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A B S T R A C T

Leading edge erosion of wind turbine blades is causing high maintenance cost and therefore higher levelized
cost of energy (LCOE). In order to lower the LCOE and to design reliable blades, the causes of rain erosion
have to be understood. Traditionally, the (modified) waterhammer pressure equation is used to determine the
contact pressure between the liquid droplet and the (elastic) target. This equation however is independent of
time, droplet size and distance to the center of impact which have been identified as important parameters. This
paper focuses on the fundamental impact mechanisms and proposes a numerical model that conforms to these
mechanisms to determine the dynamic contact pressure between the liquid droplet and the elastic target. The
effect of variations in droplet diameter, impact velocity and target elasticity on the resulting contact pressure
profiles was investigated. The output of the model can be used for low cost 2D axisymmetric finite element
simulations to determine the mechanical performance of coating systems for wind turbine blades and allows
for material and geometry optimization.
1. Introduction

In order to lower CO2 emissions, renewable energy is becoming
more important in global politics. Wind energy is showing high poten-
tial to generate renewable energy and the sector has grown worldwide
from 722,374 GWh in 2014 to 1,427,413 GWh in 2019 (IEA, 2022),
which means the sector has almost doubled in 5 years. Within the
wind energy sector, offshore wind shows high potential for growth. The
blade length is reaching in excess of 100 m and the tip speed increases
to above 100 ms−1. These rapid developments and resulting high tip
speeds lead however to an increasing problem of leading edge erosion
caused by interactions of the wind turbine blades with rain droplets and
other airborne particles. Although presence of rain itself can influence
wind turbine performance (Wu et al., 2017), rain erosion damage
significantly decreases the aerodynamic efficiency of the blade and with
that the annual energy production (AEP) (Keegan et al., 2013). Because
of this, regular maintenance has to occur which further increases the
levelized cost of energy (LCoE). Lately, leading edge protection (LEP)
systems are being developed that limit the amount of erosion damage
on the blades. These systems are often based on thermosetting coating
systems or elastomeric tapes that are applied using adhesives. Although
these systems elongate the maintenance intervals, erosion damage is
not prevented. In order to develop better coating systems, it is impor-
tant to understand the loading of a liquid droplet impacting an elastic
surface and the stresses this causes in the coating–substrate system.

∗ Corresponding author.
E-mail address: t.h.hoksbergen@utwente.nl (T.H. Hoksbergen).

Traditionally, this is done using the Springer model but it has been
shown that this model lacks accuracy for tailored elastomeric coatings
and alternative models should be used (Hoksbergen et al., 2022). The
current paper discusses the fundamental physical phenomena of high
speed liquid droplet impact onto elastic substrates for the purposes of
studying rain erosion of wind turbine blades and proposes a numerical
model to solve the resulting dynamic contact pressure.

Liquid droplet impact erosion has been an engineering problem
in the aerospace, steam turbine and wind turbine industries and has
similarities with other damage mechanisms such as cavitation. The
damage mechanisms for multiple materials under high velocity liquid
jet impact (±1200 ms−1) were investigated experimentally (Brunton,
1966). It was found that hard polymers and brittle solids experienced
ring-like fracture around the impact point, materials that deform plas-
tically showed subsurface shear cracks and metallic materials showed
surface depressions. This clearly indicates that damage mechanisms
heavily depend on the material structure and properties. It was also
shown that initial defects in the material can interact with liquid flow
across the surface which led to material loss. Another observed failure
mechanism was caused by reflections and interference of stress waves
in the solid material. It was shown that liquid droplet impact and
cavitation showed some similarities in damage mechanisms (Preece
and Brunton, 1980) but there were some important differences. Liquid
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Fig. 1. Compressed liquid region in the droplet upon impacting a rigid target.
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droplet impact erosion required less cycles before fatigue failure due
to the presence of lateral jetting. Although the failure mechanisms for
single-phase metals and alloys is similar for both processes, multi-phase
aluminium alloys resulted in different erosion failure mechanisms due
to their microstructure.

Upon impact, stress waves are caused inside the elastic solid mate-
rial. These waves disperse and dissipate based on the coating material
definition. Interactions of waves and reflected waves can cause damage
in the material over time. The closed form transient stress equations
were solved for a constant uniform pressure at a circular region re-
sulting in a description of the stress state in the solid target (Blowers,
1969). The Rayleigh wave that propagates along the surface originates
when the area under the impacted area increases with the Rayleigh
wave velocity. This mechanism is similar to that of lateral jetting in
the liquid domain.

