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Summary

The increasing focus on sustainable living and the need to reduce dependency on fossil fuels has led to
a growing interest in renewable energy sources. Among these, the wind energy sector has not only ex-
perienced significant growth in terms of numbers but also in size. Larger turbines lead to more severe
leading-edge erosion and further increase operation and maintenance costs. To mitigate this problem,
the new advanced leading-edge protection has become vital in the wind energy sector. This thesis
focuses on the evaluation of two polymer coating materials (PA and PD) using a Pulsating Jet Erosion
Test (PJET) setup.

The first aim of this thesis is to propose a novel analysis method to address the issue of volume in-
terdependence in the PJET. To achieve this, a concept called ”equivalent velocity” is introduced. The
equivalent velocity represents the velocity at which a spherical droplet should impact a surface to exert
the same kinetic energy per impingement as the actual water slug moving at the impact velocity. By uti-
lizing this concept, the velocity-number of impacts plot takes into account the volume interdependence
in erosion experiments.

The second aim is to utilize the PJET to analyze the erosion behavior of PA and PD coatings. The
investigation focuses on understanding the relationship between impact velocity and the number of
impacts until the incubation period and the breakthrough. The incubation period refers to the interval
until the damage is visible and the breakthrough is the moment until the filler underneath the coating is
exposed. Additionally, the erosion damage progression of the coatings was analyzed, and the lifetime
prediction was evaluated using an existing long-term leading-edge rain erosion model.

The experimental results revealed that the ductile material (PD) exhibits a longer resistance to erosion
compared to the stiff material (PA), with the mean number of impacts until breakthrough being 2 to 3
times higher for PD. Moreover, the long-term leading-edge rain erosion model highlights the importance
of the accurate measurement of material properties, as lifetime prediction is very sensitive to ultimate
tensile strength and Poisson’s ratio.

However, it is crucial to validate the equivalent velocity method through experiments and numerical
modeling, while also improving the experimental method to allow for continuous observation of the ero-
sion process in a controlled environment with temperature and humidity regulation. Conducting tests
in a wider range of velocities is also recommended. Additionally, improvements for the rain erosion
model are necessary to accommodate the utilization of the equivalent velocity.
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1
Introduction

As the consensus of sustainable living thrives, renewable energy has become the center of attention for
the energy demand [46]. The literature shows the incremental trend in the renewables’ share of power
generation and it is projected to rise even faster to reach net zero emission [27, 33]. In particular,
according to International Energy Agency (IEA) [3], wind energy has seen the most significant growth
among all sustainable energy technologies, with an increase of 17% (273 TWh) in electricity produced
in 2021. In addition to the increase in the number of installations, this development can be attributed
to the increased hub height and size of the wind turbines as shown in Figure 1.1. The large-scale wind
turbines are designed to be installed at the sites with high wind speed, so the higher the wind energy
can be harnessed [25]. However, the high-speed rotation of wind turbine blades can lead to detrimental
erosion caused by factors such as sand, rain, and hail [41]. This type of erosion causes cracks and
cavities and occurs most severely at the leading edge area. The loss of the material deteriorates the
aerodynamic performance and thus the efficiency of wind turbines drops [29]. In the research of Han
et al. [24], the lift coefficient of the airfoil of a 5 MW wind turbine blade decreased by 53% and the drag
coefficient increased by 314% after the erosion at the leading edge. Consequently, the overall annual
energy production of one 5 MW wind turbine drops 2% to 3.7%. Moreover, the maintenance of wind
turbine blades is often costly, and downtime due to repairs can incur a shortfall in energy production.

Figure 1.1: Growth in size of commercial wind turbines [18].

As a result, leading- edge protection (LEP) is important to mitigate the problem [29, 40]. Common
methods include the application of coating layers, leading edge tapes, and erosion shields on the sur-
face of wind turbine blades. These protections are typically made from viscoelastic materials, such as
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polyurethane, epoxy, and polyamide, that possess a balance of stiffness and flexibility. 3M states that
a designed wind protection tape can withstand 6 to 8 years [20]. Even a lifetime of 10 years is projected
for some materials [17]. Yet, none of them can reach the wind turbine design of 25 to 30 years [39].
Consequently, time-consuming and labor-intensive maintenance is required where technicians need
to be craned to the top of the turbine so that they can abseil down to the specific problem area [50].
Given these issues, many manufacturers continue to develop more erosion-resistant coating materials
to reduce the frequency of repairs over the lifespan of wind turbines.

This report aims to conduct rain erosion tests on two different coating materials (PA and PD) and com-
pare their performance in terms of material properties. The findings will enhance our understanding of
erosion behavior and contribute to the future development of LEP coatings.

