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OPEN A granular mechanics model study

of the influence of non-spherical
shape on aggregate collisions

Rahul Bandyopadhyay & Herbert M. Urbassek™*

Collisions between granular aggregates influence the size distribution of dust clouds. Granular
aggregates may possess non-spherical shapes as a result of, for instance, previous collision processes.
Here, we study aggregate collisions using a granular mechanics simulation code. Collisions between
spherical aggregates are compared to collisions of ellipsoidal aggregates of equal mass. As the most
prominent result, we find that the growth velocity, i.e., the velocity above which the post-collision
aggregates are smaller than before collision, is generally reduced for ellipsoidal aggregates. The
reason hereto lies in the less compact structure of ellipsoids which allows for a larger degree of
fragmentation in a ‘rim peel-off’ mechanism. On the other hand, relative fragment distributions are
only little influenced by aggregate shape.

Collisions between dust particles are ubiquitous in the space environment and can be found in, e.g., protoplane-
tary disks' and debris disks®. Such dust particles are aggregates of individual grains. Since the aggregation process
can be assumed to proceed isotropically, studies of dust aggregates usually assume an approximately spherical
shape of the aggregates®™®. In the past, a considerable number of both experimental”®!* and simulational!-'®
studies of aggregate collisions have been performed.

In such collisions, major interest lies in the determination of whether the colliding aggregates merge to form
a larger aggregate, or fragment into smaller pieces. The former scenario means ‘growth’ and is the first step in the
route how larger aggregates and finally planetesimals form in protoplanetary disks'®?. Monte Carlo codes*"*?
that simulate the temporal evolution of such disks therefore take as their input collision results from experiment
or granular simulations, in which the collisional outcomes (growth or erosion) are tabulated as a function of
collisional velocity, aggregate porosity, and possibly other parameters.

However, after the collisional merging of aggregates, the resulting collision product will no longer be of
a spherical shape. While the actual shape of the merged aggregate—and also of the fragments in the case of
eroding collisions—may be very varied, the simplest model may consist in ascribing the merged aggregate the
form of a prolate axisymmetric ellipsoid, in which the symmetry axis corresponds to the collision axis of the
generating collision.

In the present work, we study collisions of such ellipsoidal aggregates with spherical aggregates and among
themselves. Rather than attempting a systematic approach, we wish to explore which features of the collisions
between spherical aggregates are (strongly) affected by the aggregate shape, and which not. Therefore, we only
study a single aspect ratio of the ellipsoids of 2:1, motivated by the above mentioned formation by a merging
collision. We explore collisions of ellipsoidal aggregates with spherical ones of the same mass, and finally also
collisions between ellipsoidal aggregates and compare them with the reference case of collisions between spherical
particles. Only central collisions are studied since the parameter space for describing oblique collisions system-
atically is too vast, in particular for collisions between ellipsoids.

Methods

Granular mechanics model. The granular mechanics model used in simulating aggregate collisions is
based on the fundamental studies by Tielens et al.!'?*-%. The code has been described in detail in?, such that
only a few major ingredients are mentioned in the following.

The code describes aggregates composed of monodisperse spherical grains of radius . Grains interact when
the distance of their centers is smaller than 2r. The interaction forces can be split into normal forces acting along
the line connecting the centers of the interacting grains and tangential forces which lead to torques on the grains.
The normal force includes elastic repulsion following Hertz’ law, a viscous drag proportional to the normal
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component, v, of their relative velocity, and an adhesive force which is modeled to be constant for simplicity.
Using the grain overlap §, the specific surface energy y, Young’s modulus Y and the Poisson number v of the grain
material as well as the dissipation constant A, the normal force is given by

2 Y r o3 Sr
_ il 2832 _ A4/
F, = 2mnyr+ 31,2 \/;8 A 5 V. (1)

The tangential contributions to the force and torques include rolling, sliding and twisting motion of the grains
and are given in detail in?.

