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 A B S T R A C T

We present a robust combination of methods for a Volume-of-Fluid (VoF) framework to investigate the 
influence of wettability on droplet impact onto grooved surfaces, with a particular focus on under-studied 
hydrophilic cases. The numerical method employs a three-phase PLIC interface reconstruction and utilizes the 
method of Sussman (2001) to model the contact line. This approach is shown to be compatible with both 
the balanced Continuum Surface Force (b-CSF) and Continuum Surface Stress (CSS) surface tension models. A 
mesh-dependent dynamic contact angle model based on Cox’s theory is implemented, demonstrating improved 
grid convergence over standard no-slip conditions. The framework is validated extensively against analytical 
solutions for sessile drops and static menisci, as well as new experimental data for droplet impacts on both 
smooth and grooved surfaces. The simulations successfully reproduce the experimental spreading dynamics, 
though we also highlight significant discrepancies between commonly used dynamic contact angle models 
and experimental measurements, especially during the receding phase. Finally, a parameter study varying 
the contact angle from 10◦ to 150◦ reveals that spreading transversal to the grooves is almost independent of 
wettability. Conversely, spreading parallel to the grooves is strongly affected by wettability, behaving similarly 
to spreading on a smooth substrate. In accordance with theory, it is found that at contact angles of 45◦ and 
below, corner flow governs the spreading inside the grooves.
1. Introduction

Droplet impact is a prevalent and fundamental process in many 
applications. These include ink-jet printing, fuel injection, pesticide 
application, spray cooling (Deng and Gomez, 2011), and self-cleaning 
surfaces (Neinhuis, 1997). Early investigations on droplet impacts even 
date back to the 19th century (Worthington, 1876). Much of the 
research done concentrated on predicting the maximum spreading after 
impact (Scheller and Bousfield, 1995; PasandidehFard et al., 1996; 
Ukiwe and Kwok, 2004; Clanet et al., 2004; Roisman, 2009; Eggers 
et al., 2010; Mao et al., 1997) or the splashing threshold (Mundo 
et al., 1995; Stow and Hadfield, 1981; Cossali et al., 1997; Range and 
Feuillebois, 1998; Foltyn et al., 2022), two very important parameters 
for a practical design.

A frequently overlooked parameter is the wettability, which in gen-
eral describes the affinity of a liquid to create a solid–liquid interface. 
If the liquid–gas interface is energetically more favorable, the liquid 
will barely wet the surface and the wettability is superhydrophobic. 
If the liquid–solid interfacial region strongly decreases the interfacial 
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energy, the liquid will completely spread on this superhydrophilic 
surface. All states in between can be called partially wettable. The 
region where the three phases liquid, solid, and gas meet is the contact 
line. The contact angle 𝜃 is a theoretical concept to indicate the 
degree of wettability, with 𝜃 < 90◦ called hydrophilic and 𝜃 > 90◦

hydrophobic. On ideal surfaces, the true equilibrium contact angle 
can be calculated by Young’s equation (Young, 1805). On rough and 
chemically heterogeneous surfaces, which applies to every real surface, 
there are also metastable contact angles in between the contact angle 
hysteresis interval (Marmur et al., 2017). This interval is limited by 
the advancing 𝜃𝑎𝑑𝑣 and receding 𝜃𝑟𝑒𝑐 contact angles, the greatest and 
smallest values observable before the contact line starts to move. A 
contact line movement is accompanied by a change of the apparent 
contact angle, which usually needs to be modeled. Dynamic contact 
angle models describe the dependence of the contact angle on the 
contact line velocity and can be used for this purpose.

A unidirectional surface modification similar to a grooved sub-
strate is a chemically patterned surface on which hydrophobic and 
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hydrophilic stripes alternate. The final states of micro-droplets impact-
ing onto surfaces with stripe widths that are one order of magnitude 
smaller than or of the same order of magnitude as the droplet diameter 
were investigated by Léopoldès et al. (2003). For droplets of the same 
size, they found that the resulting shape is highly elongated, whereas 
for much smaller stripes, the droplet shape was always almost circular. 
The intermediate sizes produced shapes described as ‘‘lozenge’’ and 
‘‘butterfly’’, depending on the impact position. Jansen et al. (2012) 
varied the kinetic energy and observed final shapes that were stretched 
perpendicular to the stripes with an aspect ratio smaller than one, 
compared to low kinetic energy impacts, where the resulting shape 
is strongly elongated along the stripes. Wang et al. (2019) studied 
numerically the droplet impact onto a chemically striped surface and 
found that the influence of the stripe pattern is negligible at high impact 
speeds in terms of maximum spreading. Such a patterned surface can 
also generate secondary droplets, which was investigated numerically 
by Zou et al. (2023). They were able to show that there is an optimal 
number of stripes that a drop must cover at maximum spreading in 
order to achieve maximum generation of secondary droplets.

In difference to a chemically patterned surface, a grooved sub-
strate adds the uncertainty of inaccurate edges or uneven surface 
qualities as well as resolution requirements inside the grooves and an 
involved interface reconstruction at the groove edges. But the dynamics 
and outcome of a droplet impact can also be changed significantly 
when adding a structure to the solid surface (Lin et al., 2019; Kannan 
and Sivakumar, 2008; Fink et al., 2018). With the right choice of 
structures and wettability, a given process can be directed towards a 
favored regime, as demonstrated for example by Fink et al. (2018). 
They showed that under the same impact conditions the outcome 
can shift from deposition for a smooth surface to bouncing on micro-
grooves. With current technologies a broad spectrum of possibilities 
for such structures is available. They allow alterations down to the 
nanoscale and a variety of different structure types like cylindrical pil-
lars (Tümer et al., 2022), cubic or pyramidal structures (Palmetshofer 
et al., 2024), and grooves (Kannan and Sivakumar, 2008). The latter 
is of particular interest due to its comparatively simple fabrication 
process and its ability to promote rebound and non-wetting states on 
hydrophobic surfaces (Fink et al., 2018; Malla et al., 2017). These 
are essential in popular applications like anti-icing, self-cleaning or 
drag-reduction designs. Numerically, Hu et al. (2022) investigated the 
bouncing behavior on superhydrophobic grooves and achieved good 
agreement with the experiment despite applying only a static contact 
angle. They eventually proposed design principles to establish so called 
pancake bouncing, a rebound without a retraction phase. The cause for 
the transition between complete bouncing and bouncing with droplet 
breakup is the impalement transition from non-wetting (Cassie-Baxter) 
to wetting (Wenzel) state, as previously shown experimentally by Malla 
et al. (2017). Investigations with the focus on bouncing are thus a 
very prominent subject in the literature (Liu et al., 2014; Hu et al., 
2022; Guo et al., 2018; Malla et al., 2017; Fink et al., 2018). The 
spreading after impact occurs anisotropically due to the nature of 
the grooves. Vaikuntanathan and Sivakumar (2016) reported a rise of 
anisotropy in their experiments when increasing the Weber number. 
Conversely, Malla et al. (2017) observed the opposite, a decrease of 
the directional dependence for higher impact conditions. The effect of 
the groove geometry was also the focus of the recent study by Huang 
et al. (2025), but the anisotropy was not investigated further.

One of the drawbacks of experimental studies can be clearly ob-
served on this subject. Almost all studies investigated the effect of 
Weber number and the groove geometry on the process (Malla et al., 
2017; Vaikuntanathan and Sivakumar, 2016; Kannan and Sivakumar, 
2008; Guo et al., 2018; Huang et al., 2025; Hu et al., 2022; Jin and 
Wang, 2020), most likely because changing the wettability involves 
either manufacturing of new samples with a different material or 
intricate treatment of the substrates. Moreover, the research focused 
2 
on hydrophobic and superhydrophobic substrates. With such charac-
teristics, applications like self-cleaning or anti-icing surfaces are the 
subject of interest. Beyond that, textured surfaces can also be used in 
applications like spray cooling (Zhang and Wang, 2015). Installing a 
grooved surface to improve heat transfer requires a good wettability. 
It is therefore crucial to understand how such hydrophilic surfaces 
are wetted when droplets hit them. We hence studied numerically the 
droplet impact onto surfaces with varying wettability and a particular 
focus is set on hydrophilic surfaces, as these have hardly been studied to 
date. It is then shown how the wettability affects the anisotropy during 
spreading.