The remaining part of the report is structured into several chapters. In chapter 2, the literature review
on water droplet erosion and blade surface protection is introduced. Two types of rain erosion test facil-
ities are described and the post-processing methods of experimental results. Also, lifetime prediction
models used in the study are illustrated. Chapter 3 presents the methodology for experiments and the
long-term leading-edge rain erosion model and explains a proposed method to interpret test results.
Chapter 4 analyzes the implementation of the proposed method tackling the volume interdependence
of parameters on previous experimental results and provides results and discussion regarding exper-
iments and modeling. Lastly, chapter 5 provides conclusions of the study by answering the research
questions, and recommendations for future investigation are depicted in chapter 6.



2
Background knowledge

This chapter provides a literature review of the study of rain erosion on wind turbine blades. Section
2.1 provides the definition of leading edge rain erosion on wind turbine blades. Section 2.2 explores
the various erosion mechanisms involved in the degradation of coatings. In section 2.3, the factors that
influence the rate of erosion are discussed, including impact and environmental conditions. Section
2.4 delves into the coating systems used on wind turbine blades, presenting their composition and
application methods. Section 2.5 presents an overview of two common types of rain erosion testing
facilities employed to evaluate coating performance. The expressions of their experimental results are
discussed in section 2.6. In section 2.7, a state-of-the-art long-term lifetime prediction model for rain
erosion is introduced. Finally, section 2.8 defines the scope of this research, outlining the objectives
and research questions to be addressed.

2.1. Leading edge rain erosion on wind turbine blades
Wind turbine blades are commonly made of fiber-reinforced plastic composite material, which offers a
combination of high strength, high stiffness, and low weight, making it economically viable [31, 35, 41].
Yet, these materials are susceptible to degradation from environmental impacts such as rain, sand, and
hail. As particles strike the surface of wind turbine blades, they can cause pits, cracks, and other forms
of damage [53]. The damage, defined as erosion, compromises the aerodynamic performance of the
turbine and leads to increased operation and maintenance (O&M) costs [49]. The leading edge of the
blade is particularly vulnerable to severe erosion [51], as shown in Figure 2.1.

Figure 2.1: Leading edge erosion of wind turbine blades [19].

3



2.2. Erosion mechanisms 4

Raindrops are among the primary causes contributing to leading edge erosion. Thus, it is crucial to un-
derstand the impact event of raindrops in order to develop effective techniques to slow down erosion.
The following section lays out the mechanisms of erosion damage. To develop effective mitigation
strategies, it is essential to explore the underlying mechanisms of erosion damage.

2.2. Erosion mechanisms
This section reviews three erosion mechanisms in rain erosion. The phenomenon of water hammer
pressure is explained in subsection 2.2.1, highlighting its role in generating intense pressure upon im-
pact. In subsection 2.2.2, lateral jetting and its impact on surface material removal and crack growth are
addressed. The influence of stress waves on the material surface is then discussed in subsection 2.2.3,
emphasizing their ability to accelerate fracture formation. Through a comprehensive understanding of
these erosion mechanisms, insights into the underlying processes of rain erosion can be gained.

2.2.1. Water hammer pressure
The phenomenon of water hammer pressure is a result of rapid internal deceleration of water droplets,
which in turn produces intense pressure [7]. Taking the angle between the direction of the droplet and
the normal to the surface (θ) into account, Cook’s equation to determine the water hammer pressure
can be derived [8]:

P = ρLCLvcosθ (2.1)

The density of water, the speed of sound in the water, and the impact speed are represented by ρL, CL,
and v respectively.

2.2.2. Lateral jetting
After the water hammer pressure, the droplet starts to deform and change its direction laterally as
shown in Figure 2.2. This lateral jetting is triggered by the pressure difference across the free surface
at the contact edge region [23]. The velocity of lateral jetting increases as the impact velocity increases
[42]. It can move at a velocity significantly greater than its initial impact speed [34]. A study simulating
a droplet impacting on a leading edge coating system demonstrates that the velocity of the lateral jet is
raised by 2 to 4 times compared to the impact velocity [58]. Due to the high velocity, the lateral jet has
the capability to remove unevenness on the surface material, thereby facilitating the growth of cracks
after the incubation period [43]. Although there are several investigations of the lateral jetting behavior,
the understanding of its nature is still limited [31].

Figure 2.2: Lateral jetting on the solid surface [57].

2.2.3. Stress waves
In addition, the stress waves occur after the impact, resulting in an imbalance in the material, leading to
the movement of particles to adjust to the imposed stress. A stress wave is a type of acoustic wave that
travels through solid materials at a determined speed [59]. Stress waves can be categorized into three
types: shear waves, compressional waves, and Rayleigh waves [31], as presented in Figure 2.3. A
shear wave propagates in a transverse direction, meaning that the energy propagates into the surface
via particles moving perpendicularly. A compressional wave travel in a longitudinal direction, parallel
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to the direction of wave propagation. The particles of the material move in the same direction as the
wave. The compressional wave has the least destructive ability among the three. Rayleigh waves
travel along the surface of a material and have circular motion, causing particles to move in orbits.
Rayleigh waves lead to asperities on the surface and have the largest effect on causing damage [12].
The speed, direction, and magnitude of stress waves are affected by the properties of the medium
such as elasticity, density, and Poisson’s ratio. The stress waves expedite the formation of fractures.
To include the effect of stress wave behavior on the impacted non-rigid surface such as blade coatings,
the modification of the impact pressure for erosion becomes

P =
ρLCLvcosθ

1 + ρLCL

ρCCC

(2.2)

where ρC and CC are the density of the coating and the speed of sound in the coating [13].