Aggregate configuration. Aggregates are built from monodisperse silica grains. These grains have a
radius of r = 0.76 um and a mass of m = 3.68 x 10> kg, corresponding to a mass density of p = 2000 kg/m?>.
Their material properties are described by y = 0.025 J/m?, Y = 54 GPa,v = 0.17, 0 = 2000 kg/m327. The dis-
sipation constant related to the viscous friction of the normal motion is chosen as A = 0.5 ns”’. The equilibrium
overlap, i.e., the overlap at which the normal force vanishes, can be calculated from Eq. (1) as Sequ = 3.01 A.

Aggregates are characterized by the number of grains, N, they contain and the filling factor, ®. It is defined
as the ratio of the total volume of the grains in the aggregate, N (47r/3)r%, and the volume of the aggregate, Vgg.
In the present work, we use N = 20,000 and & = 0.24.

Since the seminal work of Dominik and Tielens'!, it is assumed that the outcome of aggregate collisions
mainly depends on the ratio of the collision energy, E = N (1m/4)v?, to the total energy needed to break grain
contacts, Esep ~ NEf, where Ey, is the energy needed to break a single contact, and hence only on the collision
velocity. Indeed, simulations of aggregate collisions demonstrated that relevant quantities characterizing the col-
lision outcome depend on collision velocity rather than energy and are quite insensitive to aggregate size'*!>18,
For this reason, our simulations with a single aggregate size, N = 20,000, should be expected to be valid for larger
aggregates as well, if the results are scaled to collision velocity rather than collision energy.

On the other hand, collision outcomes do depend on aggregate porosity; recent studies showed that the
fragmentation probability increases for aggregates of smaller filling factors?*, even though the dependence on
® is weak. Thus our results for & = 0.24 should not carelessly be generalized to other filling factors.

The radius R of spherical aggregates is thus given by

N\ /3
R=1[— 2
(3) 7 ®
and amounts to R = 33.2 um.
We assume ellipsoidal aggregates to be axisymmetric prolate ellipsoids with semi-major axis ¢ and semi-
minor axis a = ¢/2. Hence,
4N\
c=|— r 3
(%) ®)

amounting to ¢ = 52.7 pm.

Spherical and ellipsoidal aggregates are constructed by a random process. As the geometrical shape and the
number of grains to put into the shape are known, we start by putting a grain at the center of the shape. Then
we iterate the following algorithm until N grains are placed: we attach a new grain to a randomly chosen grain
in random direction. This attachment occurs at a distance of 2r — 8equ, Where 8eqy is the equilibrium overlap
of two grains. If the newly added grain is not entirely within the prescribed aggregate shape or if its distance to
another grain is smaller than 2r — 8eqy, it is deleted, otherwise it is kept. After aggregate construction, we relax
the aggregate by running a short simulation to reduce any tangential and normal forces that might have built
up during the construction process.

Simulation set-up. We run simulations of collisions between two aggregates. The collision events can be
categorized into three main types: (i) both the aggregates are spherical: sph-sph, (ii) one of the aggregates is
spherical and the other one is ellipsoidal: sph-ell, and (iii) both the aggregates are ellipsoidal: ell-ell. The colli-
sions events in our simulations all run in their centre-of-mass (CM) coordinate system. The aggregates are set to
approach towards each other along the line joining their centers with velocities v/2, such that the relative velocity
measures v and the impact parameter of the collision is zero.

Figure 1 shows the initial set-ups of the collision events simulated in this work. The unit vector along the
major axis of the ellipsoids is denoted by ¢; for ell-ell events, the two ellipsoid orientations are denoted by ¢;
and ¢,. The initial set-ups are obtained by varying the orientation ¢, ¢; and ¢, with respect to the velocity, v. The
set-ups for sph-ell and ell-ell collision events are explained in Table 1 with the nomenclature used in this paper.

Note that only high-symmetry geometries are studied. The only exception is €¢45°v; along with¢ L vande¢ || v,
this configuration completes the overview of central sph-ell collisions. The analogous overview over all central
ell-ell collisions would be computationally too costly, since in general the axes ¢; and ¢, may have an arbitrary
orientation with respect to v, giving rise to 3 angle parameters to sample.

