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ABSTRACT
In this work, high-speed drop impact onto deep
volume of the same liquid is numerically studied in
3D using Direct Numerical Simulation (DNS). The
numerical results are compared with the previous experimental works by Murphy et al. [1]. Most of
the distinctive features during the impact, including the evolution of the crown and cavity, the ligaments emanating from the rim of the crown, the
formation of the bubble canopy, the central spiral
jet that pierces through the bottom of the cavity and
the subsequent broad upward jet, are correctly reproduced. The trajectory of the upper rim of the
crown as well as the depth and width of the subsurface cavity are tracked during the simulation. Very
reliable quantitative agreements between numerical
and experimental data are obtained with respect to
the time evolution of the crown rim and cavity dimensions. The simulation shows very good qualitative and quantitative agreement against the available
experimental data, which enables the further investigation of the internal mechanisms of drop impact in
the future.
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Subscripts and Superscripts
h, v
horizontal and vertical direction
w, a
water phase, air phase

1. INTRODUCTION
The process of drop impact is widely observed in
nature and involves many fascinating physical phenomena, but challenging for further studying due to
the increased complexity of multi-scale flows and interfacial dynamics [2]. Knowing from daily shower,
natural rainfall, soil erosion [3, 4], industrial spray
injecting&cooling [5, 6] and agriculture irrigation
[7], drop impact exists ubiquitously in our life. Scientific research on uncovering the internal mechanisms of drop impact thus shows huge potential in facilitating the technical applications in various areas
where this process is involved.
Since the path-breaking works started more than
a century ago [8], various studies of drop impact
have been initiated afterwards. Different scenarios of
drop impact regarding to liquid [9, 10] or solid target
[11, 12], shallow [13, 14] or deep pool [15, 16], miscible [17] or immiscible [18] liquids have been discussed. For drop impact on deep pool, three dimensionless parameters are usually used to describe the
splashing, namely Reynolds number Re = ρu0 d/µ,
Weber number We = ρu20 d/σ and Froude number
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Fr = u20 /gd, where ρ is liquid density, u0 is initial
impacting speed, d is drop diameter, g is gravity, µ
and σ are viscosity and surface tension. In order
to uncover the underlying flow physics, multiple aspects of drop impact such as the behaviour of initial
liquid sheet [16, 19, 20, 21], air bubble entrainment
[22, 23], evolution of crown and cavity [14, 24, 25],
as well as the formation of secondary droplets [1, 26]
have been broadly investigated.
In the most recent works, attention has been especially focused on the first stages of impact, where
the liquid sheet is ejected from the neck and the entrapped air layer under the droplet is ruptured, resulting in the splashing of very fine spray [19, 27] and the
generation of secondary bubbles [28, 22, 23], but the
mechanisms are still not well elucidated. Additionally, the non-axisymmetric behaviors of vortex shedding and the observed ejecta behaviour from bottom
visualizations in cases of impacts on thin films [29]
show that these phenomena break the axisymmetry at
fine scale, and may be related to three-dimensional
mechanisms. This clearly poses a new challenge
to numerical studies, which mostly assume axisymmetry [21, 30]
As for later stages of the impact, qualitatively
different regimes of phenomenon have been categorized [31, 32, 33, 34] at relatively small range of Re
and We numbers, depending on various impacting
conditions. For the most energetic regime of drop
impact with higher impacting speed and larger drop
diameter, the interfical dynamics can be significantly
modified. As schemed by Engel [15], after the first
stage of splashing, the liquid sheet expands radially
and forms a thin-walled ‘crown’ above the surface of
the target pool. Next, the rim of the crown rises to a
maximum position and then closes up into a "bubble
canopy" followed by a central liquid jet, trapping a
volume of air inside. In this process, ligaments emanate from the rim of crown and eject a great number of fine droplets to the air upwards and outwards.
Such tiny airborne droplets may raise potential health
issues to the public under certain circumstances [1].
Numerical approaches have been employed to
the analysis of drop impact since decades. Both
axisymmetric [35, 14, 36, 32, 30] and three dimensional [37, 38, 39] simulations can be found in literature, using mostly DNS approaches. For threedimension calculations, whose primary objective is
to capture the non-axisymmetric mechanisms involved in the splashing. Efforts are focused on dynamic refinement techniques [40, 41], in order to
resolve the multiple interfaces resulting from the
splashing, while ensuring a reasonable grid size. In
the latter study, the authors show that a minimum cell
size of about 50 to 100 µm is sufficient to capture
most of the features of the splash. However, that conclusion was drawn for Weber numbers around 250,
so it may not directly apply to the configuration investigated in the present study.
In this work, we perform three-dimensional dir-