Figure 2.3: Representation of different types of stress waves: shear wave (transverse), compressional waves (longitudinal),
and Rayleigh wave (surface) [31].

2.3. Factors influencing the rate of erosion
It is also important to look into parameters that influence rain erosion. This section begins by discussing
the impact conditions, specifically the droplet size, impact velocity, and impact frequency. Additionally,
the environmental conditions including temperature and humidity are also presented.

2.3.1. Droplet size
The diameter of raindrops is influenced by various meteorological and atmospheric conditions [31]. As
a result, raindrop size distribution is typically not uniform and can be better described by a continuous
probability distribution, which indicates the number of raindrops with a specific diameter per unit volume
of air. Furthermore, researchers have found that the droplet size distribution is a function of droplet
diameter and rainfall intensities.

The size of droplets ranges from small droplets found in clouds (with a diameter of less than 0.1 mm)
to larger droplets reaching up to 6 mm in diameter [2]. Many researchers studying rain erosion have
selected the use of a droplet diameter of 2 mm for erosion tests [1]. It is also motivated by the fact that
it corresponds to the mean droplet diameter at a rainfall intensity of 25.4 mm

hr , which is classified as
heavy rain. Fyall [21] stated that 2 mm droplet size is a balance struck between the more pronounced
individual effects of larger droplets and the greater number of impacts caused by smaller droplets.

2.3.2. Impact velocity
The impact velocity (v) at the leading edge of the blade tip is determined by the peripheral speed of the
tip (vblade), the terminal velocity of the incoming rain drops (vtg), and the wind speed (vwind). Since the
three types of velocity are not the same, the calculation is based on vector as shown in the following:

−→v = −−−→vblade −−→vtg +−−−→vwind (2.3)

The terminal velocity of the droplet at the ground level is determined by the size of the droplets, which
is written as the empirical equation [5, 53]

vtg = 9.65− 10.3e−0.6d (2.4)
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where d represents the diameter of the droplet. From Figure 2.4, it can be observed that the terminal
velocity reaches a plateau of approximately 9.6 m

s as the droplet grows larger.

Figure 2.4: Terminal velocity of free-falling droplet as a function of droplet diameter.

However, the terminal velocity of a free-falling rain droplet has little effect on wind turbine blade leading-
edge erosion compared to the blade tip speeds [41].

2.3.3. Impact frequency
The higher the impact frequency (f ) is, the shorter the time for the damage to occur, as it is faster
to reach the number of impacts until the failure of materials. Besides, the impact frequency plays an
important role in erosion for viscoelastic materials. It influences the extent of material can recover from
deformation prior to the next impingement. If the droplets impact the coating at a high frequency, such
that the time between impacts is shorter than the material’s ability to return to its original state, it results
in a buildup of strain in the coating and causes it to fail [62].

2.3.4. Impact angle
The impact angle of water droplet erosion refers to the angle at which the droplets strike a surface, as
shown in Figure 2.5. Research shows that this angle can affect the mass loss rate of materials under
erosion [10, 26]. In the investigation of A. S. Verma et al. [58], the impact of rain droplets at angles
between 50◦ and 90◦ is particularly critical under heavy rainfall conditions, and the resulting impulse
peaks at 90◦. As the angle decreases, the impulse decreases accordingly.

Figure 2.5: Impact angle of a water droplet where α is the impact angle and the dashed line is the surface normal.

2.3.5. Temperature
Temperature affects the properties of the droplets and the materials being impacted. Rising temper-
ature results in a higher erosion rate [52, 61]. The previous research done by M. Alonso Diaz [14]
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demonstrates that the number of impacts until failure decreases as the temperature increases gradu-
ally toward stability for the polyurethane coating.

2.3.6. Humidity
Literature points out that the composite materials are susceptible to moisture [41, 61]. Different humidity
in the surroundings leads to different water uptake of the material. The experiment indicates that the
higher the water uptake the faster the damage occurs for polyurethane [14].

