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Abstract
The focus of this study is the impact of droplets onto a solid wall. The droplet liquids were Praestol® / water solutions,
which show a shear thinning behaviour. Experiments as well as direct numerical simulations of this droplet dynamic
process were performed. The comparison between both methods showed a good agreement in the first phases of
the droplet impact process until the maximum diameter of the disc, which develops on the wall, was reached.

Introduction
In many technical applications like spray painting, food processing or cell printing the non-Newtonian behaviour of
the liquids influences the outcomes of droplet dynamic processes essentially. Many liquids show a shear thinning
behaviour. Here, in the case of Praestol® / water solutions, this behaviour can be described with good accuracy by
the Carreau-Yasuda-model. A detailed description of this model is given in [1]. In Fig. 1 the shear thinning behaviour
of both Praestol® solutions, which were studied experimentally and numerically in this work, is shown.
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Figure 1. Evaluation of the viscosity due to shear rates according to the Carreau-Yasuda model for 0.8% Praestol® 2500 in water
(in green) and for 0.05% Praestol® 2540 in water (in red). The dashed lines represent the upper limits, whereas the
dashed-dotted lines represent the lower limits. The blue solid line represents the constant viscosity value for water.

The 0.8% Praestol® 2500 solution shows lower values of the viscosity for both very low and very high shear rates.
For very high shear rates the viscosity approaches approximately the viscosity of pure water. However, the transition
between both viscosity limits (upper and lower limit) begins and ends at higher shear rates than it is observed for
the 0.05% Praestol® 2540 solution. Depending on the droplet dynamic process different shear rates are obtained
resulting in a different behaviour of the Praestol® solutions.
The droplet impact process onto dry solid walls was studied in experiments and with Direct Numerical Simulations
(DNS). The comparison between the experiments and the DNS allows to obtain a deeper understanding of the
physical phenomena of the droplet impact of shear thinning liquids. From the DNS the three dimensional fields
of velocity, shear rate, and last but not least viscosity are obtained. However, only with the validation with the
experiments it is possible to judge to what extend the DNS can be relied on, that means both methods are essential
for the description of the droplet dynamic process.
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Material and methods
The experiments were performed at the IST in Lisbon, whereas the DNS were performed at the ITLR in Stuttgart.
The experimental setup consists of a syringe for the generation of the droplets, with a diameter of approximately
D0 ≈ 3 mm. The droplets are falling onto a dry silicon surface. The initial velocity, in the range of 0.8 m/s < v0 <
3.4 m/s, was determined by the height of the syringe above the silicon surface. The impact process was recorded
by a high-speed camera [2]. From these images the temporal evolution of the diameter d(t) of the liquid spreading
on the surface was obtained, which can be compared with the results of the numerical simulations. The form of
the liquid is in these phases of the impact process pizza-shaped and furtheron denoted as disc. The maximum
non-dimensional disc diameter dmax/D0 was determined in order to be compared with the numerical results. In
addition, the wall temperature was changed from room temperature up to Tw ≈ 120◦C.
The DNS were performed using the in-house multiphase code FS3D of the ITLR, which is running on the super com-
puter of the HLRS (Höchstleistungsrechenzentrum Stuttgart). This code solves the incompressible Navier-Stokes
equations using the VOF-method (Volume of Fluid method) for the simulation of the different phases. The PLIC-
method (Piecewise Linear Interface Calculation method) was used to define the sharp liquid surface. A detailed
description of the code is given in [3-4]. Here, for the simulations of the droplet impact process a computational
domain of 20 mm × 20 mm with a resolution of 512 × 512 equidistant grid cells in the plane of the wall (x- and
y-direction) and 10 mm with 256 grid cells perpendicular to the wall (z-direction) was used. In approaching the wall
the height of the grid cells is decreasing with a minimum height of 0.01 mm directly at the wall in order to resolve the
developing thin liquid film on the wall with sufficient accuracy and to prevent the rupture of this film. Similarly to the
experiments d(t) and dmax/D0 were determined.
Numerical simulations were performed for different impact velocities and diameters according to the experiments.
Heat transfer processes were not taken into account. The material properties of the two Praestol® / water solutions
described above together with their shear thinning behaviour according to Fig. 1 was chosen.

