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CHAPTER 1

INTRODUCTION

The problem of planet formation is one of the nfasdamental problems of science,
and is one of the most active fields of researchastronomy, astrophysics, and
planetology. In the last decade a lot of new infation has been received, not only
about our Solar System, but also about other stslfatems harboring extrasolar
planets. Only a decade ago, in 1995 the first satea planet around another star was
detected (Mayor & Queloz 1995). In the meantimettitay more than 198uch
planets are known and their number is continuogglywing (Extrasolar Planets
Encyclopedia). We know now, that our Solar Systemmat an exception, but that
planet formation takes place frequently in the amse. A closer investigation of those
other planetary systems has only just begun, btiatest discoveries have already
changed our view about planet formation and plagetdiversity. The newly
discovered planetary systems confirm some of tlaufes predicted by standard
theories of star and planet formation, but theesyst with massive planets with very
small orbital radii and large eccentricities, aremeon and were generally
unexpected (Pepe et al. 2002; Da Silva et al. 2081#)ough only the more massive
planets can be detected at the present time itear ¢hat these newly-discovered
stellar systems are different from our own Solast&y and their discovery raises
new issues about the way that our own system mesy émerged.

Planet formation is strongly related to star fatiora In the case of our Solar
System,independent measurements of the age of the Surpmamitive meteorite
show that they formed at the same time of 466 years ago (Lugmair &
Shukolyukov 1998; Wadhwa & Russell 2000; Bonannalet2002). Radioisotope
dating of Moon’s and Earth’s rocks vyields similagea (Lee et al. 1997)All
astronomical observations have shown undisputaidé¢ $tars form within dense
interstellar molecular clouds (Andre, Ward-Thompsén Barsony 2000). At the
beginning magnetic forces and turbulent motion leadore formation within the
cloud (Adams & Lin 1993). Under the influence oétbravitational force the cores
begin to collapse. At the centre of the collapsen®a protostar. The remainder of the
matter forms an accompanying circumstellar diskjasunding the star (Adams & Lin
1993). This disk, also called “protoplanetary” digk considered to be the birthplace
of the planets. Observations indicate that mayltleoh#he young stars in the universe
(with ages less than 10 million years) are surrednioly dusty disks (Beckwith et al.
1990). Probably a large number of them form playetystems. The images in
Fig. 1.1 obtained in the year 1995 using the Huldgace Telescope (HST) confirms
in impressive way the existence of protoplanetasksd

The protoplanetary disks consist up to %96f gas, primarily hydrogen and
helium. Only about one percent of the disk mass dust particles. The dust material
consists of surviving interstellar grains and stelhebula condensates, and is
composed mostly of the heavier elements. Astronainalbservations of sun-like stars
suggest that the lifetime of the disks around thelsiects are less than 1§ears
(Beckwitt et al. 1990; Haisch, Lada, & Lada 2000herefore an upper limit for the
formation of the planets is given by the disk’stifne.



Protoplanetary Disks HST - WFPC2
Orion Nebula

PRC95-45b - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O’'Dell (Rice University), NASA

Fig. 1.1 HST images of protoplanetary disks taken towahn@sQrion star formation
region. The silhouettes of the disks are visible thuabsorption of the background
light by the dust in the disks.The central brigpbts(easily seen in the lower right
panel) is light from the protostar leaking out tbgh the disk. The elliptical disks with
length scales of 100’s to 1000’s of AU will evetitusrapped inside macroscopic
bodies like comets and planets.

No serious model has been proposed so far foratmeation of the terrestrial
planets, which is not connected to protoplanetasitsd According to the “standard”
model of terrestrial planet formation at the begigrdust particles collide in the disk
and stick together (Dominik et al. 2006). As mongl anore stick together, objects
several meters and kilometres across form (Beckwignning, & Nakagawa 2000),
but this process is uncertain. These objects, dgllanetesimals, are the “building



blocks” of planets. In further collisions the numes planetesimals build a smaller
number of still larger bodies, called planetary eyob (Wetherill & Stewart 1989).
Eventually, a few planetary embryos will have doatéd in size and accreted most of
the other bodies in their regions of the disk. Ati the material in those regions had
been exhausted, eventually the planetary embryiidecto form planets (Kokubo &
Ida 2002). Usually two regimes in this growth scemare separated, the growth of
kmsized planetesimals and the growth of even laganetary embryos, which
evolve into planets. The separation is based orfabiethat motion and growth of
objects smaller than approximateljkm in size are mostly determined by the
interaction of these objects with the gas in thekdWeidenschilling 1977). The
sticking of the dust particles and the growth a§é aggregates in this first stage is
due to interparticular surface forces (Blum 2004@nce km-sized planetesimals
formed, the gas gets less important for the groaviti the self-gravity of the bodies
gets important to keep a body together.

This work focuses on the early stage of planetm&dron and discusses the
problems of the planetesimal growth. The experisi@md models described in the
following chapters simulate processes, as they pd&kee in protoplanetary disks and
took place in the Solar Nebula as a precursor pBSalar System.



CHAPTER 2

DUST, GAS, AND COLLISIONAL GROWTH

2.1 The very first stage in planetesimal growth

As mentioned in the introduction it is common bietleat the precursors of terrestrial
planets ar&km-sized bodies, the so called planetesimals (Weékl&rStewart 1989;
Beckwith et al. 2000; Kokubo & Ida 2002). It islisan open question, how this
objects form.The ,standard“ model of planetesimal formation igséd on the
mechanism of sticking collisions of small dust mdet, which form larger aggregates
and eventually leads to the growth of planetesin(alsidenschilling & Cuzzi 1993;
Weidenschilling 1997; Beckwith et al. 2000). Anadysf interplanetary dust particles
(IDPs) and primitive meteorites suggest an initist grain size of 0.1-10n
(Kerridge & Chang 1993; Kerridge 1993). Thereforany numerical models and
experiments on planetesimal formation start witltrometer size (Weidenschilling
2000). In the beginning these micrometer dust gagi are more or less
homogeneously distributed throughout the protoptayedisk, because there is no
working concentration mechanism at this time. Theyvfirst growth of larger
aggregates is determined by the Brownian motiom. rBtative velocity between two
particles is given by (Blum et al. 1996) as

Ve = 8k—T, (2.1)
\

wherek is the Boltzman constani, is the temperature, andis the reduced mass of
the particles. In typical numbeigs is equal to 1m/sin protoplanetary disks.
Laboratory experiments show that at the given veés; individual colliding
particles will stick together due to the surfacecés (Poppe, Blum, & Henning 2000)
and form larger aggregates (Blum et al. 2000, Kea&sBlum 2004,Paszun &
Dominik 2006). Sticking will work up to collisionelocities of about h/s Because
the collisions due to Brownian motion are alwaybwethis threshold, sticking will
always occur. Another set of experiments shows these aggregates continue to
stick together at collision velocities up tank (Blum & Wurm 2000). Larger
aggregates will form. The morphology of the growiaggregates is of prime
importance for the next steps of growth. To sesg, thimore detailed look at the gas-
grain friction timer; is needed. This is the timescale for a particleetict to a change
in gas flow. For dust aggregates in a free molea@gimesr; is given by (Blum et al.
1996) as

(2.2)

Here, m is the mass of the aggregate, is the geometrical cross section of the
aggregatepq is the gas density, is the mean termal velocity of the gas molecules,
ande = 0.58 is an empirical factor. If the gas paranse#me kept constant; only
depends on the mass to surface ratio of the aggreflae question thus is, how this
ratio changes as the particles grow to larger aggee The Cosmic Dust Aggregation
Experiment (CODAG) carried out onboard the Spacatt&hin 1998 showed that



aggregation due to Brownian motion is a clustestduaggregation (CCA) (Blum et
al. 2000).This process is defined by two clusters of same sulliding with and
sticking to each other. The CODAG experiment fotimat the CCA leads to growth
of very fluffy almost chain-like aggregates as seehig. 2.1.
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Fig 2.1 Three-dimensional reconstructions of agglomeratessisting of Si®
spheres with 0.95um monomer radius. In the CODAgeraxent, stereo images were
obtained which allowed to reconstructing the precmgglomerate morphologies
(Wurm 2003Blum et al. 2000).
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The growth of these aggregates in many cases cated®ibed in terms of fractal
behaviour (Meakin 1991). One consequence is thasras well as cross section scale
with size by the power laws

mOR™, (2.3)
o O R, (2.4)

Dui and Dy are called fractal dimensions. The CODAG experimgealds for the
growing aggregates \ip = 1.3 to 1.4 (Blum et al. 200Xrause & Blum 2004).
(Ossenkopf 1993) showed that for CCA aggregateb wiDy < 2 mass and cross
section scale with approximately the same fractaledsion or [y = Das. The
equality between mass and cross section fractakmbions results in an almost
constant gas-grain friction timeduring the growth. Therefore, independent of size,
the evolving aggregates always react to the gatheénsame way. As far as the
sedimentation of the particles to the midplane leé tisk is concerned, which
determines the next growth stage, the sedimentagtotity is given by

Vs = Q7 . (2.5)

If the gas-grain friction time; remains constant so does the sedemintation velocity
This means that neither during the Brownian growth afterwards significant
sedimentation to the midplane occurs and the sedatien velocities are very low.
How fast the Brownian motion driven growth will meed is still an open question,



but experiments show that it is rather rapid, comgpao the timescale of planet
formation (Blum et al. 2000; Krause & Blum 2004).

The significance of Brownian motion decreases witblving aggregate size,
since at constant thermal energy the random thevelatities decrease with mass.
The next stage in the planetesimal growth can Berdeed with concentrating of dust
to the midplane of the disk, as the sedimentatsothé most prominent mechanism
proposed for this (Lissauer 1993). During the sedhitation the dust aggregates
initially collide very gently at low velocities du® statistical variations in the gas-
grain coupling times which lead to differential sedntation. They continue to form
larger CCA aggregates, as seen in experiments iendasions (Dominik & Tielens
1997; Blum & Wurm 2000). The fractal dimentionyDis still smaller than 2
(Sablotny 1996; Wurm & Blum 1998). This means tthet sedimentation velocities
for the larger fractal aggregates are still almastiow as for the initial grains. The
sedimentation velocities depend on the individaatibn times, but a typical number
for aggregates ofrimin size and smaller is Qrim/s(Blum & Wurm 2000).

As the aggregates grow larger, their mass incseafbe higher mass is
accompanied by a higher energy in a collision. Dokn& Tielens (1997) and Blum
& Wurm (2000) showed that above certain impact gyedeformations and
relocations of individual grains in the aggregaiss possible due to rolling or sliding
of the constituents. The aggregates get more cangyatthe mass to surface ratio
increases with size. This further means that tlegjnsent faster, can pick up smaller
particles, grow larger and get even faster (Weideifi;l\g & Cuzzi 1993). So
eventually, at sizes of sonmam the rainout and the concentration of dust in the
midplane of the disk is guaranteed. Over the lastade a number of experiments
have been carried out to verify the growthcaf dust bodies (Wurm & Blum 1998;
Blum & Wurm 2000; Blum et al. 2000). They show tHas process in general can be
understood in terms of the binary collision modehis was also found to be in
agreement with theoretical studies of collisions dofst aggregates (Dominik &
Tielens 1997; Kempf, Pfalzner, & Henning 1999). Thenerical calculations carried
out by (Nakagawa et al. 1981) showed that in thehEaone, a thin dust layer
composed otmssized grains is formed in about 3 x 103 yearsrafte beginning of
sedimentation. (Weidenschiling 1980) obtained sintiésults concerning the duration
of the sedimentation stage.

2.2 Collisional growth in the midplane

After 103 years of sedimentation the amount of dasthe midplane of the disk is
sufficient to provide in the next few million yeatise growth ofm and km dusty
bodies — the planetesimals.the past, gravitational instability of the dermkest layer

in the midplane of the disk has been the paradiginar formation (Goldreich &
Ward 1973). The idea is that after particles cotreém in the midplane to a critical
density, part of the dust sub-disk gets gravitatianstable and collapses. Problems
came up with this idea, as it became clear thask®ar between the dense sub-disk
and the less dense upper layers would generatelémde, which would not allow the
critical density to be reached (Weidenschilling,nDp & Meakin 1989). There is
ongoing work with respect to this branch of thehteen (Youdin & Shu 2002).
Youdin and Shu (2002) suggested that under cedamditions instability might be
possible but only after several million years. VEhihis might be just in time before
disks on average dissolve, gravitational conditionght not be reachable in time if
conditions are less perfect than assumed (Haisatia,L& Lada 2001; Garaud & Lin



2004). Another more recent idea is that eddieschvimight develop in protoplanetary
disks, might collect small bodies in their centevhich might then grow to
planetesimals or larger (Klahr & Bodenheimer 2008has to be waited for if more
detailed versions of this model might explain tberfation of the planetesimals.

However, probably the idea that is currently faresimost for planetesimal
formation is based again on the mechanism of stickbllisions of the smaller bodies
in the midplane of the disk. Once particles redehrhidplane, other mechanisms than
differential sedimentation for generating relatisedocities and therefore collisions get
important. Because the gas disk is pressure griasiigaported and rotates slower than
Kepplerian, the dust bodies moving on a Keppleodrit are subject to a gas drag.
The gas drag is based on the individual frictione$ of the particles and aggregates,
and leads to different radial and transversal ugésc These two velocity components
for particles of different size are shown in Fig2.2

The difference in the relative velocieties resuitiigh collision velocities for
particles of different size. For example, a bodylof might collide with smaller
bodies, which move with the gas, at velocities @68m/s (Weidenschilling & Cuzzi
1993; Sekiya & Takeda 2003).
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Fig. 2.2 The velocity of a solid sphere with radius R fer®.5, 1, and 2AU. The solid
curves show the absolute value of the velocitytikeao the gas,.y and the dashed
curves show the radial infall velocity toward thens |y|. Taken from (Sekiya &
Takeda 2003).

So far impact experiments ammor smaller sized dust aggregates only
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resulted in fragmentation at impact velocities leigthan a fewn/s(Blum & Minch
1993; Blum & Wurm 2000). In addition impact expeeints have been carried out
with cmsized ice pendulums. Collisions result in stickomy belowcm/scollision
velocity (Supulver et al. 1997). Impacts ofsized marbles into regolith yield
threshold velocities for sticking up to @d/s(Colwell 2003). The presence of organic
material in the aggregates might increase theiatigarobability, for example fomm
particles up to B/s (Kouchi et al. 2002), but the growth of larger tpdes at even
higher velocities can not be explained by thisalhpast experiments not a single
collision between two bodies at typical collisioelacities in protoplanetary disks
above 1@n/shas ever resulted in sticking or growth of a ladgedy. Therefore, it has
been an open question, if a mechanism exists, bghwhgh speed collisions can lead
to a net growth, and which will corroborate thelisanal growth theory.

One of the most significant parameter, which deiees the outcome of a
collision between two bodies, is their structureariyl experiments were carried out so
far with compact projectiles (impacting body) -edtéalls, regolith, etc. Relating to
planetesimal growth, this does not correspond &ldlgical growth sequence. The
first formed cmsizes bodies are namely very porous fluffy duggragates, which
hold together only by the surface forces betweersthgleumsized dust particlesn
this manner it is more significant to carry outlistbn experiments with similar
aggregates. In addition, also it is very importantarry out the impact experiments at
the expected high velocities. The experimentalltesaported in the literature so far
are not applicable to larger bodies consistingtadrgly cohesive dust colliding at
high velocities. We therefore carried out experiteenith centimetre-sized porous
projectiles impacting at high velocity a very posocentimetre-sized target, where
both bodies are agglomerates joftsized dust particles. The experiments and the
results are described in detail in Chapter 3 of Wrk (Section 3.2).

However, this might not be the only scenario follisions between pre-
planetesimals. It cannot be decided yet how thgelabodies really evolve self
consistently after many collisions. It is possitilat impacts lead to a more compact
body on average. Therefore, a question worth asisinghat happens in a collision
between a projectile and a target where the duspkeais packed rather densely. In
Chapter 3 (Section 3.3) we try to answer this qaests we present another series of
experiments with more compact dust aggregates.

2.3 Gas flow and planetesimal growth

In recent experiments Wurm, Blum, & Colwell (2002801b) showed that the result
of a collision, which is initially eroding, can ktiead to net growth if the gas in the
protoplanetary disk and its motion relative to todliding bodies is considered. The
underlying mechanism is based on the gas drag dgie.larger of two colliding
bodies in a protoplanetary disk, which moves onegpp{erian orbit faster than the
gas, is experiencing a head wind. The smaller bmdyhe other hand couples very
well to the gas and follows its motion. Entrainedthis head wind the smaller body
collides with the larger one. If the collision beswn both bodies result in erosion and
fragments are ejected from the impact place, tla lvend can return the fragments
to the large body under certain conditions. Fot fhapose the fragments must be
small enough to couple well to the gas, and sloaugh not to be carried away too
far. Then the particles (fragments) collide a secame with the surface of the larger
body, and this time the collision velocity is muldwer. At this low velocity the
particles stick to the larger body due to surfameds. If these secondary collisions

11



return more material to the large body than wasleddoy the primary collision, net
growth results. The idea of this mechanism is ftated in Fig. 2.3.

Incoming Dust

Agglomerate is disrupted
at Impact

Runaway Body moves with Respect to Gas

Fig. 2.3 Net growth by secondary collisions induced by adheind. Taken from
(Wurm 2003). A target eroded by an impacting prioiecan reaccrete ejecta if the
collision takes place in a gas flow. The secondslgwer collisions of fragments can
add mass again and eventually lead to net growtie &fficiency of this mechanism
depends on the porosity of the body, the gas pamsjeand the size and velocity of
the ejected particles (fragments).

Experiments prove this mechanism to work (Wurm,nBl& Colwell 20014,
2001b). If small CCA aggregates, embedded in abgam, collide with a target up to
velocities of 12n/s they fragment into the constituents — individuatsized grains.
These grains can return to the target as seeryir2H.

The threshold velocity for reaccretion dependshenKnudsen number, which
is given as

Kn=2, (2.6)

where/ is the mean free path length of the gas molecames, is the radius of the
target body.
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Fig. 2.4 Trajectories of dust grains bouncing of a targetfeagments of a collision
but being bend back to the target by the gas fiMurm, Blum & Colwell 2001b).

The experiments (Wurm, Blum & Colwel001a, 2001b) did not provide the
lowest Knudsen number to which this growth mechanisight work.Thus far, the
experiment conditions have considered the free cotde flow regime, in which the
gas flow is essentially undisturbed by the largedyb (target) and flow lines end
straight on the target surfacehis changes once the body has grown sufficientty a
continuum flow takes over from free molecular flovtreamlines are then
surrounding the body, and fragments entrainedengtis flow might be carried away
rather than being returned to the target after llismm. This situation has been
analyzed in a paper by Sekiya & Takeda (2003). Témysidered the gas flow in
more detail and came to the result that in therimegion of protoplanetary disks
(< 5AU) this mechanism of gas aided growth might work $ofid (non porous)
bodies of a fewm in size. They conclude that a change in the gas fegime from
free molecular to continuum flow then leads to $gort of fragments around a body
rather than back to its surface. While this is timrea solid non-porous body we will
show in Chapter 4 of this work that even in contimuregime reaccretion of
fragments can still occur if the eroded body ishhigporous (Wurm, Paraskov, &
Krauss 2004).

