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Abstract: The ability to accurately predict the dynamics of fast moving and deforming interfaces is
of interest to a number of applications including ink printing, drug delivery and fuel injection. In the
current work we present a new compressible framework within OpenFOAM which incorporates
mitigation strategies for the well known issue of spurious currents. The framework incorporates
the compressible algebraic Volume-of-Fluid (VoF) method with additional interfacial treatment
techniques including volume fraction smoothing and sharpening (for the calculation of the interface
geometries and surface tension force, respectively) as well as filtering of the capillary forces. The
framework is tested against different benchmarks: A 2D stationary droplet, a high velocity impact
droplet case (500 m/s impact velocity) against a dry substrate and, with the same impact conditions,
against a liquid film. For the 2D static droplet case, our results are consistent with what is observed in
the literature when these strategies are implemented within incompressible frameworks. For the high
impact droplet cases we find that accounting for both compressibility and correct representation of
the interface is very important in numerical simulations, since pressure waves develop and propagate
within the droplet interacting with the interface. While the implemented strategies do not alter
the dynamics of the impact and the droplet shape, they have a considerable effect on the lamella
formation. Our numerical method, although currently implemented for droplet cases, can also be
used for any fast moving interface with or without considering the impact on a surface.

Keywords: volume of fluid; droplet impact; OpenFOAM; compressibility

1. Introduction

In recent decades, a large volume of scientific research has been directed towards
multiphase flows dominated by the influence of surface tension, including bubbles, drops,
fluid films, jets and sheets. While most of these studies have been performed for incom-
pressible flows there is still a wide range of applications for which fluid compressibility
is of importance as for example for the case of high velocity droplet impact. Such impact
cases are relevant to many industrial applications including applications that involve rotor
blades. The repetitive impacts of liquid droplets onto rotor blades, at power generation and
aerospace industries result in blade erosion and equipment failure. Another interesting
application is coating technologies, where high speed molten metal or ceramic droplets
impact onto a substrate. Finally high impact droplets have an application to ink printing.

Various physical phenomena occur during the impact of a liquid droplet on a solid
substrate, such as the spreading, fingering, air entrapment, coalescence, shedding, solid-
ification, bouncing, and splashing. Several reviews are present in literature that classify
these different phenomena [1–3]. Physically these phenomena are mostly controlled by the
fluid properties, the surface properties and the impact velocity. The interplay of all these
factors is still far from being fully understood especially in high speed impact cases due
to compressibilty effects. As the droplet impacts onto the surface, compression waves are
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created and propagate within the droplet resulting in local density variations which in turn
might rapture the interface and give rise to jets as described in [4,5].

Numerical simulations are fundamental to highlight the role of the different physics
behind droplet impact since they can provide insight into processes that experimentation
is hard. For example, in the case of high speed droplet impact (of the order of 100 m/s and
above) the timescale of impact is in the order of 1 ns, which requires a shutter speed of at
least 109 fps for a sufficient temporal resolution [6]. Several numerical approaches have
been proposed in the literature over the years for the modelling of multiphase interfacial
phenomena. Great effort has been dedicated to correctly account for the transport of the
interface and the consideration of the capillary forces. The role of the capillary forces
is important both in cases with low velocity impact where capillary forces dominate
throughout the process as well as to high impact case where although in the initial stages of
the impact inertia is dominant as the droplets spread and slow down, capillarity becomes
significant [7–9].

To transport the interface, the Volume Of Fluids (VOF) approach has been widely
used in literature. Here, the different phases are tracked through the volume fraction,
which is then used to reconstruct the interface. To represent the capillary force in this
context, the Continuum Surface Force method [10] is widely adopted, which represents
the surface tension force as a volumetric force. Despite the fact that this coupling has been
used in multiphase simulations for the past decades, it has been shown that the coupling
among transport schemes of the indicator function, surface tension in the Navier–Stokes
equations and the curvature calculation still needs improvements [11]. Poor estimation and
coupling of these terms results in the generation of spurious currents around the interface.
Abadie et al. [12] showed the presence of the spurious currents within both the VoF as well
as the Level Set, highlighting how the structure of the flow can be significantly modified
by their presence. In the incompressible framework, different strategies to mitigate this
problem have been proposed. Hysing et al. [13] proposed, in a finite element framework
and using a Level Set function, an implicit and semi-implicit representation of the surface
tension force, which improved the stability and reduced the spurious currents compared
to the explicit formulation. Then, Raessi et al. [14] proposed the same formulation in a
finite volume context for a coupled Level Set-Volume of Fluid method. The main benefit
of the implicit formulation is that it allows to increase the time step constrain due to the
capillary, reducing the computational cost without destabilising the solution. Focusing
on VoF methods, Cummins et al. [15] and Popinet [11] have shown that calculating the
interface properties based on the height function increase the accuracy of the interface
curvature. More specifically, using the height function technique Popinet [11] showed an
exact numerical balance between surface tension forces and the pressure jump with the
elimination of the spurious currents in the case of a static interface. Denner et al. [16]
imposed an exact curvature on both cartesian and tetrahedral meshes. In this case, the
advection step had no influence on the spurious currents. In cases of practical interest,
it is not possible to impose the curvature and the advection step introduces errors in the
volume fraction fields and thus in the curvature estimation.