The pressure considered in the previous works is generally based on
the 1D (modified) waterhammer pressure as given in Eqs. (1) and (2),
where 𝑉 is the impact velocity, 𝜌 is the density and 𝐶 is the acoustic
elocity. The subscripts 𝑙 and 𝑠 represent the liquid and the solid
espectively. These quantities assume a liquid column that comes to an
nstantaneous rest against a rigid surface for the normal waterhammer
ressure (𝑃𝑊𝐻 ) and an elastic target for the modified waterhammer
ressure (𝑃𝑀𝑊𝐻 ), which results in a lower contact pressure.

𝑊𝐻 = 𝑉 𝜌𝑙𝐶𝑙 (1)

𝑀𝑊𝐻 =
𝑉 𝜌𝑙𝐶𝑙𝜌𝑠𝐶𝑠
𝜌𝑙𝐶𝑙 + 𝜌𝑠𝐶𝑠

(2)

The contact pressure develops due to compressibility in the droplet
s shown in Fig. 1. This compressed liquid region is bound by the
roplet shape and the acoustic velocity inside the droplet. During the
nitial impact stage, the contact edge is expanding continuously, but at
decreasing velocity due to the droplet curvature. When the contact ra-
ius velocity becomes lower than the acoustic velocity, the compressed
iquid region can release its pressure in the form of outward lateral
ets. A 3D approximation for the initial compressed region has been
erived (Heymann, 1969) which showed that contact edge pressures
an reach values of up to three times the waterhammer pressure.

numerical model was developed to study the water drop impact
vent (Adler, 1995). The results clearly show the lateral jetting of the
ater droplet and the shockwaves that originate in both the droplet
nd the substrate. It was argued that the event is occurring at high
train-rates and the material properties might deviate from quasistatic
alues. This was shown for both elastic and strength properties for a
ide selection of polymeric materials (Walley and Field, 1994), where

or most materials a bi-linear relation between the strain-rate and yield
trength was observed due to the molecular mobility of the polymer
hains. In order to estimate liquid droplet impact fatigue lifetimes from
oth experiments and modeling, a VN-curve with damage threshold
elocity is regularly used (Kennedy and Field, 2000). These curves show
he relation between the impact velocity and the number of impacts
efore failure is observed.

It was shown that the shock-envelope in the droplet can be con-
2

tructed by taking the envelope of the individual wavelets caused at the w
ontact edge according to the Huygens–Fresnel principle (Lesser, 1981;
ield et al., 1985) as shown in Fig. 2. The edge pressures have higher
alues than the central pressures and lateral jetting is delayed for elastic
argets compared to rigid targets. Taking into account these additional
hysical phenomena significantly changed the outcome of the analysis.
hese mechanisms are difficult to describe analytically and although
he waterhammer pressure is easy to calculate and gives an estimation
f the pressure, it does not represent the liquid droplet impact problem
hysically. Therefore, numerical methods are generally used to solve
he problem.

Haller et al. (2002) analyzed the fluid dynamics concerning high
peed liquid droplet impact on rigid substrates by solving the Euler
quations numerically. It was found that compression in the liquid
omain plays a major role in the evolution of the phenomenon. An
nalytical description based on the Riemann problem for the stiffened
as equation of state was proposed to describe lateral jetting (Haller
t al., 2003b). It was shown that a single shock assumption at the
ontact edge leads to an anomaly and that by using a multiple wave
tructure, the anomaly can be removed and the pressure at the contact
dge decreases. The analytical results were compared with numerical
esults and a good agreement was found for liquid droplet impact on
igid targets (Haller et al., 2003a).

A numerical method including compressibility effects capable of
apturing shocks and interfaces based on the finite-volume weighted
ssentially non-oscillatory (FV-WENO) scheme with a Harten–Lax–van
eer-Contact (HLLC) Riemann solver was used to study the effect of
mpact velocity and target compliance on the resulting contact pressure
rofiles (Sanada et al., 2011). It was found that for low impact Mach
umbers, the difference between the central and edge pressure remains
ow. For high impact Mach numbers, the edge pressure can reach up
o three times the central pressure. Higher target compliance decreased
he edge pressure significantly.

