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When a liquid drop strikes a deep pool of a second liquid, an impact crater opens
while the liquid of the drop decelerates and spreads on the surface of the crater. If
the density of the drop is larger than the surrounding, the interface between the drop
liquid layer and its surrounding becomes unstable, producing mushroom-shaped plumes
growing radially outward. We interpret this instability as a spherical Rayleigh-Taylor
instability associated with the deceleration of the interface between the drop and its
surrounding, which significantly exceeds the ambient vertical gravity. We investigate
experimentally how changing the density contrast and the impact Froude number affects
the instability and the resulting mixing layer. Using backlighting and planar laser-
induced fluorescence methods, the position of the air-liquid interface, the thickness of
the mixing layer, and an estimate of the instability wavelength are obtained. First, the
evolution of the mean crater radius is derived from an energy conservation model. The
observed mixing layer dynamics is then explained by a model involving a competition
between the geometrical expansion of the crater tending to decrease its thickness, and
mixing produced by the Rayleigh-Taylor instability tending to increase its thickness. The
estimated instability wavelength is finally compared to an approximate linear stability
analysis of a radially accelerated fluid sphere into a less dense fluid. Mixing properties of
this impact-related instability have geophysical implications regarding the differentiation
of terrestrial planets, in particular by estimating the mass of magma ocean silicates that
equilibrates with the metal core of the impacting planetesimals.

1. Introduction

The Rayleigh-Taylor (RT) instability refers to the perturbation of a horizontal interface
between two fluids of different densities. In a gravitational field, an interface separating a
dense fluid supported by a lighter one is unstable (Rayleigh|1899)). In this static case, the
average position of the interface does not vary with time. If the interface is accelerated
in the direction from the lighter to the denser fluid, the configuration is also unstable
(Taylor|[1950). In this dynamic case, the average position of the interface varies in time.
In both cases, infinitesimal perturbations at the interface will grow in time, leading to the
interpenetration of the fluids, and to the reduction of their combined potential energy.

The RT instability was first investigated at planar interfaces using theoretical, nu-
merical, and experimental methods, both in the early-time linear (e.g. Emmons et al.
1960; Chandrasekhar|1961; Tryggvason|1988) and the subsequent non-linear regimes (e.g.
Linden et al.|1994; Dalziel et al.[1999; [Dimonte|1999). However, various phenomena such
as inertial confinement fusion (ICF) experiments (e.g. Lindl|1998;/Thomas & Kares|2012]),
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FIGURE 1. Crater produced by the vertical impact of a liquid drop onto a less dense liquid pool.
A spherical Rayleigh-Taylor instability develops around the crater when it decelerates, which
results in the mushroom-shaped plumes growing radially outward.

supernovae explosions (e.g. [Arnett et al.[1989; [Schmidt [2006), detonation of explosive
charges (e.g. Balakrishnan & Menon [2011), and collapsing bubbles (e.g.
|1977t |Lin et al.\|2002[)7 involve RT instabilities at spherical interfaces. The spherical
configuration was initially investigated in static and dynamic cases, regarding the early-
time linear stability of spherical interfaces between two inviscid fluids (Bell|1951} [Plesset|
11954; [Mikaelian| 1990). Viscosity effects responsible for energy dissipation at small-scale
were also investigated in both cases (Chandrasekhar|[1955; Prosperetti/|1977; Mikaelian
. Turbulent mixing related to the late-time non-linear RT instability dynamics was
also investigated for spherical interfaces (Youngs & Williams|2008; [Thomas & Kares
2012; [Lombardini et al.|2014).

A RT instability at spherical interfaces is also expected to occur during drop impact,
which is the focus of the experiments discussed in this paper. When a liquid drop strikes
a less dense deep liquid pool, the crater opening deceleration produces an unstable
equilibrium where perturbations at the drop-pool interface are amplified (ﬁgure. The
RT instability dynamics depends crucially on the acceleration history of the interface
(Mikaelian|1990; Dimonte & Schneider]2000). In the case of a drop impact, acceleration
history is dictated by the crater opening dynamics, which depends on the impact
parameters: drop radius, impact velocity, ambient gravity and physical properties of
the fluids such as surface tension, density and viscosity. Depending on these impact
parameters, various impact regimes such as bouncing, coalescence and splashing may
occur (e.g. . Given the impact energy of the drops involved, all our experiments
are in the splashing regime. Since the pioneering experiments of Worthington (1895), the
splashing regime has been extensively investigated (Engel| 1966, 1967; Macklin & Metaxas
1976} [Pumphrey & Elmore|[1990; [Prosperetti & Oguz|[1993; Morton et al.|[2000; Leng
2001; Fedorchenko & Wang 2004; Bisighini et al.[2010; Ray et al.[2015). In particular,
the effects of immiscibility (Lhuissier et al.|[2013; Jain et al.[2019), viscoplasticity
et al.[2019), impact angles (Okawa et al.|2006; |Gielen et al.[2017), and thickness of the
target layer (Berberovié et al.[2009) on impact dynamics have been examined. Based on
these experiments, several models of the crater size evolution and the related acceleration
history were developed, using energy conservation (e.g. Engel 1966, [1967) or momentum
conservation in an irrotational flow (e.g. Bisighini et al. 2010).

Besides providing an example of a RT instability at a spherical interface, this drop
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impact instability and the mixing related to it have geophysical implications. Terrestrial
planets such as the Earth formed 4.5 billions years ago by the successive accretion of
increasingly massive bodies composed mainly of silicates and iron (Chambers|2010), the
last giant impact being probably responsible for the formation of the moon (Canup|2012;
Cuk & Stewart|2012)). During this accretion process, planetary materials are heated by the
kinetic energy released during the impacts, the reduction of gravitational potential energy
as the metal of the impactors migrates toward the core, and the decay of radioactive
isotopes (Rubie et al.|2015). This energy supply contributes to the production of deep
magma oceans (Solomatov 2015). In addition, accretion models show that most of the
Earth mass was accreted from differentiated bodies, i.e. with a separate core and mantle
(Kleine et al.|[2002; |[Scherstén et al.|2006). Both the impacting body and the planetary
surface are melted by the shock-waves produced by the impact, releasing the liquid metal
core of the impactor into a fully-molten magma ocean (Tonks & Melosh||1993)). This
results in a situation where the metal core of an impactor strikes a less dense silicate
magma ocean. A spherical RT instability is then expected to occur during crater opening,
producing mixing that contributes to the thermal and chemical equilibration between the
metal core of the impactors and the silicates of the magma ocean.

The current dynamics of the Earth is partly inherited from its concomitant accretion
and differentiation. Heat partitioning and chemical fractionation between the mantle and
the core depend on the physical processes involved during differentiation (Stevenson|1990;
Wood et al. 2006), which includes in particular equilibration and dispersion occurring
during planetary impacts (Canup|2004; |(Cuk & Stewart||2012; Kendall & Melosh [2016;
Landeau et al.|2020; Nakajima et al.|2020). Heat partitioning sets the initial temperature
contrast between the mantle and the core. It crucially determines the early thermal and
magnetic evolution of the planet, in particular the formation and evolution of magma
oceans (Labrosse et al.|[2007; [Sun et al.|[2018), and the existence of an early dynamo
(Williams & Nimmo|[2004; Monteux et al.|2011; Badro et al.|2018). Chemical fraction-
ation has also major geodynamical implications, such as the nature and abundance of
radioactive and light elements in the core (Corgne et al.|2007; [Siebert et al.|2012; Badro
et al.|2015; Fischer et al.|2015). Geochemical data such as isotopic ratios and partitioning
coefficients between metal and silicates provide constraints on the timing of accretion and
physical conditions of core formation in terrestrial planets (Li & Agee|1996; |Kleine et al.
2002; [Righter [2011; [Siebert et al. 2011). However, their interpretation depends on the
degree of chemical equilibration between the metal of the impactors’ core and the magma
ocean (Rudge et al.[2010; Rubie et al.|[2011).

Consequently, an estimate of the mixing produced by the spherical RT instability
during the impact is required in order to properly interpret geochemical data. In this
paper, we examine the spherical RT instability produced during an impact using fluid
dynamics experiments. Concerning planetary impacts, experiments allow to capture
small-scale processes crucial to mixing quantification, whereas numerical simulations,
more realistic on a large scale (sphericity, angled impact, self-gravitation), fail to capture
these processes due to their resolution limit typically around 10 km (e.g. [Kendall &
Melosh|[2016).

After a phenomenological description of the RT instability, the crater radius evolution
is obtained using an energy conservation model. Knowing the acceleration history of the
cratering process, the mixing layer dynamics is characterised, regarding in particular the
evolution of the mixing layer thickness and the early-time instability wavelength. Mixing
properties of this impact-related instability are eventually applied to the differentiation
of terrestrial planets, in particular by estimating the mass of silicates that equilibrates
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with the metal of the impactors during crater opening, in particular during potential
Moon-forming impacts.

2. Impact cratering experiments
2.1. Dimensional analysis

We expect that the impact dynamics of a liquid drop released above a deep liquid
pool with a different density and viscosity depends on its impact velocity U; and radius
R;, the densities p; and ps of the drop and the pool, the dynamic viscosities @1 and
e of the drop and the pool, the surface tension at the air-liquid interface o, and the
acceleration of gravity g. Since these eight parameters contain three fundamental units,
the Buckingham-Pi theorem dictates that the impact dynamics depends on a set of five
independent dimensionless numbers. We choose the following:

o Uz2 plUZQRl pQUle
)

We = Re = o pi/p2, b/ pe. (2.1)

Fr =
gR;’ o M2

The Froude number Fr is a measure of the relative importance of impactor inertia
and gravity forces. It can also be interpreted as the ratio of the kinetic energy p; RZU?
of the impactor to its gravitational potential energy p;gR} just before impact. The
Weber number We compares the impactor inertia and interfacial tension at the air-liquid
interface. The Reynolds number Re is the ratio between inertial and viscous forces. p1/p2
and 1 /ps compare respectively the density and the dynamic viscosity of the drop and
the pool. Since surface tension depends on salt concentration, a surface tension ratio
between the drop and the pool is also involved. However, we neglect this parameter
because the Weber number is much larger than unity and because the surface tension of
the drop only varies by a maximum of 20% compared to the pool. We will also make use
of a modified Froude number and the Bond number,

Fre="02 s , Bo= LgR?
p2 gR; o
which can respectively be understood as the ratio of the kinetic energy of the impactor
p1R3UZ to the change of potential gravitational energy p2g R} associated with the opening
of a crater of size R;, and the ratio of buoyancy forces to interfacial tension at the air-
liquid interface. Table |1| compares the value of these dimensionless parameters in the
experiments and in planetary impacts.

Since experimental Reynolds numbers Re 2 2500 and Weber numbers We 2 60
are larger than unity, viscosity and surface tension are mostly negligible during crater
opening. Although Re and We are much larger during planetary impacts than in our
experiments, this means that the cratering process and the RT instability are governed
by inertia and buoyancy forces, in both our experiments and planetary impacts. We thus
focus on a regime, sometimes called gravity regime (Melosh [1989), where the dynamics
depends mainly on two dimensionless parameters, the Froude number F'r and the density
ratio p1/p2.

In order to characterise the cratering dynamics and the RT instability following the
impact, we vary the drop radius, drop density and impact velocity. We obtain Froude
numbers and modified Froude numbers larger than unity, in the range F'r ~ 60—1200 and
Fr* ~ 60 — 2100, respectively. During planetary impacts, the Froude number (equation
is about 1 for impactors comparable in size with the target, but increases by several
order of magnitude for small colliding bodies, e.g. the Froude number is about 10* for
a 1 km radius body impacting an Earth-sized planet. Our experiments thus typically

: (2.2)
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Dimensionless number Experiments Planetary impacts

Fr 60 — 1200 1-10°
Fr* 60 — 2100 1—10°
We 60 — 1300 > 10
Bo 0.7-1 > 10"
Re 2500 — 13500 > 10*!
p1/p2 1—-1.8 2
/e 0.9-1.2 0.1

TABLE 1. Typical values of the main dimensionless parameters (equations and [2.2) in the
experiments, and typical planetary impacts. For planetary impacts, dimensionless numbers use
a density of 4000 kg.m ™ for molten silicates, and of 8000 kg.m ™2 for molten metal, a dynamic
viscosity of 0.1 Pa.s for molten silicates, and of 0.01 Pa.s for molten metal (Solomatov |2015).
Surface tension between air and molten silicates, and between air and molten metal, are typically
0.3 J.m 2 (Taniguchi|1988) and 1.8 J.m™2 (Wille et al.|2002), respectively. Impact velocity is
assumed to be one to three times the escape velocity (Agnor et al.[1999; |[Agnor & Asphaug
2004). Impactor to target radius ratio is assumed to be in the range 10~ — 1.

match planetary target to impactor radius ratio in the range 30 — 600. We focus on five
density ratios p1/p2 ~ {1.0,1.2,1.4,1.6, 1.8}, allowing a quantitative investigation of the
density effects, in comparison with a reference case without density contrast. We have
also made a few experiments at p;/p2 ~ 0.8 using ethanol in the drop. During planetary
impacts, the density ratio is expected to be about 2, which is close to the upper limit of
our experimental density ratios.