Raeini et al. [17] demonstrated how by working on the definition of the curvature
calculation, and by filtering the capillary forces at the boundary, the magnitude of the spu-
rious currents at the interface is reduced, improving the interface tracking for applications
relevant to porous media. Aboukhedr et al. [9] aside from sharpening, smoothing and fil-
tering algorithms for the interface capturing, introduced an adaptive interface compression
scheme in order to allow for a dynamic estimation of the compressive velocity only at the
areas of interest.

Various methods have been suggested for compressible interfacial flows context as
well. So et al. [18] proposed a sharpening interface strategy for compressible VoF based
methods, applied to droplet and shock-wave interaction. This was obtained through
an anti-diffusion equation to counteract the numerical diffusion from the VoF discretisa-
tion. This strategy does not require an explicit reconstruction for the interface, reducing
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the computational cost and complexity. Then, Deng et al. [19] started from the method
of [18] to present a new reconstruction scheme to improve the accuracy of the interface
in compressible interfacial multiphase flows. Denner et al. [20] proposed a pressure-
based algorithm for compressible interfacial flows.The discretisation method proposed
performed local changes to the discrete values of density and total enthalpy based on
the assumption of thermodynamic equilibrium, without the requirement of a Riemann
solver. In this work, the advantages of a pressure-based formulation was highlighted, as it
facilitates the definition of consistent mixture rules at the interface, including the Rankine-
Hugoniot relations, and applies naturally to flows in all Mach number regimes. Finally,
Nykteri et al. [21], simulated the droplet fragmentation from high velocity impact, employ-
ing a multi-scale methodology, to capture explicitly smaller (sub-grid) structures obtained
from the impingement.

The goal of our study is to present a newly developed compressible VoF framework
incorporating mitigation strategies for the spurious currents previously developed for
incompressible frameworks [9,17,22,23] and to use this framework in order to highlight
the effect that the spurious currents have on a quickly moving and deforming interface.
First, the role of the spurious currents is highlighted for the well known benchmark case
of a stationary droplet. Then, the influence of the mitigation strategies is observed for the
high speed impact scenario. As a relevant case, the set up presented by Marzbali et al. [6]
is investigated. First, a droplet impacting at high speed on a dry substrate is investigated.
Then, a droplet impacting at the same conditions on a liquid film covering the substrate is
also analysed. While in the current paper the framework is implemented for high speed
droplets it is general enough to be implemented in any case of multiphase problems where
compressibility is important and spurious currents require special treatment.

2. Methodology
Governing Equations

Our suggested framework is designed for simulations of compressible and immiscible
fluids. The inteface tracking of the two-phase flow is performed with the VoF method
as basis using the Open Source code OpenFOAM [24]. The native solver compressibleIn-
terFOAM was used as starting point and modifications were made to account for the
interface treatment.

Being a one-fluid method, the continuity, energy and momentum equation for the
mixture are solved:

∂ρ

∂t
+∇ · (ρu) = 0

∂ρu
∂t

+∇ · (ρuu) = ∇ · (−pd I + τ) + ρ fb

∂ρT
∂t

+∇ · (ρuT) = ∇ · (k∇T)

(1)

where pd = p− ρg · x is the peziometric pressure, fb the body force and the mixture stress
tensor τ is defined as

τ = µ

(
∇u +∇uT − 2

3
∇ · uI

)
(2)

To track the single phase, the transport equation for the volume fraction is solved

∂ρ1α

∂t
+∇ · (ρ1αu) = 0 (3)

as only two phases are present, the volume fractions obey the algebraic relationship
α1 + α2 = 1. The volume fraction is transported by the mixture velocity u.