ect numerical simulation (DNS) of high-speed drop
impact on deep liquid pool. The paper is organized
as follows: the numerical approaches are described
in Section 2, the flow configurations and numerical
parameters are explained in Section 3, the numerical
results are demonstrated and discussed in Section 4
and the paper is summarized in Section 5.

2. NUMERICAL APPROACHES
2.1. Governing equations
The drop impact of gas-liquid system is considered as incompressible flows, and it solves a system of the mass balance equation Eq. (1), the momentum balance equation Eq. (2) and the advection
of one-fluid formulation Eq. (3), called hereafter the
color function.
∇·U=0

(1)

!
∂U
ρ
+ (U · ∇)U = −∇P + ∇ · (µD) + ρa + σκδ s n
∂t
(2)
∂f
(3)
+ ∇ · ( f U) = 0
∂t
Where U the velocity field, ρ the density, P the
pressure, µ the viscosity, D the deformation tensor,
a the body force along the impacting direction. The
last term in Eq. (2) is the surface tension force, with
κ the curvature of the interface, σ the surface tension
coefficient which is taken as constant in the present
study, and n the unit vector normal to the interface.
This term is zero everywhere but at the liquid/gas interface, as controlled by the Dirac function δ s . The
volume fraction f is transported by color function in
Eq. (3).

2.2. Numerical solver
We use the open source Basilisk framework
[42] to simulate the process of drop impact. The
momentum-conserving volume-of-fluid (MCVOF)
numerical scheme, introduced by Fuster & Popinet
[43], is employed here to simulate the problem of
two-phase flow. The color function (Eq. (3)) is
solved based on a volume fraction advection scheme
proposed in [44], which exhibits the complete mass
conservation and makes it ideal for highly energetic
free-surface flows. The interface then can be represented using Piecewise Linear Interface Capturing (PLIC) VOF method [45]. For Eq. (2), the
Crank–Nicholson discretization of the viscous terms
is second order accurate in time and unconditionally
stable, while the convective terms are computed using the Bell-Colella-Glaz (BCG) second order unsplit upwind scheme [46], which is stable for CFL
numbers smaller than one. The surface tension is
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calculated using the continuum surface force (CSF)
model described in [47].
The tree-based structure [48] of the spatial discretization is applied to adaptively follow the smallest structures of flow, thus concentrating the computational effort on the area where it is most needed.
Starting from a root cell so called “parent”cell at level
0, eight “children” cells will be generated in 3D at
level 1 (four "children" in 2D). With the maximum
level of refinement n, the finest resolution will be 2n
in each dimension, and various level of local refinement can be presented in the spatial domain at the
same time.
Basilisk employs the Adaptive Mesh Refinement
(AMR) [49] to adaptively refine/coarsen the grids
based on the wavelet-estimated numerical error of
the local dynamics, which makes it especially appropriate for the present application where multiple interfaces and numerous droplets and bubbles are expected. The resolution will be adapted every time
step according to the estimated discretization error
of the spatially-discretized fields (volume fraction,
velocity, curvature..). The grid will be refined as
long as the wavelet-estimated error exceeds the given
threshold, which eventually leads to a multi-level
spatial resolution from minimum level Lmin to maximum level Lmax over the domain.
The great superiority of parallel capacity and
computational efficiency of Basilisk code are discussed in [50]. The capabilities of Basilisk solver
have been extensively validated on various problems
for multi-phase complex flows here [42].