Results and discussion
Comparisons were performed for six different impact Weber numbers in the range of 26 to 427 for the 0.05%
Praestol® 2540 solution. With the properties of the 0.8% Praestol® 2500 solution numerical simulations for nine
different impact Weber numbers in the range of 7 to 554 were performed. For the latter fluid five comparable ex-
periments were performed. For the calculation of the impact Weber number We = %lD0v

2
0/σ the properties of

the droplet liquid were used, where %l is the density of the droplet liquid and σ the surface tension. The material
properties are listed in Table 1.

Table 1. Liquid properties

%l σ µ0 µ∞
[kg/m3] [mN/m] [Pa s] [Pa s]

Praestol® 2500 0.8% 1000.9 75.55 0.7588 0.001

Praestol® 2540 0.05% 998.8 76.51 1.5208 0.052

When a droplet impacts on the surface it spreads on the surface forming a circular disc of diameter d. This impact
process is characterised by five stages: stage A approaching of the droplet, stage B forming of a disc on the surface,
stage C spreading of the disc until the maximum of the disc diameter is reached, stage D receding of the disc, and
stage E collapse of the disc, as described in detail [5]. The relative diameter d/D0 is suitable for comparisons of
experiments and numerical simulations. In Fig. 2 the temporal evolution of d/D0 is shown for solutions of 0.05 %

Praestol® 2540 in water. The solid lines show results of numerical simulations, whereas the dashed lines represent
the experimental results. There is a good agreement between experiments and numerical simulations until the very
beginning of the receding phase D of the impact process. In these first phases, the process is dominated by the
initial droplet momentum. When the disc has reached its maximum most of the remaining energy is stored in surface
energy. Then, during the receding process of the disc, forces along the three-phase contact line are dominant. In
this phase larger differences between experiments and numerical simulations are found. This may be due to the
sensitivity of the contact angle on the surface in the experiment and due to the implementation of the contact angle
in the numerical simulation, which was in this study 90◦. In future studies this will be improved. It can be seen that
for higher impact Weber numbers the maximum of the relative disc diameter dmax/D0 increases. Furthermore, this
maximum is reached at an earlier time. The same data as in Fig. 2 is shown in Fig. 3. In this diagram, however, the
time t is made non-dimensional with the time tc = D0/v0, which is the time the droplet needs to move its own initial
diameter D0 with the impact velocity v0. Therefore, one can define the non-dimensional time t∗ = t/tc = tv0/D0.
It can be seen, that for higher Weber numbers the non-dimensional time t∗Rmax, where the maximum disc diameter
dmax is reached, increases. There seems to be a linear behaviour between the maximum of the disc diame-
ter dmax/D0 and the non-dimensional time t∗Rmax. A selection of results for the 0.8% Praestol® 2500 solution
is shown in Fig. 4. The results are very similar and show the same trends as results of the other solution. In
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Figure 2. Non-dimensional diameter d/D0 of the disc developing on the wall with time t for different Weber numbers We. Shown
are results for a solution of 0.05% Praestol® 2540 in water. The solid lines represent numerical and the dashed lines in the same

colour represent the corresponding experimental results.
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Figure 3. Non-dimensional diameter d/D0 of the disc developing on the wall with time t∗ for different Weber numbers We.
Shown are results for a solution of 0.05% Praestol® 2540 in water. The solid lines represent numerical and the dashed lines in
the same colour represent the corresponding experimental results. The symbols indicate the maxima of d/D0 obtained by the

numerical simulations. The colours of the lines correspond to the colours of Fig. 2.
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Figure 4. Non-dimesional diameter d/D0 of the disc developing on the wall with time t∗ for different Weber numbers We. Shown
are results for a solution of 0.8% Praestol® 2500 in water. The solid lines represent numerical and the dashed lines in the same

colour represent the corresponding experimental results.

