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Abstract: This paper presents numerical studies of the viscous droplet impact on dry and
wetted solid walls for spray painting applications, focusing on air entrapment, film struc-
ture, and flake (flat pigment) orientation. The results were compared with experimental
observations using various high-speed camera arrangements. For paint droplet impact
on dry substrates, a dynamic contact angle model was developed and used in numeri-
cal simulations. This contact angle model was verified with experimental observations.
For the droplet impact on wet surfaces, characteristic crater sizes (diameter and depth)
were defined considering also the effect of the film thickness. A strong correlation with
the droplet impact Reynolds number was observed. In addition, a user-defined 6DOF
(6-degrees-of-freedom) solver was implemented in a CFD program to perform calculations
of rigid body motions within the impacting droplet, technically relevant for the resulting
effect of flakes in metallic effect paints. The developed models were applied in parameter
studies to further clarify the existing dependencies on application and fluid parameters
more quantitatively. The simulation results are helpful to understand and to improve
painting processes with respect to the final quality parameters.

Keywords: droplet impact; liquid film; air entrapment; flake orientation

1. Introduction

The collision of liquid drops with solid surfaces occurs in many engineering appli-
cations such as spray painting, spray cooling, and ink-jet printing. This paper presents
a summary of the research results of a study of spray painting using model liquids and
real paint. The motivation for the investigation lies in the huge industrial demand of
understanding the occurrence of air entrapment during drop impact, which may lead to
so-called pinholes after drying and baking, the final wavy surface structure (also called
orange peel), and the behavior of pigment during droplet impact, enabling, e.g., metallic
effects of coatings, which are very popular in the automotive industry.

Alot of research has already been carried out on droplet impact dynamics. Experimen-
tal observations of the impact of liquid drops on dry solid surfaces at room temperature,
including an analysis of air entrapment, have been reported extensively [1-7]. When using
flash photographic methods and high-speed cameras in conjunction with different light
settings, such as back or oblique lighting with and without light diffusers, the authors
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observed bubble formation at the stagnation point and assumed bubble formation because
of a dimple created on the drop surface at the impact point [1,6]. In investigations using
viscous drops, Thoroddsen et al. [4] found in increasing number of bubble entrapment
events during the drop spreading process, resulting from the localized contact of the lev-
itated lamella with the solid substrate, especially for intermediate values of the impact
Reynolds number (Re~250-350). Similar research has also been carried out by Palacios
et al. [5]. Besides myriads of air bubbles at the interface between liquid and solid, they also
observed two rings of microbubbles under impacting glycerol/water drops on a dry glass
surface at Reynolds and Weber numbers around the splashing/deposition threshold. They
further analyzed the dependency of the behavior of the two rings of microbubbles on the
drop impact velocity and the relevant dimensionless numbers.

The maximal droplet-spreading diameter that is interesting for technical applications
was correlated (see [8,9]) with non-dimensional numbers, i.e., Weber and Reynolds num-
bers, by using experimental results. In general, large droplets, e.g., D > 500 um, have to
be used in the experiment. For smaller droplets (50-300 um), especially of opaque liquids,
which are relevant for spray painting processes, it is very difficult to obtain experimentally
qualified time-resolved images of the entrapment of air bubbles by drop impingement.
However, the smaller droplet size range has been considered in various numerical studies,
focusing also on the air entrapment during droplet impact [10-12].

The impact dynamics of non-Newtonian droplets, namely yield-stress fluid droplets,
have been studied experimentally [13,14] and numerically [11,12], in which the influence of
the rheological parameters on the droplet spreading and recalling processes was evaluated.
Furthermore, contact angle models that have to be applied in numerical simulations were
studied and discussed in detail [15,16].

With regard to the droplet impact on wet solid surfaces, there are some experimental
and numerical investigations [17-21]. Weiss and Yarin [17] have simulated the impact
of droplets on liquid films using a boundary-integral method for different impingement
velocity and surface tension values. Different outcomes of droplet impact on substrates
were analyzed. However, in their study, the effect of viscosity was neglected. Thoroddsen
and Thoraval [22] examined the dynamics of a droplet on a liquid film both experimentally
and numerically using relatively large droplets (D = 4.64 mm). They also investigated the air
disc formation and visualized the evolution of smaller bubbles. Microbubble entrainment
on thin liquid films under droplet impacts on an inclined surface was experimentally
investigated by Tran et al. [21]. They found that the formation of large-area microbubbles
is driven by a thin intervening air gap and contact line instability, analogous to classic
coating instabilities.

In spray coating processes with metallic-effect paints, pigments (flat, 5-40 um broad
flakes) are widely used. From practical experiences, it is already well-known that the
initial pigment/flake orientation in the paint layer, primarily at the early stage of film
formation and before the subsequent solvent evaporation and baking, influences the final
metallic effect significantly. Therefore, it is strongly suspected that processes during viscous
droplet impact have a decisive influence on pigment orientation. For a strong metallic effect,
usually, a pigment orientation parallel to the substrate is desired. Droplets with high impact
velocities, namely high kinetic energies, were considered to be helpful for a surface-parallel
flake orientation. Studies focusing on the flake movement inside the droplet and in the
film are still quite limited. Although a few predictions of flake orientation were carried out
based on mathematical analysis [23] and the flow field of two-dimensional droplet impact
calculation [24], the corresponding results should be further verified. Recently, a numerical
study [25] of the flake orientation during droplet impact on solid surfaces was carried out.
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Multiple flake particles inside the droplet were applied. The effects of the initial positions
of flakes on the final orientation and of the interaction between flakes were investigated.

