED array LED array off
Switch off motor Motor off
14:14 | Ramp temperature up to 70 ° C at | Computer still on
0.9 °C/min
14:42 | Temperature: 70 °C Computer switched off, over
temperature
Camera on
Switch on camera LED array not switching on,
looks like a PCB issue
Switch on LED array Motor on, shaking mechanism
working fine
Switch on motor at 12 V
14:46 | Switch off camera Camera off
Switch off LED array LED array off
Switch off motor Motor off
Switch off computer Computer off
14:48 | Ramp temperature down to 50 °
Cat -0.9 °C/min
15:10 | Temperature: 50 °C

Switch on camera

Camera on

Continued on next page
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C SPACE hardware test protocols

Time | Action Comments
Switch on LED array LED array on
Switch on motor at 12 V Motor on, shaking mechanism
working fine
Computer on, nominal behavior
Switch on computer
15:16 | Switch off camera Camera off
Switch off LED array LED array off
Switch off motor Motor off
Switch off computer Computer off
15:17 | Ramp temperature down to
-40 °C at -0.9 °C/min
16:14 | Temperature: -40 °C
Several components power
cycles:
1. Cycle Camera on
LED array on
Motor on, shaking mechanism
working fine
Computer on, nominal behavior
The power draw is lower than at
room temperature
2. Cycle Minor pC bugs wrt signals
Same behavior
3. Cycle Nothing switches on, the uC
doesn’t seem to receive signals
4. Cycle Everything nominal, no uC bugs
anymore
3. Cycle Everything nominal
16:38 | Ramp temperature up to -5 ° C at
0.9 °C/min
17:23 | Temperature: -5 °C
Switch on camera Camera on
Switch on LED array LED array on
Switch on motor at 12V Motor on, shaking mechanism
working fine
Computer on, nominal behavior
Switch on computer
17:25 | Switch off camera Camera off
Switch off LED array LED array off
Switch off motor Motor off

Continued on next page
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C.2 Thermal tests

Time | Action Comments
Switch off computer Computer off
17:30 | Ramp temperature up to 20 ° C at
0.9 °C/min
17:56 | Temperature: 20 °C
Switch on camera Camera on
Switch on LED array LED array on
Switch on motor at 12 V Motor on, shaking mechanism

working fine
Computer on, nominal behavior
Switch on computer

18:00 | Switch off camera Camera off
Switch off LED array LED array off
Switch off motor Motor off
Switch off computer Computer off

18:05 | End of test

Conclusion:

Camera: nominal behavior during the test

LED array: nominal behavior during the test, the defect circuit line was successfully fixed

Motor: nominal behavior during the test

Shaking mechanism: nominal behavior during the test

Computer: nominal behavior except for an over-temperature switch-off at 70 °C. The
computer was placed right in front of the hot air inlet in the temperature chamber and the
70 °C were kept for about 30 min. As this situation is not expected to happen during the
REXUS campaign, the computer is considered fit for flight.

Electronics board: the uC had a couple of bugs at lower temperatures which completely
disappeared after a few experiment cycles (inner components probably heat up again to a
nominal functioning temperature). During the REXUS campaign, the uC will be switched
on at latest 10 min before launch leaving plenty of time to the inner components to heat
themselves up to a nominal functioning temperature. All other functionalities of the board
worked fine throughout the test. Therefore the board is considered fit for flight.
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C SPACE hardware test protocols

Figure C.2: Second thermal test setup: hardware in the temperature chamber. The electronics board (left
bottom), the on-board computer covered with its cold plate (top), LED array and the shaking mechanism
supporting the experiment cells (right bottom) can be seen.
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C.2 Thermal tests

Figure C.3: Second thermal test: frost on the on-board computer and electronics board power cables.
$11411
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C SPACE hardware test protocols

C.3 Camera settings and optics tests

Title: Optics adjustment test

Date: 07.12.2011

Participants: René Weidling, Stefan Kothe

Components tested: Particle container, camera, objective, LED array.

Pre-test configuration: Particle containers and LED array are mounted inside the vacuum

chamber.

No optical ring before objective.

One screw inside each particle container.
Camera exposure time is 25 ys.

Procedure:
Time | Action Comments
10:00 | Camera position is adjusted for a | Backlit by the LED array

focus on the screws inside the
particle containers

10:15 | Diffusion paper and plate are
adjusted to the LED array and the
particle container
10:30 | The objective aperture is fixed to | Gray scale maxima at 20, 148
5-6 and 177
Conclusion:

The exact required position of the camera could be determined.
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C.3 Camera settings and optics tests

Title: Optics vacuum test

Date: 08.12.2011

Participants: René Weidling, Stefan Kothe

Components tested: Particle container, camera, objective, LED array.

Pre-test configuration: Particle containers and LED array are mounted inside the vacuum

chamber.

No optical ring before objective.

One screw inside each particle container.

Camera exposure time is 25 us.

Camera is positioned as per optical test of 07.12.2011.