To simulate droplet impacts, the contact line dynamics play an 
important role and still remains challenging for a numerical simulation. 
Droplet impacts onto a structured surface feature merging and breakup 
processes, for which the Volume of Fluid (VoF) method is particularly 
suitable. Additionally, for conserving a sharp interface, the piecewise 
linear interface calculation (PLIC) method (Rider and Kothe, 1998) is 
state of the art. This work hence also aims to provide a contribution 
for a robust approach to deal with contact line dynamics based on the 
VoF and PLIC method.

Afkhami et al. (2009) proposed a contact angle modeling which 
is designed to cancel the effect of the numerical slip, responsible for 
poor convergence properties (Gründing et al., 2020). A framework 
for contact line movement in complex geometries was proposed by 
Pathak and Raessi (Pathak and Raessi, 2016b,a). They developed a 
PLIC method for three-phase cells and incorporated it in a VoF-scheme 
for two fluids and moving rigid bodies with the fictitious domain 
method. However, no contact angle was applied nor any other way to 
account for the wettability. Recently, Tavares et al. (2024) proposed 
a method for two-phase flows including contact line dynamics for 
complex surfaces, which was further improved by Chen et al. (2025). 
It is based on the accurate height-function method and uses the b-
CSF model but there is no dynamic contact angle model applied and 
a static value is used instead. Göhl et al. (2018) used an immersed 
boundary method and compared different contact angle models to 
simulate droplet impacts onto complex surfaces. Their framework was 
based on the Continuum Surface Force (CSF) (Brackbill et al., 1992) 
formulation, known to be prone for spurious currents (Tryggvason 
et al., 2011). Patel et al. (2017) developed a framework and included 
the wettability with the method of Sussman (2001). In this method, 
the interface at the contact line is extrapolated into the solid phase 
according to the contact angle in order to take wettability into account 
when calculating the surface tension force. As dynamic contact angle 
model they applied the Hoffman–Voinov–Tanner law (Kistler, 1993) 
and also the CSF model for the surface tension calculation. Unlike 
Göhl et al. and the presented framework, the solid boundaries were 
taken into account with an immersed boundary method. The method 
of Sussman was also used by several more groups, e.g. Yokoi (Yokoi 
et al., 2009; Yokoi, 2013), Sun and Sakai (Sun and Sakai, 2015, 2016), 
and Kuipers (Patel et al., 2017; Das et al., 2018; Milacic et al., 2019).

In order to capture the contact line dynamics in the simulation, our 
approach also employs Sussman’s method and combines it with other 
methods for interface reconstruction and dynamic contact angles in 
Section 2. We conducted experiments for the validation and evaluated 
the dynamic contact angle as input for the simulation. The experimental 
setup and procedure thereof is described in Section 3. The framework 
is validated in Section 4 and numerical investigations about droplet 
impact onto hydrophilic grooves are presented in Section 5.

2. Numerical methods

We implemented the methods in the in-house code Free Surface 3D
(FS3D) (Eisenschmidt et al., 2016), a multiphase flow solver devel-
oped and optimized for Direct Numerical Simulations of droplet and 
spray interactions as well as phase change processes. Following the 
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initial development by Rieber (2004), the methodology has been subse-
quently advanced by further research. FS3D solves the incompressible 
Navier–Stokes equations

∇ ⋅ 𝐮 = 0, (1)

𝜌
[ 𝜕𝐮
𝜕𝑡

+ ∇ ⋅ (𝐮⊗ 𝐮)
]

= ∇ ⋅ (𝐒 − 𝐈𝑝) + 𝜌𝐠 + 𝐟𝝈 , (2)

where 𝐮 denotes the velocity vector, 𝜌 the local density, 𝑝 the pressure 
and 𝐠 the gravitational acceleration. The additional term 𝐟𝝈 describes 
the resulting force of the surface tension 𝜎 acting only at interfaces and 
is dealt with in more detail in Section 2.2. For a Newtonian fluid, the 
shear stress tensor 𝐒 is given by 
𝐒 = 𝜇

[

∇𝐮 + (∇𝐮)𝑇
]

(3)

where 𝜇 stands for the dynamic viscosity. The system is discretized with 
the Finite Volume method on a Cartesian grid and employs the Marker 
and Cell method (Harlow and Welch, 1965). Velocity components 
are therefore stored on cell faces, while scalar variables like pressure 
and density are located in the cell centers. A second order upwind 
scheme is used to discretize the momentum advection. The fluxes are 
solved applying a second-order Godunov method and a Total Variation 
Diminishing (TVD) limiter (van Leer, 1979) with a Strang-splitting 
scheme (Rieber, 2004). As the flow is considered incompressible, the 
pressure is coupled only implicitly by the Poisson equation 

∇ ⋅
[

1
𝜌
∇𝑝

]

= ∇ ⋅
[

−∇ ⋅ (𝐮⊗ 𝐮) + 1
𝜌
(

∇ ⋅ 𝐒 + 𝜌𝐠 + 𝐟𝝈
)

]

(4)

and is solved in a separate step using a multi-grid scheme with the 
Gauss–Seidel algorithm as the smoother (Rieber, 2004; Wesseling, 
1992). To distinguish between the different phases, the phase distri-
bution is tracked with the Volume-of-Fluid (VoF) method (Hirt and 
Nichols, 1981) by introducing a scalar variable 

𝑓 (𝐱, 𝑡) =
⎧

⎪

⎨

⎪

⎩

0 inside the gas phase,
(0, 1) in interface cells,
1 inside the liquid phase.

(5)

The transport equation for 𝑓
𝜕𝑓
𝜕𝑡

= −∇ ⋅ (𝑓𝐮) (6)

is solved by applying the piecewise linear interface calculation (PLIC)
(Rider and Kothe, 1998) with a Strang-splitting approach (Strang, 
1968). Details of the reconstruction are given in Section 2.1. Using 
the VoF-variable, a fluid property 𝜑 is calculated in the one-field 
formulation via 𝜑(𝐱, 𝑡) = 𝜑𝑔 + 𝑓 (𝐱, 𝑡)(𝜑𝑙 − 𝜑𝑔), where 𝜑𝑔 and 𝜑𝑙 are the 
properties of the gas and liquid phase, respectively.

Two different surface tension models are implemented in FS3D and 
applied in this study. One is the balanced Continuum Surface Force 
model (b-CSF) by Popinet (2009), that adds a balanced force approach 
to the CSF model by Brackbill et al. (1992). Besides the balanced formu-
lation, an improved curvature calculation is used employing the height 
functions (Popinet, 2009). The second is the Continuum Surface Stress 
model (CSS) by Lafaurie et al. (1994) with modifications by Steigerwald 
et al. (2024). The b-CSF is in general regarded as the better choice (Al-
bert et al., 2012), but the implementation can be quite involved and 
the scheme is prone to problems at low resolutions. Also merging or 
breakup processes are delicate without a fallback strategy. The CSS, 
on the other hand, is not as accurate and higher spurious currents 
can be observed, but it easily handles low resolutions. Moreover, the 
method has been extensively validated within the FS3D framework for 
applications involving large topology changes, demonstrating superior 
robustness. Furthermore, compared to the b-CSF, it benefits more from 
the GPU-accelerated hardware that we use on the supercomputer.