In our previous study [26-28], numerical simulations of the flake orientation in viscous
droplets and the film structure due to droplet impact on wet substrates were performed.
However, the parameter investigations were limited. The present paper offers detailed
numerical studies of viscous droplet impact on dry and wetted solid walls, focusing on
air entrapment, film structure, and flake orientation. In that way, a contact angle model
necessary in numerical simulations was developed for the paint droplet impact process. In
addition, a user-defined 6DOF (6-degrees-of-freedom) solver was implemented in a CFD
program to enable rigid body (flake) motion calculations within the impacting droplet.
The developed models were applied in parameter studies to further clarify the existing
dependencies on application and fluid parameters more quantitatively. Experimental
studies were carried out with a high-speed camera to produce experimental observations
that validates the simulation results.

The paper is structured as follows: The experimental setup and measuring technique
are explained in Section 2. Section 3 provides the basic numerical methods. The simulation
results of droplet impact on a dry solid wall, including validation of the dynamic contact
angle model, are shown in Section 4. In Section 5, we discuss the film structure as well as
the entrapped air bubbles during droplet impact on dry/wet solid walls. Section 6 provides
the simulation results of the flake orientation during droplet impact on dry/wet substrates.
Section 7 summarizes the present work.

2. Experimental Setup and Measuring Techniques

In this section, basic experimental setups and measuring techniques are described.
The experimental studies carried out provided useful information for the validation of the
following simulation results.

2.1. Investigations of Single Droplet Impacts on Dry Solid Walls

Viscous droplets were generated using an industrial Drop-on-Demand device, in
which a piezo-valve system that generates a short dosing impulse in the range of 1 ms was
applied. Details of the device can be found in [29]. When using a 200 um nozzle diameter,
well-defined droplets (D = 280-450 pm) could be generated, depending on the liquid
properties and the operating conditions. Table 1 shows characteristic droplet properties
that were used in our numerical study. The experimental setup is shown in Figure 1.
A high-speed camera (FASTCAM SA-X, Photron, Buckinghamshire, UK, Version: Photron
Fastcam Viewer 4) was applied to obtain images of the evolution of the droplet contours
and to determine the impact velocities (Figure 1a). The observation of the air entrapment
on the substrate (in these cases, a transparent glass plate) was carried out using the up-view
setup (observation from the glass plate backside).

Table 1. Drop properties.

Liquid D (um) p(kg/m®) o (N/m) 1 (Pa-s) U (m/s)
Glycerol /water 280-450 1200 0.063 0.02 1-3
Waterborne paint 280-450 1025 0.025 Shear thinning 1-3

2.2. Investigations of Droplet Impact and Air Entrapment on Wetted Solid Walls Using
an Atomizer

Visualization of droplet impact events on a glass plate using an industrial air atomizer
was carried out with the setup shown in Figure 2. An air spray gun (SATA LPS RB 2000RP,
SATA, Kornwestheim, Germany) and a solvent basecoat were applied. In the first step, a wet
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Drop applicator
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paint layer with a well-defined thickness was applied on the glass plate. Subsequently, the
resulting droplet impact processes on the wet layer were recorded by the high-speed camera.
Snapshots with an image size of approx. 1.8 mm X 1.8 mm and a 1024 x 1024 pixel resolution
were analyzed. In general, many air bubbles could be observed in the paint layer. In Section 5,
these visualization results will be compared to the simulation results.
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Figure 1. Experimental single droplet setup: (a) side observation, (b) upward observation.
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Figure 2. Experimental setup for droplet impact on wetted solid wall.

2.3. Rheological Properties of the Paint Used for Droplet Impacts on Wetted Solid Walls

Three model paints consisting of varying mass fractions of n-butyl acetate in a basic
paint formulation were used in the present study. For the determination of the rheological
properties, the paint material was collected from the solid wall directly after spray painting,
thereby revealing the effect of solvent evaporation on the viscosity during the droplet
movement between atomizer and target. The shear viscosity was experimentally measured
using a rotational rheometer in the low shear rate range up to 3000 s ! and a capillary
rtheometer in the high shear rate range up to 10° s~!. The measured viscosities as a function
of the shear rate are illustrated in Figure 3. Like most of the water-based paint liquids used
in industrial applications, the model paints show a non-Newtonian behavior, namely a
shear-thinning behavior, i.e., the viscosity decreases with an increasing shear rate.

In the numerical simulations, the observed non-Newtonian behavior was considered
by applying Cross models, which are also plotted in Figure 3 as solid lines.

o — Neo
= oo + 0T M
Ty (t-)"
In the above equation, 77 and 7y are the shear viscosity and the shear rate, respectively.
o represents the shear viscosity when the shear rate approaches infinity, and 7 the



Fluids 2025, 10, 131

50f22

viscosity when the shear rate approaches zero, the so-called zero viscosity. t and m are
the consistency index and flow index, respectively. Each model paint has been applied in
two variants with a static surface tension of either 0.024 N/m or 0.067 N/m.

1000

Viscosity [mPa-s]

10 100 1000 10000 100000 1000000 10000000
Shear rate [s]

Figure 3. Flow curves of the model paints, measured and fitted by the Cross model.

3. Basic Numerical Methods

The droplet impact and spreading process on the surface can be treated by the Volume
of Fluid (VOF) method for interfacial flow problems. Hereby, two or more immiscible fluids
can be modeled by solving a single set of momentum and mass equations, including the
tracking of the volume fractions of each of the fluids throughout the domain. The numerical
simulations in this work were carried out with the commercial CFD code ANSYS-FLUENT
(Version 24) based on the finite-volume approach.

In the present application, time-dependent VOF calculations were performed using an
explicit scheme. A geometric reconstruction scheme for the volume fraction discretization
was used, ensuring a sharp and low-diffusive interface discretization. To accommodate
surface tension effects, the CSF model with wall adhesion modeling was used. The PRESTO
scheme was applied for the pressure discretization.