When dealing with bounded scalars such as α, it is fundamental to respect the bound-
edness of the variable. For the α transport equation, Equation (3), the convective term can
be source of unboundedness. Among the different strategies to mitigate the issue of the
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boundness, in this study the Multidimensional Universal Limiter with Explicit Solution
(MULES), proposed by Weller [25], is adopted. The MULES limiter consists of an explicit
solver which is based on the Flux Corrected Transport in order to maintain the bounded-
ness of the scalar. A detailed description of the algorithm is beyond the scope of this study,
and more details about its implementation can be found in literature [26]. Despite being
derived in an incompressible framework, the MULES scheme can be directly applied to the
compressible case. To be suitable to this scheme, the volume fraction equation is rearranged
and the contribution from the compressibility is accounted numerically as a source term.
This allows to hold a similar numerical methodology for the transport of the volume frac-
tion between the compressible and incompressible solvers. The methodology presented is
pressure-based, which means that the pressure is solved, with the phase densities obtained
algebraically through the equation of state. The mixture density is defined as

ρ = ρ1α + ρ2(1− α) (4)

The transport properties of the mixture are calculated from the single phase properties
through the volume fraction, for example the viscosity is defined by µ = µ1α + µ2(1− α).

As the gravity force is included in the pressure gradient through pd, the only body
force present is the surface tension force. The surface tension force is treated as a pressure
gradient across the liquid–gas interface and is calculated per unit volume based on the
Continuum Surface Force (CSF) model proposed by Brackbill et al. [10].

fb = σκnI (5)

where the mean interface curvature κ is defined as

κ = ∇ · nI (6)

and the normal to the interface nI is defined as

nI =
∇α

|∇α| (7)

3. Numerical Framework for the Interface Treatment

The numerical treatment of the interface properties and of the capillary force is pre-
sented in this section.

3.1. Discretisation of the Interface Curvature

After the value of the volume fraction at the cell centres is updated, the interface
geometrical properties such as the mean curvature and its normal are calculated. From
these properties the surface tension force for the momentum equation is then derived. To
improve the accuracy of the the interface normal vectors near the interface, the volume
fraction is subject initially to a smoothing process.

The smoothing process occurs in two stage: first the smoothed interpolating α from
cell centres to face centres and then back to the cell centres recursively [17]. The smoothed
volume fraction is then subject to a second cycle of smoothing, repeated two times, which
consists into a weighted average of the volume fraction at the face with the face area. The
smoothed volume fraction is then employed to calculate the interface normal vector nI
from Equation (7).

Once the interface normal vectors are computed, the interface curvature can be obtained
from nI through (6). The mean curvature calculated is smoothed in the direction normal to
the interface recursively for two iterations (i = {0, 1}), following Raeini et al. [17], as:

κs,i+1 = 2
√

α(1− α)κ +

(
1− 2

√
α(1− α)

)
κ∗s , κs,0 = κ (8)
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with

κ∗s =
〈〈κs,iw〉c→ f 〉 f→c

〈〈w〉c→ f 〉 f→c
, w =

√
α(1− α) + 10−6 (9)

The coefficient 2
√

α(1− α) diffuses κ away from the interface, with minimum effect
of the values of κ on the interface region. This is important for the stability of the numerical
method. Furthermore, the interface curvature at face centres (k f ) is obtained using a
weighted interpolation method, as suggested by Renardy and Renardy [27]:

κ f =
〈κs,2w〉
〈w〉 , w =

√
α(1− α) + 10−6 (10)

3.2. Volume Fraction Sharpening and Capillary Forces

The capillary forces are calculated at the face centres, following Equation (11), as

fc, f = fc · n f = (σκnsδs) f · n f = σκ f δs, f (11)

where n f is the cell face normal, κ f is the face value of the curvature, Equation (10). The
interface delta function δs, f is calculated from the sharpened version of the volume fraction
αsharp, as δs, f = ∇⊥f

(
αpc
)
, where ∇⊥f denotes the gradient normal to the face f . Using δs, f

allows to control the sharpness of the capillary force, i.e., the thickness of the region where
this force intervene.