The solid phase in the case of a structured surface is represented by 
a rigid body framework (Rauschenberger and Weigand, 2015) that is 
based on the work of Patankar et al. (2000). All the solid interfaces are 
consistently positioned on cell faces.
3 
2.1. Interface reconstruction

The interface is reconstructed based on the PLIC method. A plane 
is positioned in the cell such that it divides the cell volume according 
to the local VoF value and is described with a normal vector 𝐧𝑓  and a 
displacement parameter 𝑙∗. In the method of Youngs (1984), the normal 
of the PLIC-plane is set by the gradient of the VoF variable 

𝐧𝑌 = −∇𝑓. (7)

Next to a wall boundary with the normal 𝐧𝑤, there is no full stencil 
available required for the gradient calculation. In this situation, the 
reconstruction developed by Potyka and Schulte (2024) is applied. The 
normal obtained by the method of Youngs 𝐧𝑌  serves as an input to 
extract the vector 𝐭𝑓  as 

𝐭𝑓 =
𝐧𝑌 − (𝐧𝑤 − 𝐧𝑌 )𝐧𝑤
|

|

𝐧𝑌 − (𝐧𝑤 − 𝐧𝑌 )𝐧𝑤||
, (8)

which is the orientation of the interface tangential to the wall. The 
actual normal can then be represented by Patel et al. (2017) 

𝐧𝑓 = 𝐧𝑤 cos(𝜙) + 𝐭𝑓 sin(𝜙) (9)

with the angle 𝜙 towards the solid surface. This angle is found by 
minimizing an objective function ℎ(𝜙) that describes how well the 
orientation matches also the fluid distribution in neighboring cells. It 
can be written as 

ℎ𝑖𝑗𝑘(𝜙) =
𝑖+1
∑

𝑖∗=𝑖−1

𝑗+1
∑

𝑗∗=𝑗−1

𝑘+1
∑

𝑘∗=𝑘−1

(

𝑓𝑖∗𝑗∗𝑘∗ (𝜙) − 𝑓𝑖∗𝑗∗𝑘∗
)2 (10)

where 𝑓 describes the predicted VoF value when extending the PLIC 
plane in the neighboring cell. This approach is applied for interface cells 
located next to the solid boundary. It also enables the reconstruction 
at the contact line without imposing any predetermined contact angle. 
However, the PLIC angle towards the solid phase differs from the 
contact angle used for the Sussman method and thus for surface tension. 
Simulations showed that, as a result, the interface spread and widened 
over several cells, thereby losing its sharpness. To avoid this, the angle 
𝜙 is set to the contact angle in cells containing the interface.

2.2. Contact line dynamics

The surface tension force 𝐟𝜎 at a solid boundary has to be calculated 
according to the contact angle. On an ideal smooth surface, the contact 
angle is well defined by Young’s equation (Young, 1805), which relates 
the three interfacial tensions to the contact angle 𝜃. However, the 
interfacial tensions are difficult to obtain and additionally a real solid 
surface is never ideally smooth and/or chemically homogeneous. For 
real systems, the angle is referred to as apparent contact angle and 
is in practice measured for each system. Still, the measured angle can 
in principle be any value between the advancing and receding contact 
angles (Marmur et al., 2017).

To represent the adhesion connected to a rigid wall, in simulations 
usually the no-slip condition is enforced. Although this leads to the 
paradox of a non-moving contact line (Huh and Scriven, 1971), with 
a staggered velocity arrangement the problem is overcome. However, 
an implicit slip is introduced that depends on the grid size and hence 
leads to slow convergence properties (Renardy et al., 2001; Gründing 
et al., 2020; Afkhami et al., 2009; Tavares et al., 2024). It has been 
shown that using a Navier-slip condition can solve this problem when 
the associated slip length is resolved by the grid sufficiently (Gründing 
et al., 2020; Tavares et al., 2024).

2.2.1. Contact angle boundary condition
At a solid boundary, no full stencil is available for the surface 

tension force calculation. To provide the absent stencil, the method 
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Fig. 1. Sketch of the method by Sussman (2001). The extension velocity 𝐮𝑒𝑥𝑡
is constructed to transport the liquid according to the contact angle 𝜃 into the 
ghost cells.

of Sussman (2001) is applied. It was originally formulated for the 
level-set approach and similar to Patel et al. (2017) we apply it here 
within the PLIC method. The basic idea is sketched in Fig.  1. The 
approach creates a boundary condition for the VoF field with the help 
of an artificial velocity field 𝐮𝑒𝑥𝑡. The wall normal 𝐧𝑤 as well as the 
PLIC-normal 𝐧𝑓  are known, and hence the extension velocity can be 
constructed by Sussman (2001)

𝐮𝑒𝑥𝑡 =
𝐧𝑤 + cot(𝜃)𝐧2
|

|

𝐧𝑤 + cot(𝜃)𝐧2||
, (11)

𝐧2 = −
𝐧1 × 𝐧𝑤
|

|

𝐧1 × 𝐧𝑤||
, (12)

𝐧1 = −
𝐧𝑓 × 𝐧𝑤
|

|

|

𝐧𝑓 × 𝐧𝑤
|

|

|

, (13)

with the auxiliary vectors 𝐧1 and 𝐧2, which lie in the wall plane tan-
gential and normal to the contact line, respectively. Note that the wall 
normal in cells adjacent to a groove edge is averaged with neighboring 
cells, thus creating a smoother transition of the contact line across three 
cells of the groove edge. Because of the sharp interface, the artificial 
velocity can only be constructed in interface cells. We were able to sig-
nificantly improve the resulting VoF values in the ghost cells by making 
use of a smoothed VoF distribution such that also in neighboring cells 
the velocity can be constructed. Using this artificial velocity field, a 
few steps of the transport scheme are performed with an artificial time 
step (Yokoi et al., 2009; Patel et al., 2017) of 𝛥𝑡 = 0.5𝛥𝑧|𝐮𝑒𝑥𝑡|−1, which 
proved to be a robust choice for a wide range of contact angles tested. 
The interface has to be reconstructed inside the ghost cells after every 
pseudo-advection step, while inside the simulation domain the original 
state is restored. After an efficient number of steps, the volume fractions 
in the ghost cells remain constant, which in this study is monitored 
with the sum of volume fractions over all ghost cells. If the relative 
change of this sum falls below a threshold of 10−3, the iteration is 
stopped. Choosing for example the CSS model, the surface tension force 
is calculated by 
𝒇𝜎 = 𝜎∇ ⋅ |∇𝑓 |

(

𝑰 − 𝒏𝑓 ⊗ 𝒏𝑓
)

. (14)

As in total the second derivative is needed and the gradients are 
approximated by central differences, at least two layers of ghost cells 
are needed. Additionally, in the CSS model, the VoF field is smoothed 
beforehand and thus at least one more layer is required. An exemplary 
result of the extended VoF field is depicted in Fig.  2. A snapshot of 
a spreading drop test case is shown with an imposed contact angle of 
𝜃 = 40◦ and a PLIC reconstruction of the VoF distribution also inside the 
solid phase. An advantage of constructing such an extended VoF field 
is the flexibility with regard to the surface tension model. The surface 
tension models themselves do not need to be adjusted to incorporate 
the wettability and the model can be easily changed depending on 
simulation requirements.
4 
Fig. 2. PLIC representation of the extended VoF field after setting the contact 
angle boundary condition. The ghost cells are visible inside the translucent 
solid phase.

2.2.2. Contact angle hysteresis
The contact angle hysteresis describes the effect a non-ideal surface 

has on the contact angle. A contact line with a contact angle in between 
the interval of the advancing 𝜃𝑎𝑑𝑣 and receding 𝜃𝑟𝑒𝑐 contact angles (Mar-
mur et al., 2017) remains pinned. This becomes relevant for droplet 
impacts with a receding phase, because the transition between spread-
ing and retracting is affected by pinning. To capture the contact angle 
hysteresis on smooth surfaces, an algorithm by Linder et al. (2015) is 
applied. The idea is that when keeping the boundary condition of the 
VoF distribution fixed, the resulting surface force will prevent the con-
tact line from moving. This means that the boundary condition, usually 
representing some form of gradient of the VoF variable, will change 
from a Neumann condition to a Dirichlet condition and retains its value. 
Since the contact angle boundary condition is set globally, also the 
pinning is enforced over the complete contact line. The approach is 
therefore not suitable for the simulation of complex phenomena where 
only part of the contact line is pinned as it is the case for a droplet 
impact onto grooves. Simulations of the latter are conducted without 
an explicit pinning but by considering the hysteresis interval in the 
dynamic contact angle model. Note also, that this approach seems to 
work only for the sharp interface modeling of the b-CSF, while for the 
CSS, where a smoothing is applied, we observed that the contact line 
is still able to move. Thus, we are applying this method only for the 
droplet impact onto a smooth surface in Section 4.3 together with the 
b-CSF model.