2.4 Erosional potential of the gas flow

We discussed in the previous sections that the trawsticking collisions is widely
regarded as the fundamental process to famrsize planetesimals. Even though the
growth model is not without problems, experimentsl @imulation, given below,
show that under many circumstances the model aalvapty work. The current view
is that on a rather short timescale of ¥8ars after begin of the sedimentation larger
planetesimals okm or more in size might form (Hayashi, Nakazawa, &kbigawa
1993). As the planetesimals have grown, the further grovwgthmore and more
determined by self-gravity of the bodies.

13



Even if self gravity gets important and even isghag no longer dominates
the dynamics of planetesimals, these objectsratiVe through the gas. This sets the
stage for a large number of basic problems. On lwned, we have seen in the
previous section that the gas drag in the protapéay disks might promote the
planetesimal growth. On the other hand, if the ffaw is strong enough to be
considered an effective force on dust particlesyight be asked if gas drag could also
destroy larger objects. If a dusty body moves tghothe gas, the gas imposes a shear
force on the top layers of the dust. If this foredarger than the cohesive force (and
gravity) particles will be removed and the bodyel®snass merely by moving through
the gas disk. The effect might roughly be compaeeolian erosion on Earth or
Mars. The pressure at the surface of Mars e.gsis than 10mbar. Dense models of
protoplanetary disks have comparable inner gaspres (Wood 2000). Wind speeds
to start erosion on Mars can be as low asm/2qGreeley et al. 1980). Headwind
velocities of small bodies moving on circular osbin protoplanetary disks are
~60m/s (Sekiya & Takeda 2003; Weidenschilling & Cuzzi B99This comparison
shows that conditions in protoplanetary disks am&lar to threshold conditions for
erosion on Mars and should be considered in maeslde

The possibility of gas erosion is even more likely eccentric orbits are
considered. Close encounters with larger protoptac@n stir the planetesimals up to
eccentric orbits (Hood 1998). For these objectsriiative velocities with the gas
might strongly increase and easily get supersdrea twhich leads to bow shocks in
front of the planetesimals (Hood 1998). At perieenthe difference in velocity
between a body moving on an eccentric orbit withand eccentricity compared to
a circular orbitvgirc is (Murray & Dermott 1999)

/1+e
V... —V. =V, — 1. 2.7
per Ccirc CITC[ 1_e ] ( )

This assumes that both bodies move with the sama& mMedion (average angular
velocity). It is interesting to note that Earth wiin eccentricity of onlye = 0.017
would move at about 5@@'srelative to the gas at perihelion. Then for a piesienal
with even a small eccentricity, relative velocitidé®m 500n/s or more can be
expected. Gas flow relative to the moving solidaster in that case and the shear
forces at the surface are stronger. In additiom @ery eccentric orbit the dusty body
traverses the inner dense part of the disk, whereyas pressure and respectively the
erosion potential are sufficiently higher.

In contrast to Mars and Earth material lifted framplanetesimal does not
return and is lost for the planetesimal. If plaseteals are loose aggregates of dust
and if eolian erosion is a significant procesgviéntually destroys planetesimals. It is
also worth noting that the erosion of a large dbpeight bring older material back to
the disk. This old material can then be mixed masendgeneously with younger
solids. It has recently been discussed by Krau¥gu&m (2005) and Wurm & Krauss
(2006) that photophoresis can concentrate solidselts around young stars. Eolian
erosion might be one way of providing material $ach redistribution at later times.
It might thus be important for the formation of cetsy Kuiper belt objects, and
primitive asteroids.

In order to study the interaction between gas feovd dust bodies, and the
erosion potential of the flow we carried out a egrof wind tunnel experiments. In
addition we simulated the same proceses numeri¢Ryaskov et al. 2006). The
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results from the laboratory experiments, the nucaéricalculations, and the
importance of planetesimal eccentricities for thanpt formation are discussed in
Chapter 5.
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CHAPTER 3

IMPACT EXPERIMENTS

We carried out impact experiments with cm-sizedoperdust aggregates consisting
of um-sized dust particles and impacting with vigtles up to 3&/s The purpose was
to study the outcome of a collision and the inteoacbetween projectile, target, and
ejecta under conditions simulating protoplanetasksl Impacts of cm-sized dusty
bodies at several tens of/s are supposed to be typical in the early phasdarfep
formation, as outlined in Chapter 2. Therefore @sutts are directly applicable to the
process of planetesimal formation.

We study two different kinds of targets in collisgo highly porous and highly
compact dust aggregates, as extreme candidateslfmions. In Section 3.2 of this
Chapter we describe the results of a set of impggeriments with the highly porous
targets (up to 88% porosity). As porosity we define

E —\\;vmd , (3.1)

total

whereV,iq is the volume of the void space within the tanmyett occupied by dust and
Viotar IS the total volume of the target (target tray)e Moid space Yiq iS Viotal — Vduss
where Vst is the volume filled by solid material. The dusgezpates that we use
have a very fluffy structure and might resemble tmesized dust bodies in the
protoplanetary disks during the early collision ¢

Because we can not decide yet how the larger badadly evolve after many
collisions, we are ready to suppose that the ingpleetd to a more compact body on
average. Therefore we carried out a second setpdriements with highly compact
targets, where the dust sample was packed ratheselye The porosity of the
aggregates was still 68347 and this, as will be later explaned, is a lintilemst as
static compression is concerned. The results amtezpin Section 3.3.

3.1 Experiment description

3.1.1 Experimental set-up

The experimental set-up, as seen in Fig. 3.1, wasialy developed for these
experiments. The set-up is composed of three pahaipgments — a circular closed
wind tunnel, an impact chamber (part of the tunaal) a roots pump. The gas flow of
the wind tunnel was used only rudimentary so faitfie experiments reported in this
chapter. | will therefore only describe the imppatt of the setup here. The impact
takes place in the impact chamberd®dn diameter). The chamber is evacuated prior
to the impact to a pressure below Oriar. The low gas pressure results in high
friction times for the dust projectile, so that th&s in the chamber does not influence
the impacts. A schematic sketch of the experimsngsiown in Fig. 3.2. The target is
an aluminum tray with @&n diameter and &n depth filled with dust and centered in
the middle of the chamber. In accordance with thed the experiment we used two
types of targets. Details of the target preparatidhbe given later.
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Fig. 3.1 Photo of the experimental set-up. The set-upnspased of a wind tunnel, an
impact chamber (front right), and a roots pump (ad he tunnel is circular closed
and has an inside diameter from 32cm. It is 200@h hnd 150cm wide. The vacuum
chamber, where the experiments take place, is gfatfte tunnel and has flanges for
observation and measuring instruments. The rootapis used to produce gas flow
(see Chapter 5). The maximum wind speed can ramge 1L00m/s. A vacuum pump is
used to evacuate the tunnel. The pressure can justad from about Ifmbar to
10mbar.

As projectile we used the same dust as in the ttdiied in a cylindrical holder
turned upside down. An aluminum foil was used tevpnt the dust from falling out
while hanging upside down. The foil only compensates weight of the dust but
easily bends during launch, allowing the projediig@ass. We developed two types of
launchersAt the beginning we used pressurized air to acatdehe projectile holder
(and the projectile within). It proved too leakyotlgh resulting in a rather high
increase in gas pressure within the vacuum chaniiner.dust projectile in this case
would not move undisturbed by the gas. If the sgalwas improved, the holder got
stuck. No measurements were taken with this laundBecause the increase in
pressure influenced the experimental proceduretivetyy we developed a second
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launcher, based on a compressed spring that ladrlberojectile holder.

Projectile Holder
Teflon | - Spring
Aluminum
Dust /
, _ Stopper
Aluminum Foil (10 - 20 pm) __—Projectile

Detector (D @ Trigger Laser

Digital Video

Camera (color) Flash Lamps

Blue and Green
, Digital Single
Reflex
', Camera (color)

Laser Curtain .
Q Flash Lamp
Blue

Dust Target

Fig. 3.2 Sketch of the experiment taken from (Wurm, Pargs&oKrauss 2005). A
dust projectile is launched onto a dust target raifte holder is abruptly stopped. The
holder itself is accelerated by a spring. An aluammfoil of only 10—20um thickness
is fixed on one side of the bottom of the holdeprévents the dust from falling out
while hanging upside down. It essentially covers\thhole opening but easily bends
inelastically at its fixation point under a loadgttly exceeding the weight of the dust
projectile. Thus it is easily pushed out of the waythe dust projectile during launch.
The load applied to the dust projectile by the iinsignificant and has no influence
on the launched projectile. A light barrier triggen sequence of flashes in different
colors, which result in one frame of the singldexefcamera containing information
of different times before and during the impacte Timnages are in reflected light. In
addition, a laser curtain in the focal plane of tlngle reflex camera gives
information on slower particles in a thin sheet.eTaperture of the digital single
reflex camera is open for several seconds. Thaaligideo camera is running at a
standard frame rate. The dust target is weighedrgefind after an impact. All
experiments are carried out under vacuum.
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To launch the projectile the holder is pulled upvedogt a chain drive against the force
of the spring with an electric motor. The projectilelder is connected to the chain
drive by a rated break poir@nce the spring is fully compressed further pull igad

to a force exceeding the force tolerated by thd@amirand the contact will break. The
projectile is then accelerated by the spridgith this launcher we reached impact
velocities up to 38/s But this launcher had other disadvanta@asthe one hand the
chain drive was not stable enough and cracked rntiemgs during the experiments.
On the other hand, with the chain we could not \heylaunch velocities. Also the
timing for launch was very variable. Therefore wedihis launcher only for the first
series of experiments. Later we exchanged the otiive with a string drive. The
spring was pulled upwards by a string with electriotor or manually. Once the
spring is compressed to the wanted tension, a Isildde cuts the string and the
projectile holder (and the projectile within) iscaterated by the spring. The projectile
holder moves within a guide tube to approximatédgni above the target. A stopper
at its end abruptly decelerates the holder. Dumédia, the dust moves on through
the central hole of the stopper. Thus a dust pritgeist launched at the dust target.
The impact is imaged by a digital color single refleamera and a digital video
camera. Light for the cameras is provided by tliigesh lamps in two colors (blue and
green). Different positions of the light sourcesdnheen used during the experiments.
A red laser was used to provide a laser sheet pdigdar to the target.

3.1.2 Dust

As dust sample we used a commercial,$1@wder with a broad size distribution.

2 Hdm

Fig. 3.3 Scanning electron microscope (SEM) image of tle 8ust particles. The
dust sample that we used throughout all experiments mixture of particles with
broad size distribution (0.1-10pum).
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Particle sizes are between [0k and 1@um with 8% of the particle mass within
particles of imto Sumin size (specification by manufacturer). The pétchave
irregular shapes. The density of the bulk matega.gy/cnt. A scanning electron
microscopy image of the dust is shown in Fig. E8tlier experiments showed that
the chemical composition of the material is proaislminor importance for sticking
of dust particles at least as similar materiale lgilicates are considered (Blum &
Wurm 2000). Thus we regard our dust as one posaidég material to model the
larger fraction of particles in protoplanetary disihd the solar nebula.

3.1.3 Projectile

For most experiments we used slightly cone shap#dnTeeservoirs, which we filled
with dust (Fig. 3.4). The reservoir has anrfBdiameter opening on the bottom (open
end), a mMmdiameter at the top, and a length ofrit The projectile was prepared in
several ways. For some experiments we filled thsemeir with dust compacted
manually. This dust usually does not leave the haddeone unit but breaks up into a
large number of smaller dust clumps. We also iesledust projectiles into the holder,
which were compacted outside the holder and indevithout force. This reduced the
sticking of dust to the Teflon so that the dustsgmit easier. Friction is less likely to
disrupt the projectile mass and less mass is ligfimthe holder after the experiment.

Fig. 3.4 Metal and Teflon reservoirs, and dust projectiteour first experiments we
used metal holders. To reduce the friction andeach higher launch velocities we
used Teflon holders later. The projectile is a cantplust aggregate, approximately
5-10mm in size.

Due to the uneven acceleration by the spring antidin while it leaves the holder the
projectile might break up. A small cloud of smalfeagments as seen in Fig. 3.5
accompanies usually one large dominant fragmennglahe flight. Since the extend
of the dominant fragment is comparable to the nabprojectile size we assume that
the launch and small degree of fragmentation is not importanttfa impact. It has
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to be noted though that the impacts are indivigwaints with slightly different sized
and different shaped dust aggregate projectilestgpical size of 5-1m weights of
about 0.2g and an initial porosity of 8 + 2%. The original projectile and the
holders can be seen in Fig. 3.4. A projectile dythre flight is shown in Fig. 3.5.

3.1.4 General description of the experiments

In general an individual experiment might be ddsamtias follows: A target, which
has been under predefined low humidity conditiaorsaf few hours, is weighed and
then placed into the vacuum chamber. The chamlsowdy evacuated to a pressure
on the order op < 0.0dmbar. A weighed projectile is launched as describedralio
the center of the target. A fesm above the target the projectile passes a lightdrsar
and triggers a sequence of colored flashes. Thereaaisé@irected horizontally to the
target surface and is operated in long duration osuge mode
(4 seconds open aperture) so that just one caardrs taken for each impact. During
this time the flash lamps light up at different ¢

Projectile

Fig. 3.5 Impact imaging. Projectile and target in reflectbght. Together with the
trigger the green flash lamp is firing once. Thesults in an image of the incoming
projectile in reflected light at a certain distan¢g&cm) above the target. At a time
0.5ms after trigger the blue flash lamp is firifighis results in a second image of the
incoming projectile. 18ms and 20ms after the trigdpe flash lampare firing again

in green and blue. This results in two images etteid fragments from the target
surface. Due to the color separation differenbmfiation can be extracted from the
image. The first two flashes for example revealdize and shape of the incoming
projectile, and its velocity. The next two flaslggge more information about the
consequences of the impact, the ejected matdngit, flight directions and velocities.

21



The impact itself elapses in a few millisecondstotial a sequence of four flashes (in
blue and green) is used to illuminate the projeditd target, which are imaged on the
same frame. Thus a single color frame of the cameraised as high-speed
photography. We extract different images correspantb different times from the
different color channels of this one frame. Duethie color separation, different
information can be obtained, for example the pitdgeanpact velocity, the fragment
velocity, the size and the shape of the projeetild the ejecta. A typical example can
be seen in Fig. 3.5. Sometimes the projectiles Iaker diffuse in reflected light.
The impact is also recorded with a video cameraukas the green flash for bright
field illumination. The video camera reveals an cgity thick projectile, though
sometimes with a diffuse rim (Fig. 3.10). Probahlyim of small dust particles leads
to self-shadowing in reflected light. In additiomed laser sheet is used to image the
trajectories of fragments in a fixed plane perpeuldir to the target. After an impact
the chamber is slowly filled with air again. Thegetris weighed a second time, after
spending a few hours under the same low humiditgditons as before the
experiment.

The experiments carried out so far can be diviage@ classes. Both groups
differ from each other only in the target type. Tiext section presents the results
from a series of experiments with very porous dasfgets. Section 3.3 describes
experiments with more compact targets.

3.2 Experiments with porous dust targets

3.2.1 Target

The target is an aluminum tray witker diameter and &ndepth filled with dust. The
dust sample is sieved into the target tray to géighly porous target. For most
experiments we used a mesh withmmdopenings for sieving. In this case the surface
is consisting of individual dust clumps up to @b in size, which can be rather
compact, but loosely stick to other dust clumps.

Fig. 3.6 Porous target. A porous target prepared by sieyiogvder with a 0.5mm
mesh. The sieving results in a granular structuréhe surface. The individual grains
are up to 0.5mm in size.
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A target image can be seen in Fig. 3.6. The gramataphology of the surface due to
the sieving is clearly visible. For some experinsemé also used meshes with GrG8
and 0.02:mopenings. This corresponded to smaller dust granule

The target porosities varied betwelen= 74% andP = 88%. With the dust
mass measured and with the bulk density of the kiusivn (2.@/cnT) Vqust can be
determined according to equation 3.1 and thus tinesty is given. Individual errors
are typicallyx 0.9 resulting from the determination of the averag@leof the
target.

In some experiments the impact leads to a collapskee target of a fewnm
over the whole width of the target. In this work,analogy to geology, this collapse
will be called — surface subsidendéhe surface subsidence can be attributed to the
vibrations (elastic waves) during the impact that sufficient to compact the highly
porous target slightly after the impact in combioatwith gravity.
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Fig. 3.7 Surface subsidence over target porosity taken f(@varm, Paraskov, &
Krauss 2005a). The subsidence of the target suidftee an impact as a function of
the average porosity of the target. The uncertagin porosity are typically 0.5%.
The bulk of the experiments were carried out wattgets sieved through a 0.5mm
mesh. There is a tendency of increasing subsidevitle increasing porosity.
Approximately below 80% porosity the impact doesslead to a structural collapse
within the target. The experiments with targetsvesie through a 0.09mm mesh
resulted in higher average porosities and a rativell defined subsidence height. A
few experiments have been carried out with a serfager (~10mm) of dust sieved
through a 0.025mm mesh onto a target otherwisegregpwith a 0.5mm mesh. With
respect to subsidence these targets more or ldssvid like targets only sieved with
a 0.5mm mesh.

This effect can be separated though from the imnedesponse of the target to the

impact, which is visible on the surface on a munotalter timescale. Furthermore
collapse of the target is restricted to targets thiially had a very high porosity
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approximately above = 80%. Fig. 3.7 shows the tendency for more porous targe
collapse more strongly. The most porous targets werpared by sieving through a
0.09mm mesh. Thus the granules on the surface are sm8lbene of these targets
started to collapse before the impact of the ptigecin these cases the launch
vibrations, which couple to the target via supbrictures, were already sufficient to
initiate the collapse. But for most experiments th#apse does not start before the
impact. In these cases the effect of the impadbminating and responsible for the
outcome of the collisions as described below. Thisidas far as crater formation or
ejection of particles is concerned. However, thiklapse shows that an impact has the
ability to mobilize particles throughout the targéturm, Paraskov, & Krauss 2005a).