Each of the collision set-ups shown in Fig. 1 are simulated for six velocities v: 2.5, 3.75, 5, 6.25, 7.5, 8.75, 10,
12.5, 15 m/s. Each simulation runs for 200 us in steps of At = 50 ps.
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Set-up nomenclature | Collision type | Orientation of the ellipsoidal aggregate(s)

clv sph-ell ¢ is perpendicular to v

€45°y sph-ell ¢ is at an angle of 45° to v

clv sph-ell ¢ is parallel tov

cilléllv ell-ell ¢1 and ¢; are parallel to each other, and also parallel to v
@€ llé)Lw ell-ell ¢1and ¢; are parallel to each other, but perpendicular to v
@ llv)Le ell-ell ¢ is parallel to v, but perpendicular to &

i Lé Ly ell-ell €1, ¢ and v are all perpendicular to each other

Table 1. Nomenclature of collision set-ups for sph-ell and ell-ell collisions.

sph —sph c45°v clv

61"62 "V (é]_"éz)lv ((_:1"V)_Léz él_Léz_LV

sph — sph c45°v

(I_:l "62 "V (61 "éz)J_V (61"V)J_62 éllézlv

%

(b)

Figure 1. Set-ups of all collision events studied in this work. (a) Plane view; the collision velocity is in the
horizontal direction. (b) 3D view, in which the viewing direction makes an angle of 45° with all axes. A light
source is placed on the top of each setup to illuminate the aggregates for emphasizing their 3D shape and
orientation. Figure created using POV-Ray?.

Identification of fragments. Asa result of a collision event, the aggregates may merge and/or fragment.
We quantify the size of the fragments by the number of grains contained in that fragment. The algorithm by
Stoddard® is used to determine the aggregate sizes.
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Results and discussion

Overview over collision outcomes. Figure 2 displays snapshots at the end of the simulation and thus
gives an overview over the collision outcomes in its dependence on collision velocity and geometry. At the small-
est velocity, v = 2.5m/s, the collision always generates a fused aggregate with only little grain ejection. At higher
velocities, fragmentation processes become dominant; in these, a multitude of monomers and small fragments
are ejected. However, a few examples also show up, where several large fragments form in the cloud of grains;
this occurs for v = 5 m/s for the (¢; || v) L ¢, geometry, for instance, but also at higher velocities, for example
for the ¢; || €3 || v geometry at 10 m/s. A quantification of the fragment distribution will be discussed later. We
note that for central collisions, fusion and fragmentation are the only outcomes found in granular simulations;
for oblique collisions, also sliding (also denoted by shearing or bouncing) collisions may occur'*'.

While the forms of the v = 2.5 m/s merged clusters appear obvious from the collision geometries, Fig. 1, the
shape of the fragment cloud developing at higher velocities becomes more complex. For the highly symmetrical
cases sph-sph, € || €2 || vand (¢ || ¢2) L v, the main fragment ejection occurs in the collision plane, i.e., the
plane perpendicular to v through the CM. In the other cases, the parts of the aggregate that lie farthest from the
collision axis are stripped off. We will denote this mechanism as ‘rim peel-oft” in later discussions. It is possible in
sph-ell collisions since the semi-major ellipsoid axis, ¢ = 52.7 um, strongly surpasses the sphere radius R = 33.2
pm; in ell-ell collisions such stripping processes occur whenever ¢; and ¢; are not aligned. In all cases but the ¢45°v
geometry, symmetric fragment patterns appear in Fig. 2, however, these will not always be axisymmetric. Finally,
we emphasize that the fate of the grains in the two colliding aggregates may be strongly different, as indicated by
the blue and red colors in Fig. 2. Take as an example the ¢45°v geometry of the sph-ell collision; at high velocities,
material from the ellipsoid rims will be stripped off and travel forward essentially undisturbed, while the material
of the sphere close to collision axis is stopped. Since the semi-minor ellipsoid axis is only a = 26.3 pm and thus
smaller than the sphere radius, sphere grains originating from the sphere rim in the direction perpendicular to
the plane plotted in Fig. 2 are stripped off the aggregate and can move towards the left side.