2.2.3. Dynamic contact angle model
The contact angle of a moving contact line 𝜃𝑑𝑦𝑛 differs from the 

static contact angle 𝜃𝑌  and is a function of the capillary number Ca =
𝑢𝑐𝑙𝜇∕𝜎, which can be seen as a dimensionless contact line velocity 𝑢𝑐𝑙. 
This is usually expressed with a contact angle model. Besides many 
empirical correlations, there are also more fundamental theories avail-
able. Cox’ very prominent hydrodynamic theory (Cox, 1986) matches 
asymptotic solutions for the interface slope on different length scales. In 
that way he could bridge the capillary-driven micro-scale to the inertia-
driven macro-scale. Due to the different scales, refining the grid size 
around the contact line leads to mesh-dependent solutions (Gründing 
et al., 2020; Renardy et al., 2001). Following the idea of Afkhami et al. 
(2009), Cox’ theory is here used to apply a mesh-dependent contact 
angle. This way, the changing contact angle counteracts the effect of an 
implicit slip. For an advancing contact line, e.g., when refining the grid, 
the contact angle decreases, according to Cox’ theory, and accelerates 
the contact line. At the same time, with the grid refinement also the 
viscous stress increases because the no-slip condition is fulfilled slightly 
better. Mathieu’s model is a polynomial approximation of Cox’ theory 
and valid for fluids with a high viscosity ratio as for water and air and 
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Fig. 3. Grid convergence of the normalized error between the averaged 
curvature at the contact line and the analytic value |𝛥𝜅| for three different 
contact angles. On the right and top axis, the results of Afkhami and Bussmann 
(2008) are shown for comparison.

is given by Mathieu (2003)
𝜃𝑑𝑦𝑛 = 𝑔−1

(

𝑔(𝜃𝑠𝑡) + Ca ln
( 𝑟0
𝜆

))

, (15)

𝑔(𝜃) = 1
9
𝜃3 − 0.00183985𝜃4.5 + 1.845829 ⋅ 10−6𝜃12.258487, (16)

𝑔−1(𝜃) = (9𝜃)1∕3 + 0.0727387𝜃 − 0.0515388𝜃2 + 0.00341336𝜃3, (17)

with the outer length scale 𝑟0, on which the contact angle is applied 
and thus set to half the grid spacing (Göhl et al., 2018; Legendre and 
Maglio, 2013) 𝑟0 = 0.5𝛥𝑧, and the slip length 𝜆, which is set to a 
physical reasonable value of 𝜆 = 1 nm (Göhl et al., 2018; Dupont and 
Legendre, 2010). The static value 𝜃𝑠𝑡 is set to the advancing 𝜃𝑎𝑑𝑣 or 
receding contact angle 𝜃𝑟𝑒𝑐 depending on the direction of movement.

2.3. Convergence tests

The implementation of the contact angle boundary condition is 
tested with three convergence tests applying the more accurate b-
CSF model and the height function approach. These comprise three 
sensitive quantities to compute at the contact line. The first two tests 
evaluate the curvature and spurious currents of a sessile drop with 
diameter 𝐷, analogously to Renardy and Renardy (2002) and Afkhami 
and Bussmann (2008) and show comparable convergence rates. In the 
third test, the convergence of the contact line movement is investigated.

2.3.1. Curvature at contact line
The accuracy of the curvature is crucial for capillary driven flows. 

Especially along the contact line, the errors can drastically increase and 
are investigated in this test. The mean curvature along the contact line 
is compared to the analytic value 4∕𝐷0 for a sessile drop with three 
different contact angles. Following Afkhami and Bussmann (2008), the 
Ohnesorge number is set to Oh = 𝜇∕

√

𝜌𝐷0𝜎 ≈ 1.15 (𝜇 = 0.1 Pa s, 𝜌 =
400 kgm−3, 𝐷0 = 5mm, 𝜎 = 3.57mNm−1). The convergence with grid 
refinement of the normalized error between the averaged curvature at 
the contact line and the analytic value is shown in Fig.  3. For all contact 
angles, the errors are converging. 𝜃 = 90◦ is close to a first-order decay 
while 𝜃 = 60◦ converges slightly slower and 𝜃 = 120◦ shows the slowest 
convergence. On the right and top axis and in pale colors, also the 
results of Afkhami and Bussmann (2008) are displayed for comparison. 
Note that the absolute values cannot be compared, as it is not clear 
what reference units were chosen. The convergence rate is very similar 
for 𝜃 = 60◦, however, it is better for the other two angles.

2.3.2. Spurious currents
Spurious currents are a well-known numerical artifact that arise 

at the interface and also at the contact line. The same test case as 
5 
Fig. 4. Grid convergence of the spurious currents for three different contact 
angles. On the right and top axis, the results of Afkhami and Bussmann (2008) 
are displayed for comparison.

above is used where ideally the result is a zero velocity field. The 
maximal velocity is therefore evaluated for the same three contact 
angles. The convergence of the spurious currents is shown in Fig.  4. 
For 𝜃 = 90◦, they converge at a second-order rate and for the other 
two angles slightly faster than first-order. Again, on the right and top 
axis and in pale colors, the results of Afkhami and Bussmann (2008) 
are presented for comparison. They converge on a first-order rate and 
therefore slightly worse. It should be noted, though, that Afkhami and 
Bussman did not wait until equilibrium was reached, but ended the 
simulation after 100 time steps.

2.3.3. Moving contact line
As mentioned in Section 2.2, simulations of moving contact lines 

with the no-slip condition exhibit slow convergence properties without 
any special treatment (Afkhami et al., 2009; Gründing et al., 2020; 
Renardy et al., 2001; Tavares et al., 2024). In a staggered velocity 
arrangement, the velocity next to the wall is not zero and introduces 
an implicit slip which is grid dependent. In this test case, a drop in 
contact with the wall is released and spreads towards the equilibrium 
shape. The Ohnesorge number is set to Oh ≈ 0.035 (𝜇 = 10mPa s, 𝜌 =
1000 kgm−3, 𝐷0 = 2mm, 𝜎 = 40mNm−1). The diameter of the wetted 
area relative to the initial droplet diameter is the spreading factor 
𝛽 = 𝐷

𝐷0
. Using the no-slip condition with a static contact angle, the 

maximum spreading factor 𝛽𝑚𝑎𝑥 depends strongly on the resolution, 
as can be seen in Fig.  5 (black line), due to the aforementioned grid-
dependent slip. The Navier-slip condition allows explicitly for a slip 
tangential to the wall 

𝑢∥ = 𝜆 𝜕𝑢
𝜕𝑧

|

|

|

|𝑧=0
. (18)

When using a slip length that can be resolved, the simulation result will 
converge (Gründing et al., 2020; Afkhami et al., 2009; Tavares et al., 
2024). In Fig.  5, the same spreading drop test shows no grid depen-
dence when using the Navier-slip condition. However, the applied slip 
length 𝜆 = 125 μm is physically several orders of magnitude too large. 
A physical slip length cannot be resolved for macroscopic applications 
with the current hardware and code performance. The same spreading 
drop case is simulated with the contact angle model from Mathieu and 
is shown along with an empirical contact angle model by Kistler (1993) 
in Fig.  5. Similar to the static contact angle with no-slip condition, 
the results with Kistler’s model depend on the resolution. Choosing 
Mathieu’s model improves this behavior strongly.

3. Experiments

The parallel light focused shadowgraphy technique is used to ac-
quire measurement data of the impinging droplets. This method pro-
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Fig. 5. Grid convergence for the maximum spreading factor of a spreading 
drop test case. The no-slip and Navier-slip case use a static contact angle and 
the Kistler and Mathieu case also employ the no-slip condition.

vides a sharp projection of the gas–liquid interface at high spatial reso-
lution and, thus, facilitates precise capture of the droplet shape (Settles, 
2001), allowing for the accurate measurement of the impact velocity, 
droplet diameter, contact line velocity, contact angle, and contact angle 
hysteresis. The perpendicular impingement of droplets consisting of 
different fluids (water and isopropanol) at varying impact velocities on 
smooth and structured substrates made of different materials is investi-
gated. In the following paragraphs, the experimental setup and image 
processing procedure are described in rough detail, more information 
can be found in Dreisbach (2025).