The sharpened volume fraction αsharp, following Raeini et al. [17], is obtained by
curtailing and then normalising the volume fraction α as

αsharp =
1

1− Cpc

[
min

(
max

(
α,

Cpc

2

)
, 1− Cpc

2

)
− Cpc

2

]
(12)

A value of Cpc = 0 lead to the original CSF (Continuum Surface Force) formulation
(i.e., using α instead of αsharp for the interface location), while as Cpc → 1, αsharp becomes
sharper, leading to a sharper implementation of the capillary forces. For static cases a value
of Cpc = 0.98 is suggested [17], while Cpc = 0.5 is used for the dynamic cases.

3.3. Filtering of the Capillary Forces

The adoption of δs, f allows to mitigate the non-physical velocities at the interface.
When interaction with a boundary is present though, Raeini et al. [17] showed that this
may not be enough, and non-physical currents close to complex (curved or edged) solid
boundaries can still be present. This problem can be solved modifying those compo-
nents of the capillary forces that result in currents parallel to fluid interfaces trough the
following operator:

fc, f , f iltered = fc, f − fc, f , f ilt|| (13)

where fc, f is calculated through Equation (11), and fc, f , f ilt|| is a time dependent term
defined at the face centres.

Starting from zero as initial condition, this term is updated as:

fc, f , f ilt|| =
δs, f(

δs, f + ε
)( f old

c, f , f ilt|| + Cc, f , f ilt||〈∇pc − (∇pc · ns)ns〉 f · n f

)
(14)

where f old
c, f , f ilt|| represents the value of fc, f , f ilt|| at the previous time step.

The term
δs, f

(δs, f +ε)
restricts the correction term to the region where the capillary force is

present. Equation (14) gradually dampens those components of fc −∇pc that are parallel
to the interface, so that they finally converge to zero. This filtering may introduce small
errors in the calculation, however the effect of this was observed to be negligible in the
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absence of non-smooth solid boundaries. The term Cc, f , f ilt|| is a coefficient determining
how fast the non–physical velocities are filtered. A value of Cc, f , f ilt|| = 0.1 is used in [17]

3.4. Filtering Capillary Fluxes

Due to the numerical errors in the calculation of the interface curvature, it is difficult
to obtain a zero net capillary force constraint (i.e.,

∮
fc · Ss = 0, where Ss is the interface

area vector) when modelling the movement of a closed interface. This issue is evident
for configuration at low capillary numbers [9,12,17]. In this study, this strategy will still
be investigated even if the applications are characterised by high Re and We, as the local
capillary force where the interface is interacting with the boundary, may still play an
important role in the process. Therefore, filtering the non-physical fluxes generated due to
the inconsistent calculation of capillary forces is necessary to maintain the zero-net capillary
force constraint.

A simple thresholding scheme to filter the capillary fluxes φc = |S f |
(

fc, f −∇⊥f pc

)
can be used [17] in order to enforce a zero net capillary force flux on closed interface. This
filtering will explicitly set the capillary fluxes to zero when their magnitude is of the order
of the numerical errors.

The filtered capillary flux is defined as

φc, f ilt = φc −max(min(φc, φc,thr),−φc,thr) (15)

where φc,thr is a threshold value below which capillary fluxes are set to zero. The threshold
value is chosen as

φc,thr = Cφc,thr| fc, f |avg|S f | (16)

where | fc, f |avg is the average value of capillary forces (Equation (11)) over all faces where
fc,v 6= 0. The coefficient Cφc,thr define the threshold of the capillary fluxes to be filtered.
This threshold indicates that the fluxes that are whithin this range of numerical error are
filtered. For example, a value of Cφc,thr = 0.01 implies that the capillary fluxes are set to
zero if their magnitude is less than 1% of the average of the capillary forces. The aim of this
filtering is to prevent the capillary forces to cause instabilities or to introduce large errors
in the velocity fields.

4. Results

To observe the influence of the different numerical treatments presented in Section 3,
we investigate two cases: a benchmark case of a static droplet and a case of a high impact
velocity droplet. Each case under investigation will be subject to the different stages of the
interface treatment. The cases are named differently according to the treatments adopted.
The nomenclature adopted is summarised in Table 1.

Table 1. Names of different strategies.