For a series of targets the change of the poroegityin the target before an
impact was measured. For these measurements thé tasget was prepared and a
piston was used to push the dust upwardmmsteps. Then the dust above the target
holder was removed and the mass of the remainnggttavas measured, and so on. It
might be assumed that the most porous layers atepoof the target. Indeed this is
found as shown in Fig. 3.8.
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Fig. 3.8 Target porosity over target depth. Target porosigpendence on the vertical
position in the targets, as typically used durihg experiments. Marked as error bars
is the standard deviation. The data is consistatit @ linear dependence of porosity
on the load (gravity of target material above aagiosition). If so this target would

be much more compressed by load than the targetsaped by Blum (2004). To

avoid too much subsidence during an impact theetangas manually slightly vibrated

approximately after 2/3 of filling and before thaptlayer was filled in. The steps at
5mm and 15mm depth might thus be real and duaggtbcess.

On average there is a slight decrease of porosity tthe top layers to the bottom
layers. Individual local porosities might signifitly deviate from this mean curve
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though (marked as error bars). If this is imporfanthe outcome of a collision is not
clear yet. If the decrease of porosity is due ®riass load by upper layers then the
effect is stronger for the targets that we prepacemmpared to the dusty bodies
generated by Blum (2004), where no effect shouldibible due to the small weight
of the dust mass. However as seen before, dueatotyrthe surface of the target
moves down during an impact as the vibrations leEaég compaction. To avoid
subsidence during impact the target was vibratedualdy approximately after 2/3 of
filling and before the top layer was filled in. Theps at Bimand 1B5nmdepth in Fig.
3.8 might thus be real and due to this processariy case vibrations induce
subsidence as well as the impacts do. This sugtiedtthe effect of a collision might
be more pronounced than a quasi-static comprebgicause a larger part of the target
particles are mobilized first.

For most experiments, the target is built up frgranules that are typically
0.5mm in size, which themselves are rather compact stingi of (sub)pmsized
dust. These are two size scales, which might benpbrtance. A compacted layered
body (chess board) of contacting spheres of theessime would have a porosity of
approximately P = 3%. Therefore, if the dust within the granules is eédnpacked
and if the granules are also densely packed inattget the overall porosity would be
on the order of ™. This is comparable to the porosities of the targat our
experiments. If during an impact mostly the largeanules as units are interacting, it
might be of importance that they are packed ratlemisely even though the overall
porosity looks high. One might easily think of terg with similar porosity but
completely different morphology. Thus, impacts itéwgets of the same porosity
could have different outcomes e.g. with respedjé¢ota and ejecta velocities, but this
remains to be seen.

3.2.2 General description of the impacts

We carried out a total of 46 experiments with pertargets (Table 1 Appendix). The
impacts into highly porous targets resulted inemsabf severainmdepth and 2-8n
width. An example can be seen in Fig. 3.9.

Fig. 3.9 Impact with porous target at 25m/s. The impactthase velocities resulted
in a crater formation. The diameter of the crater 2-3cm.
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If the craters form by compaction due to projecirtgact right on the spot of the
impacting projectile, different projectile configiions (fragment distributions)
should create quite different craters. This is a@ss@nwhat the experiments show.
For one impact a projectile was stroboscopiclyniinated, which was fragmented to
a large degree. The light level on the image is asme of the spatial distribution of
the projectile fragments. They fit well with the ta profile in that experiment,
measured by scale paper slicing the crater. Thigesig that the depth of the crater at
a given position is proportional to the impactingss. Within the small velocity range
studied and the uncertain mass densities, a cboreldetween impact speed and
crater depth cannot be given yet (Wurm, Paraskokra&uss 2005a).

Sometimes the bottom of the crater qualitativelgnsg to consist of a number
of slightly larger dust units compared to the oraitarget. This might be larger
fragments from the projectile but so far it was mpaissible to distinguish target
particles from projectile particles. The fragmematiof the projectile certainly
depends on the impact velocity. Two experiments weaegied out, where dust
projectiles impact very slowly, at abouinZ In these cases the original projectile
could easily and unambiguously be reclaimed froentéinget. The projectile survived
the impact and was buried in the target like abecg for 2/3 of its height.

In Fig. 3.10 two typical snapshots from an expenimare shown. The left
image is taken a few milliseconds before the im@axct shows the projectile during
the flight. In the right image we can see the crageming after the impact.

before

Fig. 3.10 Video camera images. The left image shows the girgjeluring the flight
few milliseconds before the impact. The projectitécm in size) viewed with the
video camera in bright field illumination is optibathick. The right image shows the
crater after the impact.

3.2.3 Accretion efficiency

One quantitative measure of the impact is the fearef mass from the projectile to
the target. We definaccretion efficiencyas the mass added to the target relative to
the impacting projectile mass (not the target mads)s the overall mass of the target
Is not important here but only the fraction of massight loose or gain due to the
impact.Fig. 3.11 shows the accretion efficiency as a fiomobf porosity of the target.
This also includes data of very fragmented projestil
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Fig. 3.11 Accretion efficiency over target porosity. The atmn efficiency of the
target with respect to the projectile mass as fiomcof the porosity of the target. The
uncertainties in porosity are typically 0.5%. Adtoa efficiency is defined as mass
added to the target relative to the impacting pctije mass. The uncertainties in
mass gain are mostly due to the uncertainties terd@nation of the projectile mass
impacting the target. With each impact being indlidl the estimation of the
uncertainties results in asymmetric error bars. Thest porous targets were sieved
with a different mesh size than the average tar@sisentially the mass of the
projectile is always added to the target. Also shoare two experiments into
compressed targets at the lowest porosity descriae, which show a significant
decrease in accretion efficiency. The experimeitts @ompact targets are described
in detailed in the next section.

The accretion efficiency shows no dependence oimtpact velocity. A factor
of 2 in impact speed does not show any influencéheramount of mass added to the
target. This indicates that fragments are very slad any variation in fragment speed
Is insignificant with respect to the escape velodait the target (in our earthbound
laboratory). This measure of accretion efficiencyas to be confused with accretion
efficiency a target would have under microgravityditions, which would depend on
the target size and the ejecta mass. Due to grénatgjecta in our experiments return
to the target where they were ejected. Here theeion efficiency is to underline that
most of the projectile is added to the target. &esifrom any imaging these
measurements allow to determine an upper limit tiee rebound velocities of
fragments. Under vacuum a particle originatinghia tenter of the target can reach
the edge and is lost if it is faster than approxetyad.5m/s(assuming a rebound angle
of 45°). This upper limit is only important for ttsenaller particles of up to several
micrometers in size, which cannot be imaged indiglty. For the larger particles the
estimate of rebound speed is much better confiryetthd images as described in the
next subsection. Thus, the mass gain here is to shatvwe are not missing any
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ejecta, which are fast but too small to be imagddwever, in addition to the
accretion efficiency measurements we further exeladlarger fraction of smaller
particles. They would create a diffuse backgroundhenimages, which is typical for
impacts into compact targets, but not here.

3.2.4 Fragments

We usually observed a certain amount of fragmestisunding from the target after a
collision (Fig. 3.5 left image). Particles thatt Idff approximately O.tam from the
surface can be detected. Due to gravity the minirdetectable velocity is thus about
50mm/s If originating inside a crater, velocities hawebie higher for a particle to be
imaged. E.g. atfim crater depth the detection limit would ber/8 We have two
different measures of rebounding particles. First, flashlamps give a snapshot at a
predetermined time after impact. They are thus thyreelated to the impact. Second
the laser sheet shows particles, which pass a(#iimm) layer perpendicular to the
target surface.

We see no fragments, which can unambiguously deedr back to the crater
itself. In very few cases we observe a small amaidirgjected fragments localized
somewhere on the surface. We think that these nbghthe result of somewhat
slower impacts of small individual projectile fragms. Estimates based on the
images suggest that only a fé&u of the total incoming projectile mass (if any) is
within these rebounding fragments. Their velocitiee between Om/s and 0.8n/s
Since they only account for a very small fractioh moass with respect to the
projectile, we do not consider them to be of sigaifice here.

Ejecta (Flashlamp) Ejecta (Lasersheet)

<€ [ —

Before Impact

Fig. 3.12 Ejected patrticles after an impact. The image shawarget before (bottom)
and shortly after (top) a collision with a projdeti Two flashes (blue and green) and
a red laser were used to illuminate the target acef The target has a 1cm surface
layer sieved by a 25um mesh on top of a targeedidy a 0.5mm mesh. Ejecta can
be seen in the blue flash on the left as well akhénlaser curtain on the right. They
show a constant maximum height for fragments al tive target surface.

A large amount of dust is ejected, which is notrelated to the impact site,
but can be seen to emerge from the whole surfaceseTlparticles are all in a
comparable height above the target even tracingsthdine” of the target surface as
can be seen in Fig. 3.1Pue to possible shadowing the size of the imagedteql
granules does not always have to be the true siza lbypical ejected particle has a
size comparable to the sieve mesh size ahth3n support of this, large parts of the
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target surface qualitatively look almost unchangidr an impact. The surface keeps
its granular structure. Thus it is very likely thlaé size of the ejecta is identical to the
size of the topmost layer of granules.

There is remarkably little scatter in the maximueight of ejected particles.
While we cannot exclude slower or smaller fragmdmdsien, the sharp line of ejecta
suggests rather steep upper cut-offs for rebouhatcities for particles ejected in a
direction opposite to the impact direction. No #igant component perpendicular to
the impact direction can be found.

The amount of ejecta is larger than the projectiiess. From the images it
might be estimated that at least half of the serfdts off. If all ejected dust units are
0.5mmgranules the ejected volume is aboutrid Thus about 10 times the mass of
the projectile can be ejected. Since the low véjaai the ejecta is close to the limit
detectable in a ground based experiment no fughepling of the mass can be done.
In recent microgravity experiments Wurm, Paraskod &rauss (unpublished data)
show that an impact at the same impact condititargéts, projectiles and projectile
velocity) can have a very destructive outcome dredtarget can losse much more
mass in comparison with our ground based expersnent
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Fig 3.13 Ejecta velocity over impact velocity. Velocitiespairticles ejected on the
whole surface. Only experiments with a well corfipeojectile and an unambiguous
image of ejecta have been selected from the whabeple of experiments. An
exception is the impact at 33m/s where the mairt paithe projectile (which we
assume to be well confined in this case) was nagéd, which results in a timing
uncertainty giving different error bars. Taken frofWurm, Paraskov, & Krauss
2005a).

Within our impact velocity range there is no sigraht dependence of the fragment

speed on the impact velocity as seefrign 3.13. While the impacts that were used to
analyze the ejected particles are similar, prdgchass, size, and shape always vary
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slightly. Thus we cannot determine or exclude a ddpecy on impact energy or
energy density (with respect to the projectile sizithin our range of data.

An important quantity for an impact is tleeefficient of restitution Rwhich
we define here as

Veject
R= ot (3.2)
V.

imp

with Veject being the speed of a particle ejected from thgetaafter a collision andm,
is the impact velocity of the projectile. Within roumpact velocity range the
coefficient of restitution ik = 0.005+ 0.001, which is very low.

The experiments imply that elastic waves are lauthchging the impact and
that part of the top most layer of the target fiedi at the arrival of this wave. This
requires sufficiently high momentum transfer aslvasl sufficiently low sticking of
the top layer. The individual rim dust units are only weakly bound by a small
number of contacts via surface forces between padicles. They easily roll down
small slopes. Thus they can easily be ejected. éneaperiment we vibrated the target
slightly before the impact and the loose clumptetbtiown to the base of a dust pile
in the center to the outer target surface. Durimgimpact essentially these particles
lifted off. The particles that were bonded more rsgitg to their surrounding on the
dust pile and that did not move due to the vibraidid not come off as numerous
during the impact.

Since the lift height of the target surface doessignificantly depend on the
position on the surface, the waves seem to be digfiersed before reaching the
surface. Thus this effect is probably not causedvayes travelling on straight lines
from the crater to the surface since the strenigtiulsl vary noticeable with distance.
The responsible momentum transfer is most likelyosfip to the impact direction,
since otherwise no preferred rebound directionnafividual fragments at a given
position on the surface should be found (Fig. 3.A2)ave reflected from the bottom
of the target tray might be plausible though furtbteidies are needed to confirm this.
We measured the speed of sound in the targets betieeen 48/sand 50n/s Since
our targets were about ®0n in height we account forn2s between impact and
fragment ejection at arrival of the wave in Figl®.Thus, we assume that a reflected
wave is responsible for ejection.

Ejection itself might take up a significant part tbe energy of the elastic
wave. With 10 times the projectile mass at%0.6f the impact velocity a fraction of
2.5 x 10" of the impact energy is distributed to the fragtmefror anm = 0.3y
projectile at approximatelyim, = 25m/s the impact energy is abolt,, = 0.1 J. In
addition some energy is used to break up the ctmtdo estimate the amount of
energy needed to break up contacts, we first esdirttee number of contacts to
support a granule. We will base our estimation leé nhumber of contacts on
geometrical arguments. As discussed above we asthah¢he ejected particles are
the compact granules, which we have sieved asldgst onto the surface of the
target. We regard these thb aggregates at the top essentially as individubdi so
spherical masses for simplicity here. However, egenule has a certain contact area
with the granules below, in which sticking of indiual dust particles occurs. As
radius of the contacting dust particles we talkenlA compact granule thus has a
“surface roughness” of aboufiin On one side if a granule would have individual
parts sticking out further from its surface befarentact these would easily be
compressed first (Blum & Wurm 2000). On the othielescompression beyond the
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rim thickness is not possible for a compact grantiberefore, in contact two granules
will approximately intersect over the rim thicknedfs~1um as indicated in Fig 3.14.
With this assumption the contact area between tplergcal granules can be
estimated to be about 1606f. For Jum (radius) dust particles this corresponds to
n = 400 particles in contact if we assume the pagitb be arranged in a chess board
like manner over the cross section. It has to llechthat this is only a rough estimate,
which will vary by a significant factor dependingyeon the size distribution of the
used dust particles, granule size, or porositiegr(dy Paraskov, & Krauss 2005a).

The energy needed to separate two dust particlesntact isE, = 10 J
(Blum & Wurm 2000). For 400 contacts energy on treer of 4 x 10° J is
dissipated in breaking up the contacts of a siggéule. Compared to the kinetic
energy of 8 x 18°J of the granule after ejection this is a fac@d@less energy.

However, the wave will depend on the parameteth®fimpacting projectile
and target (mass, velocity, size, porosity). Thusrehmight be a lower limit in
projectile size and impact velocity, e.g.mafm particles impacting at less than a few
m/s where the energy needed to break up the contaikl be larger than provided
by the wave and no ejecta should be produced.

Fig. 3.14 Granule support model to estimate the number otams between dust
particles at the intersection of two granules. Hetrim thickness d is taken to be
d = 1um (dust particle radius) for an r = 250um rasl granule the radius of the
cross section is s = 22.3um. Thus the cross seitiahout 1600y For 1um radius
dust particles distributed in a chess board likenmar on this area these are about
400 dust particles in contact.

Only the experiments with a well confined projextdre shown in Fig 3.13.
Images for dispersed projectiles can be interprédsd unanimously and are not
shown but there is evidence that if a collectivénehdour of the surface can be
detected at all, the motion is much slower in agre® with the arguments given
before. To determine if a significant part of fragrisecan be ejected at much lower
impact energies microgravity experiments have todveed out. As mentioned above
microgravity experiments have been carried out mgeoy Wurm, Paraskov and
Krauss but a more detailed analysis of thoseltsd#l to be carried out. A preliminary
result is that the impact energy needed to ejaptaaule from the target surface in
microgravity is actually much lower as could beed#&td in our ground based
experiments.

If a wave reflected on the bottom is responsibledjection, then ejection at
distances of 1ém (two times the height of the target) or more frdme point of
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impact is possible. If no target tray would suppgbe dust, ejecta might be observed
on the opposite side of the impact. This is supplofig tests of an impact-like
impulse generated at the bottom of a dust target.

A first look at the microgravity experiments, usiagsentially the same dust
targets and projectiles, shows a more complicaidne. The amount of ejecta on the
front (impact) side of the target is depending lo@ impact energy. At equal projectile
mass the impact energy is proportional to the impatocity. Impacts carried out at
20m/sshowed a very destructive behaviour. A large arotiejecta is observed on
the front side of the target. The surface is lifteed also deeper layers are involved.
Depending on the impact energies and projectile,type back side of the target
survives the impact intact or gets eroded as v@hiously the target has very good
damping characteristics and the energy densitigheoimpact waves are below the
necessary threshold needed to break the contati®die the particles. The elastic
wave ejection mechanism might be restricted toupmost layer of dust granules
with additional effects changing the structure loé tvhole target but this has to be
seen in a forthcoming analysis and is beyond thpesof this thesis.

If the target would be much larger, e.g. metergsizleen no ejecta at all would
be produced at the bottom side. Already dilutionth&f energy density of a spherical
wave would be a factor of 100 scaling frontdtto Imin size.To study the effect of
dust unit (granule) size, which is determined by $ieving mesh, we also prepared
targets by sieving through a mesh ofu@®and 2pm These targets consisted of
much smaller dust units. The targets consisting Gpfn®dust units were the most
porous targets we prepared with P #8& few of them already collapsed due to the
launch vibrations as mentioned before. Due to ithe tonsuming process of sieving
we filled the 2pim targets on a base of hb sieved targets with the top layer of
25um units being aboutcm in height.Fig. 3.12 actually is one of the 261 targets.
As can be seen in Fig. 3.13 the ejecta velocitiesamparable to the velocities of the
larger dust units within the variations betweenivibal experiments. Obviously
there is little or no dependence of the ejectidinaity on the granular size of the dust
units if varied by a factor of 20. In general l@sassive (smaller) fragments will have
fewer contacts. Under the same assumptions as gibewe a 26m granule would
have n = 20 contacts. The number of contacts is #pmoximately increasing
linearly with size. If the whole upper layer liftéf, the momentum transferred to the
ejected particles at a given ejection velocitylsbalepending linear on the size of the
granule. Thus, if the total momentum distributethi next upper layer is constant, so
will be the ejection velocity, which is qualitatiyan agreement with the observation.

3.2.5. Discussion

An impact of a ~ &m projectile into a highly porous dust target at51& 37.%n/s
produces a crater. No significant ejecta from tfaer can be found after the impact,
but a large amount of material of at least 10 titiesprojectile mass is ejected over
the whole surface of the target. These ejecta ang slew with velocities between
0.09 and 0.2@/s in different experiments, or typically @%of the impact velocity.
This is in agreement with the microgravity experitseto be analyzed in detalil,
though here some fragments emerge from the cratéttee mass loss seems to be
somewhat larger.