3.1. Experimental setup

In order to investigate the anisotropic wetting of structured sub-
strates, an additional bottom view using the principle of transmitted 
light shadowgraphy is implemented alongside the classical lateral view 
operated in the reflected light shadowgraphy. The measurement setup 
for the simultaneous imaging of the impinging droplet from the side 
and below is illustrated in Fig.  6. The droplet is illuminated by two 
high-power ILA_5150 LPSv3 LEDs with narrow-banded spectra and 
maxima in the visible spectrum at ∼ 455 nm and ∼ 632 nm, producing 
blue and red illumination, respectively. As illustrated in Fig.  6, the red 
light path is redirected by an assembly of two mirrors and a long-pass 
dichroic mirror with a cut-on wavelength at ∼ 567 nm. Consequently, 
the red light is reflected at the dichroic mirror, whereas the blue light is 
transmitted. A Photron Nova R2 high-speed RGB camera simultaneously 
captures both views in the corresponding red and blue color channels, 
allowing subsequent separation into two independent perspectives of 
the droplet. The camera is equipped with a Schneider-Kreuznach Apo-
Componon 4.0∕60 enlarging lens and operates at a frame rate of 𝑓 =
7, 500 frames per second (fps) and 1280px × 512px resolution. The 
high power of the LED illumination allows for short exposure times 
of 2.8 − 5 μs, thereby minimizing motion blur. An optical collimator 
consisting of a pinhole aperture and a biconvex lens is placed between 
the backlight and the droplet to produce a parallel light beam, ensuring 
precise imaging of the drop contour. An automated drop supply system, 
comprised of a syringe operated by a linear actuator, ensures repro-
ducible droplet volume. The entire drop supply system can be adjusted 
in height, so that different impact velocities and thus a variation of 
the Reynolds and Weber numbers can be realized. The focal plane 
of the camera is aligned with the contour of sessile droplets after 
impingement, and the reproduction scale is measured with graph paper. 
Depending on the spreading factor of the droplets, an optimal field 
of view with regard to capturing the entire droplet in all frames, and 
simultaneously high resolution of the recorded droplet is determined, 
resulting in reproduction scales between 𝑑𝑐 = 106.67 − 278.26px/mm 
depending on impact velocity.
6 
Fig. 6. Sketch of the test rig.
Source: adapted from Dreisbach et al. (2023).

Fig. 7. Shadowgraph image of a droplet during impingement with overlayed 
measured contact angle 𝜃 and contact line position 𝑟.

3.2. Image processing

An image-processing algorithm was developed to determine impact 
velocity, droplet diameter, contact line velocity, contact angle, and 
contact angle hysteresis using image sequences recorded in the lateral 
view. In the first step, the contrast and brightness of the recorded 
grayscale images were adjusted and image noise was reduced by remov-
ing structures of dark pixels below a certain size. A processed image can 
be seen in Fig.  7. The substrate ground is detected by determining the 
maximum vertical gradient in the images calculated by a Sobel filter. 
The impact time is determined by detecting a change in the averaged 
pixel values in the bottom pixel row above ground, resulting from the 
appearance of the dark shadowgraphy contour. The droplet diameter 
is determined by the maximum width of the droplet measured in the 
two frames before impingement. During the experiments, an average 
droplet diameter 𝐷0 = 2.1mm was measured, resulting in a Bond 
number of Bo = 0.15. Due to the low Bond number, the drop shape 
can be regarded as approximately spherical. The impact velocity 𝑈0 is 
determined by tracking the vertical displacement of the lower droplet 
boundary in the last two frames before impingement.

3.3. Parameter calculation

The contour of the droplet is detected in the images by gradient 
analysis. The Sobel filter is used to calculate the gradient distribution 
in the horizontal 𝑔𝑟𝑎𝑑ℎ and vertical 𝑔𝑟𝑎𝑑𝑣 direction in the grayscale 
images. From the gradient distribution, the orientation 𝛼 of the phase 
boundary is determined as 

𝛼 = arctan
(

|𝑔𝑟𝑎𝑑𝑣|
|𝑔𝑟𝑎𝑑ℎ|

)

. (19)

The contact angles 𝜃 at the left and right contact lines are calculated 
as the average of the phase boundary orientation across the three image 
rows above ground. The positions of the left and right contact lines 
𝑟𝑙,𝑟 in each image are determined by the maximum horizontal gradient 
in the lowest image row. In order to obtain sub-pixel accuracy, the 
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Fig. 8. Hoffman graph of the dynamic contact angle measurements for water 
droplet impacts onto a smooth polycarbonate substrate. Mathieu’s model as 
well as a linear fit are shown as lines.

horizontal gradient distribution around the pixel with the maximum 
gradient magnitude is fitted with a second-order polynomial. The wet-
ted diameter 𝐷 is determined as the distance between 𝑟𝑙 and 𝑟𝑟, from 
which the spreading factor can be calculated. The contact line velocity 
𝑢cl = 𝛥𝑟

𝛥𝑡  is determined by dividing the difference of the contact line 
positions 𝛥𝑟 between two frames, by the time difference 𝛥𝑡.

The contact line dynamics can be visualized using a Hoffmann 
graph. In the Hoffmann graph, the contact angle 𝜃 is plotted against 
the capillary number 𝐶𝑎, which is a dimensionless representation of 
the contact line velocity. At Ca = 0, the contact angle hysteresis can 
be determined. Image noise and varying interface curvature during the 
dynamic deformation of the drop result in uncertainties in the measure-
ment of contact angle and contact line velocity. The measurement error 
is estimated to be below ±2◦ for the contact angle and ±0.5 px for the 
contact line location. Consequently, a contact line displacement 𝛥𝑟 <
0.5 px is considered to be stationary and accordingly, the advancing 
and receding contact angles are determined from the Hoffmann graph. 
Fig.  8 shows the Hoffmann graph determined by the experiments of 
droplet impingement on the polycarbonate substrate. Additionally, the 
dynamic contact angle model by Mathieu Eq. (15)–(17) as well as a 
linear fit are displayed in the graph.

3.4. Experiments on droplet impact on smooth surfaces

Using the experimental setup, further information for the numerical 
description of the contact line dynamics is obtained in a parameter 
study for the deposition-like drop impact at different Reynolds and 
Weber numbers. The kinematic conditions of the drop impact are varied 
by changing the impact velocity, while different drop fluids (water and 
isopropanol) made it possible to influence the outcome of the drop 
impact via different material properties. In total, a range of 𝑅𝑒 =
170 − 3100 and 𝑊 𝑒 = 7 − 120 is covered.

4. Validation

The solver FS3D is validated extensively for various applications
(Kaufmann et al., 2018; Baggio and Weigand, 2019; Ren et al., 2021; 
Potyka et al., 2023; Palmetshofer et al., 2025). To validate the im-
plementation with respect to wetting, several test cases as well as 
experimental comparisons are conducted. Static test cases include a 
sessile drop on a smooth surface with varying contact angles and a 
static meniscus in a square capillary. Droplet impacts on a smooth 
surface with contact angle hysteresis as well as impacts on grooves 
validate the solver for dynamic wetting processes. While the previous 
test cases were simulated using the b-CSF model, the CSS model was 
employed in the following simulations of a square capillary and droplet 
impacts on grooves, demonstrating the interchangeability of the surface 
tension models.
7 
4.1. Sessile drop on a smooth surface

A simple and well-known test case is a static droplet with and 
without gravity. The Ohnesorge number is set to Oh ≈ 0.021 (𝜇 =
9mPa s, 𝜌 = 930 kgm−3, 𝐷0 = 6mm, 𝜎 = 30mNm−1) and the Bond 
number to Bo = 𝜌𝑔𝐷2

0∕𝜎 ≈ 11 such that the influence of gravity is 
significant. A quarter droplet is simulated in a cubic domain with two 
symmetry planes and a no-slip condition at the bottom whereas all 
other boundary conditions are a zero-gradient Neumann condition. The 
edge length was chosen as 5mm and increased or decreased to 7mm or 
3mm for the largest and smallest contact angles, respectively. For all 
cases a resolution of 128 grid cells in each direction was used. Thus, 
an equidistant resolution of 𝛥𝑥∕𝐷0 = 3.9×10−3, 6.5×10−3, 6.5×10−3, 6.5×
10−3, 9.1 × 10−3 for the cases of 𝜃 = 30◦, 60◦, 90◦, 120◦, 150◦ is used, 
respectively. The drop was initialized as a spherical cap to match the 
specified contact angle at the wall. The simulation was then run until 
a static solution was reached. A variation of the initial condition was 
tested and the same final solutions were obtained. Without gravity, the 
surface tension force at the droplet surface and the pressure jump across 
the interface are the only forces present and balance each other. The 
drop contour can then be described as a spherical cap to validate the 
simulation results. For comparison of the drop shapes under gravity, the 
shape equations derived by Bashforth and Adams (1883) were solved 
with an algorithm presented by Blokhuis (2003). In Fig.  9, static drop 
contours with and without gravity are compared with the solutions 
of the shape equations for various contact angles. All simulated cases 
match the reference solution almost exactly.