Analytical descriptions for low velocity liquid droplet impact on
igid targets including air-cushioning were proposed in the form of
set of nonlinear integro-differential equations (Smith et al., 2003).

he air layer was found to act as a lubrication layer and it could be
escribed by the Reynolds equation. It is shown that air entrapment
ccurs underneath the impacting droplet and that touchdown of the
iquid domain occurs at a certain distance from the center of impact
eading to local pressure peaks. The analysis was extended to three
imensions in order to study the effect of impact angle, moving sub-
trates and local asperities in the substrate (Hicks and Purvis, 2010).
he dynamics of droplet deformation are governed by surface tension,
iscous effects and/or inertial effects. What physics play a role was
hown to depend on droplet radius and impact velocity (Mani et al.,
010). At higher impact velocities, the local Mach number increases
nd compressibility effects become important to consider (Hicks and
urvis, 2010, 2013). The discussed research works presented the effect
f both the liquid and gaseous domains of droplet impact on a rigid
ubstrate. It was shown that substrate elasticity could also influence the
roplet deformations and corresponding pressures (Pegg et al., 2018;
enman et al., 2021). Experimental work towards measuring the forces

nvolved in low velocity liquid droplet impact were conducted and it

as shown that short pulses occur which have a higher magnitude for
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Fig. 2. Individual wavelets forming the compressed liquid region according to the Huygens–Fresnel principle. Time labels show the initiation time of the individual wavelets.
arger droplet mass (diameter) and release height (impact velocity) (Fu
t al., 2015).

Experimentally, liquid jet impacts on PMMA polymer were con-
ucted and the stress field in the PMMA target was photographed using
igh speed cameras. It was shown that wave propagation depends on
he contact state between the liquid droplet and the solid target as
ell as on irregularities at the surface (Shi and Field, 2004). Numer-

cal simulations were performed to compare the measured stress field
ith simulation results. A good correlation between the predicted and
easured shapes of the stress field was obtained (Bourne, 2005).

A computational framework for predicting rain erosion performance
f wind turbine blade materials was proposed by Amirzadeh et al.
2017a,b). The analysis was based on a stochastic description of a
ain field, a transient fluid-dynamics analysis of rain droplet impact
ressure, a transient finite element analysis to predict the stress in the
ind turbine blade material system and finally a fatigue analysis to
redict performance. The proposed framework was able to correlate
ain data, material data and impact data to predict the performance
f the complete system. The fluid dynamics model proposed by this
ork was based on a rigid target and did not include air cushioning.
he pressures solved by this model were over predicted and a more
hysical representation for the contact pressure model is required. A
imilar workflow was used by Verma et al. (2020b). Their model was
ased on a soft constraint particle based fluid–structure interaction
FSI) definition where the liquid droplet domain was modeled using
moothed particle hydrodynamics (SPH) and the solid domain using
he finite element method (FEM). This approach coupled the liquid
roplet impact pressure with target deformation but did not include the
resence of air. A parametric study was performed which showed that
roplet diameter, impact angle and impact velocity significantly influ-
nced the stress state in the material system. Doagou-Rad et al. (2020)
sed a combined Eulerian–Lagrangian (CEL) model to simulate the FSI
roblem including target compliance, but excluding surrounding air. A
ulti-axial critical plane fatigue model was developed to study material

ystem performance.
It is seen from the aforementioned literature on liquid droplet

mpact on elastic targets that there has been a limited study linking the
ir cushioning with the contact pressure. Therefore, the current paper
ims to discuss the physical phenomena acting in liquid droplet impact
roblems on elastic targets including surrounding air. The analytically
alculated contact pressure by using the modified water hammer pres-
ure is compared with the numerically predicted pressure including
ir cushioning which has not been considered in the literature up
o now. The current paper presents an analytical model discussing
roplet impact kinematics as well as a multiphysics model in COMSOL
ultiphysics® which led to a more accurate prediction of the contact

ressure and the stress field in the material system.

. Methods

.1. Analytical liquid droplet impact description

In order to introduce the liquid droplet impact problem, the simplest
ase of liquid droplet impact on a rigid surface without the presence
3

of air is introduced. In this case, the problem is governed by the
kinematics and compressive pressures in the droplet. A schematic rep-
resentation of the problem is given in Fig. 1. The figure shows the
compressed liquid region that is bound by the compressive shock wave
in the upward direction and the contact radius (𝑟𝑐) of the liquid domain
and the rigid surface in the outward direction. The contact radius can
be calculated by Eq. (3) (Verma et al., 2020a), where 𝑡 is time, 𝑟𝑑 is the
droplet radius and 𝑉 is the impact velocity.

𝑟𝑐 (𝑡) =
√

𝑟2𝑑 − (𝑟𝑑 − 𝑉 𝑡)2 =
√

2𝑟𝑑𝑉 𝑡 − (𝑉 𝑡)2 (3)

By differentiating Eq. (3) with respect to time, the contact radius
velocity (𝑉𝑟𝑐) in Eq. (4) is obtained.