3. NUMERICAL PARAMETERS
In this work, we reproduce one specific case of
high-speed drop impact that was discussed in [1] as
a control case for the study of raindrop impact onto
oil slick. We use the artificial seawater here for both
the drop and pool, since the properties of the liquids are almost the same. The surrounding gas is
air. The density and viscosity ratios between seawater and air are ρw /ρa = 1018 and µw /µa = 180.
The drop is defined as an oblate ellipsoid with horizontal and vertical diameters dh = 0.0043m and
dv = 0.0038m respectively, which leads to an average diameter d ≈ 0.004m. The terminal speed of the
drop before impact is u0 = 7.2m/s.
As shown in Figure 1, the drop is initialized
above the free surface of the liquid pool and the
computational domain is a cubic with a side length
L = 16d. The initial undisturbed surface of pool is
located in the middle of the vertical direction, thus
the depth of the pool is H = 8d, which ensures
enough space for the growth of crown and cavity as
well as avoids any wall effects from boundaries. The
initial gap between drop and pool is δ = 0.1d, allowing the observation of air sheet entrainment near the
contact line. The free outflow boundary conditions
are imposed on the top of the domain, while the symmetry boundary conditions are applied by default for

L=16d

Air
Air

dh
Free Surface

dv

u0

δ
Liquid pool

H=8d

Liquid pool

Figure 1. Initial numerical configurations of
three-dimensional simulation. The left panel
shows the overall computational domain and the
initial mesh refinement at a plane cross the center
of drop. The right panel shows a zoomed-in view
near the drop
other boundaries.
At the initial time, it is expected to refine the
mesh with a higher level in the vicinity of the drop
and free surface as shown in Fig.1, and the mesh
is coarser gradually away from the interface. This
will give a promising geometric description of the
drop and free surface at the beginning and lower the
RAM requirement for initialization. Once the simulation starts, the mesh will be redistributed adaptively
based on the AMR algorithm using the volume fraction field with tolerance f Err = 7e − 4 and the velocity field with tolerance uErr = 1e − 1 as adaption
criteria .
We have carried out extensive tests to explore
the effects of the minimum spatial resolution in
comparison with experimental data. One finds that
the dynamics of the early-time liquid sheet and the
entrapped air bubble affects significantly the subsequent formation of the thin-walled crown and its
closure at high Re and We numbers. Our preliminary study have shown that a grid resolution of at
least 1024 cells per diameter is necessary to capture
the correct regime of early splashing for the present
work. This will need to apply a maximum level of refinement at Lmax = 14, which corresponds to an equi3
valent uniform grid of more than 4.3 trillion [(214 ) ]
cells.
Based on the physical characteristics during the
impact, we have divided the simulation into two
consecutive stages, namely the early-time splashing
stage when t ⩽ 2ms (S1) and the later crown stage
when t > 2ms (S2). At stage S1, very thin liquid sheet is ejected and interacts strongly with the
surface of the drop&pool, and numerous very fine
droplets and bubbles are formed, thus the primary
objective would be to capture the flow dynamics near
the contact region in finer scale. Figure 2 shows the
mesh refinement strategy applied at initial stage. A
higher maximum level Lmax = 14 (3.9µm) is used
in the vicinity of the free surface to resolve the dy-
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Figure 2. Mesh refinement strategy at stage S1.
The region close to the free surface of the pool is
calculated at higher maximum refinement (Lmax =
14) for capturing the early-time dynamics of the
very thin liquid sheet
namics of the liquid sheet in smaller scale, while
Lmax = 13 (7.8µm) is used for the rest of the domain to capture the statistics of droplets and bubbles.
At stage S2, the crown has been developed and the
rim of the crown is thickened due to the effect of
surface tension. The secondary droplets shed from
the top of the crown at this stage are generally in
larger scales, comparing with the one from the initial stage. Therefore, we restart the simulation at
t = 2ms using the saved "dump" file from the initial
stage with Lmax = 12 (15.6µm) over the whole computational domain, which allows to capture the main
physical dynamics of the crown and cavity till the
end of the simulation (t = 48ms). This mesh refinement strategy ensures that the simulation is doable
in a full three-dimensional configuration and can be
accomplished in a "reasonable" time, in considering
the available computational resources. The numerical results presented in section 4 were performed
on 1024 cores for 33.5 days, which consumes more
than 8.21 × 105 CPU-hours totally, using the computational resources on Advanced Research Computing
(ARC) at Virginia Tech.