Cartesian grids with local mesh refinement in the relevant regions were created.
As it is well-known that the VOF method is quite sensitive to the grid resolution, grid
independence was verified by comparing measured and calculated spread and height
factors of selected droplet impact events. D/Ax = 150 was obtained as a reasonable cell
size and therefore applied around the droplet and in the liquid film on the substrate. Here,
D denotes the droplet diameter and Ax the grid size. In the far-field, coarser hexahedral
meshes were used to reduce the total number of cells and the connected computational
costs. For the simulation of droplet impact processes on wet solid surfaces, a relatively
large computational domain had to be used. To reduce computational cells effectively,
a dynamic mesh adaptation was applied, which was found to be especially necessary
for large droplets. Consequently, the computational domains in the present study varied
between 20 and 150 million cells. According to different simulation tasks, two-dimensional
axisymmetric and 3-dimensional computational domains were applied. Further detailed
important boundary conditions and models are described as follows.

3.1. Simulation of Viscous Droplet Impact on Dry Solid Surfaces

A computational domain with an extension of 2D x 2D x 1.5D was created for the
simulation of droplet impacts on the dry solid surface with the flake pigment. Only a
quarter of the spherical droplet was calculated using symmetric boundary conditions
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to reduce the total number of cells. A variable flow field calculation time step was set,
considering the CFL (Courant-Friedrichs-Lewy) number to be less than 1. The resulting
time steps ranged from 5 x 10~? to 1 x 10~7 s. Based on common spray painting conditions,
droplet impact velocities between 0.5 and 10 m/s were investigated. The initial droplet
position was chosen to be a few micrometers above the wall surface to be able to calculate
the gas flow field in the vicinity of the droplet. The pressure inside the droplet, induced by
the surface tension of the liquid, was calculated and properly initialized. The remaining
domain was set to ambient pressure. A dry smooth wall with no-slip boundary conditions
was used.

It is well-known that the numerical description of a dynamically moving contact
line or contact angle during droplet impact on dry surfaces is not trivial and therefore
quite challenging. Nevertheless, the concept of dynamic contact angles is widely used
in VOF simulations to accommodate the adhesion behavior. However, the applicability
of the corresponding models is quite problem-dependent, including variations in liquid
and substrate properties as well as changing operating parameters. Hysteresis effects of
the contact line and contact angle make the model development even more difficult. For
further information, refer to [11,16]. Figure 4 shows the definition of the contact angle
and contact line. The static (equilibrium) contact angle 0 is defined by Young’s equation
orgeos g = ogg — o5, which is related to the surface tension of solid/vapor osg and
solid/liquid og; interfaces. The contact angle observed experimentally at a moving contact
line is defined as the dynamic contact angle 0p.

Gas

Liquid

Solid

Contact line

Figure 4. Definition of contact angle.

We have carried out experimental observations of viscous droplet impact on dry solid
surfaces, focusing on the contour evolution during the spreading and receding process
phases. Based on these results, a model for the dynamic contact angle was developed, which
is further used in the simulations. Equation (2) describes this model in a mathematical
manner. The main problem in the simulation of droplet movement on a dry substrate is
the switching mechanism from the propagation contact angle to the static contact angle.
The contact line oscillates strongly in the hysteresis region, resulting in a negative velocity
while the droplet is not yet in the retraction phase. With the following treatment, smooth
and sensible switching can be achieved.

04, if vy >0
Oime =90°, if vy < |[6|Nvy <d, where § =—0.1
ev(’), if 9v¢ < By
Op, if vy < O

0p = )

During the spreading phase, where the contact line velocity (v.) is significantly
positive, a constant advancing contact angle (6,) is deployed. This angle is the largest
contact angle that is observed before the wetting line starts to move in the direction of
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the gas phase. At maximum wetting, when the contact line movement stops and the
droplet usually starts to recede, an intermediate contact angle (6;,,;) is set. This helps to
suppress contact line movements, which are in accordance with experimental observations.
7 < |6| Nvg < 6 is the mathematic treatment to determine the hysteresis situation. An
average contact line velocity 7, based on three iteration time steps was used. A § value
was defined around zero velocity. If the angle between the fluid interface and the wall,
calculated by the gradient of the VOF field (V ), is smaller than the advancing contact
angle, the interphase angle is set as the contact angle (6v,). It is secured that this angle
decreases monotonically to the static or equilibrium contact angle (). On the wall cells
far away from the contact line, the equilibrium contact angle () is used, which ensures a
reasonable wetting behavior on the wall.

3.2. Simulation of Viscous Droplet Impact on Wet Solid Surfaces

A thin film with a height between 30 and 60 pm and an infinitive width was ap-
plied on the substrate. As a first step, droplet impact processes were calculated using a
two-dimensional axisymmetric geometry to obtain a general insight into the behavior of the
gas-liquid interface as a function of relevant dimensionless numbers, namely, Re-, Oh-, and
We-numbers. As a second step, the computational domain of 8D x 8D x 3D was created
for more detailed simulations of the impact of droplets that contain a flake. Clearly, the
number of computational cells increased tremendously. Local grid adaption and dynamic
mesh adaption were carefully performed, ensuring the necessary grid resolution. Especially
in case of large droplets, e.g., 300 pm, the inhomogeneous grid region enlarged significantly
due to the necessary inclusion of the crown formation and wavy structures around the
impact location. A typical mesh model based on dynamic adaptation is shown in Figure 5.
In this case, the mesh size around the interface between liquid and gas is set to 1 um, while
being 16 um at a larger distance from the interface.

Figure 5. Mesh size distribution determined using dynamic mesh adaption model.