𝑉𝑟𝑐 (𝑡) =
𝑉 (𝑟𝑑 − 𝑉 𝑡)

√

𝑉 𝑡(2𝑟𝑑 − 𝑉 𝑡)
(4)

The contact radius velocity initially is infinite but reduces when the
contact radius increases due to the curvature of the droplet. At the point
where the contact radius velocity decreases below the acoustic velocity
in the liquid, the compressed liquid escapes from the contact point and
lateral jetting is initiated. The time at which lateral jetting occurs (𝑡𝑗)
can be computed according to Eq. (5), where 𝐶𝑙 is the acoustic velocity
in the liquid.

𝑡𝑗 =
𝑟𝑑
𝑉

±
𝐶𝑙𝑟𝑑

𝑉
√

𝐶2
𝑙 + 𝑉 2

(5)

It can be seen that the equation has two solutions since the droplet
is spherical. For the purpose of this work, the lowest value is of interest.
By substituting Eq. (5) into Eq. (3), the maximum contact radius (𝑟𝑐𝑚)
can be calculated according to Eq. (6).

𝑟𝑐𝑚 =
𝑟𝑑𝑉

√

𝐶2
𝑙 + 𝑉 2

(6)

The above equations describe useful characteristics of the impact
mechanism along the interface for liquid droplet impact on a rigid
surface without the presence of air. In order to determine the pressure,
the upward direction should be included in the analysis. As seen in
Fig. 1, the compressed liquid region is bound by the compressive shock
wave. Since the generation of individual wavelets occurs continuously
at the contact edge, the total region is a combination of individual
wavelets according to the Huygens–Fresnel Principle as shown in Fig. 2.
For a moving droplet impacting a stationary plate, the wavelets moves
in the upward direction with a velocity (𝑉𝑤) equal to the acoustic veloc-
ity (𝐶𝑙) minus the impact velocity (𝑉 ). For a moving plate impacting
a stationary droplet, the bulk of the droplet does not move and the
wavelet velocity in the droplet is equal to just the acoustic velocity. It
will be shown later in this work that this can have a significant effect
on the contact pressure. The outward velocity of the wavelets is equal
to the acoustic velocity. For droplets impacting a plate, the shape of
the wavelets is not spherical, but ellipsoidal. Note that the shape of the
compressed liquid region itself is not spherical nor ellipsoidal but has to
be determined by constructing the envelope of the individual wavelets.
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his is done according to Eq. (7) where 𝑡𝑖 is the timeframe of interest
and 𝑡 is the time at which each of the individual wavelets originated
(0 ≤ 𝑡 ≤ 𝑡𝑖). The resulting description for the envelope is parametric
with respect to 𝑡.

𝐹 (𝑡, 𝑟, 𝑦) =

(

𝑟 − 𝑟𝑐 (𝑡)
)2

(

𝐶𝑙(𝑡𝑖 − 𝑡)
)2

+
𝑦2

(

(𝑉𝑤)(𝑡𝑖 − 𝑡)
)2

− 1 = 0

(𝑡, 𝑟, 𝑦) =
𝜕𝐹 (𝑡, 𝑟, 𝑦)

𝜕𝑡
= 0

𝑟(𝑡𝑖, 𝑡) =

√

𝑡
√

2𝑟𝑑 − 𝑉 𝑡
(

𝑉 𝑟𝑑 + 𝐶2
𝑙 𝑡𝑖 − 𝐶2

𝑙 𝑡 − 𝑉 2𝑡
)

√

𝑉
(

𝑟𝑑 − 𝑉 𝑡
)

𝑦(𝑡𝑖, 𝑡) =

(

𝑉𝑤
) (

𝑡 − 𝑡𝑖
)

√

𝐶2
𝑙 𝑡
(

𝑡𝑉 − 2𝑟𝑑
)

+ 𝑉
(

𝑟𝑑 − 𝑡𝑉
)2

√

𝑉
(

𝑡𝑉 − 𝑟𝑑
)

(7)

By revolving the resulting curve around the 𝑦-axis (for a certain
constant timeframe 𝑡𝑖), the volume of the compressed liquid region
can be determined as a function of time. Revolution of a parametric
equation around the 𝑦-axis is done according to Eq. (8) where the
integration boundaries for 𝑡 go from 𝑡𝑖 to 0 for 𝑡𝑖 <= 𝑡𝑗 . Note that after
the jetting time, the shape of the function does no longer change and it
only expands. Although the integration boundary 𝑡 = 𝑡𝑗 remains valid
for determining the envelope shape, this does not represent the physics
behind the problem anymore since the wavelet cannot expand beyond
the contact radius. The analysis discussed here is therefore valid up to
the jetting time. The equations are solved using numerical integration
in the symbolic toolbox in MATLAB® .