2.4. Coating system for wind turbine blades
To make wind turbine blades endure longer from leading edge rain erosion, leading edge protection
(LEP) is a pivotal solution. LEP usually refers to the application of tapes or coatings onto the leading
edge. There are two common techniques to apply coatings on blades [41]. The first method is called
in-mold application where the gelcoat is applied on the surface of the mold prior to infusing the resin for
the composite material for the blade. The gelcoat, made of similar materials as the base resin in the
blade, such as epoxy and polyester, forms a strong chemical bond with the blade. The other technique
is the post-mold application, which involves applying the coating onto the blade’s surface after the mold-
ing process. This allows a wider selection of coating materials. However, the post-mold application
is a highly time-consuming process due to the need for surface finishing. In the case of LEP against
rain erosion, the post-mold application is typically employed [9]. The post-mold application is a multi-
layered system as shown in Figure 2.6. Before applying the coating material, the filler is first applied on
the substrate laminate so as to prepare a smooth surface [45]. The filler helps fill defects and remove
undulations. Sometimes a primer layer is added between the filler and coating to enhance the adhesion.

Figure 2.6: Two examples of the multilayer configuration of wind turbine blades. Left consists of substrate laminate, filler, and
coating, while there is an additional primer layer in the right [16].

2.5. Rain erosion testing
In order to evaluate the performance of the coating for LEP, inter-laboratory testing is essential. There
are two test facilities are commonly employed: the Whirling Arm Rain Erosion Rig (WARER) and the
Pulsating Jet Erosion Test (PJET) setup [54]. Both are designed to accelerate the erosion of the test
material. In Figure 2.7, the WARER works by using a spinning arm that has a test sample mounted
at the tip. The arm is accelerated up to the designed speed. To simulate rainfall, 36 needles on top
release droplets onto the sample.
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Figure 2.7: WARER [54].

Figure 2.8 demonstrates the working principle of the PJET. A continuous water jet through a nozzle
is produced by a high-pressure pump. The water jet then encounters a rotating disc with two holes.
When the holes intermittently align with the path of the jet, the water jet is cut into water slugs hitting
the sample.

Figure 2.8: Working principle of the PJET [54].

For WARER, characterizing the damage in terms of the number of impacts at a specific location of the
sample is challenging since the continuous droplets that come out of the needles are likely to fall all
over onto the upper camber and the leading edge of the airfoil. However, for PJET, the sample is fixed
and the impact spot is at the same position, allowing for precise determination of the number of impacts
at that point. The advantage of WARER is that it can provide fixed droplet size and volume, unaffected
by other parameters such as impact velocity and rainfall intensity. In contrast, PJET is subject to vari-
ations in water slug size due to different impact velocities and impact frequencies. When the impact
velocity is higher, the amount of water passing through the hole per unit time increases. When the
frequency is higher (indicating faster rotation of the disc), the time for each water slug to pass through
the hole decreases, resulting in smaller cut-out water slugs. This leads to a dependence of water slug
volume on impact velocity and impact frequency. It is crucial to acknowledge that the volume of each
water droplet varies as the impact velocity and impact frequency are adjusted. However, the current
representation of these parameters in relation to the number of impacts overlooks this aspect.

2.6. Results of rain erosion testing
Experimental evidence illustrates that water droplet erosion is a time-dependent phenomenon [31].
Using the rain erosion test facilities, the mass loss of the coating system over the number of impacts or
time can be measured and plotted as Figure 2.9. It can be categorized into three phases [53]. In the
beginning, there is an interval where the damage can hardly be measured, known as the incubation
period. The incubation period refers to the exposure time until the first damage is visually detectable.
Following the incubation period, the weight loss of the material increases roughly linearly with time,
indicating the phase of a steady rate erosion region. In this stage, the erosion rate is relatively constant,
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and the protective covering is gradually being eroded by the water droplet impacts. After a certain period
of time, the breakthrough is reached. The breakthrough is defined as the moment when the coating is
penetrated and the underlying filler is exposed. The phase afterward is called the final erosion region.

Figure 2.9: Erosion graph indicating different erosion stages. Adjusted from [15].

An example of the progression of damage in LEP samples, comprising a coating, filler, and substrate,
observed via X-ray computed tomography is displayed in Figure 2.10. Prior to erosion (Figure 2.10a),
the sample surface appears flat and undamaged. Then, Figure 2.10b shows the damage until the incu-
bation period where the initial damage on the coating is observed. Finally, in Figure 2.10c, significant
portions of the coating are removed, revealing the filler directly from the top surface, marking the mo-
ment of breakthrough.

(a) Before erosion (b) Erosion until the incubation period (c) Erosion until the breakthrough

Figure 2.10: Images of samples from different erosion stages [44].

Another method to analyze the experiment is to plot the v − n curve, which represents the relation-
ship between the impact velocity (v) and the number of impacts until the incubation period (ni) or the
breakthrough (nb). In Figure 2.11, the plot follows a power law relationship as described in the DNVGL
standard [15], which is expressed as

n = kv−m (2.5)
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Figure 2.11: Schematic of the v − n curve for the obtained data (with the logarithmic scale on the n-axis). Adjusted from [15].

where k and m are the parameters that fit the curve. This v− n curve mirrors the classic Wöhler curve
(Equation 2.6) used in fatigue analysis.