The upper limits for projectile (impact) and ejeotocities are of primary
importance to answer if planetesimal formation bywgh can occur. In this manner it
is often argued that impacts of millimetre- to cemtre-sized objects at several tens
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of m/scannot lead to growth. Indeed our experiments sihatvan impact ejects more
mass than the projectile adds. The ejection of @astifrom the whole surface can be
explained by elastic waves launched at impact efidated at the bottom of the target
tray. Further mass loss is depending on the morphologheftarget and the drop
tower experiments show that slightly more compacgdts are resisting further
impact erosion. Here we have to note that impaldicitees for a 18m body (as our
target) are most probably belowri&in laminar protoplanetary disks and projectiles
might on average be smaller (Weidenschilling & GuiZ93). As mentioned before
for smaller projectiles, in a slower collision aps$ible explanation of our data would
imply that no ejecta at all might be visible. Omnpiact velocities are more appropriate
for a collision with the target being larger thadvoat 5&m in size. If ersosion takes
place, growth can still occur under conditions ¢gbifor protoplanetary gas-dust disks
if we combine the experimental outcome of the impaith the effect of gas flow
around and through these porous dusty bodies (Ehdpt In Chapter 4 we discuss
how gas flow can return ejected particles if thesy slow enough. In our calculation
we assumed fragments to patsize dust particles slower than @/s The speed of
fragments ejected by elastic waves found in ouraich@xperiments here is typically
much below this threshold. Thus a small fragmenticcdne reaccreted by the gas
flow. There should be no doubt though that collisiai the type studied here are
critical for protoplanetary disks. Not all of themill lead to the formation of a larger
body.

3.3 Experiments with compact dust targets

3.3.1 Target

The target is placed in the same aluminum tray @eth diameter and &ndepth. The
dust is compressed manually into the target trag. frget has a very smooth surface.
Although the surface seems to be very compact @lip), the porosity of the whole
target is still 65.7 = 1%.

Fig. 3.15 Compact target. A compact target prepared by mapwaimpressing the
dust in the target tray. Target porosity is 6%.7.0%.
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This value is in perfect agreement with the measamgsncarried out by Blum &
Schrépler (2004). For a compressed dust aggregeutsisting of 1.Am SiO, dust
spheres, they find a maximum volume filling facbbrabout 386, at pressures higher
than 16Pa This maximum factor is independent on a furthereéase in pressure
and stays constant (Fig. 3.16). The maximum filliagtor of 336 corresponds to a
porosity of 6P6.
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Fig 3.16 The volume filling factor of an agglomerate cotisg of SiQ spheres with
1.5um diameter as a function of the unidirectiopedssure. The gray-shaded area
represents the standard-deviation error of the meaments.Taken from (Blum &
Schrépler 2004).

3.3.2 Low velocity impacts

In a small number of experiments the projectile Vitee falling without initial
acceleration. At a fall height of aboutzhis resulted in impact velocitie%yy, of
Vimp = 6.7m/s The dust was compacted within the projectile holte these
experiments. Therefore, more individual dust pagticiet in contact with the walls of
the holder, which increases the friction betweenjgutile dust and holder. Due to
this high friction the projectile strongly breakp during launch. This results in a
large number of smaller individual projectiles. &rthese projectiles are also slightly
dispersed in the horizontal direction they do maénact with each other further on
and we get a large number of independent impastsittlited over the whole target
surface in a single experiment. In these experim#r illumination was placed in a
way to provide a bright field image in green and. r&n image showing a section of
a slow velocity impact is seen in Fig. 3.17.

We compare these impacts with experiments by BlunMé&nch (1993),
which had similar (somewhat smaller) impact velesitIn their experiments (among
others) individual compashmsized dust aggregates collided with each other. Ou
projectiles were also compachmsized dust aggregates though consisting of
different dust samples. With our target being lacgenpared to the projectiles the
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collisions might be comparable to the case of agages with large size difference as
measured by Blum & Minch (1993).
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Fig. 3.17 Contrast and color balance enhanced section ofiraage with slow
velocity impacts (6.7m/s) of a number of projestiteito a compact target. Bright
field illumination is used with a red and a gredash lamp. The red flash is
triggered later than the green flash, so the grearticles correspond to later times
on their trajectories. While impacting particlessestially have to move on straight
lines toward the target (down in the image), ejdqtarticles are heading away from
the target in arbitrary directions. Two examples & impacting (right) and ejected
particle (left) are marked. Taken from Wurm, Paxask& Krauss (2005b).

While we cannot distinguish the individual collis® and ejecta of one
projectile, we have a large number of projectilapacting. One image thus gives an
average for many individual collisions. We deteredirthe sizes of the particles on
one of the images in more detail. A histogram saghin Fig. 3.18.
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Fig. 3.18 Size distribution of impacting (gray) and ejectéolack) particles
normalized to a total sum of 1. A total number 6f€ejected and 150 impacting
projectiles were measured. Only particles, whiclildoclearly be identified twice
(imaged at different times) on Fig. 3.17 (whole gmaf the section shown), were
counted. Ejected particles can move in differemeations, which produce more
ambiguity in matching particles. Impacting partilevhich have to move down, can
be matched more easily. Therefore, a smaller tatahber of particles could be
identified as ejected. No ejecta could be idemtifieambiguously in the smallest size
bin. The largest size bin includes all particlesgler than 4mm. The two distributions
are similar with a tendency of the ejected parsde be slightly smaller. This implies
a small degree of fragmentation during impacts.

Ejecta sizes are comparable to the incoming piitgesizes so fragmentation
of the projectiles is not very effective. There iseadency that ejected particles are
slightly smaller though. Small fractal aggregatesuld be completely destroyed at
these velocities (Blum & Wurm 2000). The compacttdaggregates are rather
stable. This is probably due to a much larger nundfecontacts between dust
particles, which have to be broken to separatespaftthe projectile or target.
However, the projectiles do not show a large dffito stick to the target in contrast
to the high velocity impacts reported later. Alirjiedes that eventually settle on the
target due to gravity can easily be dropped or hlo¥ (under atmospheric pressure)
leaving a target surface, which looks much the samédefore the impacts on a
macroscopic scale (for the naked eye). This behasgiarsed in the high speed
impacts described below to remove fragments froentéinget, which only return to
the target due to gravity, but do not stick thered marks them as returning ejecta of
the primary collision.

We analyzed the velocities of all particles countedrig. 3.18. A histogram
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of these velocities for the projectiles and theteéd particles is shown in Fig. 3.19.
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Fig. 3.19 Velocity distribution of particles for impactingr@y) and ejected (black)
particles normalized to a total number of 1 for ladistribution. The average
velocities are mp = 6.7m/s for the impacting particles andiey= 1.4m/s for the
ejected particles. g¢ct is the absolute value of the velocity of the fragta in the
given direction. The average ejecta velocity coeffit is R = 0.21#+ 0.08.

An average value for the ejecta velocity coeffiti@y. 3.2) iR = 0.21+ 0.08. This
is somewhat smaller than the values found in thekvby Blum & Muinch (1993).
For the case of colliding particles with large sdiference they geRy = 0.36+
0.03, whereRy is the coefficient of restitution with respect tbe velocity
components in the impact direction. Blum & MunclO493) varied the impact
velocity in a range fromviym, = 0.15 - 4n/s and found only 2 cases (out of 24
collisions) of fragmentation at the highest impaetocities. This is comparable to
our observation of only a small degree of fragmiwiaat 6.7n/s (see Fig. 3.18). It
has to be considered that Blum & Minch (1993) wselifferent material (ZrSig).
The individual particle sizes are comparable thotegbur SiQ particles. The lower
ejecta velocity coefficient found in our experimentight be due to the difference in
particle powder or due to the somewhat higher ihpatocities. Overall our results
are comparable to their findings.

It should be noted that these results suggestthimtkind of slow collision
might not be very favorable for growth of a largdject or eventually planetesimals.
However, increasing the impact speed yields a cetalyl different picture as seen in
the following subsection.
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3.3.3 High velocity impacts

We conducted a total of 27 experiments with impagbcities from én/s up to
25m/s Fig. 3.20 shows a typical impact with a compacgét.
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Fig. 3.20 Impact with a compact target at 23.7m/s. Takemfi@urm, Paraskov, &
Krauss (2005b) The high velocity impact at 23.7m/Bnaged on one color frame
(a)(top). The individual color channels are showaldw on a grayscale. Here, the
target outlines are marked. The target surfaceagppndicular to the image plane.
The projectile moved from top to bottom. Thereftre,impact is seen from the side.
Two flashes with a time difference of 1ms in graech blue are fired shortly after the
impact. A diffuse dust cloud can be seen spreaidirige side. From the ends of this
cloud (ejecta front) the maximum ejecta velocites be estimated to be 9.8m/s.
With particles moving in all directions no restians on the lower velocity end of the
ejected fragments can be taken from the diffusedcldlso visible in red light are
slower ejecta illuminated by the laser sheet (siee F.2), which is on for the whole
time, during which the camera aperture is open.(#spyramid like dust pile that
forms due to the impact can be seen in the cerfitérectarget and is marked on the
red channel. Shown on the right is a projectileraaged at two different times.

There is a tendency that impacts at high velocie20—25n/sresulted in a
pyramid-like structure with a base comparable e dio the original size of the
projectile (approximately dm in diameter). The pile’s height is betweemr and
5mm A typical image of a pile resulting from a higbelecity impact is shown in Fig.
3.21. The pile constitution qualitatively shows migar resistance to force as the rest
of the target. It is in firm contact to the targeirface and it cannot be dropped or
brushed off easily.

Besides the pile a number of fragments are fountet only lying on the
target after an experiment rather than being nyg&tlick to it. These particles can
easily be dropped off just by tilting the targetmmdhan 90°. It has to be noted that
the original target — though porous — is a strongbhesive compound of dust
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particles in our experiments. No dust is removednfthe original target if it is tilted
90° or more.

The low velocity impact analysis presented abowevshthat the pile (or the
projectile fraction strongly connected to the targerface) must have resulted from
the original impact and not from any ejecta retognto the target or from secondary
collisions. This is because any material falling kao the target after an initial
ejection would strike at a much lower speed, cowplar to the experiments
described in the previous subsection. Such retgrejecta would not stick rigidly
and would easily drop off after tilting the targ&his is the case with the particles
surrounding the pile. The particles are only lyingtbe surface, reaccreted due to
gravity. Therefore, in the pile we do not see adanetwhich must be attributed to
gravity but results from the impact itself. The eBt microgravity experiments
carried out by Wurm, Paraskov and Krauss confires¢hobservations. A similar
impact in microgravity conditions results just likeour ground based experiments in
a pile formation.

Only very small ejecta with a large (contact) anef to mass ratio are able to
rigidly stick to the target after returning duegiavity and to withstand tilting of the
target. In fact a few percent of mass is almosagbvaccreted due to this effect as
quantified below and seen in Fig. 3.23. This fractwould not be accreted under
microgravity but is small compared to the massh& main part of the sticking
projectile.

Fig. 3.21 Impact with a compact target at 22m/s. The impasulted in pile
formation. The pile is comparable in size to thigioal size of the projectile (~1cm),
Is in firm contact to the target surface, and sh@axsmilar resistance to force as the
rest of the targetBesides the pile a number of fragments are fourtdr an
experiment on the target surface. They do not sitpdly to it.

With decreasing impact velocity the pile changsssitructure. Impacts at
15-20m/s resulted in a less compact pile structure. It banfound that projectile
fragments, which surround the pile, are gettingydarat intermediate and smaller
speeds. At 12-18/swe observed a transition. An impact below this giyodoesn’t
give rise to a pile, but the projectile survives tollision or breaks up into 1-2 big
pieces (Fig. 3.22). These large aggregates canume floouncing off, but leaving an
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imprint into the target surface, which can be seMamdeep. Therefore, the target is
not behaving like a solid surface but actively &lpart in the impact even if it is
compact. There is currently no experimental implea@mm to resolve the inner
structure of the target, though this would be intgatr for further studies and is
planned for the future. We observed an impact ami/2 where the projectile

survived the impact and got stuck in the surface Mmoved the projectile and
measured a hole with depth approximatelyd50f the projectile diameter. The
surface structure changes have to be the focuguref studies.

Fig. 3.22 Impact with a compact target at 11m/s. Impactshat velocity don’t give
rise to a pile. The projectile survives the impémt breaks up into 2-3 big pieces)
and stays lying on the target surface. This wilhioéthe case in microgravity.

3.3.3.1 Accretion efficiency

One of the most important quantities for an impaith respect to the question if
planetesimals can form is the mass gain/loss duangollision. Theaccretion
efficiency for the experiments as a function of the impadbeity is shown in
Fig. 3.23. Accretion efficiency as defined in theepous section is the mass
difference of the target after an impact with resp® the projectile mass. An
accretion efficiency of 1 (1@0) thus means that the whole projectile mass has bee
added to the target, which would be the maximunieacible.

We observed that the accretion efficiency depemdfhe impact speed. At the
highest velocities (28/9 a large part of the projectile sticks to the &rgvhich can
be as much as 90 of the projectile mass, and forms a pyramid-likeigure as
mentioned before. This value can vary for an indigidcollision from about 3% to
70% but on average is constant down to impact vekgitf about 18/s As the
impact velocity decreases below this threshold anljtle mass sticks to the target.
The accretion efficiency is less thareA@n average. This is consistent with the slow
collisions described above. The remaining févsticking to the target might be very
small fragments, which would indeed be able toksta the target at low impact
velocities after one or several rebounds. Underagiavity this fraction of sticking
dust might be reduced but this has to be studiethdu We observed one impact
(labeled no 83) just on the edge of sticking. Thegqmtile was essentially intact and
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stuck to the target; it remained stuck while theyes was tilted, but a mild knock
loosened it. In another case, some mass from tigettavas observed to be stuck to
an ejected projectile, which would lead to a sliglass loss of the target.

= Averaged of 3 Experiments
* Experiment 83

o Individual Experiments
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Fig. 3.23 Accretion efficiency over impact velocity. Acavatefficiency refers to the

mass gained by the target with respect to the ptidgemass in %. The target mass is
measured after the free particles, which are noarlabto the surface, have been
dropped off by tilting the target. These particiasgeneral would not be on the
surface in microgravity. They are slow ejecta tmaturn to the surface due to

gravity. In the case of experiment 83 the projectémained stuck after tilting the

target but fell off after applying a slight manuahpulse to the target. The filled

squares are values averaged over three individupkeements each with accretion
efficiency much larger than 30%. Due to a largeviddon of individual experiments

at high velocities and the larger number of higleesgh impacts this visualizes the
whole data best. The open squares are individupk®ements at the lower impact

velocities with accretion efficiency below 30%.o0lme case material from the target
was sticking to a fragment leaving, which resultedhass loss of the target of 20%.
Taken from Wurm, Paraskov, & Krauss (2005b).

The experiments show that the fragments becomerlatgintermediate and
low speeds, approaching the original size of ttugegtile for the slow velocities, in
agreement with the results given above for the faexperiments. For intermediate
speeds large aggregates can be found bouncingubfielving an imprint into the
target surface, which can be sevenahdeep.

3.3.3.2 Chamber wall observations

At the high velocity impacts (over 809 large parts of the projectile (average/g0
sticks to the target surface, but the remaining piathe projectile is ejected after the

41



impact. The result is a cloud of fast fragments,clwléscape quickly from the impact
side. This cloud can be seen very well on the imagksn during the impact (for
example on Fig. 3.20). From the outer extent of dhet cloud in different colors
corresponding to different times the maximum fragmeelocity is determined to be
40% = 10% of the impact velocity, which is an ejecta velgcitoefficient

R =0.4% 0.1 for collisions faster than 20s Due to the two dimensional imaging no
limit on the smaller fragment velocities can beetatrom the clouds. Ejecta velocity
coefficient R = 0.4 for these high speed collisions correspanejécta velocities
greater than ®@/s The particle trajectories ejected within a @8-chamber (16m
from the center to the walls) are almost straigigd. It is interesting to note what
happens when the fragments hit the wall of the ddemAn image of particles at the
chamber wall can be seen in Fig. 3.24.

lcm

Fig. 3.24 Chamber wall image. Image of particles at the mibamber wall
(inverted for visibility here). The solid line markhe approximate position of the
target plane.

Most of the particles ejected during fast impéaatksto the wall. There is a
rather sharp line of particles at target height.sTimplies that the ejection angles
with respect to the target surface are ratherifiafjualitative agreement with the
images of the impacts. To quantify the distributmiparticles in height over the
plane of impact we summed up the intensity (pixeitiness) for a given height in
image Fig. 3.24. The resulting height profile ofgimaents is shown in Fig. 3.25.

Particles are essentially limited in height wrlabove the target surface with
a strong concentration towards smaller heights. &tege a number of particles
below the target plane. These particles are prghableed heading downwards with
respect to the target plane and originate at looatof the sticking projectile above
the target. The lower limit is roughly in agreemeiith straight trajectories from the
top of the sticking projectile to the wall. In déthere is ambiguity if particles on the
wall originate e.g. at the bottom of the projecfii@rget surface) and move slightly
upwards or if they move horizontally but originditether upwards on the projectile
pile. Assuming the majority of fragments originatiat the target level a maximum
ejection angle can be estimated to be 3° with isjeethe target plane. While we
marked the plane of the surface by a laser targjewotithe upper target end the dust
plane is e.g. never completely flat. We estimateraor of 1° for the angular scale in
Fig. 3.25, which is included in the maximum ejectangle of 3°.
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Fig. 3.25 Distribution of dust particles with height overetiplane of impact. The
height profile is the sum of intensities (pixelghtiness) for a given height averaged
over 25 horizontal pixel lines taken from the imagé&ig. 3.24. The height has been
transformed to angles with respect to the targefa®e and through the target
center, keeping in mind that the actual headingsagiments might be smaller if they
do not lift off at the target surface but ratherthé upper parts of the pile created by
the projectile. We estimate the systematic errahefangular scale to be 1°.

The ejection angle is a very important parametéickvmight determine the
fate of the fragments in protoplanetary disks. magter 4 we will see that gas flow
through a porous body can return fragments aftailesion. To be reaccreted by gas
flow a fragment has to stay close to the surfdogjekction angles are extremely small
even high speed fragments stay close to the suaiagenight be reaccreted. Also on
a rough target surface such fragments might hisragoon the target again at high
velocities, which leaves more material sticking.

The analysis of the wall fragments assumes thaicles hitting the wall are
actually sticking there and that no major partjeceed from the walls. However, this
is very plausible. No significant amount of dusulcbbe found falling down on a
sheet of black paper that was put under the tavget the whole chamber cross
section. Here, mostly dust is seen that is sloydgted and falls down close to the
target. This slow dust is responsible for numercariaipolas imaged in the laser as
seen in Fig. 3.20. The total dust mass of these Blgments is small (about %Dor
less of the projectile mass) for the high speedaictgoand increases in mass for the
slow impacts where eventually it makes up the erfiagment mass. For the high
speed impacts the slow fragment fraction is cleadgarated from the fast fraction
sticking to the wall and we only consider the hgpeed fraction here further. The
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main impacts onto the target suggest that a langeuat of dust should stick to a
compact target at velocities of B or higher. For the high speed collisions the
fragments reaching the wall still have high velesitthough with &/s the lower
limit might be significantly slower. This actuallyvgs another set of data for high
velocity impacts of smaller dust aggregates. We nioat the wall is a solid surface
rather than consisting of dust. Since the main ctgpanto the target show that the
target material takes part in the collision the atig onto the wall are fundamentally
different.