𝑉 = 𝜋 ∫

𝑦2

𝑦1
𝑟2𝑑𝑦 = 𝜋 ∫

𝑡2

𝑡1
𝑟2
𝑑𝑦
𝑑𝑡

𝑑𝑡 (8)

The change in volume of the droplet itself (the part that moved
nto the wall) is computed by the formula for a spherical cap given
n Eq. (9).

𝑐𝑎𝑝 =
𝜋(𝑉 𝑡𝑖)2

3
(3𝑟𝑑 − 𝑉 𝑡𝑖) (9)

In order to determine the pressure, Eq. (10) is solved using the bulk
modulus 𝐾. Note that this approach results in the average pressure for
the compressed liquid region in the absence of a cushioning air layer
4

w

and without target elasticity.

𝑃 = 𝐾 𝑑𝑉
𝑉

= 𝐾
𝑉𝑐𝑎𝑝

𝑉𝑐𝑎𝑝 + 𝑉
(10)

Target elasticity can be included by repeating the approach de-
scribed in this section for the target material (denoted by the subscript
𝑡) and solving Eq. (11).

𝑃 = 𝐾
𝑉𝑐𝑎𝑝 − 𝑑𝑉𝑡
𝑉𝑐𝑎𝑝 + 𝑉

= 𝐾𝑡
𝑑𝑉𝑡
𝑉𝑡

(11)

Note that an additional factor 𝑑𝑉𝑡 is introduced, this factor represents
the change of volume of the target material due to its elasticity. The
result is the average pressure in both the compressed liquid and the
compressed solid region without air cushioning. When solving Eq. (7),
it is important to consider whether the wall or the droplet is moving
when computing the wavelet velocity (𝑉𝑤). From Fig. 3 it can be seen
that when revolving around the 𝑦-axis, the volumes for the wavelet
envelopes result in different values for when the target is moving
compared to when the droplet is moving.

Fig. 4 shows the pressure–time plot for the waterhammer model and
the analytical models derived in this section. It can be seen that the
analytical model is time dependent and the average pressure decreases
when time progresses. It can also be seen that it matters whether the
droplet is moving or the target is moving. Generally, a moving target
results in lower pressures. This is especially true when considering a
rigid target and higher impact velocities.

In the above analysis, caution should be taken with the validity
of the equations. Since the acoustic velocity of the solid material is
different from that of the liquid, a new jetting time has to be calculated.
For most materials, this jetting time will be lower than that of the
liquid domain and hence, the equations are valid for a smaller time
range. It can be argued that, since the target material expands beyond
the contact radius, the wavelet envelope can be allowed to extend
beyond the contact radius and the integration boundary 𝑡 = 𝑡𝑗,𝑡 (jetting
ime for the target) remains valid up to the jetting time in the liquid
omain. This does however result in detaching of the wave with the
iquid domain and although the average pressure can still be calculated,
hysically it is not possible for the pressure to immediately ‘‘jump’’
o the detached part of the wave. Fig. 3 shows the wave envelope in
he liquid domain and solid epoxy domain for two different timesteps

here 0 <= 𝑡 <= 𝑡𝑗 where the wavelets in the target at later time
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Fig. 4. Average pressure for rigid and elastic targets according to the waterhammer and analytical models.
steps have detached from the contact radius. Because of this behavior,
the average pressure method is not a physical representation and the
pressure should not only depend on time, but also on the distance to
the center of impact 𝑟 by taking into account local pressures for each
of the individual wavelets and propagating the pressure waves in time.
Such problems are typically solved using numerical methods. In the
remainder of this paper, the importance of including air cushioning as
well as taking into account the distance to the center of impact will
be discussed. A numerical model developed in COMSOL Multiphysics®

will be used to solve the problem and the resulting pressures will
be compared to the waterhammer pressure and the average pressure
method described in this section.