3.3. Simulation of Flake Orientation

For the simulation of the flake movement within an impacting droplet, a
three-dimensional computational domain with a quarter of the spherical droplet was
applied. A dynamic mesh model based on the overset meshing method included in ANSYS
Fluent was applied. Hereby, a ‘component’ mesh that is linked to the flake and a ‘back-
ground’ mesh, representing the domain, are overlaid and connected via an interpolated
mesh interface (Figure 6). In the present study, only a single rectangular-shaped flake in
the computational domain was applied. The size of the considered flake was chosen to
be 1 x 16 x 16 pm?, reasonably representing a typical aluminum flake geometry inside a
metallic-effect paint. However, this small size results in corresponding moments of inertia
of 1.6 x 1072 [kg-m?], which are too marginal for the actual 6DOF motion solver by
ANSYS. As a consequence, a custom motion equation solver was implemented via a user-
defined function (UDF), assuming rigid body motion. Therefore, the flake motion may be
simplified to the movement of its center of mass and the rotation around it. Consequently,
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the momentum conservation (3) is calculated in the global inertial coordinate system, and
the angular momentum (4) is determined in body coordinates:

v = %ZF 3)

w=I"}YM-wxIw) 4)

Here, m denotes the mass of the flake, I the inertia tensor, and F, M the flow-induced
forces and moments, respectively. v and w represent the time derivatives of the velocity and
the angular velocity. In Equation (3), the sum includes pressure, viscosity, and gravitational
forces. An Adams-Moulton algorithm of the fourth order with a rather complex variable
time-step formulation was derived and implemented to integrate the above given ordinary
differential equations (ODEs) in time. This enabled stable simulations of flake movement
and orientation using a reasonable time-step size, such as dt =1 x 1078 to 1 x 1077 s,
which was solely adjusted by the flow solver. Table 2 shows the typical parameters applied
in the present simulations. Shear thinning non-Newtonian viscosity was applied for model
paints, as shown in Figure 3.

Figure 6. Contours of VOF overlaid with mesh at t = 0 s, blue: liquid, red: air.

Table 2. Parameters used in simulations.

Droplet diameter D (um) 24,50, 100, 300 Flake size (um3) 1x16 x 16
Droplet velocity U (m/s) 0.5-20 Flake density (kg/m?) 3200
Newtonian viscosity n (Pa-s) 0.01-0.08 Ratio of flake to droplet1/D 0.053-0.32
Non-Newtonian viscosity Shear thinning Re-number, Re = pUD /7 1-100
Surface tension o (N/m) 0.025, 0.063 We-number, We = pU?D/ o 3-1200
Liquid density p (kg/m?) 920, 1020, 1200 Oh-number, Oh =n/+/(c D p) 0.1-2.2
Static contact angle (°) 30, 50, 60
Height of film (um) 30-65

4. Experimental Validation of the Numerical Models for the Droplet
Impact on Dry Solid Surfaces

Validations of the numerical models for the impact process of viscous droplets on a dry
solid surface were carried out using the single droplet generator and the visualization tech-
nique, as described in Figure 1a. Glycerol/water droplets (D = 400 um, n =20 mPa-s,
o = 0.063 N/m, 0 = 55°) and model paint droplets (D = 300 um, n = 17 mPa-s at
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v =10° (1/s), 0 = 0.025 N/m, 0 = 53°) were created. Simulations were performed using
the two-dimensional axisymmetric domain. Figure 7 shows the comparison between the
high-speed-camera recording and the simulation of a glycerol/water droplet impact. The
obtained videos of the impact processes for both droplets were further analyzed with
respect to the evolution of the droplet spread factors d/Dj and the height ratios h/Dy. In
the simulations, advancing angles 6 4 of 120° for glycerol/water droplets and 95° for paint
droplets were used, estimated from the high-speed videos. In Figure 8, experimental and
simulative spread factors are compared. Quite good agreement can be observed, which
indicates that the proposed dynamic contact angle model delivers a good performance and
is suitable for more advanced applications.

1=0.05ms t=0.083ms

: . t=0ms ! t=0.048ms t=0.088ms
e L A

1=0.183ms =0.283ms

! t=0.181ms t+=0.268ms t=0.438ms

T e, T e, T 0y,

T —_— — t=1.121ms t=1.383ms t=1.778ms

.. _ 4. _a

(a) (b)

Figure 7. Glycerol/water droplet impact process, experiment (a) vs. simulation (b), droplet
velocity U =2.6 m/s.

175 1.0 —— Gly. (We=66.26; Re=71.48)
—— Coat (We=61.71; Re=33.57)
1.50 . A
08 I Exp.Gly
t Exp. Coat
1.25
—_ — 06
L 1.00 L
slISy =|g
0.75 0.4
0.50 —— Gly. (We=06.26; Re=71.48)
—— Coat (We=61.71; Re=33.57) 0.2
0.25 t Exp.Gly.
t  Exp. Coat
0.00 5 .
107 107! 10" 0052 107! 10°
flow time [ms] flow time [ms]

Figure 8. Comparison of droplet spread factors between experiment and simulation during the
impact process, Gly. is Glycerol /water droplet, Coat is paint drop.