Particles sticking to the wall unambiguously sh&tweking without influence
of gravity since the dust would fall down otherwiget was ejected. From earlier
experiments we know that aggregates consistingrefularpm-sized particles and
grown in a cluster-cluster aggregation process wagt stick to the wall above
~3m/svelocity (Blum & Wurm 2000). The small dust aggresgahitting the wall thus
have to be (more) compact and their sticking bedrtagan be compared to the
collisions of the primary large projectiles. In batases sticking of a large fraction of
the projectile at high velocities occurs. Thus,garjectiles in the range from ~afh
(see next subsection about size distribution) twmiet growth at collision velocities
larger than @n/s+ 1Im/sor 13n/s+ 0.5m/srespectively seems possible.

3.3.3.3 Ejecta size distribution

Most of the mass of an ejected dust aggregate,hwits the wall in the high speed
collisions sticks there. We could only see a miamrount of dust on the cardboard
below. We thus regard it as an appropriate assomptinat the sizes of dust
aggregates on the wall closely resemble the sifegeata generated in the main
impact. For the small and intermediate impact V@kx size distributions are not as
straightforward to obtain. However, we measurededhrsize distributions of
fragments for three successive experiments caoigdat velocities above BU's
shown in Fig. 3.26.

100 4 A

dN/ds (arb.units)

10 4

o Experiment 68 (Vimp = 22,5 m/s)
o Experiment 69 (Vimp = 20,0 m/s)
&  Experiment 70 (Vimp = 23,2 m/s)

0.1 1

s (mm)

Fig. 3.26 Size distribution of fragments for three succes®xperiments at high
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collision velocities. Shown is the number of pdescper size bin (dN/ds) over the
size of the fragments. A total of 989, 1512, and pdrticles were measured for
experiments 68, 69, and 70 respectively. For comparall size distributions were
adjusted in height by a factor (manually choseraiige) as to qualitatively give the
best match with each other. All size distributioessentially follow the same
functional behavior. For small particles the sizetdbution is constant. For larger
sizes the size distribution follows a power lawhwibwer —5.6# 0.2. The transition
occurs at a size of about s = 0.5mm. There is apsbat-off at Lmm size. Only very
few fragments can be found, which are (slightlygés.

The size distribution has two regimes. For smatliglas the size distribution
is flat and might be described by a constant. Bagdr particles the size distribution
follows a power law with index =56 0.2. The transition between both regimes is at
about s = 0.min size. There is a cut-off for large particle siz about thmfor
the given impact parameters. Only very few largaginents are found. As far as the
mass is concerned the maximum is at aboup b8 50um Thus, the mass of a
projectile of Tm, which is redistributed to the dust phase in agplanetary disk
after a collision, could be found in dust aggregaté more than one order of
magnitude smaller in size. This also shows thateladyst particles observed in
protoplanetary disks are not necessarily just gromtrmight be debris particles from
collisions of bodies, which are already much larger

3.3.4 Discussion

It has to be noted that our target size is liméaad confined by a solid aluminum tray.
If a target of the same sizec(@ were used without supporting tray, effects mighat
visible, which cannot be seen within the tray. B experiments with highly porous
targets, reported in the previous section, effékesejection of dust at the backside
indeed were observed in the drop tower experimeddtsvever, the microgravity
experiments also showed that for compact targeteffects can be seen on the
backside. It is also thinkable that still smallempact targets without tray would be
cracked or fragmented. Considering, that very camnpadies and the high velocities
might only show up in protoplanetary disks for eslof size much larger thanci
(Weidenschilling & Cuzzi 1993), our supporting trayght be regarded as merely a
substitute to simulate the inertial mass of a lagenpact body. So far we only see
very local effects on the target morphology at tdnget surface. We thus regard the
experiments with compact targets and supporting &sagood analog for targets of
larger sizes.

The high speed impacts into targets of differentphology, e.g. for very
porous targets (previous section), and compacetsugported here clearly show that
the make up of the target is one of the major patara determining the outcome of a
collision. Impacts of the compact type are one ipsscomplementary scenario for
subsequent collisions of larger bodies in protoglary disks after high speed
collisions have compacted the porous dust aggregabdee and more.

We can summarize the main results of our experisn@nfollows:
« If a large compact dust aggregateroft to cmsize collides with a compact

target between 18/s and 2%n/s the aggregate will partly stick to the target. A
fraction of about 5% of the mass will be added to the target on avenadgpendent
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of the speed as long as it is above the thresHd@m/s+ 0.5m/s

« Smaller particles from %0nto Immalso stick to a large degree to a solid
target above /s 1m/s Probably much more than %&0of the mass is added and the
threshold for sticking is shifted a little bit tanaller velocities, compared to the values
for larger aggregates. This might be due to théhht physics of impacts onto a
solid surface compared to impacts onto a dustyasarf

* A projectile ofmm to cm size colliding with a compact target at speeds
below 13n/s+ 0.5m/swill not stick but be ejected or essentially rebdwagain.

* Fragments in a high speed collisionnoft to cm-size projectiles at 2b/s
typically are one order of magnitude smaller inesiAt smaller impact speeds
fragments get larger. The fragment size for higleesp collisions follows a flat
distribution for small particles up to 506 and a power law with power —5160.2
for larger particles with a cut-off atim

» Fragments of a high speed collision are fashwi®o + 10% of the impact
velocity or an ejecta velocity coefficient Bf= 0.4+ 0.1. This is much higher than in
our low speed collisions or in the low speed cmhs by Colwell (2003), where the
ejecta speeds are typically belowed@f the impact speed. It is also different from
high speed impacts into highly porous targets wiegeeta speeds are belowo lof
the impact speed (previous section).

» The fragments from a high speed collision at redrmcidence are ejected
very flat with respect to the target surface attepm angles below 3°.

With the assumption that these collisions can oatyprotoplanetary disks it
might be that even though a rather spectacular shoifragments is observed to be
ejected, a net growth of a more massive body inigh tvelocity impact can
immediately occur. This is the first time that nedwgth in collisions that fast has been
observed and studied for dusty bodies (Wurm, Parask Krauss 2005b).
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CHAPTER 4

GAS FLOW THROUGH POROUS DUST AGGREGATES

It is often argued, that growing planetesimals tigio sticking collisions does not
work. Collision velocities in protoplanetary dis&an reach more than ®i0s (Sekiya

& Takeda 2003). Our recent impact experiments (ptesein Chapters 3) have
shown that planetesimal growth by mutual stickimglisions at high collision
velocities is possible. But we have also obserbed the growth was accompanied by
fragmentation. In some impacts atn2s more than 5% from the projectile was
fragmented and initially not sticking to the targdiven if larger bodies in
protoplanetary disks grow in collisions of smaldlerst bodies, fragmentation is very
likely an unavoidable process.

We consider here a slightly more sophisticatedvgtanodel as a refinement.
Assuming that meter-size bodies can grow, gas dragpt still continue to aid in
growing even larger bodies if we introduce the emof the porosity of an object to
the gas flow around, or rather, through it.

Porous flow seems to be a common field of studyef@ineers, hydrologists,
and geologists, since, e.g., it determines the fidwvater, oil, and gas in Earth’s
surface layers (Bear 1972). It is also of impor&aimcdescribing phenomena related to
comets (e.g., Skorov et al. 2001; Grin et al. 19B®wever, as far as we know, the
concept has never been applied to planet formatun. calculations based on the
physics of porous flows, which are outlined belewggest that a porous flow might
be one more leap forward to close the gap betweemarid km for the growth of
planetesimals (Wurm, Paraskov, & Krauss 2004).

4.1 Flow through a porous medium

There is little doubt that growing planetesimals as#y porous. Even the most
compact aggregates to build the first generatioplahetesimals have porosities of
67% (Chapter 3). Most likely they are typically rhuaore porous up to more than
90% initially (Blum 2004). This inevitably means ththere is a gas flow through

these bodies if they are subject to an externalflgas The body that we consider
here is the larger of two bodies colliding with leasther. In view of the fragments

originating from its surface, we term it the “paréody” of the fragments, including

even fragments of the smaller projectile.

The flow of gas through a porous object can berdsst by Darcy’s law,

k
q:——Dp, (41)
9}

whereq is the flow velocity k is the permeability of the objegt, is the viscosity of
the gas, ang is the gas pressure. The pressure gradient depeddtail on the shape
of the body. For simplicity, we treat a growing lgaas spherical with radiuR for the
moment. The pressure difference between the fralet af a sphere that faces a gas
flow and the back side can be expressed as
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p, = Cogvz, (4.2)

whereCp is the drag coefficients is the velocity of the free flow with respect toet
body, ang is the density of the gas. As the pressure gradientake

_ B
Ap= (4/3)R’ (4.3)

which is the pressure drop over the thickness efotbdy. It has to be noted that with
respect to a given flow direction, a spherical balthicker in the center than at the
edges. The gas flow through the edges will be nfaster than the gas flow through
the center. Thus, more gas can flow through thisraum. To account for the change
in thickness of the sphere, we calculate an avethginess by considering the
thickness of a cylindrical body with the same dacucross section and the same
volume as the sphere. This gives the factor ofrtead of 2 in equation (4.3).

For the permeabilitk we refer to simulations by Cancelliere et al. (@09
They simulate the permeability of a medium of oapping spheres. Koponen,
Kataja, & Timonen (1997) carried out similar sintidas for rectangular shaped
obstacles. Either way, the permeability can be esged as

k=c.r?, (4.4)

wherer is the so called hydraulic radius. In the casspdferical constituent particles,

r is the radius of these spherggis a dimensionless permeability, which depends on
the porosity of the body. An effect that has tocbesidered at low pressure is slip
flow, which for porous bodies is sometimes calleel Klinkenberg effect (Bear 1972;
Klinkenberg 1941). As the gas pressure under ceraiidn is very low and the mean
free path of the molecules is larger than the pdhespermeability has to be modified
by a factor. The permeability is then given by

k, = k(1+4Kn), (4.5)

whereKn is a dimensionless number, the so called Knudsember (eq. 2.6)Kn is
defined here as the ratio of the mean free patheofjas molecules to the pore size of
the dusty body. Permeability is certainly one majgpect that has to be considered in
more detail in the future. However, because oflélck of knowledge about the inner
morphology of the growing bodies, we regard theegidescription as sufficient for
the model presented here. Putting equations (4 2Z)-{ogether in equation (4.1), we
get the flow velocity

2

2
=36t (1+4Kn)—CDR’0\/ . (4.6)

From experiments as well as simulations, Blum e{20100) suggest porositids for
growing bodies of 8% and more. With this porosity we gat~ 1 (Cancelliere et al.
1990; Koponen, Kataja, & Timonen 1997). For thekdigrameters, we take values
from Sekiya & Takeda (2003) that refer to the mimmmass nebula by Hayashi,
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Nakazawa, & Nakagawa (1985). The gas density isrglwyp = 1.4 x 1Pkg/m3at
1AU. The mean free path of the gas moleculespat is 2 = 0.01m. For the free flow
velocity v, we use 60h/s

For a spherical body, the drag coeffici@tdepends on the Reynolds number
Re For anR = 1Im body at a AU distance, the Reynolds number is 15. The
corresponding drag coefficient G, = 5. For viscosity we take the usual value of
u = 1.0 x 10Pa s The smallest particles of interstellar origin arealler than fim
However, half of the material found in primitive teerites is millimeter-size
chondrules. Here, we assume= 1Imm It should be noted that this does not
necessarily mean that the particles have to bevithdal solid particles (e.g.,
chondrules) of that size. Dense agglomerations oathmsmaller particles will
probably work as well and serve the same purposdoakarge solid units for an
otherwise porous body. On one hand, e.g., impadghtmcreate such dense
agglomerations, while on the other hand, the recotn of fragments would rebuild
very porous parts. Dilatancy as indicated by th@aot experiments into porous
targets and found in the drop tower experiments (gorted here) would also shape
larger pores. A real mixture of chondrules and {suficron-size dust particles might
be plausible as well. Therefore, although we carsidicron-size fragments below,
we still consider this to be selfconsistent witeuaaingr = Immhere.

Placing all these values into equation (4.6), ws g flow velocity of
g = 0.04n/s This is a small number compared to the velocitthe undisturbed gas
flow of » = 60m/s As is shown below, it might nevertheless be \edfgctive.

4.2 Reaccretion layer, limiting tube streamline

Gas flow through a porous body results in a rediceréayer in front of the body, in
which the gas motion is (slow but) directed towtrd surface. No matter how slow
this flow is, a fragment of a collision that is cituin the reaccretion layer will
inevitably return to the parent body if this is thily motion forced on the fragment.
Therefore we call it reaccretion layer. The cadlirsivelocity of the second collision
will approximately be the flow velocity. Since this small, even a somewhat larger
fragment will stick. No more rebounds need to daseethe collision velocity further
in order for sticking to occur. The continuous riéding of a very porous body will
thus be self-perpetuating.

If a fragment leaves the reaccretion layer, the/flill carry it around, and the
particle will be lost. Therefore, it is importamt know how thick the reaccretion layer
might be. We know that gas is flowing through tleelyp and that the velocity of this
flow on average is given ag = 0.04n/s for a In body. For reasons of mass
conservation, the volumetric flow through the bddhs to equal a certain part of the
free flow. Streamlines that surround the body camnass each other. Thus, the flow
through the (spherical) body has to originate aylinder centered over the front side
(see Fig. 4.1).
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Fig. 4.1 Gas flow around porous and nonporous bodies. Caoispa between the gas
flow around a nonporous (solid) and a porous sphdias sketch is for illustrative

purposes only. It is not on scale and should notaken quantitatively. The part of
the gas that flows through the body is shaded lighy. On the front side, this region
Is equivalent to the reaccretion layer. Sufficigntar away from the surface, the
region marks a cylindrical part of the flow withdiais b. As outlined in the text, this is
also an estimate for the thickness of the reacanetyer.

As the flow approaches the body, it gets wideil untovers the whole front
side of the sphere. As mentioned before, mass patgmn requires that the

volumetric flows be the same. The radius of thendylcal part of the free flowb
(see Fig. 4.1), is

b=R |~ 4.7)
\Y

The free flow has a speedwf 60m/s The flow through the body $= 0.04n/s For
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R = 1m, this yieldsb =~ 0.03n. To estimate the thickness of the reaccretionr|ayee
might consider a streamline on the surface of tgénader and how close this
streamline would pass to a nonporous sphere. Sliressget somewhat compressed
as they pass an obstacle. Therefore, as can bénsegn, the figures shown in Sekiya
& Takeda (2003), the nearest point of the limitiodpe streamline (for the porous
body) is a little closer to the surface (in the mpamous case) than is the radius of the
cylinder. This is also consistent with flow pattem@round bodies of different shapes,
such as plates. However, there is already a nettgrid the mechanism works on a
sufficiently large impact area. Considering thet that the reaccretion layer is thicker
in the center of the front side of the body, a pibie estimate for the thickness of the
reaccretion layer is thus the radius of the cylindgh the same volumetric flow.
Therefore, we get a reaccretion layer thickness0.03n. We note that this is only a
first estimate. It might be worthwhile to visualitliee thickness of this reaccretion
layer in comparison to a bodynlin radius. Beings 1% of the size of the body, it is
very thin.

4.3 Ejecta trajectories

We assume a small compound dusty aggregate (glejetiat collides with a larger
parent body (target). The projectile is assumefiagment into much smaller pieces.
In addition, parts of the target are eroded. Athhignpact speeds, a total mass in
fragments larger than the projectile mass is ejefitam the surface (Blum & Wurm
2000; Wurm, Blum & ColwelR001a, 2001b; Colwell 2003).

To see the response of a fragment to the gas flevcalculate fragment
trajectories for different parameters. Here we msthe front of the parent body to
be a plane and, in general, assume a fragmenttfrernollision to be ejected at a 45°
angle to the plane. We consider a vertical straggist flow with velocityg toward the
plane. For different flow speeds, gas grain friction times;, and rebound (ejection)
speedsyen, We calculate the maximum height of the fragmexttsve the plane and
the distance from the ejection point, at whichftagment hits the plane again. These
two values approximate the necessary height of rdeeccretion layer and the
minimum size of the body (e.g., see Fig. 4.2). Twion for the given case is, e.g.,
given by (Wurm, Blum & Colwell 2001b)

x=v,sin@)r, @-e"'™), (4.8)

y = [v,cos@) -qjr, A-e*' ") -qt (4.9)

The distance from the ejection point along the @lahthe body is denoted by The
height above the planeysThe time is given by The initial angle with respect to the
y-axis is given byr. Two example trajectories can be seen in Fig. 4.2.
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Fig. 4.2 Trajectories of particles that are subject to asgbow of g = 0.05m/s. Initial
speeds are = 0.5m/s. Gas-grain friction times arg = 0.1s. Points are equally
spaced, with an interval of 0.02s. The upper cuweesponds to an initial heading
of 45°, and the lower curve to 20°, from the x-aXise flow is directed in the negative
y-direction. The x-axis marks the surface of theybd\ote that the particles are
essentially stopped first before the flow slowlynes them to the parent body.

For the given parameters (ratio between the poftmvs and the rebound
velocity<1), a particle is stopped before it slowly retutms$he target. The data points
in Fig. 4.2 are at equal time intervals. For thiewations, we assume a flow velocity
of g = 0.05n/s However, it turns out that the actual numbertif@ flow velocity is of
minor importance, as long as it is smaller thacanparable to the rebound velocity.
The turnover points of the trajectories in Fig. gi@ft only slightly for different flow
velocities. Fig. 4.3 shows the maximum heights andths for different particle
trajectories. The value for a typicghmh dust particle is marked by a star. In the disk
model considered above the particle’s friction timer = 0.1s. For the rebound
velocity, we take/e,= 0.5m/s which is approximately% of the impact velocity of a
small body. It should be noted that compared todsswlid collisions, in which
rebound velocities of several tens of percent araraon, the value given here looks
rather low. However, for very inelastic collisiomgth dusty bodies, experiments
(including ours) indicate thafA is a typical number (Colwell 2003; Wurm, Paraskov,
& Krauss 2005a, Chapter 3.2). Values of height aadih for other parameters are
also shown in Fig. 4.3.