2.2. Numerical model

A 2 dimensional (2D) axisymmetric numerical model is developed
in COMSOL Multiphysics® that solves the problem as represented in
Fig. 5. The incompressible liquid domain with radius (𝑟𝑑) and the
surrounding incompressible gaseous domain are moving downward
with a velocity (𝑉 ). For the parameters considered in this work, the
Reynolds number is of order 104–105 and the Mach number in air
around 0.35 and in water around 0.1. The Mach number resulting from
lateral jetting can be significantly higher. The gaseous domain causes
impact pressure cushioning before the liquid domain contacts the solid
domain. The boundaries of the fluid domain are modeled open where
the normal stress at the boundary is 0, and mass transfer of air is
allowed across these boundaries. The two-phase flow is modeled using
the level-set method with linear triangular elements. A fluid–structure
interaction using a fully coupled weak definition is applied at the fluid–
solid interface where the nodes are connected for both domains which
is solved using a direct segregated solver. The solid domain is modeled
using second order Lagrangian triangular finite elements and a linear
elastic material model. The bottom of the solid domain is constrained
by a roller which allows displacement in radial direction. This is
sufficient for this analysis since the reflected waves do no interact
with the surface for the simulation times considered. The developed
model computes the impact pressure for liquid droplet impact on an
(elastic) target as a function of time and distance to the center of impact
including air cushioning effects. For this work, the contact pressure at
the fluid–structure interface is extracted and analyzed for variations
5

Fig. 5. Schematic overview of the problem solved in the developed numerical model
and a zoomed view of the local mesh around the impact point.

in target elasticity, droplet diameter and impact velocity as shown
in Table 1. The TPUD60 material is a thermoplastic elastomer which
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Table 1
Material and impact parameters used for the study.

Material parameters Impact parameters

Name E 𝜈 𝜌 Droplet diameter Impact velocity
[–] [GPa] [–] [kg/m3] [mm] [m/s]

TPUD60 0.25 0.4575 1100 1 80
Epoxy 2.41 0.399 1255 2 120
PAI 4.9 0.45 1425 3 160

Fig. 6. Mesh convergence study.

is more compliant than the generally used epoxy gelcoats. The PAI
material is a pure thermoplastic material that is stiffer than epoxy.
Both materials can be bonded to the blade by adhesives or a co-curing
technique. The numerical model is compared with the waterhammer
pressure model and the analytical model derived in Section 2.1.

It should be noted that contact pressure and coating stress are not
directly related with each other. A contact pressure profile causes a
wavelet in the coating that propagates with the acoustic velocity in the
coating. A second contact pressure profile causes a new wavelet that
propagates again with the acoustic velocity in the target. Since contact
pressures are constantly generated at the contact radius, interactions
of wavelets in the target caused by these pressures lead to stress
concentrations. These concentrations can be significantly higher than
the initial contact pressures and depend on geometric and material
parameters. for the current work however, the focus lies on the contact
pressure.

The generation of the model is automated using variables in COM-
SOL Multiphysics® for velocity and droplet diameter, on which the
geometric description is based. The physics controlled mesh is set to
‘‘extremely fine’’ and consists of 85,172 domain elements and 1088
boundary elements and is solving for 267,798 degrees of freedom and
6

152,963 internal degrees of freedom. The results presented in this paper
are solved on a laptop with an Intel® CoreTM i7-8750H with 16 GB
of RAM which takes about 50 min per simulation depending on the
time step size used by the solver. These simulation settings result in
a stable simulation with converged mesh size as shown in Fig. 6. The
simulation consists of a phase initialization step followed by a time-
dependent simulation. The time integration scheme is implicit using
a Backward Differentiation Formula (BDF) solver with backward-Euler
time stepping. The results are exported in intervals of 10 ns for a
total simulation time of 7.5 μs. The contact pressure is extracted as the
pressure in the fluid domain at the fluid–structure interface. Next to
pressure, it is also possible to extract other variables such as the stress
components in the solid domain, volume fractions in the fluid domain
or the velocity components. These could help to better understand the
deformations of the different phases in the fluid, the interactions of
individual wavelets in the solid and the overall material response.

3. Results

The two-phase flow fluid–structure interaction model is solved by
the COMSOL Multiphysics® simulation. Fig. 7 shows the volume frac-
tions of water and air for droplet impact of a 2 mm droplet onto an
epoxy target with a velocity of 100 ms−1 for three different time frames.
It can be seen that initially, the droplet approaches the target and air is
trapped underneath the droplet. Lateral jetting starts to occur and the
droplet spreads across the surface in the subsequent time frames.

Fig. 8 shows the velocity in the fluid domain just after impact. It can
clearly be seen that air is escaping the gap at high velocity and lateral
jetting in the liquid domain is being initiated. The jetting time from the
numerical simulation was taken as the time at which the radial velocity
of the water domain was increasing and found to be around 200 ns.
When compared to the analytical jetting time of 30 ns computed by
Eq. (5) they do not agree. This effect is likely explained by deformation
of the droplet shape before impacting by the presence of the air layer.