4.2. Static meniscus in a square capillary

The shape of a meniscus in a square channel in the absence of 
gravity can be described analytically. A similar situation can arise for 
the fluid flow between pillars or grooves of a structured surface after 
a droplet impact. The capillary pressure 𝑝𝑐 and the meniscus height ℎ
are given as a function of the channel width 𝑎 and the contact angle 
as (Feng and Rothstein, 2011)

𝑝𝑐 = −
4𝜎 cos(𝜃)

𝑎
, (20)

ℎ = 𝑎
2 cos(𝜃)

[

1 −
√

1 − 2 cos(𝜃)2
]

. (21)

The Ohnesorge number is set to Oh = 𝜇∕
√

𝜌𝑎𝜎 ≈ 0.036 (𝜇 =
9.15mPa s, 𝜌 = 930 kgm−3, 𝑎 = 0.9531mm, 𝜎 = 30mNm−1). A quarter 
of the capillary is simulated by applying two symmetry conditions 
and a third one at the bottom, the other boundary conditions are 
set to a zero-gradient Neumann condition. The walls of the capillary 
are represented by a rigid body with a thickness of 0.0469mm. The 
meniscus is initialized as a section of a sphere to match the contact 
angle at the solid interface. The simulation domain has a width and 
depth of 0.5mm and a height of 1mm and is discretized with an 
equidistant grid with 64 × 64 × 128 cells. Three different configurations 
with contact angles of 𝜃 = 60◦, 90◦, 120◦ were simulated until a static 
solution was reached. In this setup, the CSS model was used. In Fig.  10, 
the results of FS3D are compared to the analytic equations and show 
good agreement.

4.3. Droplet impact onto a smooth surface with contact angle hysteresis

A comparison to droplet impact experiments was performed to 
assess the quality of the numerical modeling for dynamic test cases. 
The influence of the dynamic contact angle model, especially in the re-
ceding phase, is unarguably large. In order to validate the implemented 
methods, it is therefore important to obtain information on the actual 
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Fig. 9. Comparison of static drop contours without (a) and with (b) gravity for different contact angles.
Fig. 10. Results of capillary pressure 𝑝𝑐 and meniscus height ℎ in a square 
capillary as a function of the contact angle from FS3D and the analytic 
solutions Eqs.  (20) and (21).

contact line dynamics. Yokoi et al. (2009) investigated this influence 
and hence provided their fitted contact angle model as 

𝜃𝑑𝑦𝑛(Ca) =

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

min
⎡
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⎢

⎣

𝜃𝑠𝑡 +
(

|Ca|
𝑘𝑎

)
1
3
, 𝜃𝑎𝑑𝑣,𝑚𝑎𝑥

⎤

⎥

⎥

⎦

if Ca ≥ 0,

max
⎡

⎢

⎢

⎣

𝜃𝑠𝑡 +
(

|Ca|
𝑘𝑟

)
1
3
, 𝜃𝑟𝑒𝑐,𝑚𝑎𝑥

⎤

⎥

⎥

⎦

if Ca < 0

(22)

with the parameters 𝜃𝑟𝑒𝑐,𝑚𝑖𝑛 = 52◦ as minimal receding and 𝜃𝑎𝑑𝑣,𝑚𝑎𝑥 =
114◦ as maximal advancing contact angles as well as scaling parameters 
𝑘𝑟 = 9.0 ⋅ 10−8 and 𝑘𝑎 = 9.0 ⋅ 10−9. Those parameters were optimized to 
match their experimental contact angle values for water on silane. They 
used the water properties 𝜇 = 1mPa s, 𝜌 = 1000 kgm−3, 𝜎 = 72mNm−1. 
Additionally, as described in Section 3, we conducted our own dynamic 
contact angle measurements for water on polycarbonate. The Hoffman 
graph, cf. Fig.  8, was then fitted with a linear function for the advancing 
and receding branch, respectively. The resulting dynamic contact angle 
model is shown below, 

𝜃𝑑𝑦𝑛(Ca) =
{

1.941 − 1.932Ca if Ca ≥ 0,
1.179 + 311.2Ca if Ca < 0.

(23)

For our own experiments, we determined the water properties to 𝜇 =
0.9700mPa s, 𝜌 = 997.8 kgm−3, 𝜎 = 72.49mNm−1.

For all three cases, an equidistant resolution of 𝛥𝑥∕𝐷0 = 3.4 × 10−3

with an edge length of the cubic domain of 4mm is chosen. The droplets 
8 
Table 1
Parameters of drop impacts on a smooth surface.
 Case We Re 𝜃𝑟𝑒𝑐 , 𝜃𝑎𝑑𝑣 Substrate Reference  
 1 31.67 2280 52◦ , 114◦ silane Yokoi et al. (2009) 
 2 14.06 1499 68◦ , 111◦ polycarbonate own  
 3 48.50 2757 68◦ , 111◦ polycarbonate own  

are initialized as spheres near the wall with a thin air layer of 40 μm
in between which corresponds to roughly 5 cells. The Weber number 
We = 𝜌𝐷0𝑈2

0 ∕𝜎 with the initial droplet diameter 𝐷0 and the impact 
speed 𝑈0 describes the ratio of inertial and surface forces. On the other 
hand, the Reynolds number Re = 𝜌𝐷0𝑈0∕𝜇 forms the ratio of inertial 
to viscous forces. The spreading factor is the diameter of the wetted 
area relative to the initial droplet diameter 𝛽 = 𝐷∕𝐷0. Results of the 
spreading factors for the simulations of three cases, listed in Table  1, are 
compared in Fig.  11 with the experiments. The qualitative agreement 
is in all cases very good, especially with regard to the maximum 
spreading. A deviation in the final spreading is visible for case 2. 
Nonetheless, the implementation is considered to be correct. For case 2, 
Mathieu’s contact angle model Eq. (15)–(17) is also employed in FS3D, 
applying the same static contact angles as in the linear fit Eq.  for the 
receding and advancing branch, respectively. In the spreading phase, 
the difference between the fit to experimental data and Mathieu’s 
model is negligible. During the receding phase, a much larger deviation 
becomes apparent. This can be clearly related to the difference in the 
receding branch of the Hoffman graph, cf. Fig.  8, where Mathieu’s 
model attains much greater values than determined in the experiment. 
Available experimental data on the contact angle can thus improve the 
simulation, especially in the capillary-dominated receding phase. Note 
that in cases 2 and 3, the contact angle hysteresis was also accounted 
for. This can be seen in the constant spreading factor during maximum 
spreading as well as the constant graph during later phases. During 
these stages, the contact line is pinned and the spreading factor stays 
constant.