During planetary impacts, several effects neglected in our experiments may change the
dynamics of the cratering process and the related RT instability. First, immiscibility
between metal and silicates is not present in our experiments with miscible fluids.
However, this effect may be neglected since inertial forces exceed widely interfacial forces
in planetary impacts. Then, the Mach number, defined as the ratio between the impact
velocity and the sound velocity (P-wave velocity) in the magma ocean, is expected to
be larger than unity during a planetary impact (e.g. Stixrude et al.|2009), whereas it
is typically smaller than 3 x 1072 in our experiments. Compressibility effects such as
the conversion of kinetic energy into heating are neglected. Finally, the viscosity ratio
between metal and silicates is also smaller than the experimental viscosity ratio by one
order of magnitude. Although in this regime viscosity does not participate in the crater
size evolution, it remains nonetheless a crucial parameter regarding the RT instability
wavelength.

2.2. Ezxperimental set-up
2.2.1. Drop production, fluids, and cameras

In these experiments, a liquid drop is released in the air above a deep liquid pool
contained in a 16 x 16 x 30 cm glass tank (figure|2). The pool level is exactly set at the
top of the tank. The aim is to minimise the thickness of the meniscus on the side of the
tank in order to obtain an image of the crater all the way to the surface.

The drop is generated using a needle supplied with fluid by a syringe driver at a slow
and steady pace. When the weight of the drop exceeds the stabilising surface tension
effect, the drop comes off. We used a metallic needle with an inner diameter of 1.6 mm
and a nylon plastic needle with an inner diameter of 4.7 mm, generating two series of drop
size with typical radius in the range 1.7—2.0 mm and 2.3—2.7 mm, respectively. The exact



6 V. Lherm, R. Deguen, T. Alboussiére and M. Landeau

a) Syr.inge b)
driver
Needle —\
Drop
(Water 4+ CsCl)
High-speed % ] IH]
camera = Water ©
Backlight
Long-pass 30 cm LED
filter backlight ¢)
16 cm
N | g 4
L Sheet Mi ‘* _ »
aser optic 1rror - >
LIF

FIGURE 2. (a) Schematic view of the experimental set-up, including backlight and LIF
configuration set-up. (b) Snapshot obtained using the backlight configuration. (c) Snapshot
obtained using the LIF configuration.

drop size, which depends on the drop density, is calculated for each experiment based on
a careful calibration using precise mass measurements of dozens of drops, independent
density measurement, and assuming the drop is spherical. We validate this method using
high-speed pictures of the drop prior to impact where we can directly measure the drop
radius.

Typical impact velocities are in the range 1 — 5 m.s~'. Impact velocity is calculated
for each experiment using a calibrated free fall model for the drop including a quadratic
drag. We also validate this method using high-speed pictures of the drop prior to impact
where we can directly measure the drop velocity.

Concerning fluids, we use an aqueous solution of caesium chloride CsCl (p; = 998 —
1800 kg.m ™3, py = 0.9x1072—1.2x 1073 Pa.s) in the drop, and water (py = 998 kg.m~3,
p2 = 1073 Pa.s) in the pool. Surface tension at the air-water interface is ¢ = 73 mJ.m~2.
The density is measured for each experiments using an Anton Paar DMA 35 Basic
densitometer. Viscosities and surface tension are obtained using data from Haynes| (2016).

Results are obtained with two imaging configurations, backlight and Laser-Induced
Fluorescence (LIF) configurations, most suited to crater shape determination and mixing
characterisation, respectively. In both configurations, the camera is positioned at the
same height as the water surface. Images are recorded at 1400 Hz with a 2560 x 1600
pixels resolution, and a 12 bits dynamic range, using a high-speed Phantom VEO 640L
camera and a Tokina AT-X M100 PRO D Macro lens.
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FIGURE 3. (a) Detection of the crater boundary. The dashed line corresponds to the fitted
crater boundary using a set of shifted Legendre polynomials up to degree | = 5, the degree [ = 0
gives the solid line corresponding to the mean crater radius. (b) Detection of the mixing layer.
The solid line corresponds to the fitted crater boundary using a set of Legendre polynomials
up to degree | = 5. Dashed lines correspond to the weighted average mixing layer boundaries,
calculated using the second moment of the concentration about the mean position of the layer.
Blue arrows indicate the position of the plumes produced by the instability.

2.2.2. Backlight configuration

In the backlight configuration (figure ), we measure the evolution of the mean crater
radius. The crater is illuminated from behind by a LED backlight panel and appears dark
owing to refraction of light at the air-water interface. Image processing involves spatial
calibration using a sight, background removal, intensity threshold, image binarization,
and allows us to determine the crater boundary.

The crater boundary radius R(6,t), which depends on the polar angle 8 and time ¢, is
then fitted using a set of shifted Legendre polynomials P, up to degree [ = 5

R(0,t) =Y aPy(cosb), (2.3)
=0

where a; are the fitted coefficient. The shifted Legendre polynomials are defined as an
affine transformation of the standard Legendre polynomials P;(z) = P;(2x — 1), and are
orthogonal on [0,1], i.e. on a half-space. The mean crater radius is obtained from the
[ = 0 coefficient, i.e. R = ag.

Uncertainties are dominated by the extrinsic variability between experiments in the
same configuration. Each experiment is repeated at least four times consecutively in order
to estimate uncertainties on dimensionless parameters and target quantities. This allows
to include uncertainties resulting from reflections and refraction at the crater boundary.

In comparison, intrinsic uncertainties related to the spatial resolution of the camera, the
spatial calibration, and image processing are negligible. Spatial resolution of the camera,
viz 30 px.mm ™!, is adequate given the size of the target, allowing this uncertainty to be
neglected. Spatial calibration errors, typically around 0.2 px, are also neglected. Given
the camera resolution and dynamic range, a good contrast is obtained on the crater and
the impacting drop, which allows to neglect errors related to image processing.

Uncertainties on fluid properties and impact parameters are propagated to uncertain-
ties on the dimensionless numbers (equations and . Errors on density, viscosity
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and surface tension are carefully measured (density) or calculated (viscosity and surface
tension) in a temperature controlled environment. Errors on the velocity and radius of
the impacting drop are obtained from the variability in mass measurements and from
error propagation in the velocity model, respectively.

2.2.3. Laser-Induced Fluorescence configuration

In the LIF configuration (figure [3b), we measure the thickness of the mixing layer
and the number of plumes produced by the RT instability. A vertical laser sheet (532
nm) excites the fluorescent dye (Rhodamine 6G) contained in the fluid of the drop. The
fluorescent dye then re-emits light between 570 nm and 660 nm. This emission signal is
then recorded by the camera and isolated from the laser signal with a long-pass filter
(> 540 nm). The laser sheet is generated using a 10 W Nd:YAG continuous laser in
combination with a divergent cylindrical lens and a telescope, producing a 1 mm thick
sheet. The laser sheet is diverted vertically using a 45° mirror beneath the tank. In
order to isolate the mixing layer, images are processed with spatial calibration using a
sight, background removal, and laser sheet corrections, removing sheet inhomogeneities.
Artefacts due to reflections on the surface and on the air-water interface are then filtered
and removed. In particular, the internal reflection of the mixing layer (e.g. figure ) is
carefully removed. The dye concentration field in the mixing layer is eventually obtained,
using its direct proportionality to the measured field of light intensity.

As for the backlight configuration, the position of the crater boundary R(6,t), cor-
responding to the inner boundary of the mixing layer, is fitted using a set of shifted
Legendre polynomials up to degree [ = 5. A local frame of reference (€], eq’) is then
defined, where e/ is normal to the fitted crater boundary and ey is tangent to it. For
each polar position 6 about the crater boundary, the local mean position of the mixing
layer (') is calculated, using the position of the pixels in the local frame of reference
(r',0) and the corresponding concentration field ¢

‘e(r’, 0)dr’
O
O =
The local standard deviation o, about the local mean position of the mixing layer is
then calculated
[T = GO e, 0)dr
- (0) = . 2.5
(oF ( ) \/ IC(T’/,Q)dT/ ( )
The mixing layer thickness h is eventually obtained with

(2.4)

705y 200 R2| sin 0w(0)d0

h= 7o
f:r/2 R?|sin f|w(#)do

(2.6)

using a weighted average where w = 1/[1 4+ exp{k(|f| — 6p)}] is a symmetric logistic
weight function whose steepness is k& = 30 and sigmoid’s midpoint is 6y = /3. The
logistic function allows to give more weight to the bottom of the crater, between 8 = 0
and 6 = 0y, and less to the top of the crater, close to § = +7/2. The use of such a
weight function is motivated by the polar dependency of the LIF signal quality. Close
to the surface, i.e. at § = £7/2, signal intensity is reduced and imaging of the mixing
layer undergoes significant perturbations, leading to a poor estimate of its extent. The
crater is indeed illuminated from below, so that the laser sheet undergoes absorption as
it goes through a dyed layer, and refraction as it goes through a layer with a variable
density and index of refraction. Imaging of the mixing layer close to the surface may also
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be perturbed directly by the air-water interface, causing reflection of the laser sheet. All
these effects can be amplified since the crater is not hemispherical. If the drop is denser
than the pool, the crater is stretched downward, leading after a while to an ellipsoidal
crater centred below the surface of the pool. The path of the laser sheet through the
mixing layer is thus geometrically increased, and is more likely to cross the air-water
interface.

The number of plumes produced by the RT instability is counted manually for each
experiment at the same dimensionless time ¢/(R;/U;) ~ 10 (figure [3p). It corresponds
to an already developed and visible instability, where the plumes, however, did not have
time to interact with each other, which is relevant since this number of plume is to be
compared with theoretical results from a linear stability analysis (Chandrasekhar|1955).

As in the backlight configuration, uncertainties are dominated by the extrinsic variabil-
ity between experiments in the same configuration, and each experiment is thus repeated
at least four times consecutively. Intrinsic uncertainties are negligible and uncertainties
on dimensionless numbers are calculated in the same way.

3. Experimental phenomenology

The phenomenology of the Rayleigh-Taylor instability is intrinsically related to the
crater evolution following the impact, and particularly to its acceleration history. Using
both backlight and LIF configurations, the air-water interface evolution and the mixing
layer evolution are obtained, thus providing the means for a phenomenological descrip-
tion of the observed RT instability. The following description is based on two typical
experiments, with and without density contrast, with the same crater opening dynamics,
in the backlight (figure [4h,c) and the LIF configurations (figure [4b,d).

3.1. Crater geometry

The impact of the drop causes the formation of an impact crater that grows until it
reaches its maximum size (figure [4h, iv). The liquid of the drop is first deformed and
accumulated on the crater floor (figure [4p, i), on a timescale t/(R;/U;) ~ 2 — 3, akin
to previous results (Bisighini et al.[[2010). Then, it quickly spreads on the crater sides
toward the surface (figure[db, ii) during a timescale t/(R;/U;) ~ 8, eventually producing
a layer with an approximately uniform thickness on the nearly hemispherical surface of
the crater (figure , iii-v). The impact also produces a fluid crown (Fedorchenko & Wang
2004) (figure , i-iv), along with a surface wave propagating radially outward from the
crater (Leng 2001) on the horizontal surface. As can be seen from the concentration
field (figure , i-iv), the fluid of the drop mostly accumulates on the surface of the
crater, leaving a crown mainly composed of fluid from the pool. As soon as the crown
decelerates, the cylindrical sheet produces liquid ligaments around the crown rim, which
eventually fragment into drops (figure [4p, ii-iii) (Krechetnikov & Homsy [2009; |Zhang
et al.|2010; Agbaglah et al.|2013). When the crater reaches its maximum size (figure ,
iv), crater starts to collapse (figure , v). A capillary wave can develop on the crater
surface (Pumphrey & Elmore 1990; Morton et al.|2000). The resulting converging flow
leads to the formation of an upward jet mostly composed by the fluid of the drop, in
view of the concentration field (figure[4p, vi).