Strategy No Smo. Smo. V.F. Smo. K Shar V.F. Filt fc

Smoothing of α 7 3 3 3 3
Smoothing of κ:

Equations (8) and (9) 7 7 3 3 3

Sharpening of α:
Equation (12) 7 7 7 3 3

Filtering of fc:
Equations (13)–(16) 7 7 7 7 3

4.1. Static 2D Droplet

The first test case that we consider is the two dimensional static droplet. A cylindrical
interface of radius r0 = 0.125 m is initialised in a continuous phase without gravity. The
disk is initially placed at the centre (0.5, 0.5) of a 2D unit square domain. The diameter
is chosen as a quarter of the domain to avoid the influence of the boundaries. The two
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phases consist of water and air at p = 101.3 kPa and T = 298 K, with the densities of
ρ1 = 998 kg/m3 and ρ2 = 1.25 kg/m3. The surface tension is 0.072 N/m2. While for this case
compressibility is not important it is used to demonstrate that the suggested framework
can have applicability in both regions (compressible and incompressible)

Figure 1 shows the maximum velocity in the domain over time. The interface treatment
reduces considerably the maximum velocity observed. The smoothing on only α and on
both α and κ give a similar result, with the maximum velocity decaying faster and at a
lower value than the original case. When the sharpening of the interface is introduced
as well, the maximum velocity keeps decreasing, with no difference observed when the
filtering is introduced.

Figure 1. Maximum velocity in the domain over time.

Figure 2 shows the distribution of the velocity magnitude over time for the cases with
static mesh at different times. The black line represents the iso-line of α = 0.5.

The spatial distribution of the currents observed change with the different strategies
implemented. With no smoothing, the initial velocity peaks decrease and distribute on
the sides of the droplet. Furthermore, the parasitic currents extends from the interface
outwards. Introducing the smoothing, these regions reduce their extent, and the influence
of the spurious currents on the rest of the field is reduced as well. Looking at the results
for both Sha VF and Filt fc, the distribution around the interface changes significantly.
Apart from the more significant reduction compared to the previous case, the currents
reduce their presence on the diagonal direction, and are more pronounced on the x and y
directions. Overall, the domain influenced by the currents has reduced significantly with
the introduction of the sharpening and further mitigated with the filtering.
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|u| m/s

0

0.025

Figure 2. Evolution of the velocity distribution for the different cases. Black line represents the
iso-line of α = 0.5. Different rows indicate the different solving strategy.

4.2. High Velocity Droplet Impact on a Dry Substrate

In order to assess the effect of the suggested numerical treatments on a moving
interface, the set-up presented by Marzbali et al. [6] is simulated. A water droplet of radius
r = 0.0001 m with impact velocity of u0 = 500 m/s is investigated. The corresponding
non-dimensional parameters are We = 3.45× 105, Re = 6.024× 104 and Ma = 0.33. These
impact conditions are representative of a range of applications including the droplet impact
with the rotor blade in the gas/steam turbines. In these configurations, the droplet flight
speed is much lower than the blades velocity, which allows to assume the droplet stationary
and the surface moving at the impingement velocity. This is equivalent to consider the
droplet impacting at this velocity a stationary surface. Detailed experimental data of
high-speed impact, in the order of 500 m/s, of single droplets are not available in literature.
The complexity of the droplet impact at such conditions limits the experimental studies.
Furthermore, it is worth noting that impacts at velocities over 100 m/s have timescales of
the order of nanoseconds, which consists into a constraint about the temporal resolution of
the equipment.
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Figure 3. Initial configuration and boundary conditions (a) with computational domain (b).

The computational domain for the 2D axisymmetric model, illustrated in Figure 3,
has a width of 8 r, and the height of the domain is 4 r. The gravitational force is exerted in
the same direction as the droplet impingement. The computational domain consists of air
and water phases, with temperature and pressure of T = 300 K and p = 100 kPa for both
phases. The outflow boundary condition is applied to all fluid boundaries except for the
substrate surface, while no-slip, no-penetration, and adiabatic conditions are imposed on
the fluid–solid interface as in Marzbali et al. [6]. Following Marzbali et al. [6], initially, the
fluid domain is filled with air. At the beginning of each simulation, the droplet is patched
in the fluid domain according to the impact conditions.

Regarding the equation of state, the ideal gas law is applied for the gaseous phase

ρg =
p

RT
(17)

where R is the specific gas constant equal to 287 J/kg K for air. For the liquid phase, the
power law equation of state proposed by Tait is employed:

ρl = ρl,0

(
p + B
pa + B

)1/A
(18)

where ρl,0 = 1000 kg/m3 is the density of the water at ambient condition, B = 300 MPa,
pa = 0.1 MPa and A = 7.415.

