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SUPPLEMENTARY MATERIAL

Impact cratering in sand: Comparing solid and liquid

intruders’
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In this Supplementary Material we compare, for the impact of a water droplet on a granular sub-
strate, the final crater diameter with the maximum spreading diameter of the droplet.

In the main text, we claimed that the final crater diameter DY’
is not related to the maximum droplet spreading diameter D;.
Here, we provide evidence for this statement.

In an earlier paperm we found that both the transient crater
diameter D}, measured at the moment that the maximum crater
depth is reached, and the final crater diameter D collapse onto
a single curve when plotted against the sand deformation en-
ergy E; and definitely not when using the droplet deformation
energy E; = Ej — E; for variation in packing fraction. On the
other hand?, we used precisely the droplet deformation energy
E, to obtain a modified Weber number that collapses the maxi-
mum droplet spreading diameter D). In addition, we observed
that droplet spreading is greatly reduced when mixing between
liquid and grains becomes important, i.e., when wettability of the
grains and their size are increased®. The above discussion alone
already indicates that for droplet impact on a granular substrate
droplet spreading and crater formation can be considered largely
unrelated processes.

In addition, we are however able to directly compare the max-
imum droplet spreading diameter D, with the final crater diam-
eter DY for a large subset of our earlier experiments™3 and the
current paper. Here, we not only include the hydrophobic grains
of 114 and 200 um that were used in the main text of this ar-
ticle, but also hydrophilic ceramic beads of three sizes (98,167
and 257 um) and two types of wettabilities, for which we found®
that the maximum droplet spreading diameter D}, is greatly re-
duced when mixing between liquid and grains is important, with
no measurable effect on the crater diameter.

In Fig. we plot the dimensionless final crater diameter
DY /Dy (with Dy the droplet diameter) as a function of the di-
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mensionless sand deformation energy E;/Eg, defined as
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where U is the impact velocity of the droplet, Z} the maximum
crater depth, E; = %n’piDgUg the kinetic energy of the droplet,
E; = %nps(poDé a gravitational potential energy scale based on the
droplet diameter, p; and ¢yp, the (bulk) densities of impacting
droplet and granular bed respectively, ¢ the packing fraction of
the bed, and g the gravitational acceleration. Clearly, this leads
to a reasonable collapse of the data, regardless of properties like
wettability and surface tension.

In Fig. [1b we plot the dimensionless maximum spreading di-
ameter D7, /Dy of the droplet versus the modified Weber number
We', which is defined as
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where E, is the droplet deformation energy, £ = %TEGD(Z) a sur-
face energy scale based on the droplet diameter, and o the surface
tension of the droplet air interface [’} In this figure, the data do
not collapse at all, which can be explained from the important
role of wettability and grain size of the granular bed®. Note that
the sand deformation energy E; and the droplet deformation en-
ergy E; decompose the impact kinetic energy Ey:
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If the crater diameter D" would be related to the maximum
droplet spreading diameter D}, as postulated in the literature®,
we expect that when we plot these two length scales against

«Note that the second fraction on the right hand side of Eq (@) is the conventional
Weber number We = p;U2Dy /o



water on
ceramic
98 pm
o 167 pm
o 257pm

o
wn ~

water on

clean-ceramic
98 pm

® 167 pm

® 257 num

o
0. 0%°
9 %8
(o]

D /Do
o8}

20 ®0 o
..OQP LS
2 1 2 | 21 | water on

’ hydrophobic

soda-lime

0 50 100 150 0 200 400 600 800 2 3 45 4ium
Es/E, Wel D /Dy ¢ 200 pm

Fig. 1 (a) The dimensionless maximum crater diameter D’ /Dy plotted versus the dimensionless sand deformation energy E,/E, collapses all data for
water droplet impact on various substrates onto a single curve. (b) The dimensionless maximum droplet spreading diameter D7, /Dy is plotted against
the modified Weber number We' for the same data set, which does not lead to data collapse. (c) The dimensionless final crater diameter D /Dy is
plotted against the dimensionless maximum droplet spreading diameter D};/D,. The arrows indicate the directions of increasing packing fraction ¢, and
increasing dimensionless impact energy E; /E,, and the black dashed line indicates D" = D};. Clearly, DY is always larger than D}, but a simple relation
between the two quantities does not exist.
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