Fig. 5 the numerical and experimental values of the maximum of the dimensionless diameter dmax/D0 are shown
as a function of the Weber number We for both fluids. For both Praestol® solutions similar results are obtained
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Figure 5. Maximum of the non-dimensional diameter dmax/D0 as a function of the Weber number We. Shown are results for
both studied solution of Praestol®. For comparison the experimental results are indicated by stars and crosses.

with increasing maxima, when the Weber number increases. In Fig. 6 the relative differences ∆(dmax/D0) =
((dmax/D0)num − (dmax/D0)exp)/(dmax/D0)exp · 100 % between the numerical simulations and the experimental
results are a shown as function of Weber number. For the Praestol® 2500 solution the differences |∆(dmax/D0)|
are below 3 %. For the Praestol® 2540 solution increasing differences |∆(dmax/D0)| are observed for Weber num-
bers below We ≈ 150 reaching a maximum difference of |∆(dmax/D0)| ≈ 12 %. Above We ≈ 150 the differences
are below 3 %. For a large range of Weber numbers a quite good agreement between the experiments and the
numerical simulations is obtained.

For coating purposes or for heat transfer processes during the droplet impact the radial distribution of the liquid
mass within the disc is of interest. This may be characterized by the radial position Cg of the center of gravity of
half of the disc, which gives a vague idea of the liquid mass distribution by one single value. The non-dimensional
position of half of the disc is obtained by relating the radial position Cg to the actual radius R of the disc cg = Cg/R.
The evolution of cg with the dimensionless time t∗ is shown for the Praestol® 2540 solution in Fig. 7 and for the
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Figure 6. Differences ∆(dmax/D0) between experimental and numerical results as a function of We.

Praestol® 2500 solution in Fig. 8. In both figures the dotted line indicates the value of cg = cgs = 0.375 for a
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Figure 7. Non-dimensional center of gravity of half of the disc cg as a function of non-dimensional time t∗ for different Weber
numbers indicated by the different colours of the lines, which correspond to the colours of Fig. 2. The squared symbols indicate
the maxima of cg . The stars indicate the values of cg at the time the disc has reached its maximum diameter. The dotted line
indicates the value of cg for half of the spherical droplet before the impact. The dash dotted line indicates the value of cg for a

cylindrical disc with a constant height of the droplet liquid. Shown are results for the 0.05% Praestol® 2540 solution.

half-sphere. This value is obtained during phase A of the impact process before the droplet touches the wall and
hence all curves share this starting point. At the beginning the values of cg are increasing slightly due to the fact,
that the projection of the droplet liquid on the wall is assumed to be the disc diameter, which is correct if the disc
diameter is larger than the initial droplet diameter, however, when the radius of the wetted region is smaller than
the initial droplet radius, the value of Cg is increasing a small amount whilst R is remaining constant. As soon as
the radius of the wetted region is larger than the initial droplet radius, the very fast increasing of the disc radius R
can be observed correctly. During this phase B of the impact process the value of Cg, however, is increasing very
slowly resulting in decreasing values for cg in this early phase of the impact process. During the ongoing impact
process the disc reaches its maximum diameter. In both figures the values of cg when this maximum disc diameter
is reached are indicated by stars or crosses. Then, during the receding of the disc (phase D), the thickness of the
rim of the disc is increasing and the values of cg reach their maximum. The dashed dotted lines indicate the value
of cg = cgd = 0.4244 for a cylindrical disc with constant height. The maxima of the centres of gravity of half of
the disc cgmax as a function of Weber number are presented in Fig. 9. With increasing Weber number the values
of cgmax are increasing. The Praestol® 2540 solution shows higher values than the Praestol® 2500 solution for all
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Figure 8. Non-dimensional center of gravity of half of the disc cg as a function of dimensionless time t∗ for different Weber
numbers indicated by the different coulours of the lines, which correspond to the colours of Fig. 4. The squared symbols indicate

the maxima of cg . The x-symbols indicate the values of cg at the time the disc has reached its maximum diameter. The dotted
line indicates the value of cg for half of the spherical droplet before the impact. The dash dotted line indicates the value of cg for a

cylindrical disc with a constant height of the droplet liquid. Shown are results for the 0.8% Praestol® 2500 solution.
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Figure 9. Maximum of center of gravity of half of the disc cgmax as a function of Weber number. The squared symbols indicate
the values of the 0.05% Praestol® 2540 solution. The circled symbols indicate the values of the 0.8% Praestol® 2500 solution.