There will likely be a distribution of ejecta veltes, so that some patrticles
may be lost through the reaccretion layer whileettare returned to the parent body.
Understanding the ejecta velocity distribution, avitether it is correlated to particle
size, is therefore critical in determining the @incy of this mechanism.
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Fig. 4.3 Calculated widths and maximum heights of trajdetofor a flow velocity of

g = 0.05m/s for particles ejected from a plane soef at a 45° angle (see Fig. 4.2).
Each data point corresponds to a pair of numbers,initial particle velocity and the
gas-grain friction time. The initial parameters alabeled individually next to the
data points. Data points with the same gas graictibn time are connected by lines.
For a given dust density (amount of material) @fivien gas density, the friction times
are related to a certain particle size. Approximatees for silicate-like particles are
given in brackets next to the friction times. Artiah size frequently used in
protoplanetary disks is 1um. If such a particle ev@jected after a collision with
approximately 1% of the impact speed in a typicatiet disk, the value marked with
a star in the plot would result. As can be seemr, lbight is within the reaccretion
layer (dashed line). Particles within the reaccoetilayer (below the dashed line) will
return to the target. Particles above the line viné swept away by the gas flow and
be lost. For particles that are aggregates of seraflarticles, the sizes labeled on the
lines have to be increased, since friction timesaggregates can be significantly
lower than for compact particles.

4.4 Discussion

One first thing to note is that trajectories ardyaslightly influenced by the
actual flow velocities. The calculations show toaty for the faster flows that are
comparable in speed to the speed of an ejectectlpatioes the maximum height
above the plane change slightly, while the inflleenn the width of the trajectory can
be neglected in all cases.

A dust particle that we consider as typical wéturn to the target only B
away from its impact/ejection point and it will gaa maximum height over the
surface of only 2.&m This is the highlighted data poirdtér) in Fig. 4.3. The width
of the trajectory is much smaller than the sizéhefbody. Therefore, the width is not
critical with respect to missing the parent bodyr®Mimportant, however, is that the
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maximum height can be smaller than the reaccrdgiger thickness calculated above.
The calculations therefore indicate that the plgrtveould indeed return to its parent
body.

Thus, it is possible that a body aihin size can still grow in mass. As the
body grows, the flow velocity will decrease, as can be seen from equation (4.6).
Besides the direct dependenceqgodn R, the drag coefficien€Cp will also decrease
slightly less than linearly withR. However, according to equation (4.7), the
reaccretion layer thickness will stay more or legsstant or even increase slightly at
the same time. Therefore, if &= 1Im body can grow, so can a 10 or #00ody.
Changes in the flow pattern at increasing Reynaldsbers would probably have to
be considered.

Our calculations are restricted to laminar flowgHar. If the disk itself is
turbulent, the mechanism might still work. On aggraturbulence probably increases
the gas flow velocity. Therefore, the flow velocity] and the reaccretion layer
thickness would increase (equations (4.6) and (4.7)). Ifftetion of impact energy
that is dissipated decreases with increasing impelcicity, reaccretion might work
even better, but this needs further study. If tlebueddies were much smaller than
the large target body, the dynamics of the gas fawld change, and the details of
the particle motion close to the target would vigkgly look different. However, in
the next Chapter we will discuss that in a turbulgmotoplanetary disks a smallest
size scale for eddies exists. The smallest eddids\id distance from the star are
typically Ikmin size. Therefore, the flow around i body might locally be regarded
as laminar even in turbulent disks.

Nonsphericity of the growing bodies would alsoluehce the gas flow and
thus the outcome of a collision. If the target, egs thin extensions or bumps, these
might be of minor resistance to the gas and miglaich into heights above the
reaccretion layer. These would catch particles tatld otherwise be lost. On the
other hand, crater-like pockets might not be reddhethe main gas flow and might
act like lee sites, while there is still flow thigiuthe body. This would effectively
increase the height of the reaccretion layer, gadted particles would return more
easily into the crater. The mechanism thus willbaitdy work better for nonspherical
bodies.

One more parameter which influences the reacreasiofragments is the
ejection angle. In the impact experiments with cantgargets reported in Chapter 3
approximately 50% of the projectile mass was egeetfer the impact. The ejected
particles have a very flat ejection angle (loweantt8° with respect to the target
plane). These particles stay close to the surfadecan be reaccreted easily by the gas
flow. If the ejection angles are extremely smakmewnigh speed fragments stay close
to the surface and might be reaccreted. Also aruglr target surface such fragments
might hit a bump on the target again at high veiesj which leaves more material
sticking. In recent experiments Blum and coworkigrd (personal communication)
that such small ejection angles might also be @lpatso for porous dust aggregates
colliding at much lower velocities (less than a fevlg. The lower impact velocities
result in lower ejection velocitiesrf/9, which benefit the sticking of the particles to
the target surface in secondary collisions.

The model is moderate in the sense of assumingianomm disk mass. Higher
masses and therefore higher gas pressures woblenedicial for the mechanism. The
flow velocity would increase as a pressure, at tvhice mean free path of the
molecules is on the order of the pore size is reda¢see equation (4.6)), but even if
the flow velocity would not change significantlyhetwise, an increase in pressure
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would induce a linear decrease in gas-grain frctiomes. Our calculations show that
this would also reduce the maximum heights andhsidif trajectories approximately
linearly. Even fragments ejected faster would therconfined to the reaccretion layer
and return to the parent body. This would increhgerecollection efficiency of the

mechanism.

It has to be anticipated that simple models camwobunt for the growth of
planetesimals from dust, which spans more than d&rer of magnitude in size.
Refinements are mandatory along the way. However, aalculations for rather
typical and, in some respects, moderate model pgm show that the growth of
planetesimals in collisions aided by gas drag s ldeely ingredient. Therefore, with
the modification of taking porosity into accourtetbasic idea of planetesimal growth
is strongly supported (Wurm, Paraskov, & KraussQ00
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CHAPTER 5

EOLIAN EROSION OF DUSTY BODIES

In Chapter 2 we discussed the similarities betwbereolian erosion on Mars
and in the protoplanetary disks. Nevertheless theeealso basic differences. Wind
eroding a dust or sand surface on Mars is turbwensmall scales. Experiments in
wind tunnels usually take care to have a fully dewyed turbulent flow (Bagnold
1954). Protoplanetary disks might be laminar obwilgnt depending on the place and
time. We consider laminar flows here for severalsoms. The experiments reported
below are carried out for dust aggregates up tatalmin size and are immediately
applicable to bodies of this size. In turbulenceergy is dissipated most efficiently by
smaller eddies. Thus, a smallest size scale ekistsrbulent protoplanetary disks this
is about a factor Z0smaller than the largest eddy (Supulver & Lin 200(e largest
eddy in turn is essentially determined by the steght of a protoplanetary disk.
Thus, if we assume a typical scale height oAQ At 1AU distance from the star, the
smallest eddies are&ih Therefore, the flow around a small dusty objeighnlocally
be regarded as laminar even in turbulent disks @umd results are immediately
applicable to small objects in protoplanetary disks

As to continue the list of differences to Mars bduarosion, a major
mechanism for motion of solids by wind on planetshwatmosphere is saltation
(Bagnold 1954). A large particle that is lifted pypimps a certain distance and then
impacts again onto the surface. This impact elesvatew particles and so on.
Avalanches of particles are the result providingoastant source of airborne (sand)
particles. Such a mechanism would not work on sbadies in space since they only
have a negligible self gravity. If a particle ieéd by gas drag the same gas flow will
inevitably transport the particle away but the gsswillnot lead to an avalanche of
new particles. Gravity, in general, does not hawvebé overcome on a forming
planetesimal. The role of gravity is replaced byhegion. Unfortunately, this
complicates things since cohesion is a highly cemmproblem of its own compared
to gravity. One possible consequence of the roleobfesion is that eolian erosion
might be an effective selection mechanism to prensofrvival of more sticky dusty
bodies.

In contrast to Mars material lifted from a planétes does not return and is
lost for the planetesimal. It has to be noted thatlift happens in different regions
than the reaccretion layer discussed in the laaptehn. If planetesimals are loose
aggregates of dust and if eolian erosion is a Bagmt process, it eventually destroys
planetesimals. To be more quantitative we studmedinteraction between gas flow
and dusty bodies in protoplanetary disks in moraidle/Ne carried out a series of
wind tunnel experiments and numerical calculatiom$ich we report on here
(Paraskov, Wurm, & Krauss 2006).

5.1 Experimental setup

A sketch of the experiment setup is shown in Fifj. $he experiments are conducted
in a circular closed wind tunnel with a pipe diaaredf 3Zm The overall height is
about 2Zn, the width is ~1.B0. Fig. 5.1 is idealized in the sense that the iigg
consisting of curved sections (90°) at the fourneos and straight sections in
between. The straight section at the top and boftest section) is about &6 wide.
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The gas flow is generated by a roots pump. The poropides high flow rates at low
pressure. The pressure within the wind tunnel @adjusted from about Ebarto
10mbar. The flow rate of the pump is also adjustabhe maximum gas velocity in
the center of the wind tunnel is 1@ In the application described here we used a
fixed flow rate of 3.147°/s or a gas speeaeragedover the cross section of 8%

Vacuum pump

Pressure gauge

i = |

Roots pump

200 cm

=Y

Metering valve

_ I Mechanical feed
through

- Cradle with target

v Target — J -
g support

g D Halogen lamp
Video camera &

Fig. 5.1 Sketch of the experiment setup (side view). Atdupet is placed in a string

cradle in the test section of the wind tunnel. §he flow is driven by a roots pump.
The cradle is adjusted in height by a mechanicadl fdwrough. The wind tunnel is 2m
high and 1.5m wide. Pressure can be varied fromuah6® to 10mbar. The maximum
wind speed can range up to 100m/s but was congtasdt to 63m/s for the
experiments reported here.

5.1.1 Gas flow in the wind tunnel

The gas flow in the wind tunnel is not homogenepusktributed throughout the
cross section. To quantify the spatial distributmfinthe gas flow we measured the
velocity profile across the center of the wind tehim the test section in vertical
direction. As indicated in Fig. 5.1 the test satti® the lower part of the wind tunnel.
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The velocity profile can be seen in Fig. 5.2. Thesmmasurements were obtained at a
static pressure gbsi:= 0.0165nbar (+0.0015nban by observing the deflection of a
pendulum. As pendulum we used a paper sphere rofriidiameter with a mass of
190mg The drag force on the sphere is given by

2 2
F, =0T (5.1)
2C,,

Herep is the gas density,is the gas velocity, is the sphere radius a@g is the drag
coefficient. Cp depends on the Reynolds numlika, and for intermediate Reynolds
numbers can be approximated by (Crowe et al. 1998)

_ 24(1+ 015Re"®)

C
K Re

(5.2)

Ckn In equation (5.1) is the Cunningham correctiondador rarefied gas flow and
can be expressed as

Ay
Cqn =1+ Kn(/]l +A.e K”] (5.3)

where the Knudsen numbkén is the ratio of the mean free path of the gas oubes
to the sphere radius, aig= 1.231,2,= 0.470, ands= 1.178 are empirical constants
(Hutchins et al. 1995).

The mean gas velocity obtained from the measurddciye profile is
39.5 (x 2.0jn/s which is in excellent agreement with the avergae speed of 38/s
calculated from the flow rate. It has to be notkdt tthere are vertical extrusions
(flanges) at the top and bottom in the test seatibith explain that the velocity does
not drop to 0 at@mor 3Zm height which otherwise is coincident with the gallhe
maximum velocity is 68\/s

The measurements show that the maximum gas velisclbcated below the
tunnel center, where it stays almost constant aveeight of several cm. The targets
were placed inside this zone of constant gas ugloWWe regard the results as
equivalent to a target in an unbound system withired speed at infinity of @8/s
The presence of the target in the confined tumifklences the overall gas flow in the
test section. Also the velocity profile changes samat as some of the experiments
were carried out at a higher gas pressure. Howewtnin the scheme of this work we
consider this to be of minor importance.

As outlined above, it is an important difference etffer the gas flow is
laminar or turbulent. Turbulent flow (in the exprents) might lead to locally varying
drag forces on particles which might remove dusimfrthe surface of a body
differently from a laminar flow. The flow regime tdbe estimated by the Reynolds
number which for a tube is given as

Re=Ynd (5.4)

n

where in our case,= 39m/sis the mean fluid velocityd = 3Zcmis the tube diameter
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andy = 1.84x10°Pa-sis the dynamic viscosity of air. It jsthe mass density of the
gas which is the only parameter varied in our expents as we adjust the static
pressurepsia. The onset of turbulent flow in tubes occurs giragimately R =
2300. Fully developed turbulence is only expectwmdReynolds numbers larger than
Re~ 10.000. The critical valuReg;; is reached in our experimentspat:= 2.9mbar.
We varied the pressure in the range between 0415mbar and the highest Reynolds
numbers wer®e= 3645. This is still far from being a fully dewegled turbulent flow.
While the gas flow at the highest pressures usethgtly is no longer perfectly
stationary, we still regard it to be close to taminar conditions locally at the position
and size of the target. As seen in section 5.2@rdbresholds are already reached at
pressures of 2mbar so turbulence is not of majocem here and we regard the full
range of experiments as analog to a small body mgowi a laminar protoplanetary
disk.
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Fig. 5.2 Gas velocity profile measured at a static pressfrpsi:= 0.0165mbar. The
wind tunnel is divided in 1cm thick layers. For kdayer the gas velocity is measured
by the deflection of a 10mm diameter paper sphé&mgors of the velocity
measurements, mostly due to the static pressurertamaties, are below 5%. The dust
targets were placed inside the zone of highest Yiehacity.

5.1.2 Dust targets

As dust sample we chose a commercial ;S1@vder with a broad size distribution
which we have used before in the impact experimdaescribed above (Wurm et al.
2005a, 2005b). The targets were prepared by manemVing the dust through a
mesh with approximately 5@@n openings. Thus, the targets consisted of individua
rather compact dust granules which were up tous®dh size and sticked loosely
together by cohesion forces.

Three different target shapes were used in thererpnts: piles, cuboids and
spheres. The piles were cone shaped withmrbBase diameter and ~ b height
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(Fig. 5.3a) and were placed on a plastic half sploér8dnm diameter. The cuboids
had a base of ~ 8mx 50nmand heights of &m 9mmand 12nm(Fig. 5.3b). They
were placed on amdmthick metal plate. These two target types hadjnogranular
surfaces. Their average porosity was abo@b &4 2%) (Wurm et al. 2005a). The dust
half spheres had & mdiameter. The dust half spheres were placed omgglastic
half spheres (Fig. 5.3c). Their internal structwaes also granular. However, with the
same porosity as for piles and cuboids the spheegs too large to be stable and
broke up due to their own weight. In order to avthiik, they were very slightly
compressed. Their porosity was still abou#®80he cohesion for these compressed
dust half spheres was strong enough to support @i weight. With respect to the
internal gas flow we regard the permeability oftatlyets to be similar.

In order to simulate a dust sphere with uncomgegganular dust surface, we
also sieved a few layers of dust granules onto softbe compressed spheres. An
image of such an aggregate can be seen in Fig. 5.3d

Fig. 5.3 Dust aggregates (targets). The scale bar is 1lcmDuast pile, 50mm in
diameter, 15mm high and consisting of 500pum dusmtiges loosely sticking to each
other. b: Dust cuboids, 50mm long and 30mm wide.Maoious experiments we used
cuboids with 6, 9, or 12mm height. The surfacecstme was similar to the pile-type
targets. c: Dust hemisphere, 80mm in diameter withie compact surface structure.
d: Dust hemisphere powdered with thin layer of duanules.

5.1.3 Experiments description

In the experiments a dust target was placed irta@besection of the wind tunnel. It
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was free midair supported by a string cradle. Tupgpsrt had no point of contact with

the tunnel walls except at the mechanical feedutjinowhere the strings are fixed.
This target support was needed to avoid vibratiteces caused by the roots pump. A
digital video camera was used to observe the tahyjgmnination was provided by a

halogen lamp.

Two base parameters were measured during the engres: theerosion
thresholdand theerosion rate We define erosion threshold as the gas presdure a
which, at a default wind speed, the gas drag agtenough t@ontinuouslyremove
dust granules from the target. With erosion ratedemote the dust mass eroded from
the target in a certain time at a given gas presand at constant gas speed. All
experiments were carried out with air at room terajee.

In the first series of experiments we detected l@tiwminimum pressure dust
is picked up by the gas flow. A target was plaacedhie wind tunnel and the tunnel
was evacuated to about™@bar pressure. The roots pump was started and the wind
speed adjusted to ~Bs (39n/s average gas flow). The air pressure was gradually
increased until dust motion from the target waseole.

The erosion rate was measured as follows. Beferg@haced the target in the
wind tunnel, we determined it's mass. The tunne$ waacuated and the roots pump
was started. We kept the pump running for a cettaia (6anin in most experiments)
at a given pressure. After that the wind tunnel wlasvly filled with air again. The
target was removed and weighed a second time.

5.2 Experimental results

5.2.1 Erosion threshold

We measured the erosion threshold for all targe¢gywith exception of the cuboid
targets.

Piles: Initially, for the pile-type targets (Fig. 5.3aphdividual granules got
entrained in the gas flow at a pressurg@f~0.4mbar, but the number of particles
strongly decreased with time. Also, a number otiplas only moved down the pile
without really being entrained in the gas flow. tRées that get entrained in the gas
flow are lifted from different positions on the @isurface. As the pressure was further
increased, more granules were lifted. No quanigasitatements with respect to the
erosion threshold can be made for the pile targietégher pressures since no reliable
mass flux can be determined from the video imagesimage of the gas flow at
about 3mbar and the entrainment of particles aa seFig. 5.4.

Powdered spheresDust half spheres powdered with a layer of graswule
(Fig. 5.3d) behaved similar to the piles. Partices lifted from the whole surface and
their motions start at a static pressur@#0.2-0.4nbar.

Compact spheresiNe also determined the threshold of particle maenfior
compact sphere targets without granule coating. @8c). Here, individual particles
also leave the target at low pressures (aboumifad), but they seem to originate only
from cracks on the surface and not from the maecirpart of the surface. Otherwise,
massive particle motion sets in atlar.
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Fig. 5.4Video image of trajectories of dust entrained ia tfas flow. The dust pile is
placed in a gas flow at 3mbar and 63m/s. The dioecdf the gas flow is from right to
left. Individual trajectories are marked by arrowshe vertical line is one of the
strings of the supporting string cradle. The toptlo¢ pile is already eroded and
therefore the pile is more flat with a less pronoeuah tip.

5.2.2 Erosion rate

The erosion rate was measured for the pile- andidakype targets (Fig. 5.3a and
5.3b). We carried out approximately 40 experimewish both types. In the
experiments with pile-type targets we varied thespure between Gribar and
dmbar, whereas the cuboids have been used only for tesspre range between
2mbar and 4mbar. In most experiments the targetkeérfor 60nin in the gas flow.

Low pressure experimentat the beginning up to Onibar the initial erosion
rates, as can be seen from Fig. 5.5, are withirdithés of the measurements and do
not show a significant mass loss with time. Abov&7mbar the amount of dust
eroded increases to a measurable level but doeshaotge systematically up to
1.4mbar. The mass loss was betweemigfdh and 50ng/h and the erosion rate does
not show dependence on the increasing gas preskueepiles do not change their
shape.