Figure 4 shows the contours of the velocity magnitude (left half of the droplet) and
pressure gradient (right half of the droplet) at different instants for the different strategies.

After the impact, a high pressure region starts to built up close to the wall, as seen
by the high region of |∇p|. This is caused by the compression of the liquid region. A
propagation front of the pressure gradient is moving upstream within the droplet and
it is reflected by the interface. This front acts also as a separator of the compressed and
uncompressed region. As a result of the impact, and the increase of the local density at the
impact point, lateral ejection of liquid is observed, characterised by velocity greater than
u0. As the time progresses the compressed liquid region increases.



Fluids 2021, 6, 78 10 of 16

N
o
S
m
o.

|u| t = 40 ns t = 70 ns t = 100 ns |∇p|d/pwh

S
h
ar
p
.

F
il
t.

f c

Figure 4. Velocity and pressure gradient distribution within the droplet for the different smoothing
strategies cases at different instants. Black line represents the iso-line of α = 0.5.

The propagation of pressure waves within the droplet and its interaction with the
interface is important in high speed impact cases. After the impact, the waves travel
upward. Reaching the upper part of the droplet, they are reflected downward interacting
again with the wall [28].

The flow field distribution outside the droplet is shown in Figure 5, where the contours
of Q criterion (left half) and vorticity magnitude (right half) are plotted for the different
strategies at 70 ns.

Q (d/u0)2 No Smo

(a)

Sharp VF

(b)

Filt fc

(c)

|Ω|d/u0

Figure 5. Q criterion and vorticity distribution at the droplet at 70 ns for the different smoothig
strategies: (a) No. Smo.; (b) Sharp. V.F.; (c) Filtering fc. Black line represents the iso-line of α = 0.5.

The ejection of the lateral liquid at high velocity induces a propagation front into the
stagnant field. The treatments of the interface overall reduces the vorticity at the periphery
of the droplet.

As discussed in the research work of Abadie et al. [12], the generation of the spurious
currents is related, in terms of vorticity, to the term ∇κ ×∇α. This term acts as a source
term for vorticity when the capillary force is not balanced. For a detailed derivation of this
term refer to Abadie et al. [12]. To better explain the influence of the interface treatment,
the distribution of this term is piloted. Figure 6 shows the |∇κ ×∇α| distribution at the
region of the formation of the prompt jet from the droplet impact. The contours at different
instants for the different interface treatment strategies are shown.
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Figure 6. Contour plot of |∇κ ×∇α| at different instants, with the formation of the prompt jet from
the droplet impact.

As expected, the intensity of the spurious currents is greater for the case with no
treatment and they even expand at the internal part of the surface of the droplet. The
different treatments reduce this intensity. Sharpening appears as more effective since the
presence of the spurious currents is reduced at the interface while it is eliminated within
the droplet.

To further clarify the role of the spurious currents and the difference among the differ-
ent treatments for the lamella formation, Figure 7 which shows the velocity distribution
around the lamella ejected at t = 100 ns, is also included. With no interface treatment (No
Smo), more points of fragmentation are present. When sharpening of the volume fraction
is implemented, this fragmentation starts later and the ejected jet is subject to lower values
of |∇κ ×∇α|. Looking at the direction of the velocity vectors at the lamella, it can be seen
that with no treatment, the velocity vectors tend to lift while advancing towards the jet.
This behaviour is altered by the smoothing and the sharpening of the volume fraction. By
filtering the capillary forces, the lifting at the lamella is reduced and the velocity vectors
become parallel to the wall.
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No Smo Smoo. VF

Sharp VF Filt fc

|∇κ×∇α|
Figure 7. Contour level of α = 0.5, with velocity field arrows coloured by |∇κ ×∇α|.

This influence can be quantified looking at the spreading of the liquid at the wall,
Figure 8. Reducing the spurious currents, the liquid ejected spreads slower, while no
variation is observed with the introduction of the filtering.

yw

(a)

2
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w
/
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Figure 8. Comparison between the different treatments of the liquid spreading at the wall.
(a) Schematic of the liquid spreading yw. (b) Evolution over time of yw for the different treatments.