For further quantitative discussion of the collision outcome, we discuss the angular distribution of the ejecta
in Fig. 3. For simplicity, we focus on the spherical polar angle 6 of the ejecta with respect to the velocity vector,
v.6 = 0° denotes motion to the left in Fig. 2, and 6 = 180° motion to the right. We only determine the angular
distribution of monomers, since these constitute the majority of fragments.

Figure 3 shows the focused ejection within the collision plane for the highly symmetrical cases sph-sph,
¢ |l &2 |l vand(¢; || €2) L v. Strong forward and backward ejection is found for the crossed-ellipsoid geometry
€1 L & L v. The other cases feature forward-backward asymmetry which has varied origins: in ¢45°vand¢ || v,
the shape of the colliding aggregates makes the difference, in ¢45°v the additional tilt angle of the ellipsoid plays
arole. Finally, in (¢; || v) L ¢; the orientation of the two ellipsoids with respect to the collision axis is decisive
for the emission pattern; the ellipsoid with ¢ || v has difficulties in penetrating the core of the second ellipsoid
such that the majority of the ejecta lie on the left-hand side, & < 90°.

Critical velocities. The question of whether a collision of two aggregates leads to their fusion or rather to
fragmentation is often of prime interest in collision studies, since it decides on whether aggregates grow or erode
by collisions. This question can be decided with the help of the number of grains in the largest post-collisional
aggregate, Nj. By normalizing to the number of grains initially present in one aggregate, we thus define the
growth ratio

N
Ngr = W (4)
We will denote collisions with r1g; > 1.5 as fusion outcomes, even though there certainly exists an arbitrari-
ness in which limiting value to use (instead of 1.5). In the literature, often ng, > 1is characterized as the ‘growth
regime’; the quantity ng, — 1 has been denoted the ‘erosion efficiency’®*'*2. Growth is thus a weaker concept
than fusion.

Figure 4 shows the dependence of the growth ratio with velocity for the collision geometries investigated.
Not surprisingly, ng; is monotonically decreasing with velocity as fragmentation processes gain in importance.
The velocities, vg,, at which Tgr Crosses the value 1.5 may be taken to mark the end of the fusion regime; where
it passes the value of 1, vg, as the end of the growth regime.

Interestingly, the case of sph-sph collisions shows quite large values of ng; compared to the other geometries.
This quantifies our above discussion that fragmentation is more abundant in sph-ell and ell-ell collisions than in
sph-sph collisions. The compact shape of spherical aggregates minimizes fragmentation; the grains in the rim of
the ellipsoids far away from the collision axis are prone to lead to monomer (and small fragment) ejection, thus
reducing the growth ratio ng,. Note that aggregate shape has a strong effect here: the fusion velocity, vg,, may
be reduced from the value of around 11.5 m/s for sph-sph collisions to only 5 m/s for unfavorable geometries.
The decrease for the growth velocity is smaller; from vg, = 15 m/s for the sph-sph case to only 10 m/s in other
geometries.

One might have expected that the ¢45°v collision interpolates between the ¢ L v and ¢ || v geometries; Fig. 4
shows that this is not the case. In the ¢ _L v geometry, the ellipsoid rims close to the major axis do not interact with
the colliding sphere and are therefore prone to fragmentation; in the ¢45°v geometry, because of the tilt angle,
these far-lying ellipsoid rims are brought closer to the collision axis and thus contribute less to fragmentation.
In the ¢ || v geometry, on the other hand, parts of the sphere are far from the interaction region; this geometry
fragments most among the sph-ell collisions. These results thus demonstrate that aggregate fragmentation is
minimum if the aggregate cross sections perpendicular to the collision axis show maximum overlap.
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Figure 2. Tableau of the final state after the collision of two aggregates colliding with velocity v (in units of m/s)
and the collision geometries, cf. Table 1. Size of the space plotted in the subpanels changes with collision velocity.
For the sake of a clear visualization of the monomers and small fragments, the grain size is appropriately scaled
with the subpanel boxes. Grains are colored according to their initial aggregate affiliation. Figure created using
POV-Ray®.