5. Simulation of Droplet Impact on Dry/Wet Solid Surface

5.1. Air Entrapment in Droplet Impact Processes

It is well-known that air entrapment at droplet impact may occur independently of the
state of the surface, i.e., dry or wet. In the case of painting applications, relevant droplets
are rather small, with medium volume sizes between 20 and 50 pm. Moreover, paint
liquids are very often opaque, resulting in significant difficulties for useful experimental
investigations of bubble formations. Therefore, numerical simulations provide to some
extent the only appropriate tool to further analyze the mechanism of the air entrapment
during droplet impact. Here, numerical simulations were carried out using a quarter of the
spherical droplet with a symmetric boundary.
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Figure 9 shows simulation results of the droplet contour evolution during the impact
process of a 300 um droplet at an impact velocity of 4 m/s on a dry surface. A thin layer of
air bubbles (further also called an air disc) is formed directly at the contact area between
droplet and substrate. This air disc is continuously enlarging during the drop spreading
until a fully wetted contact line is created and the maximum air disc diameter is observed,
which is smaller than the maximum droplet spreading diameter, as shown in Figure 8 at
t = 0.127 ms. The air disc then contracts into larger bubbles during the receding process,
in which some bubbles can also be released, as shown in the figure at t = 5.8 ms. At the
quasi-static state, there are still large air bubbles on the substrate, as the release of the
remaining bubbles slows further in the quasi-static state. The total amount of remaining
air bubbles in a quasi-static state depends on the properties of the liquid and substrate,
as well as the operating conditions. For a water droplet with an identical size and impact
conditions, the maximum extension of the air disc and the final number of bubbles on the
substrate in the quasi-static state are significantly reduced [12]. Some influence factors
on the air bubble formation are indicated by Figure 10, where the quasi-static state of the
impact of a viscous 50 um droplet is analyzed. More bubbles are observed in the case
of a higher viscosity (Figure 10a). In addition, a higher impact velocity leads to a larger
air disc during the spreading process and ultimately to more bubbles (Figure 10b). With
a smaller equilibrium contact angle 0 = 30°, i.e., improved wettability, bubbles tend to
reduce their wall contact area, leading to larger distances between the bubble centers and
the wall (Figure 10c). This should also ease any additional bubble release in a quasi-static
state. Since Figure 10 was created based on the quarter of the spherical droplet with a
symmetric boundary, the results shown only demonstrate the dependency between the
air entrapment and the different operating conditions, but not the exact distribution of air
bubbles inside a droplet.

Air can also be trapped during droplet impacting on a wetted substrate. In this case,
characteristic rings around the impact center are formed, consisting of several air bubbles,
which can be observed both in the simulation (Figure 11b) and experimentally (Figure 11a).

In the following simulation results, bubble formation can be observed continuously.

By quasistatic state

Figure 9. Contours of liquid fraction (red: liquid, blue: air) in impact of a viscous drop (D =300 um,
U=4m/s,n=20mPa-s, 0 =24 mN/m, 0 = 60°.

5.2. Evolution of Gas—Liquid Interface at Droplet Impact on Wet Solid Surfaces

As stated in the introduction, there are many studies considering droplet impact on
wet substrates. Depending on impact velocity and liquid viscosity, droplet impact on a
thin liquid film can be essentially divided into spreading/deposition, cratering/receding,
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crown formation, and crown with splashing. The latter will not be studied in the present
investigation because it is very seldom in spray coating applications. In spray coating ap-
plications, typical mean diameters of the droplet range between 30 and 50 pm. Considering
existing correlations between droplet impact velocities and droplet diameters for different
atomizers in spray painting processes [30], droplets with diameters of less than 100 pm and
impact velocities up to 20 m/s were used in our investigations of the interface evolution at
droplet impact on wet surfaces. Here, the two-dimensional axisymmetric computational
domain and model paints were applied in simulations.

=10 mPas

u=2mis u=40mis

n =40 mPas

=30° =60° l
Figure 10. Air entrapment at droplet impact on a dry surface in the quasi-static state (D = 50 um,

0 =24 mN/m). (a) Effect of the viscosity, (b) effect of the impact velocity, (c) effect of the static contact
angle, here cross-sections are also depicted to show the adhesion state of air bubbles on the substrate.

(Time=2.7670e-04)

(b)

Figure 11. Air entrapment at droplet impact on a wet substrate. (a) Experimental observation,
(b) simulation results (H; = 60 um, D = 280 um, U =2.2 m/s, 1 =30 mPa-s, 0 =28 mN/m).

Figure 12 shows typical results of different paint droplet impacting on a thin liquid film.
A small droplet at a low impact speed deposits smoothly on the liquid film (Figure 12a).
With an increasing impact energy of the droplet, namely, either with a larger diameter
or with a higher velocity, a small crater can be formed in the target liquid layer (see
Figure 12b). If the impact energy is high enough, the so-called crater rim or crown rises at
the circumference of the crater above the original surface of the liquid layer on the target
(Figure 12¢). Air bubbles (blue color) can be observed clearly in the liquid film, which is air
entrapment, a typical phenomenon of the droplet impact process.
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@) (b)

Figure 12. Droplet impact on a wet solid surface (red: liquid, blue: air). Film H; = 30 um.
(@D=30um, U=4m/s,(b) D=45um,U=4m/s, (c) D=80 um, U =8 m/s.

For paint liquids with a shear thinning behavior, the variation in the apparent viscosity
during the impact process must be considered. Figure 13 shows the evolution of the
viscosity inside the droplet and in the liquid film during the cratering process. In this case,
a droplet with a diameter of 65 pm impacts at a 6 m/s velocity on a wet solid surface with
a film thickness of 65 um. The evolution of the viscosity in the whole relevant fluid region
from the early stage of droplet impact until the end phase of the impact can be obtained.
For a better analysis, the characteristic viscosity n* of the droplet is determined to be
14.86 mPa-s (17* is defined as the viscosity at the characteristic shear rate 4" of droplets in
the impact process, ¢ = 2-U /D). The corresponding Reynolds number (Re* = pUD /1)
and the Ohnesorge number (Oh* = 1*//poD) are 24.2 and 0.39, respectively. At the early
stage of drop impact, the viscosity is quite low in the collision region due to the very high
shear rate in this region (larger than 500,000 s—!). The viscosity in the collision region
is approx. 10 mPa-s. Far away from the impact center, the viscosity is about 85 mPa:s,
corresponding to the value at the shear rate of zero. At the end phase of the impact, the
liquid viscosity is increased to 70-75 mPa-s. In this quasi-static state, a ring-shaped region
of low viscosity inside the film under the remaining depression can be observed, where the
air bubbles are located.