High pressure experiment®Vith pressure increase abovenlzar the erosion
changes its functional behaviour. At aboumtliar a strong increase in erosion rate
occurs as seen in Fig. 5.6. The erosion ratesherdust piles are certainly well
approximated by an exponential increase with pressmhereas the cuboids results
would equally well fit other laws. Here, dust pil@sre measured for &fn, and dust
cuboids were measured forrB. The results for the cuboids were scaled by afact
of 1.33 because two subsequent measurementsroh 3@ the same target showed a
decrease in erosion in the second run to on®g 88the first run.

In order to study the dependence of the erosiaa the target surface we
changed the target geometry of the cuboids in aeleperiments. The target marked
as star in Fig. 5.6 was half as long as the othbpids. It showed the same erosion
rate. We also studied the erosion rate variatioth Wweight. The measurements on
erosion rate of cuboids with different heights skdva strong increase in erosion as
the thickness increases. We carried out experimeitisémm 9mmand 12nmhigh
cuboids. As the thickness is increased franmBto 9mmthe erosion rate increases by
a factor 6. Thickness of fr#m corresponded to erosion rate increase by a fddtor
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compared to erosion rates abt®height.
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Fig. 5.5 Measured erosion for dust pile targets up to stgtiessures of 1.4mbar.
Each measurement represents a new target. Mos¢tssgere placed in the gas flow
for 60min. Except for a few targets that were meedufor different times as
indicated. The error bars reflect a typical masetence mostly due to humidity. We
estimate the error to be constant 5mg.
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Fig. 5.6 Erosion rate over gas pressure for piles and cdboFilled circles are for
piles. Open circles are for cuboids of 50mm len@®mm width and 12mm height
with the short side facing the gas flow. The stanisol at 3mbar marks a cuboid
target with half the length, but with the same Widt
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5.3 Gas flow numerical calculations

To quantify the gas flow at the surface of our ¢é#sgwe carried out numerical
calculations in 2d, using a commercial softwarekpge (FEMLAB 2004). Our model
consists of a tube section (rectangle) and theetafidne tube section is d& long and
32cm wide and corresponds to the test section in oborktory experiments. The
model target is placed in the center of the tubiial condition is an inflow at 6@/s
across the whole inlet side. At low pressure thelehoesults in a speed at the center
of the tube (with no target) of 68s Therefore, we regard the numerical model as a
suitable analog to the experimental conditions idesd in section 5.1. We note that
the velocity profile across the test section in thkoratory experiments and the
numerical model are slightly different. Within theumerical limitations and
experimental uncertainties of determining the enosthreshold this still allows a
guantitative comparison between numerical modelexmérimental results.

For the numerical model we assume no slip conditetrthe walls of the tube
though this assumption is not influencing the infl@w much at low pressures. We
solve the stationary Navier-Stokes equation witthie tube according to (Femlab
2004)

p(ul@)u+Op-nO%u=0
(5.5)
O =0.

Here,7 is the dynamic viscosity is the air densityp is the static pressure, ands

the velocity field. It is important to note thatralust targets are highly porous and gas
flows through them. Within the porous target tr@nflis modelled by the Brinkman
eqguation according to (Femlab 2004)

%u +0p-70%u=0
(5.6)
Om=0.

The permeability of the porous structure is denétetls boundary conditions for the
target we assume no slip conditions at the soligetasupport and the pressure to be
continuous through the dusty surfaces otherwise. gdrmeability is given by eq. 2.4
as

k=c.r?, (5.7)

wherer is the typical pore size of the target. Accordingcancelliere et al. (1990) we
assumec, = 1 at our porosities. At the given high porositds84% for the target the
pore volume is more than 5 times the volume ofdsolTherefore, the pore size will
be larger than the typical granule size. As thengiasize is about Oldmwe assume
a pore size of = Imm

Fig. 5.7 shows the simulated flow outside a pileetytarget at @bar. The
calculations show that the highest velocity attrget surface is reached at the top of
the pile withv = 25m/s As can be seen the flow is laminar. There ishlststationary
eddy in front of the pile. In our laboratory expeeints we sometimes observed
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particles that lift off on the right (wind side) tie target and move initially towards
the gas flow. The closed vortex in front of theepiplains these observations.

25 nifs

e

~ H'.
—~ Target -

Target support

Fig. 5.7 Numerical 2d calculation of the gas flow arounadahrough) a dust pile.
Shown is a streamline plot. In the calculation wee @& cross-section through the
middle of the target and the target support. Weutated similar conditions as in the
experiments: tunnel gas velocity at the target fmsiwithout target is 63m/s and
static gas pressuresg:= 2mbar. The arrow marks a streamline which corsgs to

v = 25m/s flow velocity at the surface. This is pleak velocity on the target surface
entering at the top of the dust pile.

44 mi's

Target

 Targetsupport

1cm

Fig. 5.8 Numerical 2d calculation of the flow around a destboid (streamlines)
similar to Fig. 5.7. The plot shows the cross-smctthrough the target and the
supporting plate. The calculations use gas velogft$3m/s and static gas pressure
Pstat= 2mMbar. A maximum gas velocity of v = 44m/s ischead on the front top edge
of the cuboid and is marked by the arrow.
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The numerical calculation in Fig. 5.8 shows the fla& around a cuboids-
type target. At the predefined conditions ailfar static gas pressure andn@3initial
gas velocity, the calculation results in a lamiflaw outside the target. The flow
through the 1&hmhigh cuboid has a maximum gas velocity on thetfexge of the
target surface, equal o= 44m/s

5.4 Discussion of the results

As expected the numerical simulations of the gaw fthrough a porous dust pile in
the previus section result in the highest gas wgiad the tip of the pile. According to
equation (5.1) the drag force on a particle shdaéldargest at the top of the pile and
particles should be picked up by the gas flow atttp of the pile first. In contrast to
that the first particles observed to move in thH®otatory experiments (sect. 3.1) are
not necessarily originating at the top. Some plagievhich get entrained in the gas
flow are lifted from there but other particles omtl down the pile from different
positions on the surface. Several experiments mtype targets prepared the same
way each time show that these motions start aata giressure gbsia~0.4mbar. We
also simulated the gas flow through a pile tardethes pressure. According to the
numerical simulations the gas flow speed at theofdpe target is them= 13.5m/s If
we assume that the topmost particles would be wighiree gas stream of velocity
we can calculate the force on a particle accordmgequation (5.1). Since the
Reynolds numbers are below 1 we &e= 24Re instead of equation (5.2). The
resulting force on a dust granule of Hi®din diameter i$=gas = 610°N.

Cohesive forces within dust aggregates can vaiy \wide range. The sieved
granules with a maximum size of 30@ in the experiments might be regarded as
individual units. On one side they are very compaad dust particles within are
strongly sticking together. If we assume a porosfty( for the granules, the typical
mass ism = 0.05mg On the other side a pile built from these unitgust loosely
bound since individual granules have only a retticnumber of contacts to other
granules. If we neglect cohesion, granules willtowously be picked up by the gas
flow if the gas drag can compensate gravity, whfoh the granules used is
Fg= 5.10'N. At psia= 0.4mbargravity is larger than the gas drag force. Obviptisé
dust granules removed first are not typical dusingtes, but rather individuals that
are either smaller or more porous than the averagépth. Particles only moving
downhill also show that the drag force obviousinas larger than gravity on average.
Thus we do not regard the static presqugg~ 0.dmbar as real erosion threshold.
This is also in agreement with the fact that thesemn rate does not show significant
erosion below @hbar as seen in Fig. 5.5. The erosion rate at presswedseen
0.7mbar and 1.4nbar fluctuates strongly, but we cannot find a cleardency for
erosion increase. A strong increase of the erosat@ occurs first at aboutrbar.
Obviously, up to this pressure there is still @sgbn effect, which removes particles
which are more susceptible to gas drag than thermapf the dust. Thus, we regard
the erosion threshold for dust pile targets todsehed at aboutn#bar. The numerical
calculations of the gas flow through the pile atliar show that at this pressure the
gas velocity at the top of the pile isr@& which corresponds to a gas drag force of
Fgas= 1 10'N. This is still somewhat smaller than the gravitadl force on a 5Q0m
granule. We have to consider that the numericatutations are only a 2d
approximation. A 3d treatment would increase theaity at the top of the pile. Also
the average granule might be somewhat smaller 8&jum which is only the
maximum size (sieve opening) of the particles intaugets. Higher gas velocity and
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smaller particles would increase the ratio betwgas drag and gravity. An erosion
threshold at éhbar is thus plausible. Aboven#barthe erosion rates for the dust piles
increase exponential with pressure. Obviously tedyag at these pressures is strong
enough to erode all particles on the target suyfiegardless of their size.

In the experiments the erosion for cuboids targbtsve Mbar shows similar
behaviour as for the piles (Fig. 5.6). The erosate increases strongly with pressure.
The numerical simulation of gas flow through culsoad Znbar shows maximum gas
velocities on the top front edge of the targetvaf 44m/s (Fig. 5.8). This velocity
corresponds to a gas drag force gfsE 3-10'N. Because our cuboids-type targets
have the same cross-section on their whole extentregard the 2d calculations as
better analogue to 3d calculations. The gas dragpiisparable to the gravitational
force for a dust granule.

The erosion rate of cuboids showed a significantrelese with time. As
mentioned in section 5.2, every second runn{®p with a target resulted in an
erosion rate of only 38 of the first run. In view of numerical calculat®of the gas
flow this is plausible though. The height of thegit changes upon erosion and the
gas flow changes due to shadowing effects by tippating structure. Numerical
calculations of the cuboids in 2d show that thepsupstructure has a significant
influence on the gas flow. The calculations alspl@&x the strong increase in erosion
rate for 12nmhigh cuboids in comparison with thenfhhigh cuboids, as the area on
top of the target where the flow velocities aregéarenough to pick up particles
changes significantly. Due to the fragile naturéhef dust targets the support structure
was chosen to be somewhat larger to allow a sdw@andling and accurate weighing.
However, for an unbound cube the erosion rate shbalproportional to the target
dimensions width and height in a first approximatio

The target marked as star in Fig. 5.6 was only d&mlong as the other cuboids
but shows the same erosion rate. Obviously theetdemgth plays no role for the
erosion. This is in agreement with the assumptiah ¢as drag through the front part
of the top layer is responsible for erosion. lbgisoves that saltation is not important
here. All particles entrained at the front passtérget and do not return to the target
at another position again and do not free new geasti

Certainly as the sizes vary strongly, the Reynaldmbers change and the
flow characteristics also vary. At a certain sizeuaty object embedded in a laminar
flow will produce its own turbulence and erosionesmand thresholds might also
change by this. Therefore, it has to be noted tthatapplicability of our results gets
qualitative as we move away from the parameterslieiuin our experiments.
However, in view of the experiments and numericalcalations we find the
following:

Erosion threshold: The experiments and calculations suggest thatoeras a dusty
surface of a porous body in a laminar gas flow c&@s soon as the gas drag on a
surface particle is stronger than the forces kegpie particle attached to its inner
neighbours either gravity or cohesion. If a dusbdyis m in size, consists of
compact dust aggregates of aboutnbin size, and moves through air at about
63m/sit starts to get eroded ambar.

Our experiments are very different to erosion expents in turbulent flows.
Nevertheless, it is worth to compare the conditifmrsthe erosion threshold we find
to the conditions which other researchers findéaysion in turbulent flows over a
dusty surface. This gives a qualitative argument hoturbulent flow would change
the erosion threshold as follows. Greeley et &8Q) studied the erosion of a surface

67



consisting of 21@mdiameter walnut shell particles in a turbulentla/NVhile walnut
shell particles are denser than our dust aggregiagsysare smaller and the gas drag
needed to pick up the walnut shell particles shd@dimilar to the gas drag needed
to pick up the dust granules which we use. Greetal. (1980) find that the threshold
to initiate saltationon a dusty surface is only depending on the dyoalnpressure of
the gas flow and ipqayn = 0.15nbar, independent of the static gas pressure ranging
from psiar= 4mbarto 1000nbar. The dynamic pressure is defined as

1
pdyn :sz, (58)

wherev is the free gas velocity, which in our case isn3 For our experiments the
dynamic pressure needed to initializeosion is pgyn = 0.05mbar. Our dynamic
pressure to initiate erosion is a factor 3 smalam in the work by Greeley et al.
(1980) to initiate saltation. It is not clear ifthahresholds (for erosion and saltation)
can be compared. In general fewer particles ardatet® be picked up by saltation to
result in erosion due to the avalanche of new gasi It is possible that the particles
which lead to saltation rather relate to the fpatticles in our experiments which get
entrained into the gas flow at pressures much béteverosion threshold. In this case
turbulent flow would be much less capable of ergdan body in a microgravity
environment (without saltation) than a laminar flow

Erosion rate: Erosion of a cuboid takes place at the front edfjetepends linearly
on size as long as the gas flows are similar.déisty body is dmin size, consists of
compact dust aggregates of aboutnthdin size and moves through air at abouns3
the erosion rate at the erosion thresholdnobaris about 10thg/h.

5.5 Application to protoplanetary disks

Our results can immediately be applied to smallié®dn protoplanetary disks
moving on circular orbits. The maximum drift veltycin a typical model of the solar
nebula is about 66/sfor m-size bodies (Sekiya & Takeda 2003; Weideftiautp &
Cuzzi 1993). Our experimental settings were chosemmatch these conditions.
Erosion in our experiments occurred atldar. The drag force (eq. 5.1) depends on
the gas density. Since protoplanetary disks consistly of hydrogen — we assume a
molar mass of 2.34g/mol — the drag force is a fat®4 smaller at a given pressure
compared to the values for air used in our expearimeErosion of a small body in a
protoplanetary disk would only occur atr@bar. This is on the edge of even the most
massive disk models (Papaloizou & Terquem 1999; \2@D0). Small bodies might
lose particles under the most extreme conditioasecto the star inside of Mercury’s
orbit but typically they are safe against erosion.

Protoplanetary disks might be turbulent on a sicale of km As seen in
section 5.4 the erosion threshold in turbulent #awer dusty surfaces is higher than
in the laminar case. Therefore, even if we woulsuate that the gas flow on the
surface okmsize planetesimals is turbulent, they would be safainst erosion on a
circular orbit.

It has to be noted that our dust granules as wdha walnut particles used by
Greeley et al. (1980) have rather low cohesiondg®r&tronger cohesion of smaller
dust patrticles is e.g. found in wind tunnel expenmts by White et al. (1997). Heim et
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al. (1999) measured the force necessary to separatspherical fim particles to be
on the order of I0N. According to equation (5.1) the aerodynamic faactng on a
dust particle at 2B/sandpsiw:= 2mbaris 6-10"'N. This is orders of magnitude less
than the cohesive force and individual dust pasicdannot be picked up by the gas
flow. Only if the same gas flow acts on a few 1@QG&t particles, the total force will
be large enough to pick up an aggregate of dusthths just one contact with the
underlying surface. Therefore, there is a minimuge ©f aggregates that can be
picked up.

Eccentric orbits: Relative velocities between a solid (dusty) bodyd ahe gas
strongly increase as soon as the orbits slightiyade from circular orbits. We have
seen in Chapter 2 thanh eccentricity of onlg = 0.017 would accelerate the body to
about 50@/s relative to the gas at perihelion. The 10 timesraase in velocity
corresponds to 100 times increase in the drag fomca particle (eq. 5.1). As the drag
force at the threshold of erosion remains the sah®e,gas density or pressure at
which a body starts to get eroded is a factor @ [DOver. Above, we estimated the
gas pressure at the threshold of erosion of to3mebar on a circular orbit. On an
eccentric orbit it would only be 0.2tbar. This is given even in the minim mass
nebula by Hayashi et al. (1985), where larger pressare reached inside of Al3
Therefore, as soon as orbits of planetesimals ahe slightly disturbed they easily
move faster than the threshold needed to initiadsien at least at the pericenter of an
orbit in the dense part of a disk. Erosion by daw fis an important mechanism for
loosely built dusty planetesimals.

A crude estimate of possible mass loss would bfolasvs: We consider a
cube shaped planetesimal and the mass loss oapuatirthe edges, thus being
proportional to 4 times its length. We further assuthat the side of the planetesimal
is 1km long and that the planetesimal moves with abonB8through the gas at
1mbar. The drag force (eq. 5.1) depends on thesglasity squared and linearly on
the gas density. The conditions in the protoplayethsk therefore correspond to
results of our laboratory experiments (8§ air) at 1@nbar and we apply our
measured erosion rates extrapolated tomld&:. This is about Bg/hm mass loss or
400kg/hfor a kmbody. On an Earth orbit, for which Imbar assumesizer dense
disk model, this is 35-#Rg per orbit, which is 3% of the mass of thkem dust cube
(density B/cnt). Since we assume erosion to be linear with siteab the total mass
varies with the third power, smaller bodies aredetbmore efficiently. E.g. a 160
size body at otherwise same parameters is erodedwai single orbit.

We note that this is only a very rough estimatesion rates for large bodies
might not be scaled 1:1 from our experiments.dbdias to be considered that dusty
bodies might be more cohesive. If cohesion is gieoy a factor of 10 at the surface,
only weak parts get eroded. This might lead tolectien effect where more cohesive
dusty bodies survive best. We only assumed a sesabntricity (Earth orbit). Only
slightly larger eccentricities would lead to supsis relative velocities between a
body and the gas of up to tenskwh/s How a supersonic gas flow would erode a
dusty body is beyond the scope of this paper. tfemoded a body might melt at the
surface and get ablated. This has e.g. been coedidas possible formation
mechanism for chondrules (Genge 2000). However,dyramic pressure on the
surface increases strongly behind a bow shocktasdikely that even very cohesive
dusty surfaces are immediately eroded by the gagwithout melting first.
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CHAPTER 6

CONCLUSION & OUTLOOK

So far it is often argued, that planetesimals cargrow through collisions in
protoplanetary disks. However, our recent impagieeixnents, reported here, indicate
indisputably that a collision between two dusty ilesdat typical (for a protoplanetary
disk) velocities can result in net growth of a Ergpody (Wurm, Paraskov, & Krauss
2005b). With respect to the results from our impgagieriments with compact targets,
growth might be obviously the immediate result ofimpact. But we have seen also
that an impact with a more porous target mightltesumass loss (Wurm, Paraskov,
& Krauss 2005a).

The high speed impacts into targets of differemrphology (very porous
targets and compact targets) clearly show thatrthke up of the target is one of the
major parameters determining the outcome of astoili The impacts that we studied
here, are only two possible scenarios for collisiam protoplanetary disks. A little
variation in target porosity and morphology willbpably change the outcome of the
impact.