Fig. 9 shows the effect of droplet diameter on the dynamic pressure
profile, where the lines represent different time instances. It can be seen
that the maximum pressure values are similar for each of the droplet
diameters, but the affected area is larger for larger droplets and the
time in which the pressure acts becomes longer for larger droplets. Both
of these effects are related to the curvature of the droplet and could
cause a change in the stress profiles in the target material. The pressure
profiles themselves also show that initially, the central pressure has
a high magnitude and after some time, the central pressure decreases
and the contact edge pressure becomes higher. This indicates that the
contact pressure depends on time and distance to the center of impact
and that this should be included in the models used.

Fig. 10 shows the contact pressure profiles for three different impact
velocities. It can be seen that higher impact velocities lead to higher
impact pressures and shorter duration of high pressure. These effects
are related to surface deformation and contact radius velocity, where
higher impact velocities lead to lower jetting times.
Fig. 7. Volume fractions of water (blue) and air (red) for different stages of 2 mm diameter water droplet impact at 100 ms−1.
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Fig. 8. Velocity profile at t = 2.7 μs. The solid black lines display the level-set volume fraction transition and the arrows the velocity field.
Fig. 9. Pressure profile for liquid droplet impact on epoxy targets for different droplet diameters.
Fig. 10. Pressure profile for liquid droplet impact on epoxy targets for different impact velocities.
Fig. 11 shows the contact pressure profile for liquid droplet impact
onto three different materials. Target elasticity seems to play a role in
the maximum pressure magnitude where more compliant targets result
7

in lower contact pressures than stiffer targets. This is related with the
change in volume of the compressed liquid that is less for compliant
targets. As with the effect of droplet diameter, the contact pressure is
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Fig. 11. Contact pressure profile for different target materials.
Fig. 12. Contact pressure dependence on impact velocity.
ot directly related to the stress in the material since concentrations
f stress occur due to the differences in contact radius velocity and
coustic velocity.

Fig. 12 shows the dependence of contact pressure on impact velocity
or the numerical model, the analytical model and the waterhammer
odel for three different materials. It can be seen that in the wa-

erhammer model the maximum pressure is related linearly with the
mpact velocity. The numerical model including air cushioning shows

quadratic relationship. Moreover, it can be seen that the maximum
ontact pressures calculated by the numerical model are significantly
ower than those calculated by the analytical and waterhammer mod-
ls. This indicates that air cushioning plays an important role in the
ontact mechanics between the liquid droplet and the elastic target. A
etter correlation of material parameters and LEP performance might
e obtained when a quadratic relation is used. It is also important
o note here that the pressure–velocity relation is different from the
tress–velocity relation due to interactions of individual wavelets. The
tress–velocity relation is however also found to be quadratic.

. Discussion

The developed numerical model solves liquid droplet impact on
elastic) targets with a cushioning air layer. The results show that the
odel is able to capture multi-phase flow and fluid–structure interac-

ion while maintaining physical phenomena such as lateral jetting.
The resulting pressures from the numerical model are lower than

he predicted pressures from the analytical and waterhammer models.
ne of the reasons for this could be the inclusion of the physically
8

elevant air cushioning effect. The simulated pressures are also lower
than the pressures obtained by other numerical methods excluding air
cushioning (Amirzadeh et al., 2017a). Lifetime prediction models based
on high contact pressures could lead to an under prediction of LEP
performance. An accurate contact pressure model that is physically
representative is therefore required. The current paper discusses a first
step towards more representative numerical models and the involved
physical phenomena.

Possible improvements to the current model could be related to
the level-set method for the multi-phase fluid domain. This method
includes a transition region between the liquid and gaseous domain.
The sensitivity of the results to the definition of this region needs to be
further studied. The effect is expected to be low since air cushioning
plays a large role in the initial contact physics. Moreover, compressibil-
ity in the fluid domain is neglected in the current numerical analysis.
Since the pressures are high, compressibility might play a role in the
contact physics. A further investigation of compressibility in the fluid
domain is therefore suggested.

Since in wind turbine blade applications, multi layered systems (Zan-
jani and Baran, 2021; Zanjani et al., 2020) are generally used and
coating thickness should be small to minimize the increased weight, it is
important to develop a model that considers stress wave reflections and
interactions with material interfaces. This would also allow to study the
effect of voids and other inclusions in the multi layer material systems.

The results show that contact pressure is dynamic and depends
on the distance to the center of impact. Variations in impact velocity
cause a change in magnitude and duration which is likely related to
the contact radius velocity and theoretical jetting time as computed

according to Eq. (5).
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The contact pressure magnitude was shown to be independent of
droplet diameter. The droplet diameter did change the contact area
and contact duration. It is interesting to note here that a change in
droplet radius might influence the stress in the target material. Since
the contact radius velocity changes with a different rate than the
acoustic velocity in the target, clustering of stress occurs in the target
material. This clustering of stress is related to the contact duration and
contact radius velocity.