N = b1σ
−m
a (2.6)

where b1 is constant, σa is stress amplitude, and m is the slope of the Wöhler curve.

2.7. Lifetime prediction model
Based on the experimental results, semi-empirical erosion models have been developed for the lifetime
prediction of coated materials. One widely used model - Springer’s model - describing surface fatigue
is shown subsection 2.7.1. Based on Springer’s model, a long-term leading edge erosion model is
introduced in subsection 2.7.2.

2.7.1. Springer's model
To understand surface erosion, G. S. Springer [53] gathered available experimental data from various
rain erosion facilities including PJET to create a model to project the incubation period. The concept is
from the traditional Wöhler curve since a repetitive process of stress cycles caused by the impact of liq-
uid droplets resembles fatigue accumulates in mechanical components subjected to cyclic loading. The
model demonstrates the number of impacts per site until the incubation period (ni) in association with
the properties of the material and the impact conditions. This relationship is presented in Equation 2.7,
where S is the strength parameter and P is the impact pressure from Equation 2.2.

ni = 7× 10−6(
S

P
)5.7 (2.7)

The strength parameter has the following expression

S =
4σu(m− 1)

1− 2ν
(2.8)

consisting of the material properties: ultimate tensile strength (σu), Poisson’s ratio (ν), as well as
the slope of the Wöhler curve (m) which can be obtained from rain erosion experiments. Note that
the expressions presented here are specifically applicable to the erosion of homogeneous materials.
Springer’s model for coated materials follows the same framework but incorporates modifications to
consider stress wave reflections into the coating at the coat-substrate interface [53].

There are some limitations that apply to Springer’s model:

• With the same logic as the traditional Wöhler curve, the model assumes that the number of im-
pacts must be greater than one, as failure under a single impingement is not representative. This
is called the lower limit, expressed by the condition:

ni > 1 or S

P
> 8 (2.9)
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• For all the considered experimental data used in the model, the measured number of impacts
until the incubation period (ni) does not exceed three times Springer’s analytical equation. This
is defined as the upper limit, as given by:

ni < 21× 10−6(
S

P
)5.7 (2.10)

• Stress wave reflections are neglected in the coating. Therefore, the thickness of the coating (hC)
should be sufficiently large, as determined by:

hC > 2d
CC

CL
(2.11)

where d is the droplet diameter, CC is the speed of sound in the coating, and CL is the speed of
sound in the water.

Additionally, a sensitivity study of Springer’s model was carried out by N. Hoksbergen et al. [30]. The
number of impacts until the incubation period in Springer’s model was found to be most sensitive to
Poisson’s ratio, coating material strength, and empirically fitted constants. For instance, a higher Pois-
son’s ratio with the other parameters fixed results in longer lifetime predictions. However, the physical
interpretations and meanings behind these relationships are still not fully explored. These findings high-
light the need for caution when using Springer’s model.

2.7.2. Leading edge erosion model
The experimental v−n curve and Springer’s surface fatigue model can predict the lifetime of a coating
material by providing the number of impacts it can endure at a given velocity. However, it is important
to note that the actual longevity of the coating on a wind turbine in operation is influenced by rainfall
intensity, droplet size, probability of precipitation, wind speed, rotational speed of the turbine, etc. To
address this challenge, a site-specific long-term erosion model developed by A. S. Verma [56] is useful
to project the coating lifetime in real-world scenarios, expressed in years. The model is a site-specific
model which consists of rain and wind data from 31 locations acquired from Koninklijk Nederlands
Meteorologisch Instituut (KNMI). After a series of modeling demonstrated in Figure 2.12, the lifetime of
the coating is predicted. The components of this model are described as follows:

• Probabilistic rain model:
It is described by the joint probability density function (PDF) of rain droplet size (d) and rainfall
intensity (I) since d and I are dependent variables. This joint PDF is defined by the following
equation:

fI,d(I, d) = fI(I) · fd|I(d|I) (2.12)

where fI(I) is the marginal distribution of rainfall intensity and fd|I(d|I) is the droplet size distri-
bution (DSD). fI(I) is described by the lognormal distribution based on the site:

fI(I) =
1√
2πσI

e
−(ln(I)−µI )2

2σ2
I (2.13)

However, the DSD is not site-specific due to the lack of disdrometer measurements. Conse-
quently, Best’s DSD [6] is employed in this model:

Fd|I(d|I) = 1− e−( d
1.3I0.232

)2.25 (2.14)

• Wind statistics model:
It involves choosing the most suitable distribution to fit the mean wind speed at the hub height of
wind turbines. Since the available data is recorded at a reference height of 10 m, the mean wind
speed at the target hub height can be approximated using the power law:

UW (z) = UW (zr) · (
z

zr
)a (2.15)
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where z is the hub height, zr is the wind speed at the reference height of 10 m, and a is the wind
shear exponent. Weibull distribution is used to represent wind statistics, which is given by

fUW
(vwind) =

κ

c
(
vwind

c
)κ−1e−(

vwind
c )κ (2.16)

• Wind turbine model:
It is built upon the type of wind turbines selected. This includes the relationship between rotor
speed and the mean wind speed. The rotor speed directly determines the speed of the blade
which is the main factor of the impact velocity. Furthermore, descriptions of the turbine, such as
the length of the blades and the hub height, are necessary for the calculation.

