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2.1 The vertical degree of freedom

O Chokshi et al. (1993 Paper IO
[Fig. 2a]
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2.2 The tangential degree of freedom
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rolling, sliding, twisting

2.2.1 Rolling
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2.2.2 Sliding and twisting

O Dominik and Tielens (19963 Paper 10

[Fig. 2c,d]

0000000000000 000DO0O0O0O0000000DODDOOOO00000O0...
gooooooooomooooooooon

U

Ujbdboibb0«0000O0b0ob00ob0oboobooboobooong
gooooooooon

U
gboopobooboobbooboobobomooobooboo

googoo

gobooboobbooboobobooobuoobboooboobbooobooboo
FxOOOOO0OOO oD OObOOoOoonooooo:

OO0oooooDooOoobboOooboo0odOOrRODODO0O0ODO0O00 FebOOODOO
oooooooo00 Fe D0OO0O0OO0FMe DD ODOODODOODODODODODOD
gboooobooboobboobooboobbooboobbooobooboo

gz |0 (for silicate, graphite,etc...)
Fiic = 5— +31  7a? (17)
27.[ .
=F — —peit (for ice, metal)
3 3
2670 . 24721
where peit = ——3G - —=7 (18)
T O T g
oo0odorFOOOOOOOO
Fx=FrcO0OO0OO0O0O0OO0O 60000 0silicated graphited O 00O
2—v
c_ ~
Oy = 160 a~0.03a (19)

0006000000000 00000DDO0U0OLO0ODO0OUOO0DUOOUDOO
oboobooooobooooooooogooo

1 1 )
Eslide = §5§Ffric = mezric = 4aG's (20)
00000000 RODODODOODoOoOooood
R 1
Esiide = €siide e = 57RFic = 47RaG 5% (21)
X

&slide, Eslide 0 Epreakd 0 0 0 -0 Fig.4c



e &ide=~Epeak0 00 0000000000000 ODOOODODOOOOIceO iron
gobobobobobobobobobobobobobobob

e Egice> Ereak 0000 0000000000000000000O
0oooog

oooooobooooooobooobbooooooobooooOOoooDoOoOooOOo0onD M,
Ubbod s 0u0bboonooonooan

1
Mf?nfeégz (22)

000000000000 000D0000000OM,000000000000000
MideODoOOoOoDOODDO0O0DDOO0oDDO MdegpopoooMddegonoon
00000000000 00000000000000000000000000000
oooood

i G 0 (for silicate, graphite,etc...)
M= — 4+ 1 3 2 23
z 3t | ZFeao(oa% - a2 |- Zxalpeir (for ice, metal) (23)
3 4 9
M,=Me0 000000000 6¢,0000 Osilicated graphited 0 0 O
C — — ~ ~ °
0%, = 7o ~002=11 (24)

00006, 0000000000000 00U00UOO0DUDOoUOOoUOOO
oboobooooooooooooooooooooooono

1 lid 3 lide2 _ 8
Gwist = 506:M7' " = 3GH M€ = éGa3532z (25)
00000000 (3)000000000000000
w 8
Eist = = MS1%€ = Z7Gadst, (26)

2
@wist, Etwist 0 Epreakd 0 00 - O Fig.4d

3

e Ewist 0 Eqige 0000000000 (Ewist/Esige~a/RO0O0OOOOO “90°" O
Oo0000o0oooooOo “o0r’oooooboooon

® Qwist, Etwist [ 0 €slide, Eslide J 0 0 0 Etexthreakl D 0 0 0 000000000000
0000000000000 UoooLoobLbUoooom



log E_., [ergs]

sliding

log E,,, [ergs]

log R [cm] log R [cm]

Fi1G. 4—Energy required to restructure an aggregate by moving a single contact. Silicate material properties were chosen for this example. The results are
plotted as a function of reduced particle radius R. Diagram (a) shows the critical energies for sticking and breaking. Diagrams (b), (c), and (d) show the
respective energies for the restructuring processes rolling, sliding, and twisting. The solid line always gives the breakup energy as a reference. The lower
broken lines show the minimum energy required to leave the elastic limit and start moving the contact at all. The upper lines show the energy required to
move the contact between identical spheres by one-quarter of the particle radius.