Procedure:
Time | Action Comments
09:45 | Gray scale measurements at Peak black: 18
ambient pressure
Peak white: 179
Max white: 210
10:00 | Evacuation of the vacuum
chamber
13.00 | Gray scale measurements under Peak black: 20
vacuum
Peak white: 195
Max white: 220
13:45 | Vent and open chamber LED array warm, but touch
temperature
Conclusion:

The influence of vacuum on the optical settings can be neglected.
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Figure C.4: Optics vacuum test setup.
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C.3 Camera settings and optics tests

Figure C.5: Adjusted optics after the optics test. The pen marks on the cell glass are irrelevant.
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C SPACE hardware test protocols

C.4 Electronics test

Title: Electronics test

Date: 01.12.2011

Participants: Julie Brisset

Components tested: Electronics Board, LED array, camera, motor, flash card with
adapter, SBC, pressure sensor.

Pre-test configuration: All components are connected to the electronics board.

Procedure:
Time | Action Comments
10:00 | Power on electronics board Flash card with adapter
and SBC are powered
10:05 | Switch on camera All components are on
Switch on motor Consumption: 0.75 A
Switch on LED array

Switch on pressure sensor
10:10 | Check reception of LO and SOE | Good signal reception
signals

10:15 | End of test

Conclusion:

The electronics board fulfills all required functions.
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C.5 Software tests

C.5 Software tests

Title: Electronics Software Test

Date: 01.12.2011

Participants: Julie Brisset

Components tested: Microcontroller software with LED array, motor, camera and pres-

sure sensor.

Pre-test configuration: All components are connected to the electronics board.

Procedure:

Time | Action Comments

14:00 | Power on PCB The microcontroller software
starts
automatically at power on of the
board

14:05 | Lift-off signal

14:06 | SOE signal

14:10 | End of test Nominal run of the software

Conclusion:

The microcontroller software is fit for flight.
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C SPACE hardware test protocols

Title: Camera control software test

Date: 11.03.2012

Participants: Julie Brisset

Components tested: SBC software with camera and flash card with adapter.

Pre-test configuration: Flash card and camera are connected to the SBC.

Procedure:
Time | Action Comments
16:00 | Power SBC and flash card The computer automatically
boots when it sees power, and
runs a bash script waiting for
the camera
16:10 | Power camera When the camera is powered,

the bash script performs some
setting definition and starts
streaming for 180 s

16:13 | End of stream Nominal stream at 170 fps
16:15 | Check presence and quality of
stream
16:30 | End of test
Conclusion:

The frame stream loses a few frames at a time randomly after the first 5 s of streaming.
This behavior stops after 15 s after which the stream is lossless and is reproducible. It
seems to be related to the warming up of the processor. The further streaming is not in-
fluenced.

Successful stream at 170 fps for 180 s.
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C.6 Mechanical tests

C.6

Title: Acceleration test

Date: 15 - 19.08.2011

Mechanical tests

Participants: Julie Brisset, René Weidling, Stefan Kothe, Daniel Hei3elmann

Components tested: Experiment cells, shaking mechanism, motor, LED array.

Pre-test configuration: Experiment cells, shaking mechanism, motor and LED array built

Procedure:

in an evacuated vacuum chamber in the drop tower capsule.

Time

Action

Comments

15.08

Drop 1

Left bottom screw between cell
frame and shaking mechanism
broke

Motor, shaking mechanism and
LED array are functionning
nominally

Upper right cell glass is dirty due
to coating damages

16.08

Drop 2

All components functioning
nominally

Big crack on the bottom left cell
glass

17.08

Drop 3

All components functioning
nominally

18.08

Drop 4

LED array functioning nominally
In addition to the crack on the
bottom left cell, a big glass chip
separated from the upper left cell
No cell rotation due to jamming
of the shaking mechanism by a
glass chip

19.08

Drop 5

All components functioning
nominally

New experiment cells

Crack on the upper left cell glass
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C SPACE hardware test protocols

Conclusion:

Maximum acceleration the hardware was subjected to: ~30g

LED array: nominal behavior during the test

Motor and shaking mechanism: nominal behavior during the test

Experiment cells: common glass is not adequate for the stresses and loads of the exper-
iment preparation and run. A more robust solution needs to be implemented (technical
glass). The anti-adhesive nano-coating should be handled with more care

Figure C.6: Experiment cells before drop 4. The glass of the bottom left cell cracked and a big chip
separated from the upper left cell. The dirt on the upper right cell glass is due to coating damages.
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C.6 Mechanical tests

Title: Vibration test

Date: 22.11.2011

Participants: Julie Brisset, Daniel Hei3elmann, Stefan Kothe, René Weidling,

Components tested: Entire experiment inside of the REXUS module.

Pre-test configuration: All components off except for the on-board computer and the
electronics board.