• Material model:
As the long-term erosion model utilizes Springer’s equation (Equation 2.7) which will be later ex-
plained in the analytical surface fatigue model, the coating properties serve as inputs since S
(Equation 2.8) and P (Equation 2.2) are involved. These properties are density (ρC), speed of
sound (CC), ultimate tensile strength (σU ), and Poisson’s ratio (ν) which are obtained from spec-
ifications or experimental measurements. The remaining Wöhler slope (m) is acquired from the
experimental results of rain erosion tests as introduced in section 2.6.

• Analytical surface fatigue model:
The analytical model first considers the short-term erosion damage rate (ḊST

i (I, d, UW ) in hr−1),
which is based on Springer’s model. Thus, this rate demonstrates continual accelerated erosion
without considering meteorology (rain and wind). The short-term erosion damage rate is defined
by

ḊST
i (I, d, UW ) =

qvβ
8.9
d2 (

S
P )5.7

(2.17)

where v represents the impact velocity (neglecting the wind speed term in Equation 2.3). q is the
number of droplets per unit volume of rainfall, expressed as

q = 530.5
I

vtgd3
(2.18)

where I is the rainfall intensity. β is droplet impingement efficiency presenting the fraction of
droplets that will hit the blade during rotation which is given by

β = 1− e−15d (2.19)

The denominator in Equation 2.17 is derived from Equation 2.7 divided by the impact area of a
droplet (πd

2

4 ).

At last, the long-term erosion damage rate (ḊLT
i ) is computed as the weighted sum of the short-

term erosion damage rate including rain and wind conditions in the following:

ḊLT
i =

∞∑
i

∞∑
j

∞∑
k

ḊST
i (I, d, UW ) · fI,d(Ii, dj) · P (Ii) · fUW

(UWk
)∆I∆d∆UW (2.20)

P (Ii) is the percentage of rain duration for different intensities. When ḊLT
i ≥ 1, the incubation

period of the coating is reached. Finally, the predicted lifetime (t) is defined by

t =
1

ḊLT
i · (365 · 24)

(2.21)

Here, ḊLT
i is in hr−1 and t is in years. Hence, the lifetime of the coating on wind turbine blades

is regarded as the incubation period in a real-life operational scenario.
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Figure 2.12: Schematic of the leading edge erosion model [56].

2.8. Research definition
It is important to understand what types of material properties are influential in improving the perfor-
mance of LEP for future development. Therefore, the behavior of newly developed coating materials
needs to be characterized by an experimental approach, together with the lifetime prediction by the
long-term rain erosion model. In addition, it is essential to examine whether the erosion model is valid
for new types of materials.

To conduct the performance analysis of coating materials against rain erosion, the PJET facility is em-
ployed in this research. However, due to the working principle of the PJET (in chapter 3), the size of the
water droplet depends on the nozzle size, the speed, and the frequency. This inconsistency in droplet
size can cause biased results of the number of impacts until failure if the variable parameter is set to the
impact velocity or the impact frequency. To address this issue, the first objective of this master’s thesis is

”to propose a new analysis approach using the applied kinetic energy concept to correct for the
volume interdependence with the impact velocity and the impact frequency in the PJET”

To understand the performance of different material properties of coatings, two advanced polymer coat-
ing materials, PA and PD, are investigated in a laboratory environment and by Verma’s long-term rain
erosion model [55, 56]. Thus, the second objective is

”to investigate the influence of varying impact velocities on the damage behavior of PA and PD using
the PJET and to predict their lifetime via the leading-edge erosion model.”

In an effort to accomplish the research objectives, the following questions will be addressed:

Research question 1: How does the relationship between impact velocity and the number of impacts
until failure affect the interpretation of surface fatigue in PJET results, and what alternative method can
better describe this surface fatigue?

Research question 2: How do the PA and PD samples perform under the PJET in terms of the incuba-
tion period and the breakthrough?



2.8. Research definition 14

Research question 3: How do PA and PD samples behave throughout the erosion progression until
the breakthrough?

Research question 4: How can the long-term lifetime of PA and PD be predicted, and what are their
long-term lifetimes?

Research question 5: How sensitive is the lifetime of PA and PD to variations in ultimate tensile strength
and Poisson’s ratio in the long-term rain erosion model?