The second major parameter determining the outcofn@ collision is the
impact velocity. Our experiments showed that highgract velocites are preferable
for the net growth for compact targets. This is admable and was completely
unexpected. For the compact targets the threshpdedsis 181/s £ 0.5m/s A
projectile colliding with a compact target at speéelow this threshold will not stick,
but be ejected or essentially rebound again. Becatishe narrow velocity range in
our experiments, we cannot say yet where the utbpeshold for the net growth is.
Another set of experiments, that will give an answeethis question, is currently in
preparation. The new developed set-up at the tstfor Planetology in Minster will
further alow to study collisions between dust petjes and targets up to 1®0s

In our experiments we studied so far only singddlisions. It is interesting
how the target evolves after many collisions eW¥eral consecutive impacts will lead
to a more compact body on average or will crack sufasequently erode the target.
This has to be studied eventually in future experits.

Impacts with porous targets eject more mass thanptojectile adds. The
amount of fragments might be larger than 10 tinespgrojectile mass. We recently
conducted a drop tower campaign, where we studlesl game collision in
microgravity conditions. The data are currently lgped and we will publish the
results in the near future, but the first impressiare that the results from the
microgravity experiments and the ground based éxgaits are in perfect agreement.

Even if the collisions would indeed be erosivepvgh can still ocuur in
secondary collisions by reaccreting the ejected. dasChapters 2 and 4 we discussed
how gas flow can return the ejected particles éfytare slow enough. And in fact the
ejecta generated in the collisions with porousdtr@re very slow. Ejecta velocities
are typically 0.86 of the impact velocity, or between 0% and 0.2én/s These
velocities are much below the calculated reacandtweshold (fopumsized particles
0.50m/9. This growth mechanism is not dependent on tigetasize (large body) and
will work also for larger objectsi+ andkmsized bodies. The fraction of ejecta mass
that is recreated by this mechanism will dependhenporosity of the body, the gas
parameters, and the ejecta parameters.

We observed that the net growth in the collisian$h a compact target was
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also accompanied by fragmentation. In some impaic&in/s more than 5% from
the projectile was fragmented and initially notking to the target. The ejecta of a
high speed collision are fast with 40 % ®f the impact velocity. It is also different
from the impacts into highly porous targets. Neveldss, also at these conditions the
fragments that are small enough could be stilleatad by gas flow. The fragments in
our experiments are ejected very flat with resgecthe target surface at ejection
angle below 3°. Most of the fragments are |bp®0n size or smaller and couple very
well to the gas. If the collision takes place imas flow, the large body (target) is
large enough and still relatively porous, thenrgdanumber of the fragments could be
recreated to the target surface and stick toserondary collisions.

Returning to the application in protoplanetarykdis further comment would
be that the fragments that do not stick will fekd tlust reservoir of the disk again.
Observations of disks a few million years old sthow evidence of small dust
particles (Beckwith et al. 1990; Haisch et al. 20@ur results can easily explain the
existence of dust particles even after a few mmlly@ars. It would be possible that
half of the mass of solids evolves to planetesirbalsthe other half stays recycled as
dust. This would be a change, which would hardinbgceable in observations.

The size distribution of solids will strongly deykeon the impacts. This will
determine the overall growth as part of an ongaimigsional evolution. Details about
collisions at different target porosities and fiffe¥ent morphological parameters are
needed to be able to model this evolution self isteistly. The present work is one
step more to provide the necessary parametersuftvef modeling. There are still
numerous parameters which can be changed and wiililahfluence the outcome of
a collision. Most important though is that thighe first time that net growth in high-
speed collisions has been observed and studiedukiy bodies. If planetesimals do
not form any other way quicker their formation ljlisional growth is very likely.

We have seen that gas drag and head wind plapporiant and constructive
part for the growth of planetesimals. In Chapt&rebdescribed a series of wind tunnel
experiments. The obtained results show clearly thatgas flow can be also very
destructive. If the gas flow is strong enough, dn&g could destroy the larger objects
formed in an earlier collision growth phase. Dusbjects on circular orbits are not
significantly eroded by gas flow independent of diek model and the distance to the
star. This does not apply to dusty objects on dcdceorbits. Because of their higher
velocities relative to the gas and the gas pressurease in the inner parts of the
disk, they are almost certainly subject to substan¢olian erosion. For example a
100m size body on a slightly eccentric orbit might hestioyed in only one orbit. It
has to be noted that these numbers depend stramglthe morphology and the
structure of the eroded body, as well as on thdlgasparameters.

These results have strong implications on the wutw of solids in
protoplanetary disks. Erosion will redistribute teatfrom larger objects on eccentric
orbits to smaller erosion fragments which can thenadded to larger bodies on
circular orbits again in collisionsThus the eolian erosion, together with the later
collisions, provides an effective mechanism to ckeymaterial and takes an active
part in planet formationThereby it leads to the preferential survival o bodies
on orbits with no or only small eccentricities,least in the inner part of the early
Solar System.
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Table 1

Impact experiments with porous targets

Exp. N Mass before (g) Mass after (g) Target mass (g) Porosity (%) Projectile mass (g) Mass gain (g) Mass gain (%) (-) Error (%) (+)Error (%) Pressure (mbar) Vimp (m/s)
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229,534
237,947
228,094
233,752
229,732
230,864
230,588
230,911
232,959
236,022
239,063
235,877
237,022
243,173
232,467
237,242
252,209
250,985

172,82
183,992
178,146

199,52
187,038

180,28
178,101

229,892
238,189
228,395
234,023
229,952
231,043
230,93

231,201
233,163
236,353
239,255
236,079
237,289
243,524
232,85

237,47

252,811
251,41

173,552
184,388
178,549
199,78

187,27

180,385
178,19

36,235
44,648
34,795
40,453
36,433
37,565
37,289
37,612
39,66
42,723
45,764
42,578
45,636
51,787
41,103
42,03
56,997
55,773
46,984
58,289
52,31
73,817
61,202
54,577
52,265

84,11
80,42
84,74
82,26
84,02
83,53
83,64
83,50
82,60
81,26
79,93
81,33
79,98
77,29
81,97
81,56
75,00
75,54
83,47
79,49
81,59
74,02
78,47
80,79
81,60

0,35
0,363
0,295
0,306
0,247

0,2
0,336
0,303
0,255
0,331
0,216
0,233
0,353
0,387
0,399
0,151
0,576

0,55
0,749
0,394

0,41

0,38
0,301
0,125
0,104

0,358
0,242
0,299
0,275
0,22
0,179
0,348
0,29
0,204
0,331
0,192
0,202
0,267
0,351
0,361
0,228
0,602
0,425
0,732
0,396
0,403
0,26
0,232
0,105
0,089

100
n.a.
100
89,87
89,07
89,5
100
95,7
80
100
88,88
86,69
79,62
90,69
90,48
n.a.
100
81,34
99,72
100
98,29
68,42
78,65
84
85,58

-2,79
-4,13
-3,34
-3,64
-4,55
-5,59
-2,87
-3,45
-4,90
-3,02
-5,21
-4,95
-3,75
-2,85
-4,99
-5,00
-5,00
-2,35
-0,68
-5,00
-6,24
-1,92
-2,15
-4,76
-5,62

0,00
n.a.
0,00
10,13
10,93
10,50
0,00
4,30
9,90
0,00
10,21
9,95
8,75
9,31
9,52
n.a.
0,00
7,35
0,28
0,00
1,71
6,92
7,15
9,76
10,62

0,0045
0,0008
0,0061
0,0022
0,0035
0,0012
0,0118
0,011
0,012
0,0088
0,0007
0,0009
0,0091
0,0009
0,0015
0,0006
0,0011
< 0,0001
0,0009
0,001
0,0019
0,0014
0,0028
n.a.
0,008

n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.
n.a.

23
24
22
25
22
n.a.

25,7
16,8

25,2

16,5
37,4
36,1
30,6
33
26,8
25,1

Appendix

Comment

Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
Porous
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35 175,501 175,707 49,798 82,48 0,269 0,206 85,08 -2,43

36 199,45 199,574 73,614 74,09 0,163 0,124 84,53 -4,03
37 200,93 201,086 75,227 73,52 0,199 0,156 80 -3,21
38 171,813 171,97 45,977 83,82 0,153 0,157 100 -3,18
39 206,957 207.222 81,254 71,41 0,275 0,265 98,33 -1,89
40 207,002 206,986 81,166 71,43 0,186 -0,016 -9,05 -31,25
41 175,685 175,829 49,982 82,41 0,146 0,144 98,63 -3,47
42 171,829 172,048 45,966 83,82 0,245 0,219 89,39 -2,28
43 199,03 199,305 73,327 74,19 0,337 0,275 81,6 -1,81
44 159,483 159,614 33,647 88,16 0,131 0,131 100 -3,82
45 162,546 162,693 36,843 87,04 0,163 0,147 90,18 -3,40
46 159,827 159,955 33,991 88,04 0,142 0,128 90,14 -3,91
a7 161,054 161,265 35,351 87,56 0,229 0,211 92,14 -2,37
48 166,568 166,728 40,732 85,67 0,178 0,16 89,88 -3,13
49 168,653 168,768 42,95 84,89 0,13 0,115 88,46 -4,35
50 166,8 166,878 40,964 85,58 n.a. 0,078 n.a. n.a.

51 172,265 172,319 46,403 83,58 0,065 0,054 92,3 -9,26
52 430,866 430,946 270,572 82,01 0,138 0,08 57,97 n.a.

53 450,321 450,428 290,304 81,63 0,217 0,107 49,31 n.a.

54 172,249 172,368 46,386 83,68 0,235 0,119 50,64 n.a.

55 450,524 n.a. 290,507 81,61 0,065 n.a. n.a. n.a.

Legend (Tables 1 and 2)

Exp. N. -Experiment number

Mass before Farget mass (with target tray) before the impact
Mass after -Target mass (with target tray) after the impact
Target mass Farget mass (without target tray)

Porosity —Target porosity

Projectile mass -Mass of the projectile

Mass gain -Accretion efficiency (projectile mass added to tidugyet)
Error — Measuring error

Pressure -Ambient gas pressure during the impact

Vimp —Impact velocity

Mass gain 2- Projectile mass remained on the target surfaee @frget tilting

7,43
9,03
8,21
0,00
1,67
36,25
1,37
7,28
6,81
0,00
8,40
8,91
7,37
8,13
9,35
n.a.
7,70
n.a.
n.a.
n.a.
n.a.

0,018
0,0137
0,0031
0,0018
0,0018

0,71
0,019
0,0018

0,95 (+ -0,05)
0,0048
0,0148
0,0164

0,016
0,0164
0,017
0,003
0,0158
0,00196
<0,0001
0,0017
0,0158

22
25
21,6
24,5
25,5
27,5
n.a.
24,6
24,3
26,2
28
259
28,7
27,9
n.a.
25
n.a.
22,8
23,7
n.a.

n.a.

WKP 27Hz (P)
Porous
Porous
Porous
Porous

WKP 27Hz (P)
Porous
Porous

WKP 35Hz (P)

0,09 mm
0,09 mm
0,09 mm
0,09 mm
0,025 mm 14mm
0,025 mm 7mm
0,025 mm 10mm
0,025 mm 10mm
Target 120mm
Target 120mm
0,025 mm 10mm
Target 120mm
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Table 2

Impact experiments with compact targets

Exp. N Mass before (g) Mass after (g) Target mass (g) Porosity (%) Projectile mass (g) Mass gain (g) Mass gain (%) (-)Error (%) (+) Error (%) Pressure (mbar) Vimp (m/s)

27
31
56
57
58
59
60
61
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

217,811
217,833
221,264
228,965
221,3
228,864
221,323
226,327
224,246
221,221
224,199
221,025
221,074
224,108
220,765
224,095
220,632
224,145
221,297
224,127
220,11
220,031
224,351
219,887
224,433
219,893
224,271

217,98
218,027
221,388
229,058
221,403
228,975
221,411
226,334
224,393
221,338
224,296
221,183
221,137
224,233
220,928
224,225
220,774
224,262
221,413
224,273

220,21
220,108
224,402
220,083
224,563
219,945
224,433

92,108
92,13
95,428
103,979
95,464
103,878
95,487
101,341
99,26
95,358
99,213
95,189
95,238
99,122
94,929
99,109
94,796
99,154
95,461
99,141
94,274
94,195
99,365
94,051
99,447
94,057
99,285

67,58
67,57
66,42
63,41
66,4
63,44
66,39
64,34
65,07
66,44
65,08
66,5
66,48
65,12
66,59
65,12
66,64
65,11
66,41
65,11
66,82
66,85
65,03
66,9
65
66,9
65,06

0,373
0,369
0,211
0,13
0,139
0,202
0,278
0,153
0,25
0,209
0,185
0,224
0,125
0,167
0,236
0,189
0,216
0,201
0,226
0,218
0,187
0,172
0,209
0,234
0,249
0,221
0,221

0,169
0,194
0,124
0,093
0,103
0,111
0,088
0,007
0,147
0,117
0,097
0,158
0,063
0,125
0,163
0,13
0,142
0,117
0,116
0,146
0,1
0,077
0,051
0,196
0,13
0,052
0,162

46,23
52,57
58,77
71,54
74,1
54,95
31,657
4,57 ?
58,8
55,98
52,43
70,54
50,4
76,38
69,07
68,78
65,74
58,21
51,33
66,97
53,48
44,77
24,4
83,76
52,21
23,53
73,3

-2,96
-2,58
-4,03
-5,38
-4,85
-4,50
-5,68
71,43
-3,40
-4,27
-5,15
-3,16
-7,94
-4,00
-3,07
-3,85
-3,52
-4,27
-4,31
-3,42
-5,00
-6,49
-9,80
-2,55
-3,85
-9,62
-3,09

7,96
7,58
9,03
10,38
9,85
9,50
10,68
76,43
8,40
9,27
10,15
8,16
12,94
9,00
8,07
8,85
8,52
9,27
9,31
8,42
10,00
11,49
14,80
7,55
8,85
14,62
8,09

0,0016
0,0044
0,0033
0,0036
0,0027
0,0046
0,001

0,0058
0,0117
0,0117
0,0177
0,0169
0,014

0,0136
0,0159
0,0102
0,0141
0,0153
0,0137
0,018

0,0149
0,0074
0,0088
0,0111
0,0049
0,0084
0,0134

28,3
n.a.
n.a.
24,2
21,7
23,6
n.a.
n.a.
22,5
20
23,2
n.a.
n.a.
18,4
18,2
14,5
19,7
16,6
16,2
13,5
7,9
12,9-15,2
10,8
12,7
11,1
8,9
6,1

Mass Gain 2 (%)

n.a.
n.a.
n.a.
66,15
69,06
50
n.a.
n.a.
n.a.
33,01
35,66
56,70
16,8
49,5
63,56
59,26
53,7
44,28
35,4
60,09
25,67
12,79
5,74
81,62(5,55)
15,26
-23,08
10,41
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Table 3

Wind tunnel experiments

Exp. Ne

502

503

504

505

506

507
508
509

510

511
512
513
514

515

Target

Hemisphere (G)
Hemisphere (G)
Hemisphere
Hemisphere
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Hemisphere
Hemisphere
Hemisphere (G)
Hemisphere (G)
Hemisphere (G)
Pile
Pile
Pile
Pile
Pile
Pile
Hemisphere (G)
Hemisphere (G)
Hemisphere (G)
Hemisphere (G)

Run

First run
Rerun
First run
Rerun
First run
Rerun
First run
Rerun
Rerun (2)
Rerun (3)
First run
Rerun
Rerun (2)
First run
First run
First run
Rerun
Rerun (2)
First run
Rerun
Rerun (2)
First run
First run
First run
First run
Rerun
First run
Rerun

Erosion threshold (mbar)

0,1
0,13
>1
>1
0,46
0,8
0,5
0,94
0,8
>1,1
0,27
0,32
0,58
>2
>45
0,22
0,7
0,46
0,5
0,9
1,22
0,5
0,46
0,6
< 0,005
0,46
0,5
0,3

Pump (Hz)

35
35
35
35
35
35
35
35
40
30
40
35
30
40
35
35
35
40
40
35
30
35
35
35
35
35
35
40

Pressure (mbar)

*

*

0,56-0,59
0,8-0,9
11

*
*

*

Erosion rate (gr)

0,011
0,022

Erosion rate (gr/h)

0,01
0,025

Time (min)

60
90
45

Comment
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516
517
518

519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
537a
538
539
540
541
542
543
544
544a
545
548

Hemisphere (G)
Hemisphere
Pile
Hemisphere (G)
Hemisphere (G)
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Plane
Plane
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Pile
No dust
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Pile
Pile

Rerun (2)
First run
First run
First run

Rerun
First run
First run

Target 519
Target 520
First run
First run
First run
First run
First run
First run
First run
First run
First run
First run
First run
First run
First run
First run
First run
*
First run
First run
First run
First run
First run
First run
First run

Rerun
First run
First run

1,48
4,4
0,38
0,42
0,3
n.a.
n.a.
n.a.

30
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
35
40
35
35
35
40
35
35
35
35
35
35
35
40
35
35
35
35

0,9-1
0,95-1,1
1,25-1,35
unsuccessful
1-11
0,5-0,6
0,7-0,8
unsuccessful
1,05-1,2
1,05-1,2
0,65
0,6-0,65
0,43-0,46
0,63-0,66
0,53-0,56
1,03-1,06
<0,1
0,63-0,65
<0,1
<0,1
<0,1
0,33-0,37
<0,1
1,4
1,4
0,48-0,52
0,43-0,46
0,43-0,46
0,98-1,02
2

0,022
0,035
0,006
unsuccessful
0,036
0,004
0,038
unsuccessful

0
0,007
0,005

0,01
0,005
0,023
0,007
0,007
0,018
0,019
0,01

0

0
0,011
0,012
0,029
0,015
0,009
0,022
0,008
0,022
0,149

0,022
0,034
0,006
unsuccessful
0,031
0,004
0,038
unsuccessful

0
0,011
0,007

0,01

0,005
0,031
0,007
0,007

*
0,019

*

*

*

0,011

0,039
0,015
0,012
0,03

0,022
0,149

120
90
60
60
60
20
20
30
60
60
30
60
60

60

60

30
60
30
30
30
60
60

160 um
160 um
160 um
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549 Pile First run * 35

550 Pile First run * 35
551 Cuboid (C) First run * 35
552 Cuboid First run * 35
553 Cuboid First run * 35
554 Cuboid First run * 35
555 Cuboid First run * 35
556 Cuboid First run * 35
557 Cuboid First run * 35
558 Cuboid First run * 35
558a Cuboid Rerun * 35
558b Cuboid Rerun * 35

Legend (Table 3)

Exp. N. -Exreriment number

Target —Target shape

Run —Run number (first run — new target, rerun — usegeta

Erosion threshold Fhe gas pressure at which the dust target begins &yoded
Pump —-Pump operating frequency

Pressure -Ambientgas pressure during the experiment

Erosion rate —-The dust mass eroded in a determined time

Time —Experiment duration

0,312
0,687
0,006
0,019
0,066
0,247
0,178
0,086
0,071
0,073
0,024
0,012

0,312
0,687
0,008
0,025
0,088
0,329
0,237
0,114
0,094
0,097

60
60
30
30
30
30
30
30
30
30
30
30
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