4.4. Droplet impact onto a grooved surface

As a last validation, water droplet impacts onto a grooved sur-
face are compared to the experiment. Droplets with a Weber number 
of We = 14 (𝑈0 = 0.6730m s−1, 𝐷0 = 2.225mm) and We = 50
(𝑈0 = 1.316m s−1, 𝐷0 = 2.125mm) impacted a regularly grooved 
surface made of polydimethylsiloxane (PDMS) with a width, height, 
and spacing of 𝑑𝑠 = 180 μm. The water properties were determined as 
𝜇 = 1.005mPa s, 𝜌 = 998.2 kgm−3, 𝜎 = 72.80mNm−1.
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Fig. 11. Comparison of the spreading factor 𝛽 = 𝐷
𝐷0

 over dimensionless time 
𝜏 = 𝑡 𝑈0

𝐷0
 for three different cases between FS3D and experiments. Simulations 

with the fitted contact angle model are represented by a solid line, simulations 
utilizing Mathieu’s model Eq. (15)–(17) by a dashed line and the standard 
deviation of the experiment (SD) is displayed in light gray.

Fig. 12. Sketch of the numerical setup with coordinate system and impact 
parameters 𝑈0, 𝐷0, and 𝑑𝑠 as well as the symmetry conditions.

Numerical setup
A sketch of the numerical setup is displayed in Fig.  12. The cubic 

domain with an edge length of 𝐿 = 3.84mm features two symmetry 
conditions, so that only a quarter of the drop is simulated. All other 
boundary conditions are set to a zero-gradient Neumann condition. The 
domain size was tested by doubling the dimensions while keeping the 
grid spacing constant and found to be sufficient, as this yielded the 
same results. The advancing and receding contact angles are set to 
𝜃𝑎𝑑𝑣 = 120◦ and 𝜃𝑟𝑒𝑐 = 90◦, respectively, which is also reported for 
PDMS in the literature (Broom and Willmott, 2022; Wong et al., 2020). 
The CSS model is again employed for the surface tension calculation. 
Note that measured data for the dynamic contact angle is not available 
for PDMS. Mathieu’s model Eq. (15)–(17) is thus chosen as the dynamic 
contact angle model. The impact position is set to the middle of a 
groove ridge. However, in the experiments, the impact location of the 
droplets varied between trials, which marginally influenced the overall 
droplet dynamics. For the validation, a trial was selected in which the 
9 
Fig. 13. Grid convergence of the spreading factor transversal to the groove 
direction 𝛽𝑡𝑟𝑎𝑛𝑠 and parallel 𝛽𝑝𝑎𝑟𝑎 for three different resolutions.

droplet impacted near the center of a groove ridge. Moreover, setting 
the impact position in a groove valley resulted in only very slight 
differences in the simulation. The water droplet impact with We = 50
(𝑈0 = 1.316m s−1, 𝐷0 = 2.125mm) is simulated with 256, 512, and 1024 
cells per domain edge length to study the grid convergence. The results 
for the spreading factor in transversal 𝛽𝑡𝑟𝑎𝑛𝑠 and parallel 𝛽𝑝𝑎𝑟𝑎 groove 
direction are displayed in Fig.  13. In the parallel direction, the two 
higher resolutions match very well and seem to have converged. Also in 
the transversal direction, the graphs are very close. Since the deviation 
is within the range of experimental uncertainties, the resolution of 5123
cells is selected. A groove is thus resolved by 24 cells and the droplet 
by approximately 280 cells per diameter.

Comparison with experiment
For the lower impact speed with We = 14, perspectives normal 

and parallel to the grooves are chosen. The normal perspective is a 
viewpoint from above in the simulation while in the experiments the 
images are recorded from below. A transversal as well as a parallel 
perspective are selected for the We = 50 impact. The comparison of 
simulation snapshots and experimental images is shown in Fig.  14 for 
the We = 14 case and in Fig.  15 for the We = 50 case.

In the normal perspective, a good qualitative agreement of interface 
dynamics is visible. At the timestep 𝜏 = 1.75, the little cusp seen from 
above on the left side of the experimental image is also captured by the 
simulation. Also, the emerging jet in the parallel perspective is present 
in the numerical result. Furthermore, a timestep later, the vertical 
alignment of the contact line with the grooves in the normal perspective 
is also apparent in the simulation. For the higher impact velocity case 
(We = 50), the overall shapes again show a good agreement. At 
timestep 𝜏 = 2.63, for example, in both the experiment and simulation, 
three distinct bulges are visible in the parallel perspective as well as 
only two in the transversal perspective. A quantitative comparison of 
the spreading factors is presented in Fig.  16. The simulation results 
follow the graphs of the experiments during the spreading phase well. 
Moreover, the maximum spreading predicted by the simulation agrees 
well with the experiment. Later, in the receding phase, similar to the 
smooth surface in Section 4.3, the results start to differ and the extend 
of receding is overestimated. A reasonable cause is the pinning at 
groove edges which slows down the retraction in the experiments. This 
effect is not considered in the simulations so far as it would require 
special treatment, see Section 2.2.2. Additionally, it is likely that the 
dynamic receding contact angle exhibits rather low values similar to the 
smooth surface (cf. Fig.  8), which is not captured by Mathieu’s model.
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Fig. 14. Simulation snapshots and experimental images of a droplet impact 
with We = 14 onto a grooved surface from different perspectives and time 
steps. The experimental images are contrast-adjusted for better visibility.

Fig. 15. Simulation snapshots and experimental images of a droplet impact 
with We = 50 onto a grooved surface from different perspectives and time 
steps.

Fig. 16. Comparison of spreading factors as function of the dimensionless time 
𝜏 = 𝑡 𝑈0

𝐷0
 between FS3D and experiments.
10 
Fig. 17. Comparison of the anisotropy for a droplet impact onto grooves as 
function of the dimensionless time 𝜏 = 𝑡 𝑈0

𝐷0
 between different contact angles.

5. Results and discussion

As described in Section 1, most studies about droplet impact onto 
a grooved surface focused on one or two different solid materials and 
were mostly hydrophobic. We therefore explore in this chapter the in-
fluence of the wettability by varying the contact angle from hydrophilic 
to hydrophobic. The contact angle was varied from 𝜃 = 10◦ to 𝜃 =
150◦ while keeping the Weber number and groove geometry constant. 
These parameters are set as in the validation case (Section 4.4) with 
We = 14, 𝑑𝑠 = 180 μm and the same water properties are used. Again, 
the spreading is quantified by the spreading factor in parallel and 
transversal direction to the grooves with 𝛽𝑝𝑎𝑟𝑎 = 𝐷𝑝𝑎𝑟𝑎

𝐷0
 and 𝛽𝑡𝑟𝑎𝑛𝑠 =

𝐷𝑡𝑟𝑎𝑛𝑠
𝐷0

. Mathieu’s contact angle model is employed without a hysteresis 
interval because the wettabilities considered are purely hypothetical. 
Furthermore, choosing the fitted model from  would restrict the range 
of variation as the limits of 0◦ and 180◦ are quickly reached.

Due to the unidirectional surface structure of grooves, the spreading 
is in general more pronounced in the parallel direction of the grooves. 
When increasing the wettability (lowering the contact angle), we no-
ticed a further increase in anisotropy. This can be expressed by the 
ratio of the parallel and transversal spreading factor 𝛽𝑝𝑎𝑟𝑎∕𝛽𝑡𝑟𝑎𝑛𝑠, where 
a value of one means perfect symmetry. Fig.  17 compares this ratio 
during spreading for seven different contact angles. At 𝜃 = 120◦ and 
above, the anisotropy stays very close to unity during the process. This 
can also be clearly seen in Fig.  18 for 𝜏 = 0.7 and 𝜏 = 2 where these 
two cases show an almost circular shape in a perspective from above. 
An explanation can be found in the parallel perspective. The droplet of 
the 120◦-case penetrates only into four grooves at 𝜏 = 0.7, cf. Fig.  19, 
and later at 𝜏 = 2 reduces this count to two, caused by the high capillary 
pressure needed to penetrate a groove. The droplet with the lowest 
wettability (highest contact angle) only begins to penetrate two grooves 
at 𝜏 = 0.7 but does not wet the bottom of a groove. Those impacts are 
thus hardly affected by the groove structure and remain symmetric. A 
slight rise and later decline of the directional dependence is visible for 
𝜃 = 90◦, which can be seen as an intermediate case where no pressure 
difference is needed to penetrate the grooves. From 𝜃 = 60◦ and below, 
the propagation apparently occurs strongly along the grooves, as the 
ratio of spreading factors is much higher compared to the other cases. 
When examining again Fig.  18, it becomes clear that after an initial 
spreading also transversal to the grooves, the droplets mainly continue 
to spread parallel to the grooves.