We note that for some geometries, such as ¢ L v and in particular ¢45°v, the geometry effect is only small;
for (¢; || ¢2) L v, fragmentation is even less than for sph-sph collisions. Here, the ellipsoid axes are aligned such
that the ellipsoids collide with their maximum cross section facing each other; this leads to efficient stopping of
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Figure 3. Angular distribution of monomers, Ny, (6), for collision velocity of v = 15 m/s and the collision
geometries indicated, cf. Table 1. Data are normalized to their peak values.
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Figure 4. Dependence of the growth ratio, gy, Eq. (4), on collision velocity, v. The dotted lines delineate the
growth regime, ng; > 1, and the fusion regime, ng, > 1.5.

the aggregate motion and to easy energy dissipation. In contrast, when the ellipsoids collide with their minimum
cross sections facing each other, ¢; || ¢z || v, strong fragmentation sets in beyond 7.5 m/s.

We conclude that deviations from the spherical shape are prone to induce more fragmentation and diminish
the fusion and growth velocities. This behavior is caused by aggregate parts far from the collision axis that are
stripped off during the collision (‘rim peel-off’). Only for specially selected cases, where the aggregates impact
on each other with maximum cross section, can fragmentation be reduced below the value of sph-sph collisions.

Fragment size distribution. In cases of high-speed collisions, where many fragments are formed, the size
distribution of fragments, f(N), is relevant. Figure 5a displays this distribution for all geometries investigated
for the highest velocity investigated, 15 m/s. The data emphasize our above discussion of the growth ratios. For
instance, in the (¢1 || &) L v geometry with its high growth velocity, the number of fragments with sizes < 10%is
minimum, corresponding to little fragmentation. On the other hand, for the (¢; || v) L ¢, geometry, the number
of small fragments (N < 10%) is maximum. Also note that the largest fragments, N > 10%, correspond to the
remnants of the original colliding aggregates.

The fall-off of the fragment-size distribution has often been described with a power-law

fIN) «N7T. (5)

13-15,21

The curvature of the distribution in the double-logarithmic plot, Fig. 5, demonstrates that such a fit is possible
only in a finite fragment-size interval. Our data allow a fit with T = 2 in the low fragment-size range, N < 10,
and t = 1.5 for larger N,10 < N < 100, in qualitative agreement with previous studies'*'*. Remarkably, the
power-law exponent does not appear to depend sensitively on the collision geometry.
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Figure 5. (a) Size distribution of fragments, f{N), for collision velocity of v = 15 m/s and the collision
geometries indicated, cf. Table 1. (b) Data are normalized to f(1) = 1. Dashed lines show power-law behavior,
Eq. (5), with 7 = 2 and 1.5 for orientation.

Figure 6 compares the numbers of monomers in the various collision geometries investigated. As discussed
above, the dependence on geometry amounts to a factor of 2 at most. Most monomers are obtained for the
(€1 || v) L & geometry—where up to N = 10? the number of fragments is maximum. The smallest number of
monomers is obtained for the ¢, || €2 || v and the (¢; || €2) L v geometries, where the aligned ellipsoid axes do
not allow for fragment formation by the ‘rim peel-off” effect discussed above.

Besides the grain-size distribution, it is also relevant to discuss the distribution of aggregate masses in the
fragments. The mass of a fragment containing N grains amounts to #N. While for monomers, the masses do not
give any further information, the mass contained in large fragments is substantially larger than the N~ decay
of the size distribution, Eq. (5), suggests. In Fig. 6, we also show the total mass of ‘large’ fragments, defined as
fragments with N > 400, i.e., fragments that contain at least 1 per cent of the total mass of the system. In this
mass regime, the size distribution, Fig. 5, is rather flat and shows strong fluctuations caused by the small numbers
of fragments generated with these high masses. Figure 6 shows that the masses contained in these large clusters
are more than an order of magnitude higher than the—more abundant—monomers. Large fragments are most
dominantin the (¢; || v) L €&;and¢; L & L v geometries; as Fig. 5 shows, in these cases the fragments with sizes
in the range of hundreds to thousands dominate, but not the remnants of the colliding clusters with sizes > 10%

Summary

We used granular mechanics simulations to study collisions between granular aggregates with the aim to explore
which features are most pronouncedly affected by aggregate shape. We obtained the following findings for equal-
mass aggregates colliding centrally.
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Figure 6. Dependence of the total mass of ejected monomers, Ny, and the total mass of large fragments with
sizes N > 400 on the collision geometry, cf. Table 1.