MATERIAL PARAMETERS

y* & G p a b
Material (ergsecm™2)  (dyncm™?)  (dyn cm™?) v (g cm™3) A) A) References
Quartz ........... 25° 5.4(11) 2.3(11) 0.17 2.6 344 1.84 1,2,3
Polystyrene...... 12 3.4(10) 2.1(11) 0.5 1.04 3.00 2.00 2,4
Graphite......... 75 1.0(11) 3.8(10) 0.32 22 3.40 1.54 3,56
Iron ....... 3000 2.1(12) 8.3(11) 0.27 7.1 224 224 2,3,7
| [ 370° 7.0(10) 2.8(10) 0.25 1.0 3.36 3.36 2,3

? Surface energy per surface.

® Measured for micron-sized particles.

¢ Estimated from H-bonding,

RErereNCES.—(1) Kendall, Alford, & Birchall 1987; (2) Physics Vademecum (Anderson 1981); (3) Israelachvili 1992;
(4) Kendall & Padget 1987;(5) Brocklehurst 1977; (6) Zisman 1963;(7) Easterling & Tholen 1972.



2.3 Energy Domains for the Diferent Restructuring Processes

O 0O O O Quartz, Polystyrene, Graphite, lron, @@ O 00O O0 000000000000
0000 = Fig. 5

e J0DOODOODDOOODOODOODODDOODOODDOODLOODDOD
goooog

e J0DUOODLOODDOODOODOOODDOODOODDOODLOODLDODO
gboooobodabod

:I T T T | T T T | T T I:

3 S10 E

R B e e o T LA e o o e e
QB - T .
5 °F pol I gra -
- -5F + ;
S - - =
o —10 | : - ]
S P e e 3
_ -15 :I i —— i —— i — I:I —— —— — I:
o : T .
5 °F fe H ice g
: -5F + —:
o - + =
o c F .
- _15 Co v v v v v by v v vy v by v v by A
-6 —4 -2 0 -6 -4 -2 0

log R [em] log R [em]

F1G. 5—Restructuring domains as a function of energy per contact and reduced particle radius for different materials. In the region below the shaded
areas, no restructuring can happen. Within the dotted region, rolling is possible. The striped areas mark a region in which sliding and/or twisting become
possible. The solid regions mark energies high enough to produce large amounts of rolling (one-quarter of the circumference of the grains). Above the shaded
regions, energies are sufficient to break the contact.
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3 Collisions of grains and aggregates
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3.1 Numerical Model
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3.3 Monomer-Aggregate Collisions
e Does the grain stick to the aggregate at a given collision velocity?
e Will this collision initiate some restructuring of the aggregate?

e |s the collision energy high enough to “sputter” some of the aggregated grains from the
aggregate, or will the aggregate be destroyed entierly?

3.3.1 Detailed Time Sequences of Collisions
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3.3.2 Final Results of Collisions at Diferent Velocities
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3.3.3 Hfects of Grain Size and Material Properties
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3.3.4 The d#fects of a Distribution in Grain Sizes
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3.3.5 Impacton a Large Grain that Has Small Grains Attached to Its Surface
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3.5 Aggregate-Aggregate Collisions

gooooooooon

OD000O0OOclusterD 0000000000 OOOO
0000000ooooDpooooooog

[Fig.15] cluster (lced O 0.1um, 400 ) to cluster (Iced O 0.1um, 400)