Overall, the smoothing strategy does not influence significantly the dynamics of the
impact at this velocity. Focusing on the morphology of the jet formed, differences are
observed at the ejected liquid. At the droplet scale, the changes in the vorticity caused by
the spurious currents do not change considerably the shape and the dynamics of the droplet.
However, their effect is more pronounced on the lamella ejected which has thickness of few
µm and thus, is more sensitive to the artificial vorticity induced by the spurious currents.
The spurious currents also alter the flow field close to the lateral jet: filtering the capillary
forces allows to “straighten” the velocity field, as the vorticity induced by spurious currents
on the lateral jet is mitigated.

4.3. Droplet Impact on Liquid Film

In the droplet impact framework investigations, another scenario of interest is the
impact of the droplet on a liquid film that covers the dry substrate. This corresponds to the
case where an array of droplets are injected in the domain. A previously impinged droplet
has spread over the surface and the subsequent droplet impacts this liquid film rather than
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the dry surface. In this case presented here, a droplet with the same diameter and velocity
as the previous case (Section 4.2) impacts on a liquid film of thickness h = d/4 = 25 µm.
The initial configuration along with the computational domain is presented in Figure
9. The same domain, boundary conditions and the equation of state used in Section 4.2
are adopted.

Figure 9. Initial configuration and boundary conditions (a) with computational domain (b).

Figure 10 shows the contours of the velocity magnitude (left side) and pressure
gradient (right side) at different instants for the different strategies. After the impact,
two high pressure fronts develop from the impact point at the liquid film: the first travel
towards the droplet, the second towards the dry substrate. The latter is then reflected and
two high pressure fronts travel across the droplet. Meanwhile, from the impact a liquid jet
forms between the droplet and the film, ejecting with velocity double the impact one. This
is consistent with the observation from literature [6].

To identify the behaviour of the spurious currents, the distribution of the term ∇κ ×
∇α is observed as in the previous section. Figure 11 shows the |∇κ ×∇α| distribution at
the region of the formation of the prompt jet. Compared to the impact with a solid wall,
when the droplet interacts with the liquid film the impact region between them is also
subject to spurious currents. With no treatment, these currents surround the whole droplet
and persist between the droplet and the film. With the introduction of interface treatments,
these currents are mitigated especially between the droplet and the film.
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Figure 10. Velocity and pressure gradient distribution within the droplet for the different smoothing
strategies cases at different instants. Black line represents the iso-line of α = 0.5.

t = 40 ns t = 70 ns t = 100 ns

N
o
S
m
o

S
m
o
.
K
.

S
h
ar
p

F
il
t
f c

|∇κ×∇α|

Figure 11. Contour plot of |∇κ ×∇α| at different instants, with the formation of the prompt jet from
the droplet impact.

Figure 12 zooms on the lamella ejection at t = 100 ns, where the velocity vectors are
coloured by their magnitude and the black iso-line represents α = 0.5. When the interface
treatment is introduced, the ligament ejected points toward the film. Filtering the capillary
forces shows a longer ligament than the previous treatments.
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Figure 12. Iso-line α = 0.5, with velocity field arrows coloured by |u|.

5. Conclusions

In this study, we present a compressible framework where a range of interfacial
treatment techniques previously used within incompressible frameworks are implemented.
We examine the effect these techniques have on fast moving interfaces. The interface
treatment targets the reduction of the spurious currents. While for low velocity impact
cases, these treatments have shown to significantly improve the numerical prediction, such
investigation was not conducted for compressible frameworks before. After a first test on a
static 2D case, a high velocity droplet impacting first on a dry substrate and then on a liquid
film have been simulated to demonstrate the performance of the framework. Overall, the
interface treatment did not alter the dynamics of the impact and the droplet shape, but
had a interesting effect on the lamella. Despite the high velocities characterising the case,
still the influence of the capillary force was observed on the lateral jet forming from the
impact due to its small thickness. The interface treatment reduced the spurious vorticity
on the ejected lamella, modifying its morphology. Also the flow field close to the lateral
jet was affected, as once the filtering of the capillary flux is present, the velocity vectors
become parallel to the wall. When the impact on a liquid film is considered, the interface
treatment reduces the spurious currents not only around the interface but also between
the droplet and the liquid film. Filtering the capillary forces reduces the vorticity around
the ejected lamella, which is then more elongated. Further investigations are required, as
the influence of the numerical treatment when adaptive mesh refinement at the interface
is present.
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