The parameter study of the paint droplet impact on the wet film was carried out using
different droplet diameters, impact velocities, as well as film thicknesses, as shown in
Table 2, with a focus on the result of the gas-liquid interface. The obtained dimensionless
crater sizes, namely, the ratios between the maximal crater diameter Dc (see Figure 13),
the droplet diameter D, and the maximal crater depth /. to D are plotted as a function of
the Reynolds number Re* in Figure 14. Considering the effect of the film thickness on the
crater size, we introduced the characteristic crater diameter and depth as follows:

D\ ("
T
- (3)

where Re* is the characteristic Reynolds number and H is the film thickness. The exponent
n indicates the effect of the dimensionless film thickness on the crater size with n = 0.1. In
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Figure 14, the characteristic crater sizes are plotted as a function of the Reynolds number
Re*. A strong correlation between both dimensionless values is observed and can be
described using an exponential function:

D* = Ag+ Are 2R @)

h* = By + Bye BrRe" (8)
where Ay = 1.0755, A1 = 0.62629, A, = 0.19858, By = 0.99827, By = —0.63523,
and B, = 0.13853. Finally, the dependency of the different droplet impact processes
on the Reynolds and Ohnesorge numbers is analyzed and depicted in Figure 15, with a blue
dot for deposition and a red circle for a crater /crown. In general, the simulation results
shown in this section will help to analyze and understand all further investigations, such
as the flake orientation during droplet impact on wet solid surfaces, entrainment of air
bubbles in the impact process, and the final film leveling.

Figure 13. Evolution of the viscosity contours (model paint A, D = 65 um, H¢ = 65 um, U =6 m/s,
Re* = 24.2, Oh* = 0.39).

=t—=H=30um =8 H=45um H=65um =t=—=H=30pm =@ H=45um H=65um

0.8
. 800 Ep——
bt © 06
€ 600 7
S 400 W““ O o
2.00 0.2 v
0.00 . . L , 4

he/D []

0 10 20 30 40 0 10 20 30 40
Re’ [-] Re’ [-]
—4—H=30pm —#— H=45um H=65um === fitting curve et H=30M = H=4511m H=65{m == fitting curve
13 1.05

1.25
12

D[]

115
11
1.05

0 10 20 30 40 50 0 10 20 30 40 50
Re’ [-] Re' [-]

Figure 14. Crater sizes as a function of the Reynolds number (Re*).



Fluids 2025, 10, 131

14 of 22

1.4
1.2 .
| crater
. @
\ = &
g 0 - . Crater with crown
o \f,i

deposition '\

0 10 20 30 40 50
Re’
Figure 15. Droplet impact formations at different Reynolds and Ohnesorge numbers (ratio between
film thickness and drop diameter is between 0.375 and 2.16).

6. Simulation of Flake Orientation at Droplet Impact

Effect pigments (such as metallic pigments) are an essential component of paints with
a metallic (or mica) effect. Figure 16 shows a typical metallic pigment, that is, a thin plate
with a thickness about 1 um and a diameter of 8-16 um. Essentially, flat metallic pigments
or flakes act like small mirrors reflecting incident light preferentially at the incident angle.
As shown in Figure 16b, the final intensity distribution depends mainly on the orientation
distribution of the flakes in the film. An optimum surface-parallel orientation of the flake
results in an optimum metallic effect. In simulations, a simple geometry of the flake, namely,

a rectangular plate of 1 x 16 x 16 um?3, was applied.

Intensity distribution of
the reflection

Clear coat

= __—| Metallic paint

Substrate

Figure 16. Metallic pigments and their effect in the paint layer. (a) Metallic pigment Alushine® [31],
(b) reflection of a real metallic coating.

Due to the small sizes of the flakes, the short time scales of the process, and the
opaqueness of the paints, it is almost impossible to observe the flake movement during
the impact process experimentally. Therefore, numerical simulations provide probably the
only alternative for the investigation of flake orientation in droplet impact processes.

In the following parameter study of flake orientation, Newtonian materials with
constant viscosity were investigated at first, and later we will also show the results of
using non-Newtonian liquid. Based on the characteristic shear rate proposed above, a
reasonable range of Newtonian viscosities, i.e., 0.01-0.08 Pa-s, was chosen, representing
a good approximation of the viscosities of typical paint materials at the high shear rate
during the impact processes. Moreover, a surface tension of 0.025 N/m was used in the
simulations for paint liquids. The detailed parameters used in the simulations of flake
orientation are given in Table 2.
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6.1. Dry Solid Surfaces

The initial position and orientation of effect pigments inside an impacting droplet may
be randomly distributed. For the simulations of droplet impact on dry substrates, the flake
has initially been located at the horizontal mid plane and at a 50% droplet radius in the
vertical direction. The initial orientation of the flake is perpendicular to the surface, which
can be considered the worst case for the final desired surface-parallel orientation.