3.2. Rayleigh-Taylor instability

During crater opening, after an initial impulse, the crater boundary decelerates,
producing a radial deceleration more than ten times larger than vertical gravity (see



10 V. Lherm, R. Deguen, T. Alboussiére and M. Landeau

t=1ms t =3 ms t =9 ms t =26 ms t =42 ms t =76 ms
t(RJU) =2  t)(RJU)=4 t/(RJU)=12 t/(R;)U;)=34 t/(R;/U) =55 t/(R:/U;) =100
a) [ (i) EREEE (R R ) .
Lo
(i) (ii) (iii) ) (vi)
b) -~
- 3 =
&/ J \ 4 . s
t=1ms t =3 ms t =9 ms t =26 ms t =42 ms t =76 ms
t/(Ri/U) =1 t/(R/U;)=5 t/(Ri/U;) =14 t/(Ri/U;) =39 t/(R;/U;) =63 t/(R;/U;) =114
) [® 6] (i) @ ) '
d) () (i) (iii) (iv) ) V)
- o/ y .
1 cm P 3 i" ¥

FIGURE 4. Liquid drop impact onto a deep liquid pool without density contrast (p1/p2 = 1 and
Fr = 481) in the backlight (a) and the LIF (b) configuration. Liquid drop impact onto a deep
liquid pool with density contrast (p1/p2 = 1.8 and Fr = 542) in the backlight (c) and the LIF
(d) configuration.

section . If the density of the drop is larger than the density of the pool, it leads to
an unstable equilibrium where any perturbation at the drop-pool interface is amplified
radially, in the local direction of apparent gravity. This density-driven instability is
interpreted as a Rayleigh-Taylor instability since the (negative) acceleration history
of the interface is sustained during the whole crater opening. Although this crater
deceleration decreases rapidly in magnitude, the interface acceleration is not impulsive.
Thus, the instability is not an incompressible Richtmyer-Meshkov instability (Richtmyer
1960; Meshkov|1969; |Jacobs & Sheeley|[1996). This spherical RT instability is expected
to compete with the crater geometrical expansion, that dampens its development by
stretching the dense layer.

First, the instability goes through a stage where the perturbations of the interface are
small in comparison with the radius of the crater and the wavelength of the instability
(figure , i-ii). This initial stage is expected to occur very early in the crater opening
sequence, as suggested by our experiments where the perturbations reach the same size as
the instability wavelength, at ¢/(R;/U;) ~ 10. This stage is not directly observed in our
experiments because geometrical effects, that stretch and thin the dense layer, prevail over
the RT instability. Fast vigorous crater expansion is indeed expected to dampens the RT
instability. Since the two fluids involved are miscible, i.e. surface tension is zero, all wave
numbers are expected to be unstable with respect to the RT instability (Chandrasekhar
1955). However, owing to larger velocity gradients at large wave numbers, viscosity is
responsible for the energy dissipation of short wavelengths. The growth rate of the
instability then decreases as the inverse of the wave number (Chandrasekhar||1961).
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FIGURE 5. Position of the mixing layer cross-section at # = 0, as a function of time, normalised
by the drop free-fall time R;/U;, without (a) (p1/p2z = 1.0) and with (b) (p1/p2 = 1.8) density
contrast between the drop and the pool. The surface of the pool prior to impact is at z = 0.
The colour scale represents the intensity of the fluorescent tracer initially within the drop.

[#1]

Consequently, a mode of maximum instability depending on the acceleration history
and impact parameters is expected to develop. This mode of maximum instability likely
determines the typical number of plumes and the corresponding wavelength.

At some point, geometrical effects produced by crater expansion loose intensity and
become comparable with the RT instability. This coincides with a stage where the
instability is strongly influenced by three-dimensional effects, leading to the formation
of plumes below the hemispherical surface of the crater (figure , iii). As the RT
instability grows toward a more turbulent layer, the mode of maximum instability is
likely to be modified by non-linear interactions. Plumes then start interacting with each
other, producing a mixing layer (figure , iv). Interactions are expected to come from
multi-mode perturbations interacting non-linearly with each other, and from small-scale
Kelvin-Helmholtz instability produced at the side of the plumes {]Cook et a1.||2004[).

A qualitative insight on the competition between the geometrical expansion of the
crater and mixing produced by the RT instability is given with ﬁgure showing the
time evolution of the position of the mixing layer during crater opening. When the drop
density is the same as in the pool (ﬁgure), no mixing by the RT instability occurs and
the drop layer only becomes thinner due to crater expansion. When the drop density is
larger than the pool density (figure [5p), the mixing layer also becomes thinner due to
crater expansion, but at some point, the mixing layer thickness begins to increase as the
mixing produced by the RT instability starts to prevail over the geometrical expansion
of the crater.

This competition also appears in figure [6] which shows the mixing layers when the
crater reaches its maximum size, as a function of the Froude number and the density
ratio. For density ratios smaller than unity (first column), the impacting drop is only
stretched by crater expansion. Mixing related to the RT instability does not occur in
this stable configuration. For density ratios about unity (second column), mixing slightly
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FIGURE 6. Snapshots of the mixing layer when the crater reaches its maximum size, as a
function of the Froude number and the density ratio.

occur due to large-scale Kelvin-Helmholtz instability in the mixing layer. During crater
opening, the air-water interface is not purely hemispherical and the velocity field is not
purely radial (Bisighini et al.|2010). This creates a velocity shear across the interface,
and sometimes produces a large-scale Kelvin-Helmholtz instability. For density ratios
larger than unity (third and forth columns), mixing due to the RT instability occurs.
For a given Froude number, the mixing layer thickness obtained when the crater reaches
its maximum size increases with the initial density ratio. For a given density ratio, the
mixing layer thickness does not change significantly with the Froude number.

4. Evolution of the crater size

Experiments in the backlight configuration provide the time evolution and the maxi-
mum of the mean crater radius, a required step in the understanding of the RT instability
dynamics. We derive an energy model for the evolution of the crater radius, velocity,
and acceleration and compare it with experiments. We then obtain scaling laws for the
maximum crater radius and the crater opening timescale.
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4.1. Energy conservation model

We use an energy conservation model (Engel 1966, 1967; |Leng 2001) accounting for
the density difference between the impacting drop and the targeted pool. We assume
a hemispherical crater associated with an incompressible and irrotational flow. Since
the crater opening dynamics is mainly driven by impactor inertia and gravity forces
(Re 2 2500), viscous dissipation is not included into the model. The terms related to
the formation of the crown and the surface wave during the impact, in particular their
potential, kinetic, and surface energies, are not explicitly included either in the model.

On the basis of these assumptions, the sum of the crater potential energy E,, the crater
surface energy E,, and the crater kinetic energy Ej, at any instant of time is equal to
the impacting drop kinetic energy E; just before the impact. The potential energy of the
crater is

R
1
E, = /pggde = / P2gT (R2 — 22) zdz = Zﬂ'pggR‘l, (4.1)
0

where z is the depth. The crater surface energy corresponds to the formation of a new
surface due to crater opening. This energy is related to the difference between the initially
planar surface area of the pool 7R? and the hemispherical surface area of the cavity 27 R?,
i.€.

E, =0 (2rR*> — 7R?) = onR*, (4.2)
The crater kinetic energy corresponds to the kinetic energy of the pool fluid below the
initial surface and is related to the flow velocity potential. A radial velocity potential
of the form & = —A/r, solution of the Laplace equation V2® = 0, is able to satisfy

the boundary conditions. At the crater boundary, the radial velocity is uy(r = R) =
(0®/0r),—r = R, giving A = RR? and

_RR2
—.

b =

(4.3)

The radial velocity, the tangential velocity, and the resultant velocity are respectively
> 2
Upr = P;E )

ug =0, (4.4)
lul| = /a2 +uf = BE

The crater kinetic energy is then

1 +oo . 1 .
E, = /§p2\|u||2dV :/ mpeR*R*—dr = mp, R°R?. (4.5)
R T
The impacting drop kinetic energy is
2
E; = gnlefo. (4.6)

Energy conservation between E,, E,, Fj, and E; gives
1 . 2
szgR4 +0R? + £paRPR? = g(blef’Uf, (4.7)

where ¢ and & are fitted parameters. The coefficient ¢ corresponds to a correction
parameter accounting for the terms not included in the model, i.e. viscous dissipation
and crown energy terms. The coefficient £ is a correction parameter accounting for the
difference between the deliberately simplified velocity potential used in the model and
the true flow.
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Normalising the crater radius and opening velocity by the impacting drop radius R;
and velocity Uj;, respectively, energy conservation becomes

11 1 o\t 2

S R'4 ———R? =) RR*= 4. 4.8

4 Fr* +F1"*Bo +€(p2> 3¢ (4.8)
For each experiment, ¢ is calculated at R = R,,4;. Assuming that the velocity

field vanishes simultaneously in the pool (Prosperetti & Oguz||1993), the crater kinetic
energy vanishes when the crater reaches its maximum size, which gives an estimate of ¢
independent of the crater opening velocity field

_ 31 2 2 1
¢ - 9 Fr* Rmam ( Rmaz + BO> (49)

Knowing the amount of energy delivered to the pool after the impact, the time evolution
of the mean crater radius is then fitted to the experiments with equation using a
least-square method, the kinetic energy correction parameter £ being a fit parameter.
Knowing ¢ and &, the ordinary differential equation is solved using the boundary
condition R(1) = 1. This condition assumes that the crater radius is initially the same
as the drop radius, at t = R;/U;.

4.2. Time evolution

Figure |7| compares the fitted energy model with experimental data, in two reference
cases, with and without density difference between the impacting drop and the pool. In
both cases, the fitted mean crater radius, opening velocity, and acceleration are in close
agreement with the experimental data. In the p;/p2 = 1 case, ¢ = 0.40 and £ = 0.35. In
the p1/p2 = 1.8 case, ¢ = 0.39 and & = 0.34.

At early times, the crater potential and surface energies may be neglected in compari-
son with the crater kinetic energy. The kinetic energy of the impactor is then balanced by
the crater kinetic energy in equation Using these assumptions, a power-law scaling
for the crater evolution is obtained

R(t)=[Q(t — 1) +1*/°
Rit)=2QQt-1)+1]7*° | (4.10)
R(t) = -Q° Q1 ~ )+ 17"

1/2
where @) = (g%;’—) . This scaling consistently verifies the imposed boundary condi-

tion R(1) = 1. The scaling depends on the density ratio p;/p2, and on the correction
parameters ¢ and &. It is in agreement with experimental data at early times (figure |7|
dashed lines), and similar scalings from previous works (Leng|2001; Bisighini et al.[2010]).
At late times, the crater velocity becomes very small. If surface tension can be
neglected, taking the time derivative of equation and then making the assumption
R =0 gives
. 1 1
R=———. 4.11
2 Fré ( )
Using R(tmaz) = Rimaz and R(tmax) = 0 as boundary conditions, a quadratic solution is
obtained

#(t - tma:c) : (4'12)
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FIGURE 7. Time evolution, normalised by the drop free-fall time R;/U;, of the mean crater radius
R normalised by the drop radius R; (a), the mean crater velocity R normalised by the impact

velocity U; (b), and the mean crater acceleration R normalised by the acceleration of gravity g
(c), for two impact parameters. Circles and solid lines correspond respectively to experimental
data and fitted energy model (equation . Dashed lines and dashed-dotted lines correspond
respectively to early-time power-law solution (equation and late-time quadratic solution
(cquations for the p1/p2 = 1.8 and F'r = 548 experiment.

This scaling is in good agreement with experimental data at late times using experimental
values for the boundary conditions (ﬁgure dash-dotted lines). Using scaling laws for
Ryaz and ty,0, (determined in section|4.4), the late-time quadratic evolution of the mean
crater radius may be fully predicted as function of Fr, ¢, £, and p1/pa.

4.3. Energy partitioning and kinetic energy correction

Figure shows the correction parameter ¢ as a function of the Froude number. Since
the energy is partitioned between the impacting drop and the target, and that several
energy sinks such as crown energy and viscous dissipation are neglected in the model, ¢ is
expected to be smaller than unity. In our experiments, the energy partitioning coefficient
is indeed ¢ = 0.38 £ 0.04, in agreement with previous works where experimental data
are fitted using a partitioning coefficient in the range 0.2 — 0.6, depending on the Froude
number (Engel|1966} | Olevson|1969; Leng|2001).