Procedure:
Time | Action Comments

Run of an experiment sequence Nominal run

X-axis 1* resonance search frequency: 5 to 2000 Hz
level: 0.25¢g
sweep rate: 2 oct/min

X-axis random vibration frequency: 20 and 2000 Hz
level: 5.97¢g
power spectral density: 0.018
g*/Hz
duration: 60 s

X-axis 2" resonance search frequency: 5 to 2000 Hz

level: 0.25¢g
sweep rate: 2 oct/min
Run of an experiment sequence Nominal run
Y-axis 1* resonance search frequency: 5 to 2000 Hz
level: 0.25¢g
sweep rate: 2 oct/min
Y-axis random vibration frequency: 20 and 2000 Hz
level: 5.97¢g
power spectral density: 0.018
g*/Hz
duration: 60 s
Y-axis 2™ resonance search frequency: 5 to 2000 Hz
level: 0.25¢g
sweep rate: 2 oct/min
Run of an experiment sequence Nominal run

Continued on next page
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Time | Action Comments

Z-axis 1* resonance search frequency: 5 to 2000 Hz
level: 0.25¢g
sweep rate: 2 oct/min

Z-axis random vibration frequency: 20 and 2000 Hz
level: 5.97¢g
power spectral density: 0.018
g’/Hz
duration: 60 s

Z-axis 2" resonance search frequency: 5 to 2000 Hz
level: 0.25¢g
sweep rate: 2 oct/min

Conclusion:

The experiment hardware withstands REXUS launch vibration levels.

Detailed results can be found in the ZARM document FAB-ATR-301055.
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C.6 Mechanical tests

Figure C.7: Complete SPACE experiment hardware outfitted with accelerometers and prepared for the
vibration test. Image credit: D. HeiBlelmann.
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C.7 REXUS interface tests

Title: Integration test

Date: 13- 15.12.2011

Participants: Julie Brisset, René Weidling, Stefan Kothe, Daniel Heif3elmann

Components tested: Entire experiment inside of the REXUS module.

Pre-test configuration: The experiment is switched off.

Procedure:
Time | Action Comments
13.12 | Connection to the REXUS All components functioning

Service Module simulator

Experiment sequence run through
and TM/TC check

nominally on a functioning
simulator channel
Telemetry and telecommand
nominal

14.12 | Integrated connection to the All components functioning
REXUS Service Module nominally
simulator
Experiment sequence run through | Telemetry and telecommand
and TM/TC check nominal for the correct baud rate
15.12 | Flight timeline run through in the | All components functioning
integrated configuration nominally
Telemetry and telecommand
nominal
Conclusion:

Nominal functioning of the experiment.
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C.7 REXUS interface tests

Title: Bench test

Date: 18 - 20.01.2012

Participants: Julie Brisset, René Weidling, Daniel Hei3elmann

Components tested: Entire experiment inside of the REXUS module.

Pre-test configuration: The experiment is switched off.

Procedure:
Time | Action Comments
18.01 | Connection to the REXUS All components functioning

Service Module simulator

Experiment sequence run through
and TM/TC check

nominally on a functioning
simulator channel
Telemetry and telecommand
nominal

19.01 | Connection to the REXUS All components functioning
Service Module nominally
Experiment sequence run through | Telemetry and telecommand
and TM/TC check nominal for the correct baud rate
20.01 | Flight timeline run through in the | All components functioning
integrated configuration nominally
The experiment picks up the SOE
signal of the neighbor experiment
Conclusion:

Nominal functioning of the experiment.

A debounce was implemented into the microcontroller software to avoid triggering by

other experiments’ signals.
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Title: REXUS campaign bench test

Date: 15.03.2012

Participants: Julie Brisset, Daniel Hei3elmann, Stefan Kothe, René Weidling

Components tested: Entire experiment inside of the REXUS module.

Pre-test configuration: The experiment is switched off.

Procedure:

Time

Action

Comments

Connection to the REXUS
Service Module simulator

Experiment sequence run through
and TM/TC check

All components functioning
nominally

Telemetry and telecommand
nominal

Connection to the REXUS
Service Module

Experiment sequence run through
and TM/TC check

All components functioning
nominally

Telemetry and telecommand
nominal for the correct baud rate

20.01 | Flight timeline run through in the | All components functioning
integrated configuration nominally
The experiment picks up the SOE
signal of the neighbor experiment
Conclusion:

Nominal functioning of the experiment.
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C.7 REXUS interface tests

Title: REXUS campaign countdown simulation

Date: 17.03.2012

Participants: Julie Brisset, Daniel Hei3elmann, Stefan Kothe, René Weidling

Components tested: Entire experiment inside of the REXUS module.

Pre-test configuration: The experiment is switched off.

The experiment is integrated into the payload stage of the REXUS
12 rocket.
The experiment ground station is in the Esrange control center.

Procedure:
Time | Action Comments
Experiment power on Telemetry and telecommand
nominal
Countdown and flight timeline All components functioning
run through nominally
Telemetry and telecommand
nominal
Conclusion:

Nominal functioning of the experiment.
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