Figure 17 shows the droplet contour evolution and the flake orientation during the
droplet impact process. The color bar shows the contact angle. The outer contact angle
changes from 120° at the beginning of the spreading process to 60° in the final quasi-static
situation. The initial state of the flake is depicted in Figure 17a. During the inertia-driven
spreading phase, as shown in Figure 17b,c, the flake is rotating significantly. In Figure 17d,
the maximum spreading is reached and surface tension effects become dominant. During
this stage, despite droplet contour movements, the above-mentioned contact line hysteresis
is observed, which is identical to our experimental findings. Here, the flake is increasing
its orientation angle with respect to the surface again. Some changes of flake orientation
after t = 0.032 ms (Figure 17d) can be observed (Figure 17e,f,g), until the final location and
orientation of the flake at a final quasi-steady state, as shown in Figure 17h. Air entrapment
at droplet impact and air bubble formations (blue bubbles) on the wall can also be observed
in Figure 17.

a) Time = 0.0000 [ms] b) Time = 0.0125 [ms]
o1 0.05 0 -0.05 T on 0.05 [ -0.05 0.1
[mm] [mm]

) Time = 0.0226 [ms]  d) Time = 0.0320 [ms]
_ g——
0.1 0.05 [ 005 01 01 0 -0.05 -0.1
[mm] [mm]

e) Time = 0.0405 [ms)] Time = 0.0825 [ms]

o1 0.05 [ 005 01
[mm] [mm]

2) Time = 0.1300 [ms] Time = 0.3500 [ms]

01 0.05 0 0.05 i
[mm] [mm]
M
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Contact Angle [deg]

Figure 17. Evolution of the glycerol/water droplet contour and flake orientation during dry wall
droplet impact (D = 100 um, n = 20 mPa-s, 0 = 0.063 N/m, U = 6 m/s, 0 = 55°, We = 68.6, Re = 36).
(a—h) correspond to the situation of time sequence from 0.0-0.35 ms.

The effects of the droplet liquid properties and the impact parameters on the temporal
evolution of the flake orientation are shown in Figure 18. Glycerol/water and paint droplets
with 11 = 20 mPa-s were applied. For small droplets, in the considered case of 50 pm, the
quasi-static state is reached at t = 0.3 ms. Since the size ratio between the flake and droplet
diameter is relatively large, i.e., 1/D = 0.32 for the 50 pm droplet, the movement of the flake
is quite limited. In contrast, larger variations in the flake orientation angle can be observed
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for 300 um diameter droplets. In addition, the time to reach a quasi-static state significantly
increases with increasing We- or Re-numbers. The final flake angle in the quasi-static state
depends, presumably, mainly on the Re-number for a given low viscosity. In general, it
seems that the final flake orientation improves with an increasing Re-number, at least in
the case of droplet impact on dry surfaces.

D50 u2ms Gly, We3.8, Re6
90 - D300 3m/s Gly., We50, Re54
iy = = D300 6m/s Gly., We206,Re108
80 by ‘\ D300 3m/s Coat, We108, Re45
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Figure 18. Comparison of flake orientation with different viscous droplets.

6.2. Impact on Wet Solid Surfaces

The flake orientation at droplet impact on wet surfaces appears to be technically
more relevant, as only the very first droplets after the start of application impact on a dry
surface. At a later stage, a wet paint film has already been formed on the surface, and the
resulting flake orientation is mainly dependent on the complete flow field at and close to
the impact location. Since simulations of flake orientation during droplet impact are quite
time consuming due to the need for large computational domains, our parameter studies
are so far limited to droplets with a diameter of 50 um only. Also, it should be noted that
the droplet diameter must be greater than the longest extension of the flake, i.e., very small
droplets do not contain any flakes.

Typical droplet deposition and cratering processes at different impact velocities are
shown in Figures 19-21, respectively. The wet film thickness is 60 um. The final flake
angle of the droplet deposition in Figure 19 is about 30° with the small impact velocity
(U=0.5m/s). A typical crater occurs when increasing the impact velocity up to 10 m/s.
During the deepening of the crater, as shown in Figure 20, the flake angle decreases and
even tends to almost 0 (flake parallel to the surface) at t = 0.03 s. However, during crater
retreat, the flake angle increases again significantly and reaches 49.3° in the final quasi-static
state. By further increasing the impact velocity to 20 m/s, as shown in Figure 21, the crater
size increases heavily, and crown formation can be observed. A larger amount of liquid
and the flake are pushed outward from the crater center. The crater retreat begins when
the crown disappears. Compared to the case with U = 10 m/s, the process of the crater
retreat is much slower due to the thin film at the bottom and the resulting lower surface
force. This leads to a lower flake angle (38°) in the final quasi-static state.

The effect of a surface tension variation on the flake orientation at different impact
velocities is shown in Figure 22, using a glycerol/water mixture and paint, both with a
constant viscosity of 20 mPa-s. When comparing glycerol/water and paint droplets at a
10 m/s impact velocity, the surface tension shows only a weak effect on the final flake
orientation in a quasi-static state, approaching 50° for both cases; however, the time to reach
the quasi-static state is significantly extended in the case of the paint droplet with a lower
surface tension. Atlower impact velocities between 0.2 m/s and 5 m/s, the final flake angles
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are constantly smaller (around 30°), independent of the surface tension. When further
increasing the impact velocity to 20 m/s, the final flake angle seems to decrease. In this
case, at t = 0.618 ms the film lever shown in Figure 21 is almost horizontal, corresponding
to a quasi-steady state.

Figure 19. Evolution of droplet contour, film contour, and flake orientation (black ruler corresponds
to 50 um), D =50 pm, 1 = 20mPa-s, U =0.5m/s, 0 = 0.025 N/m, We = 0.51, Re = 1.28, Oh = 0.56.

Figure 20. Evolution of droplet contour, film contour, and flake orientation, D = 50 um, 1 = 20 mPa-s,
U=10m/s, 0 =0.025 N/m, We = 204, Re = 25.5, Oh = 0.56.

Figure 21. Evolution of droplet contour, film contour, and flake orientation, D = 50 um, 1 = 20 mPa-s,
U=20m/s, 0 =0.025 N/m, We = 816, Re = 51, Oh = 0.56.