Verification of the developed model with experiments is challenging
since the stress state is high-rate and small-scale which makes mea-
surements of strains and forces challenging. In order to validate the
model, a lifetime prediction model could be interpreted that allows
for comparison of the modeled lifetimes with rain erosion experiments
and other models such as the Springer model. This lifetime prediction
model ideally should be based on material data. A possible interpre-
tation could be the Palmgren–Miner rule for the maximum stress for
each node in the target material during a single impact event. Care
should be taken when interpreting this with the distribution of impact
locations during the test and a superposition of the stress field should
be accounted for.

5. Conclusions

The current paper discussed the contact pressure resulting from
liquid droplet impact on (elastic) solid targets with and without air
cushioning. First, literature was investigated and the waterhammer
pressure was defined. Secondly, the fundamental physical mechanisms
were investigated and an analytical model was developed which in-
cluded time dependence of the contact pressure. Next, it was found that
air cushioning can significantly influence the contact pressures and a
numerical model was developed in COMSOL Multiphysics® to study
this. It was found that the maximum pressure occurring during the
impact event as predicted by these three models significantly changes
when air cushioning is included in the analysis. Moreover, it was found
that the relation between the maximum contact pressure and the impact
velocity is not linear but quadratic. This might have an influence on
the interpretation of experimental results where it is common practice
to define lifetime as a function of impact velocity instead of stress.
When using material fatigue properties in the lifetime prediction model
based on velocity instead of stress, the results might deviate from
experimental observations.

1. The contact pressure depends on whether the droplet or the
target is moving.
For the contact pressure calculation, it matters whether the
droplet or the target is moving. The velocity with which the
wavelets propagate in the upward direction is calculated by
subtracting the impact velocity from the acoustic velocity. This
significantly reduces the volume of the compressed region in the
moving domain which results in a pressure change. Because this
is a physical phenomena, this is also true for experimental rain
erosion test rigs. It is however unclear how this phenomena is
affected by air cushioning and further research is required.

2. Development of a dynamic contact pressure model that governs
droplet impact physical phenomena.
Within the scope of the current work, a numerical model that
governs the physical phenomena was developed. This model
allowed for analysis of the dynamic contact pressure resulting
from liquid droplet impact on (elastic) targets. The resulting
contact pressure depends on time and distance to the center
of impact which was not the case for the analytical models.
It is recommended to further study the developed model with
respect to the effect of compressibility in the fluid domain. It is
also advised to optimize the model for faster computation time
by exploring the level-set settings and the time stepping with
9

respect to the fluid–structure interaction definition.
3. Difficult to validate the model due to the complexity of the
problem.
Validation of the model is challenging due to difficulties mea-
suring forces and strains in high-rate small-scale experiments.
Validation could be based on lifetime prediction models and rain
erosion tests in future work.

4. Influence of air cushioning on the liquid droplet impact pressure.
The current model showed a significant reduction in contact
pressure when including air cushioning as compared to the
waterhammer pressure, the analytical model and previous nu-
merical models neglecting surrounding air. The importance of
air cushioning and the effect of three dimensional flow around a
wind turbine blade should be further investigated in future work.

5. Effect of droplet diameter on the contact pressure and stress
field.
The droplet diameter did not affect the pressure magnitude but
did result in a longer duration and larger contact area. It was
argued that the pressure magnitude is not related proportionally
to the stress and that the stress in the target could change due
to interactions of stresses caused by individual wavelets that
occur due to a difference in contact radius velocity and acoustic
velocity in the target.

6. Non-linear relation between contact pressure and impact veloc-
ity.
The developed numerical model predicted a non-linear relation
between the contact pressure and impact velocity. A quadratic
fit showed a good correlation for the studied impact velocity
regime. It is important to consider a correct stress–velocity re-
lation when predicting lifetimes based on material parameters
or interpreting rain erosion test results.

The developed model calculates the impact pressure of liquid droplet
impact on (elastic) solids. The model output can be used to model
stress wave initiation and propagation in materials used for wind
turbine coatings, steam turbines and aerospace. The stress history in
the material system determines the lifetime of the structure based
on a fatigue analysis. The developed contact pressure model and the
derived physical phenomena occurring during liquid droplet impact
are therefore an important step towards more accurate prediction of
material system performance. Future work should consist of modeling
the stress history in the coating materials and the lifetime based on
fatigue parameters.
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