3
Methodology

In this chapter, the methodology employed in the investigation of leading edge rain erosion and lifetime
prediction of PA and PD coated samples is presented. Section 3.1 provides a description of the two
coatings and the facilities used to test and observe samples. The test plan for operating the PJET is
outlined in section 3.2. The calculation of the equivalent velocity is explained in section 3.3. Lastly,
Section 3.4 presents the modeling approach used to project the lifetime of the coatings for wind turbine
blades.

3.1. Test setup
This section provides an overview of the experimental setup. First, the samples used in the experiment
are described, along with their properties and the test matrix on each sample. Then, the PJET is
introduced, highlighting the parameters chosen for the experiment and the working principle. Finally,
the Keyence VR-5000 microscope is presented as the tool used to observe and analyze the damage
characteristics on the samples.

3.1.1. Test samples
The two types of coatings, PA and PD, applied on the same filler-substrate layer were used in the ex-
periment. An example of a sample is shown in Figure 3.1a. A random selection of PA and PD samples
from each batch was measured. The size of the samples was determined using a caliper and found
to be 83±5 mm by 81±5 mm. The thickness of each layer was measured using a 3D microscope (as
described in subsection 3.1.3). The sample was placed on the platform, which was set as the reference
height (0 mm). The point height of each layer was then measured, as illustrated in Figure 3.1b. By sub-
tracting the point heights, the thickness of each layer was obtained. The coating, filler, and substrate
were found to have thicknesses of 0.25±0.09 mm, 0.86±0.05 mm, and 1.22±0.05 mm, respectively.

The test matrix of the sample is shown in Figure 3.1c. Each sample provides 16 spots (4 by 4) for each
measurement. Every spot is situated at a distance away from one another and the edge in order to
eliminate the edge effect and leave sufficient margin for clamping the sample.

15
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(a) (b) (c)

Figure 3.1: (a) PD sample and (b) its point height of [1] coating, [2] filler, and [3] substrate at a [4] flat surface. (c) Test spots in
each sample.

The important properties of the coatings, including density (ρC), speed of sound (CC), Young’s modulus
(E), ultimate tensile strength (σU ), and Poisson’s ratio (ν), are presented in Table 3.1. With the bulk
materials of PA and PD, their densities were obtained from Archimedes’ principle, while the others are
based on literature [22, 28].

Table 3.1: Properties of the materials [22, 28].

ρC(
kg
m3 ) CC(

m
s ) E(MPa) σU (MPa) ν

PA 1133 1807 7 2.69 0.3
PD 1071 1710 1 2.11 0.3

3.1.2. Pulsating Jet Erosion Test (PJET)
To test the performance of the samples under rain erosion, the PJET provided by DUCOM is employed,
as shown in Figure 3.2. However, distilled water is used rather than the actual rainwater due to the pro-
tection against corrosive substances. Table 3.2 shows the designed testing parameters of the facility.

(a) (b)

Figure 3.2: (a) Ducom Liquid Droplet Erosion Tester with (b) the zoom-in view of components.
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Table 3.2: Selected testing parameters for the PJET.

Nozzle size Impact velocity Impact frequency Air supply Impact angle
1.5 mm 140 - 170 m/s 42 Hz 3 bar 90 degree

The droplet size is determined by the nozzle size and the hole on the disc. For this experiment, a con-
ventional droplet size of 2 mm is chosen. Therefore, the 1.5 mm nozzle is used which is estimated to
create droplets with 2 mm diameter due to the expansion resulting from the high pressure. Meanwhile,
the diameter of holes on the disc is 2 mm which can constrain the droplet size from expanding beyond
2 mm. The high-pressure pump generates impact velocities ranging from 25 to 250 m

s with an accuracy
of ±2 m

s . Impact velocities between 140 and 170 m
s are chosen in this study to strike a balance between

testing duration and immediate coating destruction. The impact frequency is controllable from 5 to 100
Hz. The air supplier provides 0 to 6 bar pressurized air stream to remove water film avoiding the water
cushioning effect. In this experiment, the impact frequency and the pressure of the air supply are set
at 42 Hz and 3 bars aligning with the literature [14, 38]. The sample is clamped on the sample holder
50 mm away from the nozzle to match the calibration of the velocity. The angle of the sample holder
is adjustable between 15 and 90 degrees, but for this experiment, it is fixed at 90 degrees to simulate
the most detrimental impact.

3.1.3. Microscope
The Keyence VR-5000 Wide Area 3D measuring system is used to observe and analyze the character-
istics of the damage on the samples (Figure 3.3). Depending on the size of the damage, the microscope
is set at a magnification of 12 times or 25 times to observe the surface morphology. The microscope
scans through the surface from different angles capturing 3D optical images of the surface damage.
Its image processing algorithms detect the erosion area and compute the loss of volume below the
surface height, providing the data for the analysis of the erosion progression. Furthermore, the system
produces height maps that offer a quantitative measurement of the sample’s topography. The color
palette used for the height maps is fixed, with 0.2 mm as the upper limit, −0.2 mm as the lower limit,
and 0mm as the surface height of samples.