The effect of the viscosity on the flake angle is shown in Figure 23 for a droplet size D
of 50 um, a film thickness H of 60 pm, an impact velocity U of 5 m/s, and a surface tension
o of 0.025 N/m. Clearly, the final flake angle in a quasi-static state increases significantly
with an increasing viscosity, especially in case of the 40 mPa-s and the 80 mPa-s liquids.
Figure 23 also includes the simulation results of a non-Newtonian, shear-thinning model
paint. The corresponding viscosity curve (paint A) is given in Figure 3. For a further
explanation of the result, Figure 23 needs to be analyzed, showing the distribution of
the apparent fluid viscosity during different stages of droplet impact. As expected, the
apparent viscosity diminishes in fluid regions with high shear rates due to the presence
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of strong velocity gradients. Since the flake is mainly located in a 20 mPa-s fluid zone,

especially at a later stage of the impact process (Figure 24c), the flake orientation and the

final flake angle correspond nicely to the results of the Newtonian 20 mPa-s case. Although

the present investigations focus on a wet file thickness of 60 um, only a weak effect of the

film thickness was found in the range between 30 pm and 60 pm, as shown in Figure 25,

which are typical wet film thicknesses of metallic paint layers.
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Figure 22. Effect of surface tension on flake orientation, H¢ = 60 pm, D = 50 um (Gly. is glycerol/water

with surface tension st = 0.063 N/m, Coat is the droplet with constant viscosity but similar surface

tension to water paint st = 0.025 N/m).
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Figure 23. Effect of viscosity on the flake angle, U =5 m/s, H; = 60 um, D = 50 pm.
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Figure 24. Simulation results of droplet impact using a shear thinning viscosity (U = 5 m/s,
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Effect of film thickness, U= 10 m/s
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Figure 25. Effect of film thickness on the flake orientation (n = 20 mPa-s, Hy = 30-100 pm, D = 50 um,
U=10m/s).

In summary, the important influencing factors on the evolution of the gas-liquid
interface and subsequently on the final flake orientation are the droplet diameter, droplet
impact velocity, and liquid viscosity. The correlation between the characteristic Re-number
Re* and the final flake angle for paint droplets is depicted in Figure 26. For the desired
minimum flake angle, the Re* should be in the range of 40-60. In connection with the
subsequent reduction in the flake angle during paint layer drying and baking, these low
values should be an appropriate starting condition for an excellent final metallic effect
of the paint layer. Low flake angles can also be observed in the case of 0.3 < Re* < 1.5,
corresponding to small droplets and/or very low impact velocities. However, technically,
this region appears to have only a little practical importance, as smaller droplets have a
lower probability of containing a flake. Moreover, a larger number of very small droplets
are subject to unwanted evaporation effects.
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Figure 26. Correlation of Re* number and final flake orientation H¢ = 60 pm.

The region of very high Re-numbers over 100 was not considered in the present
investigations, as the impact of very large droplets and high impact velocities may lead
to splashing and formation of ripple structures on the film surface, often resulting in a
so-called orange-peel structure of the final paint layer. Paint surfaces with visible orange
peel do not correspond to the desired quality. In the present numerical study, the flake
is initially oriented vertically to the solid surface, which is the worst case. For additional
simulation results of the effect of the initial position of the flake inside droplets on the final
flake angle, refer to [26].

7. Summary and Conclusions

The present paper summarizes the results of numerical investigations of viscous
droplet impact on dry and wetted solid walls for spray coating applications, focusing on
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air entrapment, film structure, and flake (pigment) orientation. Parameter studies were
performed including Newtonian liquids as well as non-Newtonian, shear-thinning liquids
typical for water-based paint materials. Operating parameters typical for high-quality spray
painting applications were applied. Also, a dynamic contact angle model that is suitable to
be used in the spray painting processes was proposed. Where possible, the obtained results
could be validated by experimental observations using a high-speed camera.

It was found that there is always the formation of air entrapment during droplet
impact on a dry or wet substrate, almost independent of the surface wettability. Thin air
layers (air disc) result from the direct contact between the droplet surface and the substrate.
The size of the air disc, the contraction of the air disc to bubbles, and the release of air
bubbles depend on material and target properties and application parameters. A reduction
in the static contact angle of the liquid enhances the bubble release from the target wall as
well as from the liquid film. Of course, higher liquid viscosities delay bubble release from
both the wall and the liquid film.

At the considered conditions, when focusing on the spray painting applications,
craters are formed at Re-numbers greater than 10 in the case of impact on wet surfaces.
Characteristic crater diameters and crater depths could be defined and correlated with the
Re-number and the film thickness. Smooth droplet deposition and leveling were found at
lower Re-numbers in connection with small Oh-numbers.

Particularly for the analysis of the metallic effect of paints, a detailed numerical study
of the flake orientation during droplet impact on dry and wet solid surfaces was carried out.
Therefore, a rigid body motion solver for calculating pigment movement was implemented
in ANSYS-Fluent, including specific numerical approaches to ensure stable solutions of
the flake motion equations and enable simulations with practical relevance. In the case of
droplet impact on dry surfaces, relatively large final flake angles with respect to the surface
are obtained in the quasi-steady state after the receding process, together with a significant
dependency on the Re-number. In the case of droplet impact on wet surfaces, it was found
that higher liquid viscosities reduce the flake movement, resulting in smaller differences
between the initial and the final flake angles. The dependency of the final flake angle on the
characteristic Re-number was analyzed, yielding suitable Re*-numbers for a final optimal
flake angle in practical applications.

The presented set of simulation results delivers useful information for future investiga-
tions with enhanced practical relevance, including, e.g., the distribution of flake orientation
depending on the droplet size distribution and the size/velocity correlation at droplet
impact. Also, film drying and baking effects on air release and flake orientation must be
considered to allow an estimation of the final paint film quality.
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