Furthermore, the coefficient ¢ is found to be a decreasing function of £'r, which scales

d’ — F],70.156j:0.001’ (415)

and is relatively independent of the density ratio and the drop size. This implies that
as the impactor inertia increases, the fraction of kinetic energy delivered to the target
decreases. This may be explained by a change in the energy balance between the crater
energy and the crown energy | . As the impactor inertia increases, the
relative importance of the surface energy of the crater and the crown decreases, while
the potential energy of the crater and the kinetic energy of the crown increases, resulting
in a global increase of the crown energy to the expense of the crater. According to
, the energy within the crown increases with Fr faster than the energy within the
crater, which would imply that ¢ is a decreasing function of Fr. The drop deformation
upon impact may also increase with impactor inertia, and with it the energy required for
this deformation, decreasing to this extent the energy delivered to the pool.

Figure shows the kinetic energy correction parameter £, as a function of the
Froude number. It accounts for the difference between the deliberately simplified velocity
potential used in the model and the true flow. Since the crater boundary is not
hemispherical and the crown is necessarily generated by a tangential velocity field, the
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FI1GURE 8. Energy partitioning parameter ¢ (a), and crater kinetic energy correction parameter
¢ (b), as a function of the Froude number Fr. The solid line gives the best-fit power-law
scaling (Cquation. Colours scale as the density ratio py/pz2. Circles and crosses correspond
respectively to large and small drop size series.

true velocity potential in not purely radial, leading to a decrease of the kinetic energy of
the flow for a given crater opening velocity dEngel"lgﬁ’THBisighini et a1.||2010p. £ is very
likely a function of time, but it is here assumed to be constant. In our experiments, the
kinetic energy correction parameter is smaller than unity with £ = 0.34+0.03. This means
that the velocity model overestimates the crater kinetic energy in the energy balance, as
expected. We do not observe any resolvable trend between £, Fr and p1 /p2.

4.4. Mazimum crater radius and opening timescale

Assuming that the available impact kinetic energy is fully converted into crater
potential energy, i.e. neglecting the crater surface energy and the kinetic energy terms,
equationgives a scaling for the normalised maximum crater radius

g\ /4 »
Re = (3) R X (4.14)
Figure@i shows the normalised maximum crater size in our experiments as a function
of a least-square best-fit power law scaling in the form ¢; Fr*. The exponent ¢ =
0.23 £ 0.004 for Fr* is close to the theoretical 1/4 prediction of equation lml and
is in agreement with previous works on liquids (Prosperetti & Oguz|[1993} |Leng|[2001}
Bisighini et al.|2010) and granular materials (Walsh et al.| 2003 Takita & Sumita 2013).
The prefactor ¢; = 1.07 £ 0.03 is close to the value predicted by the model (equation
. Since ¢ = 0.38 4 0.04 in our experiments, the predicted model prefactor is indeed
equal to 1.0 & 0.03. The prefactor ¢; is also consistent with those obtained in previous
works (e.g. c1 = 1.1 in )
We now turn to estimating the crater opening time, defined as the time ¢}, .. at which
the maximum crater size is reached. Rearranging equationand integrating between
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F1cure 9. (a) Experimental maximum crater radius Ry, a2, normalised by the drop radius R;, as
a function of the least-squares best-fit power-law scaling, using the modified Froude number Fr*.
(b) Experimental crater opening timescale .42, normalised by the drop free-fall time R;/U;,
as a function of the least-squares best-fit power-law scaling, using the density ratio pi1/p2 and
the modified Froude number Fr*. Colours scale as the density ratio p;/p2. Circles and crosses
correspond respectively to large and small drop size series.

t=0andt =1}, gives

—1/2 Rle 3/2
trar = (ﬂ) 51/2/ — }f ——dR. (4.15)
P2 ©  (30-ifr —FEe)
Writing R = R/R},.. with R . given by equation
1/8 ~1/2 1 p3/2
taz = 2 (§) (&> ¢1/8§1/2Fr*5’8f Y gdR. (4.16)
3 P2 0 (1 R G Rz)
JEr¢Bo

A first estimate of ¢} . in the large £'r* limit can be obtained by neglecting the potential

and surface energy terms in equation ,

4 78\ /8 m —1/2 X o
P IB8e1f2 " 4.1

Figure shows the normalised opening time in our experiments as a function of
a least-square best-fit power law scaling in the form ¢(p1/p2)®? Fr*”. The exponent
ca = —0.53+0.03 for p;/p2 agrees with the theoretical —1/2 prediction of equation
The exponent ¢z = 0.61 + 0.01 for Fr* is also close to the 5/8 prediction of equation
and agrees with previous works LenglM Bisighini et al.||2010). The prefactor
c1 = 0.87+0.06 is close to the value predicted by equation [4.17] albeit somewhat larger.
Since ¢ = 0.38 + 0.04 and £ = 0.34 £ 0.03 in our experiments, the model prefactor is
indeed equal to 0.47 + 0.02. The prefactor ¢; is also somewhat larger than the prefactors

obtained in previous works (e.g. ¢ = 0.59 in (2001)).
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FicUre 10. (a) Normalised mean crater radius R = R/R%,.., as a function of the normalised
time f = £/t},4,. The thick solid line gives the master curve of Cquationif 1/(v/oFr*Bo) = 0.
Colours scale as 1/(\/@ Fr* Bo) (Cquation. Solid and dashed lines correspond respectively to
large and small drop size series. (b) Normalised maximum crater radius Ronaz = Rmaz/ Roaws
as a function of 1/(v/@Fr*Bo). The solid line corresponds to the surface tension correction
of equation Colours scale as the density ratio pi/po2. Circles and crosses correspond
respectively to large and small drop size series. (c) Normalised crater opening timescale
t = t/tmaz, normalised by the predicted crater opening timescale t},,., as a function_of
1/(v/¢Fr*Bo). The solid line corresponds to the surface tension correction of equation @
Colours scale as the density ratio p1/p2. Circles and crosses correspond respectively to large and
small drop size series.

By renormalising the crater radius and time as R = R/R:,, and t = t/t5 .
respectively, equation gives

~2

VG R2+%‘)R3R =1, (4.18)

VI dBo
which depends only on the dimensionless parameter y/Fr*¢Bo. This parameter brings
in the effect of surface tension on the cratering dynamics. This is a second order effect
compared to the scalings of equationsand Figure shows the time evolution
of the crater radius normalised that way. The energy model (equation applies only
during the opening of the crater, i.e. when R < R}, ... Hence, experimental data collapse
only when ¢ <t} with a residual dependency on /Fr*¢Bo.

R*+

“max’?
At R = Ryaz, the crater opening velocity is zero, which using equation gives a
corrected scaling law accounting for surface tension effects on the maximum crater radius

Rinaz = W1 - g(\/mBo)—2 - ?(\/mgo)*l

By integrating equation [4.18] a corrected estimate accounting for surface tension is
obtained for the opening timescale

- Boan . —-1/2
fmas = 3 f R (1 ~R'- ‘/GRQ) dR. (4.20)
0

1/2

(4.19)

VEr<¢Bo

Substituting R by ﬁ’/ﬁ’mm in equation|4.20| where Rype ~ 1 — @(\/F‘r*qf)Bo)_l is the
first-order development of equation |4.19] and developing a first-order approximation of

tmaz as a function of (v/I'r*¢Bo) ™!, equation gives

;b (1 5) 56, (11 —
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where B is the beta function, 3B (3, 2) ~ 1.687, and %—4‘/5B (3, %) ~ 1.781. If surface
tension is neglected, i.e. Bo — +00, tmae = 3B (3, 3) is an exact solution of equation
[4.201

Figure shows the maximum normalised crater radius Rm,m, as a function of
(VFr*¢Bo)~!. It corresponds to the ratio between experimental data and the scaling law
without surface tension (equation . As expected, the scaling overestimates the ex-
perimental maximum crater radius because it neglects surface energy, and several energy
sinks related to the crown formation. This overestimate decreases with (v/Fr*¢Bo)~*,
i.e. when surface tension effects become negligible in comparison with impactor inertia
and gravity forces. The difference between experimental data and the scaling law without
surface tension is properly corrected by equation using the surface tension term.

Figure shows the normalised crater opening timescale f,.,, as a function of
(VFr*¢Bo)~1. Tt corresponds to the ratio between experimental data and the the scaling
law without surface tension (equation[4.17). The scaling underestimates the experimental
opening timescale. When surface energy and crown formation are neglected, the crater
is indeed expected to open faster, i.e. on a reduced timescale. The difference between
experimental data and the scaling law without surface tension is partly corrected by
equation giving a reasonable trend and relative errors under 20%.

5. Evolution of the Rayleigh-Taylor instability

Experiments in the LIF configuration provide the time evolution of the mixing layer.
Using the energy conservation model, a model for the mixing layer thickness evolution
is derived and compared with experiments. A linear stability analysis model is also used
to obtain theoretical instability wavelength at early times.

5.1. Mizing layer thickness
5.1.1. Mixing model

In addition to the energy conservation model assumptions, we assume the mixing layer
to be homogeneous with a constant thickness around the crater boundary.

We first consider a situation where negligible mixing occurs between the drop liquid
and its surrounding. As the crater radius increases, the drop liquid spreads over an
increasingly large surface area, decreasing in turn its mean thickness h. Denoting by
u(r,t) the laterally averaged velocity field associated with the opening of the crater, the
time derivative of h is then given by

h=u4(R+h)—u(R). (5.1)
Since @ = R(R/r)? corresponds to the radial potential flow of equation this gives
. R?
h=R|——5 -1 5.2
[(R +h)? ] ’ 52

where the right-hand side is referred to as a spreading term. This equation corresponds
to the mass conservation of the layer.

We now consider a simple model of RT induced mixing (figure 7 assuming that the
instability produces velocity fluctuations in the mixing layer. We thus define a scalar
mixing term w'(r,t), which corresponds to a measure of these velocity fluctuations,
and represents the mixing intensity. This mixing term corresponds to an inward flux
of ambient liquid toward the mixing layer. We then assume h to be the sum of the
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FIGURE 11. Mixing layer evolution. After having spread quickly on the crater boundary to
become a thick layer (a), the liquid layer of the drop gradually gets thinner as the crater grows
(b). At some point, crater expansion becomes weak enough, allowing for the Rayleigh-Taylor
instability to develop (c). The velocity field is decomposed into a velocity component @ produced
by crater opening, and velocity fluctuations ' produced by the Rayleigh-Taylor instability.
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spreading and mixing terms (figure ), which gives

. . R2
h=R|———1|+. 5.3
Y )
The velocity @' and length scale h can be seen as the velocity and integral length-scale
of a mixing-length turbulent model describing the mixing layer.

The evolution of «' is obtained using a bhuoyancy-drag model of the mixing layer
qumontel |2[)UU| |Oron et al.||2(](]1t |Zhao et al.||2013[]. If we consider that the mixing
layer with a density p = p2 + Ap penetrates into the less dense surrounding liquid with
a density p2, an equation of motion is

du’ 2

. T
A BAp|R| — CPQTa (5.4)

where  and C' are the RT buoyancy prefactor and the drag coefficient, respectively.
This equation corresponds to a balance between the fluid inertia on the left-hand side,
buoyancy in the first term of the right-hand side, and inertial drag in the second term of
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the right-hand side. The acceleration of the crater boundary R being significantly larger
than g, Earth’s gravity is neglected in the buoyancy term.
Using mass conservation in the homogeneous mixing layer, the dimensionless density

evolution is

Ap 1

p 1+ %R%Ap—;’o ’
where Apg is the initial density difference, i.e. between the impacting drop and the pool.
Replacing the density evolution (equation in the equation of motion eventually gives

(5.5)

du’ |R| 1 u'?

— = , — —. 5.6
dt B1+§th;;0 1+ 2548 h (5.6)

Together with the crater radius evolution (equation , equations and are
coupled ordinary differential equations. This initial value problem is solved numerically
using R(1) =1, h(1) = 2/3 and «/(1) = 0 as initial conditions. For each experiment, the
experimentally measured crater radius R(t) and mixing layer thickness h(t) are used to
determine the best value for the fitting parameters, which are the energy partitioning
coefficient ¢, the kinetic energy correction coefficient £, the buoyancy prefactor 3, and
the drag coefficient C.

5.1.2. Time evolution

Figure [12| compares the fitted mixing layer evolution model with experimental data,
in three reference cases, without density difference and with two density ratios of the
impacting drop and the pool. In figure , v’ is estimated from equation based
on experimental measurements of R and h. The fitted time evolution of the mixing
layer model is most of the time in agreement with experimental data. For dimensionless
time typically smaller than 10, i.e. at the very beginning of the crater expansion, the
model often overestimates the mean mixing layer thickness. It may be explained by
model assumptions being poorly verified, such as a nearly hemispherical crater and
an homogeneous mixing layer (e.g. figure . In the same way, in figure |12, o’ is
overestimated for dimensionless times typically smaller than 10, for experiments with
and without density difference. It means that the measured mixing layer growth rate h
is larger than the predicted velocity related to the geometrical evolution of the crater
(equation. This overestimate is explained by the initial accumulation of the liquid of
the drop at the crater floor. The liquid of the drop flows on the crater sides, producing a
mixing layer growth rate comparatively larger than in the model with an homogeneous
thickness. The overestimate indeed decreases on a timescale corresponding to the drop
spread on the crater sides.