1. Aggregate shape plays a major role in the onset of fragmentation processes. These can be conveniently
quantified using the size of the largest post-collision aggregate, N;. Collisions of compact aggregates (such
as spheres) or collisions where aggregates face each other with a large cross section lead to large N.

2. Conversely, collisions of aggregates with incompatible facing cross-sections lead to an increase in fragmenta-
tion seen in the number of ejected monomers. This can be explained by the ‘rim peeling’ mechanism: Those
aggregate parts that are distant from the collision axis and do not face the collision partner are stripped off
during the collision.

3. 'This geometrical effect strongly influences the critical velocities for fusion and for growth. These velocities are
needed in calculations of the collisional evolution of dust clouds. Our study thus emphasizes that aggregate
shape may be factor that needs to be taken into account in such calculations.

4. Fragment-size distributions, on the other hand, are only little affected by aggregate shape.

The parameters describing the intergranular forces have been chosen in this study to describe the interaction
between silica grains of radius r = 0.76 um, cf?’. In particular, the dissipation constant A was chosen to fit avail-
able experimental data for the coefficient of restitution?”**. Similarly, the specific surface energy y is in agreement
with available data for amorphous silica spheres as reviewed in**. Nevertheless, it is of interest to discuss which
changes are induced in the collision dynamics of aggregates when these parameters are changed. This question
was studied previously for simpler collision scenarios, viz., collisions between spherical aggregates or with a
granular bed having a planar surface. It was found that a reduction of dissipation, A, (i) increases the coeflicient
of restitution between two grains®; (ii) in aggregate collisions, it increases fragmentation, since more kinetic
energy remains available for grain bouncing and hence aggregate fragmentation'”. The effects of changes in the
surface energy—and hence the grain adhesion—on aggregate collisions has to our knowledge not been studied
with comparable care. However, we mention that an increased y leads to a quicker stopping of the aggregates®
and a stronger material compaction®; hence it can be expected to lead to less fragmentation in aggregate colli-
sions, even though this aspect does not seem to have been investigated systematically.

In future studies, it may be interesting (i) to provide more systematics to the collision outcomes as a function
of the ellipsoid axis ratio; (ii) to study the outcomes of non-central collisions between spherical and aspherical
particles; and (iii) to extend the aggregate shape to more general forms, in particular to non-axisymmetric shapes
as they may originate from oblique collisions.
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Received: 3 January 2023; Accepted: 1 February 2023
Published online: 06 February 2023

References

1. Blum, J. Dust growth in protoplanetary disks—A comprehensive experimental/theoretical approach. Res. Astron. Astrophys. 10,
1199 (2010).

2. Gaspar, A, Rieke, G. H. & Balog, Z. The collisional evolution of debris disks. Astrophys. J. 768, 25 (2013).

3. Weidenschilling, S. J. Aerodynamics of solid bodies in the solar nebula. Mon. Not. R. Astr. Soc. 180, 57 (1977).

4. Weidenschilling, S. J. & Cuzzi, J. N. Formation of planetesimals in the solar nebula. In Protostars and Planets I1I Vol. 3 (eds Levy,
E. H. & Lunine, J. I.) 1031 (University of Arizona Press, 1993).

5. Wurm, G. & Blum, J. Experiments on preplanetary dust aggregation. Icarus 132, 125 (1998).

6. Blum, J. Dust agglomeration. Adv. Phys. 55, 881-947 (2006).

7. Blum, J., Schripler, R., Davidsson, B. J. & Trigo-Rodriguez, ]. M. The physics of protoplanetesimal dust agglomerates. I. Mechanical
properties and relations to primitive bodies in the solar system. Astrophys. J. 652, 1768 (2006).