The dash dotted line indicates the value of cg for cylindrical disc with a constant height of the droplet liquid.
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cases. The values of cg at the moment the disc diameter has reached its maximum, denoted as cgR, are shown
as a function of Weber number in Fig. 10. Astonishingly, approximately constant values are obtained for both fluids
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Figure 10. Center of gravity of half of the disc cgR at the time the disc has reached its maximum diameter as a function of Weber
number. The squared symbols indicate the values of the 0.05% Praestol® 2540 solution. The circled symbols indicate the values
of the 0.8% Praestol® 2500 solution. The dash dotted line indicates the value of cg for a cylindrical disc with a constant height of

the droplet liquid.

if the Weber number exceeds a certain limit, i.e. the Weber number must be so high, that cgmax reaches at least
these mentioned constant values. For the Praestol® 2500 solution this constant value is very close to cgd. In this
case, when the slow receding phase starts a nearly balanced distribution of the liquid mass is observed.
In order to illustrate these stages of the impact process an example for the Praestol® 2500 solution at a Weber
number of We = 287 is shown in Figs. 11 and 12. Figure 11 shows the situation, when cg has reached its maximum
value during the receding phase D. The left hand side of the figure illustrates the form of the disc and it can be seen
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Figure 11. Shown is the situation at the time t∗, at which the dimensionless center of gravity of half of the disc has reached its
maximum value cgmax. On the left hand side the form of the disc is shown, whereas on the right hand side a slice through the

center of the droplet is presented. The orange solid line marks the border of the droplet liquid. Shown are results for the 0.005%

solution of Praestol® 2500 at We = 287. The colours indicate the viscosity of the droplet liquids. In regions of the darkest blue
the viscosity is larger than 0.7588 Pa s, which is 10% of the upper limit of the Praestol® 2500 solution. In regions of the lightest

yellow the viscosity is lower than 0.0010 Pa s, which is the lower limit of the Praestol® 2500 solution.

clearly, that a large part of the liquid mass is located in the outer rim of the disc. The right side of the figure shows
an intersection through the centre of the disc (only half of it). The orange line represents the contour of the droplet
liquid. The colours indicate the viscosity of droplet liquid. Within the disc lamella lower shear rates, due to the slow
receding process, and therefore higher viscosities are found than in the rim. Figure 12 shows the situation, when
the disc diameter has reached its maximum value dmax. Here in the case for the Praestol® 2500 solution the value
of cg is close to cgd and shows a more balanced mass distribution. For the viscosity lower values are observed
within the lamella of the disc.
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Figure 12. Shown is the situation at the time t∗, at which the dimensionless diameter of the disc d/D0 has reached its maximum
value. On the left hand side the form of the disc is shown, whereas on the right hand side a slice through the center of the droplet
is presented. The orange solid line marks the border of the droplet liquid. Shown are results for the 0.005% solution of Praestol®
2500 at We = 287. The colours indicate the viscosity of the droplet liquids. In regions of the darkest blue the viscosity is larger
than 0.7588 Pa s, which is 10% of the upper limit of the Praestol® 2500 solution. In regions of the lightest yellow the viscosity is

lower than 0.0010 Pa s, which is the lower limit of the Praestol® 2500 solution.

Conclusions
Experiments and direct numerical simulation were performed for the impact process of droplets on solid walls. The
droplet liquids were solutions of 0.05 % Praestol® 2540 and 0.8 % Praestol® 2500 in water. These liquids show non-
Newtonian shear thinning behaviour. Comparisons between the experimental and numerical studies show a good
agreement until the beginning of phase D of the impact process. Especially the obtained maximum disc diameters
show a very good agreement. In addition, the radial distribution of the liquid mass during the impact process was
evaluated from the numerical simulations.
In future studies (both experimentally and numerically) the contact angle between the liquid and the wall has to
examined and modelled in order to obtain better results for the receding phase. Additionally better characterizations
for the liquid mass distribution on the wall will be looked for.
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