5.1.3. Buoyancy prefactor and drag coefficient

Figure shows the fitted buoyancy prefactor 5 and drag coefficient C' for each
experiment. Our results are compared with the plane layer experiments of Dimonte
(2000), who found a good agreement between their experiments and buoyancy-drag model
with =1 and C' = 2.5 £+ 0.6.

In our experiments, the mean value of the buoyancy prefactor is § = 0.3 + 0.1, i.e.
smaller than unity. This difference in the buoyancy prefactor may be interpreted as a
consequence of the spherical interface, or the limited thickness of the dense layer. Given
error bars, we find that 8 may be independent of the density ratio, but may increase with
the Froude number at large density ratios (p1/p2 = {1.6,1.8}), until it reaches 8 ~ 0.25
at F'r = 500.
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FIGURE 12. Time evolution, normalised by the drop free-fall time R;/U;, of the mixing layer
thickness A normalised by the drop radius R; (a), the mixing layer growth rate h/h normalised
by the drop free-fall rate U; /R; (b), and the estimated inward flux density due to mixing v’ (from
cquation normalised by the impact velocity U; (c), for three impact parameters. Circles, solid
lines, dashed lines, dotted lines, and dash-dotted lines correspond respectively to experimental
data, fitted mixing modcl (cquatlons- and ﬁ complete early-time power-law analytical
solution (cquatlon , approximate early-time powcr—law analytical solution (cquatlon
and late-time powcr—law analytical solution (equation |5 with hg = 2/3, ho = —1. 25, and
C = 0.70). Analytical solutions are calculated for the p1/p2 = 1.8 and F'r = 732 experiment.
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F1GURE 13. Buoyancy prefactor 3 (a), and drag coefficient C' (b), as a function of the Froude
number Fr. Colours scale as the density ratio p1/pa.

The mean value of the drag coefficient is C' = 2+1. This value is in agreement with the
value C' = 2.5 4+ 0.6 obtained for constant, variable and impulsive accelerations history
. Given error bars, we find that C' may decrease when the density ratio
increases, the mean value of the drag coefficient at p1/p2 = 1.2 and p1/p2 = 1.8 being
respectively C' = 3.0 £ 0.5 and € = 0.9 = 0.3. As for the buoyancy prefactor, C may
increase with the Froude number at large density ratios (p1/p2 = {1.6,1.8}), until it
reaches C' ~ 1 at Fr = 500.

In order to interpret and compare the values of 3 and C, two simplified acceleration
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history, different from the actual acceleration of the crater, are now considered: a constant
acceleration and an impulsive acceleration.

In the case of a constant acceleration |R\7 the solution to the buoyancy-drag equation
in which geometrical effects are neglected is h = a(Ap/p)|R|t? (e.g. Dimonte 2000),
where « is a prefactor depending on several parameters such as fluid miscibility, and
the fluid being penetrated, i.e. light into heavy or heavy into light. Since v’ = h, and
assuming that p = (p1 + p2)/2, the prefactor « is

B

7/}
2 + Scplffb

(5.7)

Figure [14p shows «, calculated for each experiment, and compares the results to the
homogeneous buoyancy drag model of Dimonte| (2000) calculated for C = 1, C' = 2,
and C = 3. The mean value @ = 0.04 £ 0.01 is somewhat smaller than values (0.05-
0.07) measured at the same density ratio between immiscible fluids, with a constant
acceleration (Dimonte & Schneider|2000). Within error bars, a may also increase with
the density ratio. However, the homogeneous model of Dimonte| (2000) overestimates the
observed values of «, in particular for large density ratio. For example, at p;/p2 = 1.8
the drag coefficient is approximately C' =1 (figure ), which leads to an overestimate
of a by a factor 2. This may be a consequence of the variable acceleration, but also of
the spherical interface, miscibility, and the limited thickness of the dense layer.

In the case of an impulsive acceleration, the buoyancy term in equation[5.4]is negligible
since |R| = 0. Neglecting geometrical effects, i.e. v/ = h, and assuming that p = (p1 +
p2)/2, the solution is then given by h = ho7?, where 7 = uot/9h0 +1, and hg and ug are
initial values (e.g. Dimonte[2000). The exponent is then

1
f=— (5.8)
1 + 2CP1€r2P2

Figure shows @, calculated for each experiments, and compares the results to the
buoyancy-drag model of [Dimonte| (2000). The mean value § = 0.4 £+ 0.1 is close to
values (0.2-0.3) measured at the same density ratio between immiscible fluids, with an
impulsive acceleration (Dimonte & Schneider|2000). Within error bars, € increases with
the density ratio, consistently with the homogeneous model of Dimonte| (2000)) estimated
at compatible values of the drag coefficient C' (figure D Since the acceleration of the
crater is approximately a t=%/° power-law, the acceleration is relatively close to be
impulsive, explaining the good agreement between our experiments and the impulsive
acceleration model.

5.1.4. Geometrical stage, mixing stage, and transition timescale

We now focus on the numerical solution of the coupled ordinary differential equations.
Using figure which shows the spreading term (first term on the right-hand side) and
the mixing term (second term on the right-hand side) in equation and the buoyancy
term (first term on the right-hand side) and the drag term (second term on the right-hand
side) in equation as a function of time, the mixing layer evolution is decomposed
into a geometrical stage and a mixing stage with a transition happening at a time ..

The first stage (¢t < t.), referred to as the geometrical stage, corresponds to a negative
growth rate of the mixing layer. Its dynamics is controlled by the geometrical evolution
of the crater, with the spreading term prevailing over the RT mixing term in equation
Since the crater deceleration is large at early times, the buoyancy term prevails over
the drag term in the buoyancy-drag equation However, this does not influence the
evolution of the mixing layer since the spreading term prevails.
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Ficure 14. Constant acceleration prefactor a (a), and impulsive acceleration exponent 6 (b),
as a function of the density ratio pi1/p2. Colours scale as the Froude number Fr. Solid lines,
dashed lines, and dotted lines correspond to the homogeneous buoyancy-drag model Df
for C =1, C =2, and C = 3, respectively.
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FIGURE 15. (a) Spreading term (first term on the right-hand side), mixing term (second term on

the right-hand side), and & (left-hand side) in cquation as a function of time, normalised by
the drop free-fall time R;/U;. (b) Buoyancy term (first term on the right-hand side), drag term

(second term on the right-hand side), and u’ (left-hand side) in cquation as a function of
time, normalised by the drop free-fall time R;/U;. In this experiment, p1/p2 = 1.8 and Fr = 572.

In this stage, if the mixing term u’ is neglected, the solution of equation is
1/3
98
h=(-+R) -R 5.9
(5+7) (5.9)

Using the power-law solution of R (equation , an analytical solution is obtained for
h in the geometrical phase (figure dashed lines). If in addition A < R, what might
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be a reasonable assumption after a few dimensionless time (e.g. figure |4)), equation
simplifies as
h

h=—2R-—. 5.10
7 (5.10)

The solution corresponds to the conservation of the initial volume of the impactor, a
sphere of unit dimensionless radius, which takes the form

21

=3
Using the power-law solution of equation equation also gives a power-law
solution for the mixing layer thickness, velocity, and acceleration

h(t) = 2[Q(t — 1) +1]7*/°
h(t) = —£Q[Q(t— 1)+ 17, (5.12)
h(t) = 3Q?[Q(t — 1) +171°

and consequently a power-law solution for the mixing layer growth rate

h 4 .
FO)=—zQRE-1)+1 . (5.13)

These solutions (figure dotted lines) depend on the density ratio p;/p2, and on the
correction parameters ¢ and &, through Q.

The transition time t. between the geometrical stage and the mixing stage can be
defined as the time at which geometrical effects are of the same order of magnitude
as the mixing produced by the RT instability, i.e. when the growth rate changes sign
and the mixing layer thickness reaches a local minimum. The transition time between
stages is determined experimentally and compared with the transition time obtained
from the numerical model (figure[16p). Although uncertainties on the transition time are
significant due to the extrinsic variability of experiments in the same configuration, the
numerical model is rather consistent with experimental data.

An analytical estimate for the transition time ¢} is also derived. Equation is
simplified using approximation of equation for the geometrical term, i.e. h < R,
which is supposed to be valid at the transition time. Equation is also simplified
assuming 2 Apo _1_ < 1. These assumptions correspond to Ap < pa, which might be a

3 P2 RQh
reasonable assumption after at the transition time. Using these assumptions, equations

and [5.6] give
R? h? 2 Apy |R|

. R. R
2(2C +1)=h +2(2C — 1) == — 4+ 2h— — B = 14
h+2(2C + )Rh+ (2C )R2h+ch + hR ﬂg 2 F2h 0 (5.14)

At the critical transition time t., geometrical effects are of the same order of magnitude
as mixing effects, which means that i (t = t,) = 0 (equation . Using in addition the
power-laws solutions of R (equation and h (equation[5.12) in the geometrical stage,
an estimate of t. is obtained from equation

1 16C+1 >0
P2

(5.11)

where ¢ = 1.09 £ 0.06 is a least-squares best-fit prefactor obtained from experimental
data (figure ) As expected in ﬁgure the transition time decreases with the density
contrast between the fluid of the impacting drop and the pool. The larger the density
contrast, the quicker mixing effects become comparable to geometrical effects.
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FI1GUrRE 16. (a) Experimental transition timescale t., normalised by the drop free-fall time
Ri /Ui, as a function of the transition time predicted by the mixing model (equations
and [5.6), normalised by the drop free-fall time R;/U;. (b) Experimental transition timescalc
te, normalised by the drop free-fall time R;/U;, as a function of the transition time scaling ¢,
(cquation, normalised by the drop free-fall time R;/U;. Colours scale as the density ratio

p1/pa.

The second stage (¢ > t.), referred to as the mixing stage, corresponds to a positive
growth rate of the mixing layer. Its dynamics is controlled by a balance between residual
geometrical effects and mixing produced by the RT instability. The spreading term and
the mixing term are then similar in magnitude. Since the drag term prevails over the
buoyancy term because the crater deceleration vanishes, the mixing term is consequently
controlled by the drag term. At late times, when the crater is close to reach its maximum,
the spreading term vanishes and the mixing layer dynamics is only controlled by the
mixing term.

In this stage, equationmay be simplified using approximation of equation for
the geometrical term, which is supposed to be valid in the mixing stage. Equation is
simplified neglecting the buoyancy term and assuming %% R% 5 <€ 1. These assumptions
respectively correspond to the vanishing crater deceleration and Ap < p, during the
mixing stage. Using these assumptions, equations and become

TR (5.16)

u=—C5%

{ ho=—28p 0
Assuming a 2/5 power-law solution for R (equation, and using h(1) = hg and
i

h(1) = ho as initial conditions, a solution to equation is

1
=C

Wty =ho[L+ Q= 1] P {1+ A1+ Q- 1) —1]} 77, (5.17)

where A= 3(C+1)(4+ %%ﬁ) (figure|12| dash-dotted lines). The value C' = 0.7 required
to fit experimental data is smaller tham the value obtained by fitting experimental data
with the full numerical model (equations [4.10] and [5.6). If the latter was used, the
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FI1cUure 17. (a) Experimental mixing layer thickness h, normalised by the drop radius R;, as
a function of time, normalised by the drop free-fall time R,/U;. (b) Experimental mixing layer

growth rate ﬁ/h, normalised by the drop free-fall rate U, / R;, as a function of time, normalised by
the drop free-fall time R;/U;. (c) Estimated inward flux density due to mixing »’ (from equation
, normalised by the impact velocity U, as a function of time, normalised by the drop free-fall
time R;/U;. Experiments are clustered by density ratio group, the extent of which is defined
by the standard deviation of the experiments in that group. Colours scale as the density ratio

p1/pz.

analytical solution would underestimate the layer thickness in the mixing stage since
the value of C' depends strongly on the assumption made to obtain this solution, i.e.
approximated geometrical term, neglected buoyancy term, Ap < p2, and 2/5 power-law

for R.