8. Birnstiel, T., Dullemond, C. P. & Brauer, F. Gas- and dust evolution in protoplanetary disks. Astron. Astrophys. 513, A79. https://
doi.org/10.1051/0004-6361/200913731 (2010).

Scientific Reports |

(2023) 13:2072 | https://doi.org/10.1038/s41598-023-29247-y nature portfolio


https://doi.org/10.1051/0004-6361/200913731
https://doi.org/10.1051/0004-6361/200913731

www.nature.com/scientificreports/

9. Blum, J. & Wurm, G. Experiments on sticking, restructuring, and fragmentation of preplanetary dust aggregates. Icarus 143,

138-146 (2000).

10. Gundlach, B. & Blum, J. The stickiness of micrometer-sized water-ice particles. Astrophys. J. 798, 34 (2015).

11. Dominik, C. & Tielens, A. G. G. M. The physics of dust coagulation and the structure of dust aggregates in space. Astrophys. J. 480,
647-673 (1997).

12. Wada, K., Tanaka, H., Suyama, T., Kimura, H. & Yamamoto, T. Numerical simulation of dust aggregate collisions. I. Compression
and disruption of two-dimensional aggregates. Astrophys. ] 661, 320-333 (2007).

13. Wada, K., Tanaka, H., Suyama, T., Kimura, H. & Yamamoto, T. Numerical simulation of dust aggregate collisions. II. Compression
and disruption of three-dimensional aggregates in head-on collisions. Astrophys. J. 677, 1296 (2008).

14. Wada, K., Tanaka, H., Suyama, T., Kimura, H. & Yamamoto, T. Collisional growth conditions for dust aggregates. Astrophys. J. 702,
1490 (2009).

15. Ringl, C,, Bringa, E. M., Bertoldi, D. S. & Urbassek, H. M. Collisions of porous clusters: A granular-mechanics study of compaction
and fragmentation. Astrophys. J. 752, 151-163 (2012).

16. Umstitter, P. & Urbassek, H. M. Fragmentation and energy dissipation in collisions of polydisperse granular clusters. Astron.
Astrophys. 633, A24. https://doi.org/10.1051/0004-6361/201936527 (2020).

17. Umstitter, P. & Urbassek, H. M. On the scaling of fragmentation and energy dissipation in collisions of dust aggregates. Granular
Matter 23, 33. https://doi.org/10.1007/s10035-021-01101-w (2021).

18. Hasegawa, Y., Suzuki, T. K., Tanaka, H., Kobayashi, H. & Wada, K. Collisional growth and fragmentation of dust aggregates with
low mass ratios. I: Critical collision velocity for water ice. Astrophys. J. 915, 22. https://doi.org/10.3847/1538-4357/a (2021).

19. Armitage, P. J. Astrophysics of Planet Formation (Cambridge University Press, 2010).

20. Simon, J. B., Blum, J., Birnstiel, T. & Nesvorny, D. Comets and planetesimal formation. Planetesimal Formation Review accepted
for publication in Comets III https://doi.org/10.48550/ ARXIV.2212.04509 (2022).

21. Ormel, C. W,, Paszun, D., Dominik, C. & Tielens, A. G. G. M., Dust coagulation and fragmentation in molecular clouds I. How
collisions between dust aggregates alter the dust size distribution. Astron. Astrophys 502, 845 (2009).

22. Drazkowska, J., Windmark, F. & Dullemond, C. P. Planetesimal formation via sweep-up growth at the inner edge of dead zones.
Astron. Astophys. 556, A37. https://doi.org/10.1051/0004-6361/201321566 (2013).

23. POV-Ray, version 3.7.0, https://www.povray.org/.

24. Chokshi, A., Tielens, A. G. G. M. & Hollenbach, D. Dust coagulation. Astrophys. J. 407, 806-819 (1993).

25. Dominik, C. & Tielens, A. G. G. M. Resistance to rolling in the adhesive contact of two elastic spheres. Philos. Mag. A 72, 783
(1995).