4. RESULTS
4.1. Phenomenology
Figure 3 shows the global evolution of highenergy drop impact during the 48ms after contact.
The side-view of numerical results (bottom) are compared with experimental holograms (top) in time
series. The time point of the contact is defined as
t = 0. At t=-1ms, the drop is initialised above the
surface of pool. Once the simulation starts, the drop
will fall downwards to hit the pool driven by the combination of initial impacting speed and gravitational
force. Directly after the impact (t=1ms), a cylindrical
wave is generated around a flat-bottomed disk-like
cavity due to the violent penetration of drop liquid.
At this time, most of the drop liquid is concentrated
on the bottom of the cavity and the submergence of
the drop/pool interface can be approximated as half
of the initial drop impacting velocity [51]. Next, the
drop keeps expanding and spreads into a thin layer of

Figure 3. Qualitative comparisons between experimental and numerical results for high-speed drop
impact. The red stars indicate the tracked positions of the crown rim
liquid that is distributed along the interior surface of
the cavity, stretching the cavity into a typical hemispherical shape (t=3ms). By t=7ms, the orientation
of the rim of ligament transitions from almost horizontal to vertical and the top of the crown starts
to bend towards the center. At around t=12ms, the
crown eventually closes up, trapping a volume of air
inside. After the closure of the crown rim, a central spiral jet is then ejected vertically from the merging point and the downward moving jet eventually
pierces the cavity bottom at t=37ms, which will result in the formation of a broad upward jet evidenced
at t=48ms.
The qualitative comparison shows that our simulation reproduces all the distinctive features observed
in the experiments. The correct prediction of the
morphologic behavior of the air-water interface, the
transition of ligaments orientation, and the exact time
where the upper rim of the crown necks in and the
central spiral jet pierces the cavity bottom are especially convincing. A general good agreement to the
experiments is obtained.

4.2. Kinematics
For further validating our numerical strategy, the
kinematic behaviors of the crown and cavity are
extracted from numerical and experimental results.
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Figure 4. Analysis of the kinematic behaviours of
the rim of the crown with time. The definition of
the positions of the crown rim are marked as red
stars in Fig. 3. (a) Radius of crown rim, (b) Height
of crown rim and (c) Trajectory of crown rim

Figure 4 tracks the positions of the rim of the crown
with time. The variation of the radius and height of
the crown rim are shown in Fig. 4 (a) and (b), and the
trajectory of the crown rim is then plotted in Fig. 4
(c). Below the initial free surface, the dimensions of
the radially expanding cavity are also characterized
by its width and depth in Figure 5 (a) and (b). The
volume of the cavity thus is calculated as half of an
ellipsoid in Fig. 5 (c).
Fig. 4 and 5 confirms this conclusion: both the

Figure 5. Analysis of the kinematic behaviours of
the subsurface cavity with time. (a) Width of cavity, (b) Depth of cavity and (c) Volume of cavity

trajectory of the edges of the upper rim and the dimensions of the subsurface cavity are also found in
very good quantitative agreement with the experimental measurements.

5. SUMMARY
We present numerical investigation of the highspeed drop impact on deep liquid pool using direct numerical simulation. The full three-dimensional
simulations are performed based on the Basilisk
framework using volume of fluid and adaptive mesh
refinement techniques. The simulations have been
conducted in the exact same configuration described
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in [1], for the purpose of a detailed comparison with
available experimental data. It shows that our simulation successfully reproduced all the distinctive features observed in the experiments. We also found
very good quantitative agreements between numerical and experimental results with respect to the trajectory of the crown rim, the cavity dimensions as
well as the time point where the dome closes up and
the central spiral jet pierces the cavity bottom. The
rather good validation confirms the feasibility of the
numerical scheme, which also enables to prepare in a
future work an in-depth analysis of the internal physical mechanisms that is hard to be observed in the
experiments.
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