5.1.5. Mazimum mizing layer thickness

Figure shows the mixing layer thickness h, growth rate h/h, and the estimated
mixing term u’ as a function of time, for all experiments, grouped by density ratio. The
maximum layer thickness increases significantly with the initial density ratio (ﬁgure).
In the mixing stage (typically ¢/(R;/U;) > 15), an increased initial density difference
promotes mixing by the RT instability, but leads only to a slight increase of the mixing
layer growth rate (figure ) and the estimated mixing term (figure ) The increase
of the maximum layer thickness with the initial density ratio is in fact controlled by the
time window available for the mixing layer to actually grow. On one hand, the transition
time t., i.e. the time at which geometrical effects become comparable to RT mixing,
corresponds to the lower limit of the available time window. Since t. decreases when the
initial density ratio increases (equation, expanding in this way the time window, it is
consistent with the increasing effect of the density ratio on the maximum layer thickness.
On the other hand, the maximum opening timescale #,,4,, i.e. the time at which the
crater radius reaches a maximum, corresponds to the upper limit of the available time
window. t,,,, being an increasing function of the density ratio (equation, it is also
consistent with the increasing effect of the density ratio on the maximum thickness. Since
tmaz also increases with the Froude number, the time window available for the mixing
layer to develop, and consequently the maximum thickness, may also increase with the
Froude number.

The experimental maximum mixing layer thickness is first compared with the maxi-
mum thickness obtained from the model (ﬁgure), leading to a good agreement. Since
the maximum layer thickness is expected to depend on both the initial density ratio
and the Froude number through power-laws, experimental data are then fitted using a
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Ficure 18. (a) Experimental maximum mixing layer thickness A,qq, normalised by the drop
radius R;, as a function of the maximum thickness predicted by the mixing model (equations
and , normalised by the drop radius R;. (b) Experimental maximum mixing layer
thickness ez, normalised by the drop radius R;, as a function of the least-square best-fit
power-law scaling h;, .., using the density ratio pi/pz and the Froude number Fr (equation
. Colours scale as the density ratio p1/pa.

power-law scaling h}, ., (figure ) A good agreement is obtained using

Ca

e (5.18)
P2

where ¢; = 0.04+0.02, ¢35 = 2.34+0.2 and e3 = 0.21 £0.06. This scaling is consistent with

the qualitative observations of ﬁgure i.e. a maximum mixing layer thickness increasing

with the initial density ratio and the Froude number. Given the scalings for ¢, and ¢4,

it also agrees with an increased time window available for the mixing layer to develop.

5.2. Early-time wavelength
Experimental instability wavelengths at early times are converted into an equivalent
spherical harmonic degree, and compared to a scaling law and to an approximate linear
stability analysis model (Chandrasekhar|{1955). From the number of plumes n, counted on
the hemispherical section of the density interface at ¢/(R;/U;) = 10, a typical instability
wavelength A = wR/n is derived. The corresponding degree of maximum instability lya.

is then obtained using the Jeans relation 1923)

27 R
A

lmm: (lmar + ]—) - (519)

Concerning the scaling law, the instability wavelength is assumed to depend on the
balance between an effective mixing layer acceleration {Apg/p2)R and the viscosity of
the ambient fluid vo, which respectively produce and damp the instability. The scaling

for the wavelength is then A ~ {v3/[(Apo/p2) R]}/3, which after nondimensionalization
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Ficure 19. (a) Experimental harmonic degree of maximum instability /..., as a function of
the harmonic degree of maximum instability scaling I},,. (equation |5.21|D. Colours scale as the
Reynolds number Re. (b) Theoretical growth rate of the instability (equation !5.22]5.23}, as a

function of the harmonic degree I, at several times t/(R;/U;). Dashed line and dash-dotfed line

correspond respectively to 1*? and 1/l scalings. The solid line corresponds to the theoretical
degree of maximum instability. In this case, p1/p2 = 1.8, v1/ire = 1, Fr = 103, Bo = 0.75,
Re = 104 ¢ = 0.38, £ = 0.34. (¢) Experimental harmonic degree of maximum instability [,
as a function of the theoretical degree of maximum instability (equations . Colours
scale as the Reynolds number Re.

gives

Apn .\ 13
A~ (p” ) Re 23, (5.20)

p2
Assuming that R and R respectively scale as Rmaz/tﬁmx and Ry, (see equations
and [4.17), and using the Jeans relation (equation [5.19), the scaling for the wavelength

gives a scaling for the degree of maximum instability

1/4 A 1/3
Irae = c @M1 PP /12 (pl) (p”) Re?/3, (5.21)
P2 P2

where ¢ = 0.177 & 0.005 is a least-squares best-fit prefactor obtained from experimental
data (figure )

Harmonic degrees of maximum instability are shown in ﬁgure, for all experiments,
as a function of their derived scaling I}, ... Experimental data are mostly proportional
to the scaling, except for Reynolds number smaller than 4000. In this case, the crater
differs from the hemispherical shape and from the purely radial acceleration assumed in
the scaling.

Experimental results are also compared to a linear stability analysis model
. An incompressible fluid sphere having a density p; and a viscosity
is radially accelerated into an ambient fluid having a density ps and a viscosity pz. The
mean radius R of the sphere is assumed to be constant with time. Perturbations at the
interface are expanded in spherical harmonics of degree [. Using a variational principle,
an approximate dispersion relation for the growth rate v of the instability is obtained

o1 R
v+ AL pr/p2, g1/ p2) F;E — B(l,p1/p2) 7 =0 (5.22)

with

1+(+1) (o1 /02 )
[ : (5.23)

{ A= 2U(I41) [ (14-1) (per / pu2) [ H(204-1)* (1 — pur /o)

H({+1)(p1/ p2)
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This dispersion relation, corresponding to a dimensionless version of equation 90 in
Chandrasekhar| (1955)), is in agreement with exact results derived by |Chandrasekhar
(1955).

The growth rate of the instability is obtained by solving simultaneously the dispersion
relation (equation and the mean crater radius evolution (equation . The time
evolution of the theoretical growth rate as a function of the spherical harmonic degree
is thus obtained for all experiments (e.g. figure ) The time evolution derives from
the time dependent terms of equation , i.e. R(t) and R(t). Since the model of
Chandrasekhar| (1955)) is a static model, i.e. the average position of the density interface
is constant with time, results should be considered carefully. The dynamic problem, i.e.
with a moving density interface, is much more challenging (e.g. Prosperetti|1977) and will
not be addressed here. At a given time, the instability growth rate reaches a maximum
owing to viscosity effects, giving the theoretical degree of maximum instability l,,q.
(figure ) For small degrees, the instability growth rate scales as ['/2, as expected
from inviscid planar geometry cases (Rayleigh [1899; |Taylor [1950). For large degrees,
viscosity effects start to develop due to the larger velocity gradients involved. Viscosity
dissipates short wavelength energy, leading to a 1/l decay of the instability growth rate,
as in viscous planar geometry without surface tension (Chandrasekhar|1961)).

In order to compare the model with experimental data, the theoretical degree of max-
imum instability is calculated at t/(R;/U;) = 10, i.e. the time at which the experimental
degree of maximum instability is measured. Figure shows a close agreement between
experimental data and the model, except for Reynolds number smaller than 4000, as
previously explained.

6. Geophysical implications

After the impact, the metal core of the colliding body migrates toward the planetary
core due to the density contrast with the surrounding silicates (Rubie et al.[2015). Part
of the migration occurs in a fully molten magma ocean where the metal is expected to
descend as a turbulent thermal and equilibrate with silicates (Deguen et al. 2011, 2014]).
The metal phase then undergoes a vigorous stirring (Lherm & Deguen|2018)), leading
to its fragmentation (Landeau et al.|2014; Wacheul et al.|2014; [Wacheul & Le Bars
2018) into centimetric drops (Stevenson |1990; Karato & Murthy [1997; [Rubie et al.|2003;
Ichikawa et al.|2010). However, these models assume that the metal cores are released
as a compact volume in the magma ocean, which is not true after a planetary impact
(Kendall & Melosh [2016; Landeau et al.|2020). Their initial conditions may be improved
by considering the impact stage.

In order to estimate the mixing produced by the spherical RT instability during the
opening stage of planetary impacts, a relevant quantity is the mass of ambient silicates
that mixes with the impacting core during crater opening (Deguen et al.2014). If an
impactor with a radius R;, a volume fraction of metal f,,, a metal core density p,,
and a silicate mantle density p,, impacts a planetary target, the dimensionless mass of
equilibrated silicates is A = M /M,,, where M,, = fmpm(4/3)7R3 is the mass of the
metal core and My = ps[27R2, . hmax — (4/3)7R3] is the mass of entrained silicates.

max
After nondimensionalization, the mass of silicates mixed with metal gives

ps (31 >
A=L (2R s — 1. 6.1
Pm (2 Im (6.1)

Using scaling laws for Ry, (equation , himas (equation [5.18), and implicitly ¢
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FI1GURE 20. (a) Experimental dimensionless mixing mass A, as a function of the dimensionless
mixing mass scaling A" (equation [6.2), using f,, = 1. Colours scale as the modified Froude
number Fr*. (b) Dimensionless mixing mass scaling A* as a function of the target to impactor
radius R:/R; (equation , for several impact velocities U;, and using f,, = 0.16 and
Pm/ps = 2. Triangle: impactor of 10 km in radius onto a Earth-sized target. Circle: impactor
of 100 km in radius onto a Earth-sized target. Square: canonical Moon-forming impact with a
Mars-sized impactor (Canup . Diamond: fast-spinning Earth Moon-forming impact with
a fast (U; = 2U,) and small (R;/R; = 0.3) impactor (Cuk & Stewart|[2012). Dashed lines
correspond to an extrapolated range of Froude number, z.e. F'r < 200, which is outside of the
experimental Froude number range.

(equation|4.13), a scaling law for the mixing mass is obtained

* Ps 1 ( P )Cz c: ) S
A=— | —c [ — Fre —1 6.2
Pm (fm ! Ps ( )

where ¢; = 0.1 £ 0.05, ¢ = 2.8 £ 0.2 and ¢3 = 0.63 & 0.06. In this scaling, the density
ratio is defined with p/ps, where p = py fr + ps(1 — ps) is the mean density ratio of the
impactor, because it derives from the crater size and the maximum mixing layer thickness
scalings (equationsand respectively), which indeed use the mean density of the
impactor. This scaling law is validated on experimental data in figure , using f,, =1
since the drop is a one-phase fluid.
In the context of planctary impacts, the Froude number is given by
) R, U? L

Fr= 2R¢ 0z (6.3)
where U, = +/2gR; is the escape velocity, and R; is the radius of the target planct. The
impact velocity of colliding bodies during accretion is typically one to three times the
escape velocity {]Agnor et al.|1999| |Agnor & Aspha11g|2004[], which means that the Froude
number depends mainly on the target to impactor radius ratio. Fr is about 1 for giant

impacts, comparable in size to the target, but increases by several order of magnitude
for small colliding bodies.

Using equationsand the estimated mass of silicates mixed with the impacting
core during crater opening A* is calculated as a function of the target to impactor radius
ratio R;/R; (figure ) We use f,, = 0.16 and p,,/ps = 2 to match the internal
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structure of a realistic differentiated impactor (Canup|2004)). Since the Froude number
increases with the target to impactor radius ratio, it means that a smaller colliding
body will produce more mixing, relative to their size, than giant impactors. For example,
impactors with a 10 km and 100 km radius (figure 7 triangle and circle, respectively)
will then mix with 36.1 and 8.1 times its own mass, respectively.

Concerning the Moon-forming impact, the canonical impact scenario with a Mars-sized
impactor (Canup|2004) is expected to mix with 0.4 times its own mass during this crater
opening stage (figure , square). However, the fast-spinning impact scenario associated
with a faster (U; = 2U,) and smaller (R;/R; = 0.05) colliding body (Cuk & Stewart
2012) is expected to mix with 2.3 times its own mass (figure , diamond). Recent
experiments estimate the mass of equilibrated silicates during the impact, considering
both the crater formation, its collapse into an upward jet, and the collapse of the jet
(Landeau et al.|2020). In the same conditions, the 100 km radius impactor, the canonical
Moon-forming impactor and the fast-spinning Earth impactor respectively mix with 168,
1.5 and 12 times the impactor mass. It corresponds to 4 to 20 times the mass mixed by
the spherical RT instability, which is in agreement with an impact-induced mixing mostly
dominated by the collapse of the jet (Landeau et al.|2020). These giant impacts scenario
involve small target to impactor radius, corresponding to an extrapolated range of Froude
number, i.e. Fr < 200 (figure , dashed lines), which is outside of the experimental
Froude number range. The mass of equilibrated silicates extrapolated for large impactor
thus has to be considered carefully.