26. Dominik, C. & Tielens, A. G. G. M. Resistance to sliding on atomic scales in the adhesive contact of two elastic spheres. Philos.
Mag. A 73,1279 (1996).

27. Ringl, C. & Urbassek, H. M. A LAMMPS implementation of granular mechanics: Inclusion of adhesive and microscopic friction
forces. Comput. Phys. Commun. 183, 986-992 (2012).

28. Gunkelmann, N., Ringl, C. & Urbassek, H. M. Influence of porosity on collisions between dust aggregates. Astron. Astrophys. 589,
A30. https://doi.org/10.1051/0004-6361/201628081 (2016).

29. Planes, M. B., Millan, E. N., Urbassek, H. M. & Bringa, E. M. Collisions between micro-sized aggregates: Role of porosity, mass
ratio, and impact velocity. Mon. Notices R. Astron. Soc. 503, 1717-1733. https://doi.org/10.1093/mnras/stab610 (2021).

30. Stoddard, S. D. Identifying clusters in computer experiments on systems of particles. J. Comput. Phys. 27, 291-293 (1978).

31. Seizinger, A., Krijt, S. & Kley, W. Erosion of dust aggregates. Astron. Astrophys. 560, A45. https://doi.org/10.1051/0004-6361/20132
2773 (2013).

32. Wada, K. et al. Growth efficiency of dust aggregates through collisions with high mass ratios. Astron. Astrophys. 559, A62. https://
doi.org/10.1051/0004-6361/2013 (2013).

33. Poppe, T., Blum, J. & Henning, T. Analogous experiments on the stickiness of micron-sized preplanetary dust. Astrophys. J. 533,
454-471 (2000).

34. Kimura, H., Wada, K., Senshu, H. & Kobayashi, H. Cohesion of amorphous silica spheres: Toward a better understanding of the
coagulation growth of silicate dust aggregates. Astrophys. J. 812, 67 (2015).

35. Ringl, C., Bringa, E. M. & Urbassek, H. M. Impact on porous targets: Penetration, crater formation, target compaction, and ejec-
tion. Phys. Rev. E 86, 061313 (2012).

36. Ringl, C., Gunkelmann, N., Bringa, E. M. & Urbassek, H. M. Compaction of highly porous granular matter by impacts on a hard
wall. Phys. Rev. E 91, 042205. https://doi.org/10.1103/PhysRevE.91.042205 (2015).

Acknowledgements

Simulations were performed at the High Performance Cluster Elwetritsch (Regionales Hochschulrechenzentrum,
TU Kaiserslautern, Germany).

Author contributions
R.B. and H.M.U. designed the study and wrote the manuscript. R.B. performed the simulations and analyzed
the results. All authors discussed the results and reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interestss
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.M.U.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:2072 | https://doi.org/10.1038/s41598-023-29247-y nature portfolio


https://doi.org/10.1051/0004-6361/201936527
https://doi.org/10.1007/s10035-021-01101-w
https://doi.org/10.3847/1538-4357/a
https://doi.org/10.48550/ARXIV.2212.04509
https://doi.org/10.1051/0004-6361/201321566
https://www.povray.org/
https://doi.org/10.1051/0004-6361/201628081
https://doi.org/10.1093/mnras/stab610
https://doi.org/10.1051/0004-6361/201322773
https://doi.org/10.1051/0004-6361/201322773
https://doi.org/10.1051/0004-6361/2013
https://doi.org/10.1051/0004-6361/2013
https://doi.org/10.1103/PhysRevE.91.042205
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:2072 | https://doi.org/10.1038/s41598-023-29247 -y nature portfolio


http://creativecommons.org/licenses/by/4.0/

	A granular mechanics model study of the influence of non-spherical shape on aggregate collisions
	Methods
	Granular mechanics model. 
	Aggregate configuration. 
	Simulation set-up. 
	Identification of fragments. 

	Results and discussion
	Overview over collision outcomes. 
	Critical velocities. 
	Fragment size distribution. 

	Summary
	References
	Acknowledgements