100cmisO ..000000D0O00O00O0O

1000cnis.. 0000000 ODO0ODO0ODLDOOOODODO200000000000O
oon

5000cnis..00 00000

10,000cys... 000 0O0O0O

3.6 Distribution of the Impact Energy
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F16. 16.—Distribution of the available energy in the collisions of two
icy clusters (see Fig. 15). The plot shows the fraction of the total available
energy (collision energy + binding energy of newly formed contacts) that is
left behind as kinetic energy of the fragments or dissipated by rolling,
sliding, and breaking of contacts, respectively. The kinetic energy includes
both linear motion and rotation.
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4 Discussion
ooooooooooooo
1. Sticking without restructuring
2. First “visible” restructuring
3. Loss of one monomer
4. Maximum compression
5. Catastrophic disruption
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e Cluster — Cluster..O like [Fig.15] Ry = 0.1,0.01um

e Cluster with varing grain sizes — Monomigr...O like [Fig.11] ice only

e Core-Mantle Cluster — Monomét ...O like [Fig.12]
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Fi1G. 17—Collected results from over 300 grain/aggregate collision models. From left to right, the results are ordered by the collision category. Within
each category, the horizontal offset of a point indicates a material (see labels on top of the figure). The rows of the figure indicate different characteristic
processes, such as sticking of a single grain to an aggregate, start of restructuring, etc. See text for more details. The plot shows the effective impact energy (see
text for definition) in relation to the critical energy for the respective process. The nice horizontal line-up of the data points indicates that the different
processes are well described by the introduction of critical energies for each process.
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4.1 Sticking without Restructuring
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4.2 Onset of Visible Restructuring
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4.3 Loss of One Monomer
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4.4 Maximum Compression
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4.5 Catastrophic Disruption
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4.6 Cluster Size Scaling of the Critical Processes
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4.7 A Recipe for Calculationg Grain Coagulation

[Table 3] & [Fig. 18]
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TABLE 3
RULES FOR CLUSTER COLLISIONS WITH RESTRUCTURING

OuTcoME OF COLLISION

ENERGY Small Grain — Cluster Big Grain/Cluster — Cluster
E  <Eg g coveevveennnn Impacting small grain sticks to cluster
Ei>E g coooevenennnn Impacting small grain bounces off
E i <SE. . coovinnnnn. Sticking or bouncing off without visible restructuring of aggregate Sticking without visible restructuring
Eu¢>5SE gy covvinnnnnn. Onset of visible restructuring local to the impact area
E.>03nE ... Start losing monomers
Eee > 30 Epreuceveveee- Start losing monomers

Egy~1nE. .... Maximum compression

Eye > 10nEp ey ... Catastrophic disruption

T T
' ice, N=100 [ sio, N=100

'
- 0'\,// 4+ .
o c}to// 4 i

log E,, [ergs]

-6 -5
log R [cm] log R [cm]

FiG. 18—<Critical energies for a collision involving 100 icy or silicate grains as a function of reduced radius typical for the individual contacts in the
aggregate(s). The meaning of the different lines is discussed in the text. The dashed lines scale in energy with the number of involved contacts (~number of
grains) while the solid lines are independent of this (see, however, § 4.6). Note that the curve labeled Stick applies only to a collision of a small grain (for
definition, see text) with an aggregate. The curve labeled Max Comp applies only to a collision of an aggregate with a big grain or aggregate (for definition see,
text).
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4.8 The Structure of Aggregates in Space
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5 Conclusions

e 200 00O00OODOO

— 0O0000OO0O0ogog (restructuringd OO0 OOOODO

e 2000000DDODODO0OODOODOD -~O00ODOO [Table 3]

1.

sticking of impacting single grains to an aggregate is improved relative to
monomer-monomer collisions, since some of the impact energy can be transferred
into internal degrees of freedome of the aggregate.

. The impact of a small single grain onto an aggregate produces only liggle

restructuring (very local to the impact point) as long as the impacting grain is of the
same size as or smaller than the average grain in the aggregate.

. In high-velocity impacts of such small grains, the aggregate breaks into several

fragments or is destroyed entirely, depending on the impact energy.

. When an aggregate collides with a grain much larger than the average grains in the

aggregate, restructuring can éaent, and a compact aggregate can be produced
in the collision.

. When two similar aggregates collide, compaction can alsdfzent.

3Draine(19851 0 00 0000000000000 000000000000 Vgmax=5x 10%cnys, 00
0000 lpax=10%cm, 00000 py=107cm?®, 0000 T = 20K
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