7. Conclusion

A phenomenological description of impact cratering experiments has shown that crater
deceleration after impact is responsible for a density-driven perturbation at the drop-pool
interface, interpreted as a spherical Rayleigh-Taylor instability. An energy conservation
model for the crater radius evolution has been derived (equation and compared with
backlight experiments, resulting in scaling laws for the maximum crater radius (equation
and the opening timescale (equation. In combination with this energy model,
a mixing layer evolution model involving two stages has been derived (equations and
. The mixing layer dynamics is first controlled by the geometrical evolution of the
crater, then by the balance between residual geometrical effects and mixing produced by
the Rayleigh-Taylor instability. Scaling laws for the transition timescale between stages
(equation and the maximum mixing layer thickness (equation are obtained.
The instability wavelength is also investigated using a an approximate linear stability
analysis model (equations, and a scaling law is obtained (equation. These
results have geophysical implications concerning the differentiation of terrestrial planets,
in particular by estimating the mass of silicates that equilibrate with the core of the
impactors during the impact of planetesimals on a magma ocean.

When experimental scaling laws are extrapolated to planetary conditions, we assume
that physical processes observed in the experiments are self-similar at the planetary scale.
In order to validate these scaling laws, new experiments involving larger impactors are
required to obtain Froude numbers relevant to giant impacts, and investigate the possible
effect of the Reynolds number on the mixing layer. Furthermore, several physical aspects
neglected in our experiments have to be investigated experimentally or numerically,
in order to examine their effect on cratering and mixing dynamics. For giant impacts,
geometrical effects related to the sphericity of both the impactor and the target, and to
impact angle, may influence metal/silicate equilibration. Immiscibility between metal
and silicates may also change the mixing dynamics, in particular with the fragmentation
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of the metal phase. In this context, the viscosity and diffusivity contrasts may influence
thermal and chemical transfers between phases. Finally, since planetary impact velocities
are larger than the sound velocity in silicates, the role of shock waves and compressibility
effects, i.e. the Mach number, on cratering and mixing scaling laws has to be investigated.

This project has received funding from the European Research Council (ERC) under
the European Unions Horizon 2020 research and innovation programme (grant agreement
716429). We thank M. Moulin for the help with the design and construction of the
experimental apparatus and J. Vatteville for the help with the imaging equipment.

REFERENCES

AGBAGLAH, GILOU, JOSSERAND, CHRISTOPHE & ZALESKI, STEPHANE 2013 Longitudinal
instability of a liquid rim. Physics of Fluids 25 (2), 022103, publisher: American Institute
of Physics.

AGNOR, CRAIG & ASPHAUG, ERIK 2004 Accretion Efficiency during Planetary Collisions. The
Astrophysical Journal 613 (2), L157-L160, publisher: IOP Publishing.

AGNOR, CrAIG B., Canupr, ROBIN M. & LEVISON, HAROLD F. 1999 On the Character and
Consequences of Large Impacts in the Late Stage of Terrestrial Planet Formation. Icarus
142 (1), 219-237.

ARNETT, W. DAvVID, BAHCALL, JOHN N., KIRSHNER, ROBERT P. & WOOSLEY, STANFORD E.
1989 Supernova 1987A. Annual Review of Astronomy and Astrophysics 27 (1), 629-700,
publisher: Annual Reviews.

BADRO, JAMES, AUBERT, JULIEN, HIROSE, KEI, NOMURA, RYUICHI, BLANCHARD, INGRID,
BORENSZTAJN, STEPHAN & SIEBERT, JULIEN 2018 Magnesium Partitioning Between
Earth’s Mantle and Core and its Potential to Drive an Early Exsolution Geodynamo.
Geophysical Research Letters 45 (24), 13,240-13,248.

BaDRO, JAMES, BropHOLT, JOHN P., PIET, HELENE, SIEBERT, JULIEN & RYERSON,
FREDERICK J. 2015 Core formation and core composition from coupled geochemical and
geophysical constraints. Proceedings of the National Academy of Sciences 112 (40), 12310—
12314.

BALAKRISHNAN, KAUSHIK & MENON, SURESH 2011 Characterization of the Mixing Layer
Resulting from the Detonation of Heterogeneous Explosive Charges. Flow, Turbulence
and Combustion 87 (4), 639-671.

BELL, GEORGE I 1951 Taylor instability on cylinders and spheres in the small amplitude
approximation. Los Alamos Scientific Laboratory, Los Alamos, NM, Technical Report No.
LA-1321 .

BERBEROVIC, EDIN, VAN HINSBERG, NILS P., JAKIRLI¢, SUAD, ROISMAN, ILIA V. & TROPEA,
CAMERON 2009 Drop impact onto a liquid layer of finite thickness: Dynamics of the cavity
evolution. Physical Review E 79 (3), 036306, publisher: American Physical Society.

BIsIGHINI, ALF1I0, COSSALI, GIANPIETRO E., TROPEA, CAMERON & ROISMAN, ILIA V. 2010
Crater evolution after the impact of a drop onto a semi-infinite liquid target. Physical
Review E 82 (3), 036319.

CaNup, ROBIN M. 2004 Simulations of a late lunar-forming impact. Icarus 168 (2), 433-456.

CaANUP, ROBIN M. 2012 Forming a Moon with an Earth-like Composition via a Giant Impact.
Science 338 (6110), 1052-1055.

CHAMBERS, J. 2010 Terrestrial Planet Formation. In Exoplanets (ed. S. Seager), pp. 297-317.
Tucson, Arizona, USA: University of Arizona Press.

CHANDRASEKHAR, S. 1955 The character of the equilibrium of an incompressible fluid sphere
of variable density and viscosity subject to radial acceleration. The Quarterly Journal of
Mechanics and Applied Mathematics 8 (1), 1-21.

CHANDRASEKHAR, S. 1961 Hydrodynamic and Hydromagnetic Stability. Oxford: Clarendon.

Cook, ANDREW W., CaBoT, WiLLIAM & MILLER, PAUL L. 2004 The mixing transition
in Rayleigh—Taylor instability. Journal of Fluid Mechanics 511, 333-362, publisher:
Cambridge University Press.

CORGNE, ALEXANDRE, KESHAV, SHANTANU, FEI, YINGWEI & McDonouGH, WiLLiAM F. 2007




34 V. Lherm, R. Deguen, T. Alboussiére and M. Landeau

How much potassium is in the Earth’s core? New insights from partitioning experiments.
Earth and Planetary Science Letters 256 (3), 567-576.

CUk, MATIJA & STEWART, SARAH T. 2012 Making the Moon from a Fast-Spinning Earth: A
Giant Impact Followed by Resonant Despinning. Science 338 (6110), 1047-1052.

DavzieL, S. B., LINDEN, P. F. & Younas, D. L. 1999 Self-similarity and internal structure
of turbulence induced by Rayleigh-Taylor instability. Journal of Fluid Mechanics 399,
1-48, publisher: Cambridge University Press.

DEGUEN, RENAUD, LANDEAU, MAYLIS & OLSON, PETER 2014 Turbulent metal-silicate mixing,
fragmentation, and equilibration in magma oceans. Earth and Planetary Science Letters
391, 274-287.

DEGUEN, RENAUD, OLSON, PETER & CARDIN, PHILIPPE 2011 Experiments on turbulent metal-
silicate mixing in a magma ocean. Farth and Planetary Science Letters 310 (3), 303-313.

DiMONTE, GUY 1999 Nonlinear evolution of the Rayleigh—Taylor and Richtmyer—Meshkov
instabilities. Physics of Plasmas 6 (5), 2009-2015, publisher: American Institute of
Physics.

DiMONTE, GUy 2000 Spanwise homogeneous buoyancy-drag model for Rayleigh—Taylor mixing
and experimental evaluation. Physics of Plasmas 7 (6), 2255-2269, publisher: American
Institute of Physics.

DIMONTE, GUY & SCHNEIDER, MARILYN 2000 Density ratio dependence of Rayleigh—Taylor
mixing for sustained and impulsive acceleration histories. Physics of Fluids 12 (2), 304—
321, publisher: American Institute of Physics.

EmMmons, H. W., CHANG, C. T. & WaATsoN, B. C. 1960 Taylor instability of finite surface waves.
Journal of Fluid Mechanics 7 (2), 177-193, publisher: Cambridge University Press.
ENCGEL, OLIVE G. 1966 Crater Depth in Fluid Impacts. Journal of Applied Physics 37 (4),

1798-1808.

ENGEL, OLIVE G. 1967 Initial Pressure, Initial Flow Velocity, and the Time Dependence of
Crater Depth in Fluid Impacts. Journal of Applied Physics 38 (10), 3935-3940.

FEDORCHENKO, ALEXANDER I. & WANG, AN-BANG 2004 On some common features of drop
impact on liquid surfaces. Physics of Fluids 16 (5), 1349-1365.

FiscHER, REBECCA A., NAKAJIMA, YOICHI, CAMPBELL, ANDREW J., FROST, DANIEL J.,
HARRIES, DENNIS, LANGENHORST, FALKO, M1vAaJiMA, NOBUYOSHI, POLLOK, KILIAN &
RuUBIE, DaviD C. 2015 High pressure metal-silicate partitioning of Ni, Co, V, Cr, Si, and
O. Geochimica et Cosmochimica Acta 167, 177-194.

GIELEN, MARISE V., SLEUTEL, PASCAL, BENSCHOP, JOs, RIEPEN, MICHEL, VORONINA,
VICTORIA, VISSER, CLAAS WILLEM, LOHSE, DETLEF, SNOEIJER, JACCO H., VERSLUIS,
MicHEL & GELDERBLOM, HANNEKE 2017 Oblique drop impact onto a deep liquid pool.
Physical Review Fluids 2 (8), 083602.

HayNEs, WiLLiaM M. 2016 CRC Handbook of Chemistry and Physics. CRC Press.

IcHikAwA, H., LABROSSE, S. & KuUrIiTA, K. 2010 Direct numerical simulation of an iron rain
in the magma ocean. Journal of Geophysical Research 115 (B01404), 1-12.

Jacos, J. W. & SHEELEY, J. M. 1996 Experimental study of incompressible
Richtmyer—Meshkov instability. Physics of Fluids 8 (2), 405415, publisher: American
Institute of Physics.

JAIN, UTKARSH, JALAAL, MAZIYAR, LOHSE, DETLEF & MEER, DEVARAJ VAN DER 2019 Deep
pool water-impacts of viscous oil droplets. Soft Matter 15 (23), 4629-4638.

JALAAL, MAZIYAR, KEMPER, DAVE & LOHSE, DETLEF 2019 Viscoplastic water entry. Journal
of Fluid Mechanics 864, 596—613.

JEANS, JAMES HorPwooOD 1923 The propagation of earthquake waves. Proceedings of the Royal
Society of London. Series A, Containing Papers of a Mathematical and Physical Character
102 (718), 554-574, publisher: Royal Society.

KARATO, SHUN-ICHIRO & MURTHY, VR. 1997 Core formation and chemical equilibrium in the
Earth—1I. Physical considerations. Physics of the Earth and Planetary Interiors 100 (1),
61-79.

KENDALL, JORDAN D. & MELOSH, H. J. 2016 Differentiated planetesimal impacts into a
terrestrial magma ocean: Fate of the iron core. Farth and Planetary Science Letters 448,
24-33.

KLEINE, T., MUNKER, C., MEZGER, K. & PALME, H. 2002 Rapid accretion and early core




Rayleigh-Taylor instability during impact cratering experiments 35

formation on asteroids and the terrestrial planets from Hf-W chronometry. Nature
418 (6901), 952.

KRECHETNIKOV, ROUSLAN & HoOMSY, GEORGE M. 2009 Crown-forming instability phenomena
in the drop splash problem. Journal of Colloid and Interface Science 331 (2), 555-559.

LABROSSE, S., HERNLUND, J. W. & CoOLTICE, N. 2007 A crystallizing dense magma ocean at
the base of the Earth’s mantle. Nature 450 (7171), 866.

LANDEAU, M., DEGUEN, R. & OLSON, P. 2014 Experiments on the fragmentation of a buoyant
liquid volume in another liquid. Journal of Fluid Mechanics 749, 478-518.

LANDEAU, M., DEGUEN, R., PHILLIPS, D., NEUFELD, J. A., LHERM, V. & DALZIEL, S. B. 2020
Metal-Silicate Mixing by Large Earth-forming impacts. Submitted to Earth and Planetary
Science Letters .

LENG, Liow JoNG 2001 Splash formation by spherical drops. Journal of Fluid Mechanics 427,
73-105.