This can be further seen by comparing Fig.  20 for the transversal and 
Fig.  21 for the parallel spreading factor. Surprisingly, the transversal 
spreading is mostly independent of the wettability and is thus governed 
by inertia and the obstruction of the grooves. Only for the very low 
contact angles of 𝜃 = 45◦ and lower, the droplet is able to cross another 
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Fig. 18. Simulation snapshots of a droplet impact onto grooves at different time steps 𝜏 from an above viewpoint for different contact angles.
Fig. 19. Simulation snapshots of a droplet impact onto grooves at different time steps 𝜏 from a parallel perspective for different contact angles.
groove due to the capillary force pulling outwards. The spreading 
parallel to the grooves behaves similarly as it would be expected on 
a smooth surface, which was also observed by Vaikuntanathan and 
Sivakumar (2016), and shows a clear dependence on the wettability. 
Above 𝜃 = 90◦ and from 𝜃 = 45◦ and below, a further change of 
the contact angle seems to influence the spreading only slightly. For 
the high contact angles, the reason is still the weak penetration of 
the grooves as explained above. Considering the three lowest contact 
angles, the spreading can be explained with the theory of the meniscus 
shape in a square capillary. For an 𝑛-sided regular polygonal capillary 
without gravity, the critical contact angle (Feng and Rothstein, 2011) 
is 𝜃𝑐 = 𝜋∕𝑛 and hence for a square capillary 𝜃𝑐,𝑠𝑞 = 45◦. From this 
critical angle and below, no stable meniscus can form in the corners 
of the capillary and so called corner flow forms and pulls the liquid 
upwards in the capillary. As the groove size is well below the capillary 
length of water, 𝑑𝑠 = 0.18mm < 𝑙𝑐 =

√

𝜎∕(𝜌𝑔) ≈ 2.7mm, the effect 
of gravity can be neglected inside the grooves. Thus, the shape of the 
interface after the inertial spreading is close to the theoretic shape in a 
square capillary especially near the corners. This explains the continued 
spreading for the cases of 𝜃 = 45◦ and below, where the capillary forces 
are pulling the liquid outwards.

Malla et al. (2017) investigated experimentally how this anisotropic 
behavior changes with respect to the Weber number, using grooves 
with a height and width of 27 μm and 22 μm, respectively, and a pitch 
in the range of 30 μm to 76 μm. They reported a decrease in anisotropy 
with increasing Weber numbers and reasoned with the different energy 
contributions. According to them, a significant share of the surface 
energy is coming from contact line pinning at the groove edges but 
is dominated at higher impact speeds by the kinetic energy. Thus, 
the anisotropy would decrease at higher Weber numbers. Vaikun-
tanathan and Sivakumar (2016), on the other hand, observed the 
opposite in their experiments with groove sizes in the range of 𝑑𝑠 =
125 μm to 180 μm. This was also attributed to contact line pinning at 
the groove edges. They argued that as spreading generally increases 
with higher Weber numbers, the number of grooves that the droplet 
must cross also increases and therefore the resistance in transversal 
11 
Fig. 20. Comparison of transversal spreading factors for a droplet impact 
onto grooves as function of the dimensionless time 𝜏 = 𝑡 𝑈0

𝐷0
 between different 

contact angles.

spreading. This consequently would lead to an increase in anisotropy 
at higher Weber numbers.

We attempted to clarify this difference and conducted a parameter 
study on the Weber number for our setup. A groove size of 180 μm
is again employed with a contact angle of 𝜃 = 90◦ to be close to 
the experiments. The Weber number was varied from We = 2 to 
We = 62 and the maximum spreading factor in parallel and transversal 
direction was evaluated. The results are summarized in Fig.  22. The 
maximum parallel as well as transversal spreading factors increase 
consistently with the Weber number. This is additionally reflected in 
the anisotropy expressed as the ratio 𝛽𝑚𝑎𝑥𝑝𝑎𝑟𝑎∕𝛽

𝑚𝑎𝑥
𝑡𝑟𝑎𝑛𝑠. With the exception of 

a slight decrease at We = 6, the anisotropy also increases. One reason 
for this could be the low impact speeds, which limits the number of 
grooves crossed during spreading. Specifically for We = 6, the droplet 
spreads just reaching another groove edge and continues to spread 
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Fig. 21. Comparison of parallel spreading factors for a droplet impact onto 
grooves as function of the dimensionless time 𝜏 = 𝑡 𝑈0

𝐷0
 between different 

contact angles.

due to wettability, which is also visible in the transversal spreading 
factor. The same effect can be seen in Fig.  20 for contact angles 𝜃 =
45◦ and below, where the droplets also reach another groove edge, 
resulting in a pronounced spreading factor. Nonetheless, we conclude 
that for droplet impacts onto grooves of sizes similar to 180 μm, the 
anisotropy increases with the Weber number. Therefore, the result is 
consistent with the findings of Vaikuntanathan and Sivakumar (2016), 
although the range of groove sizes investigated by Malla et al. (2017) 
is significantly smaller and our results are thus not fully transferable.

6. Conclusion

In this study, a robust Volume-of-Fluid framework was developed 
and validated within the incompressible multiphase flow solver FS3D 
to investigate the influence of wettability on droplet impact onto 
grooved surfaces, with a particular focus on relatively unexplored hy-
drophilic cases. The developed framework benefits from the integration 
of a PLIC scheme for the interface reconstruction at the wall (Potyka 
and Schulte, 2024) and uses Sussman’s method (Sussman, 2001) for 
contact line modeling. It is compatible with both the Balanced Con-
tinuum Surface Force (b-CSF) (Popinet, 2009) and Continuum Surface 
Stress (Lafaurie et al., 1994) surface tension models. A mesh-dependent 
dynamic contact angle model based on Cox’s theory (Afkhami et al., 
2009) was also implemented. This model significantly improves grid 
convergence properties by counteracting numerical slip, which is a 
common challenge in simulations of moving contact lines. This unique 
combination of methods enables robust descriptions of contact line 
dynamics in a wide range of applications, from capillary-driven cases 
to situations involving complex topological changes on smooth and 
structured surfaces.

Validation against analytical solutions for static cases and new 
experimental data for droplet impacts on smooth and grooved surfaces 
showed excellent agreement in spreading dynamics, particularly the 
maximum spreading factor. Discrepancies in the receding phase could 
be attributed to the limitations of dynamic contact angle models in 
accurately capturing receding behavior, particularly in the presence of 
contact angle hysteresis or pinning effects at groove edges. This high-
lights the importance of precise experimental data on dynamic contact 
angles to enhance the predictive capabilities of capillary-dominated 
phases.

The goal of our study was to fill the gap in understanding the impact 
of wettability on spreading on grooved surfaces. A comprehensive 
parameter study revealed an increase of anisotropy with wettability. 
While spreading transverse to the grooves was found to be largely 
independent of wettability, being primarily governed by inertia and the 
12 
Fig. 22. Dependence of the maximum spreading factor and anisotropy on the 
Weber number for a droplet impact onto grooves with 𝜃 = 90◦.

physical obstruction of the grooves, spreading parallel to the grooves 
depended strongly on wettability, behaving similarly to spreading on a 
smooth substrate. For contact angles ≤ 45◦, corner flow was the domi-
nant spreading mechanism within grooves, consistent with theoretical 
predictions. Highly hydrophobic surfaces (≥ 120◦) showed minimal 
groove interaction and nearly isotropic spreading due to insufficient 
penetration into the groove structures.

In summary, this work provides a validated novel numerical frame-
work for studying the impact of droplets on structured surfaces, of-
fering new insights into the interplay between wettability, surface 
structures and dynamic wetting phenomena. These findings deepen 
our understanding of anisotropic spreading and the role of corner 
flow in hydrophilic conditions, which is essential for the rational de-
sign and optimization of advanced materials for applications such as 
microfluidics, surface coatings and thermal management.
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