LHERM, V. & DEGUEN, R. 2018 Small-Scale Metal/Silicate Equilibration During Core
Formation: The Influence of Stretching Enhanced Diffusion on Mixing. Journal of
Geophysical Research: Solid Earth 123 (12), 10,496-10,516.

LHUISSIER, H., SUN, C., PROSPERETTI, A. & LOHSE, D. 2013 Drop Fragmentation at Impact
onto a Bath of an Immiscible Liquid. Physical Review Letters 110 (26), 264503.

L1, JiIE & AGEE, CARL B. 1996 Geochemistry of mantle—core differentiation at high pressure.
Nature 381 (6584), 686.

LiNn, Hao, STOREY, BRIAN D. & SzERI, ANDREW J. 2002 Rayleigh—Taylor instability of
violently collapsing bubbles. Physics of Fluids 14 (8), 2925-2928, publisher: American
Institute of Physics.

LINDEN, P. F., REDONDO, J. M. & YounaGs, D. L. 1994 Molecular mixing in Rayleigh—Taylor
instability. Journal of Fluid Mechanics 265, 97-124, publisher: Cambridge University
Press.

LinpL, JOHN 1998 Inertial Confinement Fusion: The Quest for Ignition and Energy Gain Using
Indirect Drive. American Inst. of Physics.

LoMBARDINI, M., PuLLIN, D. I. & MEIRON, D. I. 2014 Turbulent mixing driven by spherical
implosions. Part 1. Flow description and mixing-layer growth. Journal of Fluid Mechanics
748, 85-112, publisher: Cambridge University Press.

MACKLIN, W. C. & METAXAS, G. J. 1976 Splashing of drops on liquid layers. Journal of Applied
Physics 47 (9), 3963-3970, publisher: American Institute of Physics.

MELOSH, H. J. 1989 Impact cratering: A geologic process. New York: Oxford University Press.

MesHKoOV, E. E. 1969 Instability of the interface of two gases accelerated by a shock wave. Fluid
Dynamics 4 (5), 101-104.

MIKAELIAN, KARNIG O. 1990 Rayleigh-Taylor and Richtmyer-Meshkov instabilities and mixing
in stratified spherical shells. Physical Review A 42 (6), 3400-3420.

MiKAELIAN, KARNIG O. 2016 Viscous Rayleigh-Taylor instability in spherical geometry. Physical
Review E 93 (2), 023104.

MONTEUX, J., JELLINEK, A. M. & JoHNSON, C. L. 2011 Why might planets and moons have
early dynamos? Farth and Planetary Science Letters 310 (3), 349-359.

MORTON, DAVID, RUDMAN, MURRAY & JONG-LENG, Liow 2000 An investigation of the flow
regimes resulting from splashing drops. Physics of Fluids 12 (4), 747-763.

NAKAJIMA, MIKI, GOLABEK, GREGOR J., WUNNEMANN, KaI, RUBIE, DAvID C., BURGER,
CHRISTOPH, MELOSH, HENRY J., JACOBSON, SETH A., MANSKE, LukaAs & HuLL,
ScorT D. 2020 Scaling laws for the geometry of an impact-induced magma ocean.
arXiw:2004.04269 [astro-ph] ArXiv: 2004.04269.

OkAwA, ToMmIO, SHIRAISHI, TAKUYA & MORI, TOSHIAKI 2006 Production of secondary drops
during the single water drop impact onto a plane water surface. Exzperiments in Fluids
41 (6), 965.

OLEVSON, K. L. R. 1969 Energy balances for transient water craters. US Geol. Surv. Prof. Pap
D (650), 189-194.

OroON, D., Arazi, L., Karroon, D., Rikanatri, A., AvLoN, U. & SHvARTS, D. 2001
Dimensionality dependence of the Rayleigh-Taylor and Richtmyer-Meshkov instability
late-time scaling laws. Physics of Plasmas 8 (6), 2883-2889, publisher: American Institute
of Physics.




36 V. Lherm, R. Deguen, T. Alboussiére and M. Landeau

PLESSET, M. S. 1954 On the Stability of Fluid Flows with Spherical Symmetry. Journal of
Applied Physics 25 (1), 96-98.

PROSPERETTI, ANDREA 1977 Viscous effects on perturbed spherical flows. Quarterly of Applied
Mathematics 34 (4), 339-352.

PrROSPERETTI, A & Ocuz, H N 1993 The Impact of Drops on Liquid Surfaces and the
Underwater Noise of Rain. Annual Review of Fluid Mechanics 25 (1), 577-602.

PumpPHREY, HuGH C. & ELMORE, PAUL A. 1990 The entrainment of bubbles by drop impacts.
Journal of Fluid Mechanics 220, 539-567.

RAY, BAHNI, Biswas, GAUTAM & SHARMA, ASHUTOSH 2015 Regimes during liquid drop impact
on a liquid pool. Journal of Fluid Mechanics 768, 492-523.

RAYLEIGH, JOHN WILLIAM STRUTT 1899 Scientific papers (Vol. 2: 1881-1887). Cambridge
University Press.

REIN, MARTIN 1993 Phenomena of liquid drop impact on solid and liquid surfaces. Fluid
Dynamics Research 12 (2), 61-93.

RicHTMYER, ROBERT D. 1960 Taylor instability in shock acceleration of compressible
fluids. Communications on Pure and Applied Mathematics 13 (2), 297-319, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/cpa.3160130207.

RIGHTER, K. 2011 Prediction of metal-silicate partition coefficients for siderophile elements: An
update and assessment of PT conditions for metal-silicate equilibrium during accretion
of the Earth. Earth and Planetary Science Letters 304 (1), 158-167.

RUBIE, DAVID C., FROST, DANIEL J., MANN, UTE, ASAHARA, YUKI, NIMMO, FrRANCIS, T'SUNO,
Kvyusel, KEGLER, PHiLIP, HOLZHEID, ASTRID & PALME, HERBERT 2011 Heterogeneous
accretion, composition and core-mantle differentiation of the Earth. Farth and Planetary
Science Letters 301 (1), 31-42.

RuBIE, D. C., MELOSH, H. J., REID, J. E., LIEBSKE, C. & RIGHTER, K. 2003 Mechanisms of
metal-silicate equilibration in the terrestrial magma ocean. Farth and Planetary Science
Letters 205 (3), 239-255.

RuBig, D. C., Nimmo, F. & MELOSH, H. J. 2015 Formation of the Earth’s Core. In Treatise
on Geophysics (Second Edition) (ed. Gerald Schubert), pp. 43-79. Oxford: Elsevier.
RUDGE, JOHN F., KLEINE, THORSTEN & BOURDON, BERNARD 2010 Broad bounds on Earth’s
accretion and core formation constrained by geochemical models. Nature Geoscience 3 (6),

439.

SCHERSTEN, ANDERS, ELLIOTT, TiM, HAWKESWORTH, CHRIS, RUSSELL, SARA & MASARIK,
JOZEF 2006 Hf-W evidence for rapid differentiation of iron meteorite parent bodies. Earth
and Planetary Science Letters 241 (3), 530-542.

ScHMIDT, WOLFRAM 2006 From tea kettles to exploding stars. Nature Physics 2 (8), 505-506.

SIEBERT, JULIEN, BADRO, JAMES, ANTONANGELI, DANIELE & RYERSON, FREDERICK J. 2012
Metal-silicate partitioning of Ni and Co in a deep magma ocean. Farth and Planetary
Science Letters 321-322, 189-197.

SIEBERT, JULIEN, CORGNE, ALEXANDRE & RYERSON, FREDERICK J. 2011 Systematics
of metal-silicate partitioning for many siderophile elements applied to Earth’s core
formation. Geochimica et Cosmochimica Acta 75 (6), 1451-1489.

SorLoMATOV, V. 2015 Magma Oceans and Primordial Mantle Differentiation. In Treatise on
Geophysics (Second Edition) (ed. Gerald Schubert), pp. 81-104. Oxford: Elsevier.
STEVENSON, D. J. 1990 Fluid dynamics of core formation. In Origin of the earth (ed. Horton E.

Newsom & John H. Jones), pp. 231-249. New York: Oxford University Press.

STIXRUDE, LARS, DE KOKER, N1cO, SUN, NI, MOOKHERJEE, MAINAK & KARKI, Bijavya B.
2009 Thermodynamics of silicate liquids in the deep Earth. Farth and Planetary Science
Letters 278 (3), 226-232.

SUN, YICHENG, ZHOU, HUIQUN, YIN, KUN, ZHAO, MENGQI, XU, SHUIN & Lu, XIANCAI
2018 Transport Properties of Fe2SiO4 Melt at High Pressure From Classical Molecular
Dynamics: Implications for the Lifetime of the Magma Ocean. Journal of Geophysical
Research: Solid FEarth 123 (5), 3667-3679.

TAkKITA, HARUNA & SuMITA, IKURO 2013 Low-velocity impact cratering experiments in a wet
sand target. Physical Review E 88 (2), 022203.

TaNIGUCHI, H. 1988 Surface tension of melts in the system CaMgSi206-CaAl2Si208 and its
structural significance. Contributions to Mineralogy and Petrology 100 (4), 484-489.




Rayleigh-Taylor instability during impact cratering experiments 37

TAYLOR, GEOFFREY INGRAM 1950 The instability of liquid surfaces when accelerated in a
direction perpendicular to their planes. I. Proceedings of the Royal Society of London.
Series A. Mathematical and Physical Sciences 201 (1065), 192-196, publisher: Royal
Society.

TraOMAS, V. A. & KARES, R. J. 2012 Drive Asymmetry and the Origin of Turbulence in an
ICF Implosion. Physical Review Letters 109 (7), 075004, publisher: American Physical
Society.

Tonks, W. BriAN & MELosH, H. JAY 1993 Magma ocean formation due to giant impacts.
Journal of Geophysical Research: Planets 98 (E3), 5319-5333.

TRYGGVASON, GRETAR 1988 Numerical simulations of the Rayleigh-Taylor instability. Journal
of Computational Physics 75 (2), 253-282.

WACHEUL, JEAN-BAPTISTE & LE BARS, MICHAEL 2018 Experiments on fragmentation and
thermo-chemical exchanges during planetary core formation. Physics of the Earth and
Planetary Interiors 276, 134—-144.

WACHEUL, JEAN-BAPTISTE, LE BARS, MICHAEL, MONTEUX, JULIEN & AURNOU, JONATHAN M.
2014 Laboratory experiments on the breakup of liquid metal diapirs. Farth and Planetary
Science Letters 403, 236—245.

WALSH, AMANDA M., HoLLowAy, KRrisTi E., HABDAS, PIOTR & DE BRUYN, JOHN R. 2003
Morphology and Scaling of Impact Craters in Granular Media. Physical Review Letters
91 (10), 104301, publisher: American Physical Society.

WILLE, G., MiLLoT, F. & RIFFLET, J. C. 2002 Thermophysical Properties of Containerless
Liquid Iron up to 2500 K. International Journal of Thermophysics 23 (5), 1197-1206.

WILLIAMS, JEAN-PIERRE & NiMMO, FRANCIS 2004 Thermal evolution of the Martian core:
Implications for an early dynamo. Geology 32 (2), 97-100.

WooD, BERNARD J., WALTER, MICHAEL J. & WADE, JONATHAN 2006 Accretion of the Earth
and segregation of its core. Nature 441 (7095), 825.

WORTHINGTON, A. M. 1895 The splash of a drop. London, UK: London, S.P.C.K.

Younas, Davib L. & WiLLiamMs, RoBIN J. R. 2008 Turbulent mixing in spherical implosions.
International Journal for Numerical Methods in Fluids 56 (8), 1597-1603, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1002/1d.1594.

ZHANG, L1 V., BRUNET, PHILIPPE, EGGERS, JENS & DEEGAN, ROBERT D. 2010 Wavelength
selection in the crown splash. Physics of Fluids 22 (12), 122105, publisher: American
Institute of Physics.

Zuao, B., Law, A. W. K., Lar, A. C. H. & Apawms, E. E. 2013 On the internal vorticity and
density structures of miscible thermals. Journal of Fluid Mechanics 722.




	1. Introduction
	2. Impact cratering experiments
	2.1. Dimensional analysis
	2.2. Experimental set-up

	3. Experimental phenomenology
	3.1. Crater geometry
	3.2. Rayleigh-Taylor instability

	4. Evolution of the crater size
	4.1. Energy conservation model
	4.2. Time evolution
	4.3. Energy partitioning and kinetic energy correction
	4.4. Maximum crater radius and opening timescale

	5. Evolution of the Rayleigh-Taylor instability
	5.1. Mixing layer thickness
	5.2. Early-time wavelength

	6. Geophysical implications
	7. Conclusion