Figure 3.3: Keyence VR-5000 Wide Area 3D measuring system.

3.2. Test plan
As the cabinet can hardly be seen through by observers due to the misty environment, the testing
operation is designed by a repetitive working cycle as shown in Figure 3.4. The PJET runs creating
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continuous water droplets hitting the sample for a period of time called operating time. The following
interval is downtime during which the machine does not operate. The downtime allows the extent of
the damage on the sample surface to be observed. The cycle continues until the incubation period or
the breakthrough is reached.

Operating time Downtime

Start

Figure 3.4: Schematic of the testing operation. X-axis represents the accumulative time from the start of activating the PJET.

The incubation period and the breakthrough are the two representative moments in erosion since they
stand for the first visible fracture on the coating and the first visible penetration of the coating. There-
fore, the failure of these two moments is chosen to be tested. The intervals of the operating time and
downtime for the incubation test and breakthrough test are presented in Table 3.3.

Table 3.3: Operating time and downtime.

Incubation Breakthrough
Operating time (min) 15 60
Downtime (min) 1 1

The erosion until the incubation period of both PA and PD is performed for three impact velocities: 140,
150, and 160 m

s . Yet, the selected velocities are slightly different in the breakthrough case. We know
that the breakthrough is longer than the incubation period. In addition, the experimental results of PA
and PD conducted by other organizations show that PD withstands longer against erosion than PA
[28]. To fit the time constraint of this study, the lowest impact velocity tested for PA is altered to 145
m
s . A higher range from 150 m

s to 170 m
s is set for PD. Table 3.4 displays the number of successful

measurements under each condition. The outliers are excluded. The outliers are defined to be not fully
damaged in terms of the incubation period and the breakthrough after testing for more than 10 hours
and those damage could be observed during operation within 10 minutes.

Table 3.4: Number of successful measurements until the incubation period and the breakthrough for both coating materials at
each velocity.

v(ms )
Incubation Breakthrough
PA PD PA PD

140 2 3 - -
145 - - 4 -
150 4 5 3 5
160 3 3 5 6
170 - - - 4

After the incubation period and the breakthrough are tested, the damage progression in between them
can be investigated. This study helps us understand the rate of erosion, better identify the specific
erosion mechanisms at play, and examine the changes in the LEP coating over time as a result of
erosion. The experiment is conducted for two time points, ti + ∆t

3 and ti +
2∆t
3 , at the velocity of 160

m
s . Here ∆t is the extra time from the incubation period (ti) till the time of the breakthrough (tb) , that is

∆t = tb − ti (3.1)

If tb >> ti, the two time points can be simplified as ∆t
3 and 2∆t

3 . Afterward, the surface damage is
evaluated using the microscope described in subsection 3.1.3. The measured volume is then multi-
plied by the density of the coating displayed in Table 3.1 to determine the loss of mass after erosion.
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Finally, illustrating the relationship between mass loss and erosion time, can be plotted as depicted in
Figure 3.5.

Loss of mass

Time𝑡𝑖 +
∆𝑡

3
𝑡𝑖 +

2∆𝑡

3
𝑡𝑏𝑡𝑖

Figure 3.5: Schematic of the erosion graph developed from the experiment.

Additionally, two types of null hypotheses:

1. measurements of PA and measurements of PD under the same impact velocity have the same
average number of impacts.

2. measurements under two different velocities of the same coating (PA or PD) have the same
average number of impacts

are formulated to test if there is a significant difference between the average number of impacts in
the two groups of measurements. The p values are used to determine whether the null hypothesis
is rejected. If the p value is lower than the significance level of 0.05, the null hypothesis is rejected,
indicating a significant difference between the two groups of measurements.

3.3. Equivalent velocity for PJET
The v − n curve analysis of the test results obtained from the PJET lacks comprehensiveness due to
the omission of the volume dependency of impact velocity, impact frequency, and disc geometry. This
issue is exemplified in a previous research study [14] where three impact frequencies of 2.5, 27.7, and
42.6 Hz were investigated. It is found that the number of impacts required to cause damage is the
lowest at 2.5 Hz. Yet, a higher number of impacts should be expected as the relaxation time for the
viscoelastic material to recover is longer under low impact frequency. This contradiction highlights the
overlooked role of volume (kinetic energy) in erosion, as stated in section 2.5 in the previous chapter.

Figure 3.6 provides a comparison between a spherical droplet and a water slug produced by the PJET
from the top view. In Figure 3.6a, a reference droplet is presented as an ideal spherical water droplet
with a droplet size d. Figure 3.6b demonstrates the formation of a water slug with the same droplet
size when a water jet travels from the left to the right, encountering the hole of the rotating disc moving
downwards. Initially, the hole intersects the water jet at the top right corner. Next, the water jet and the
hole completely overlap, represented by the water slug reaching its maximum diameter (a full circle of
the cross-sectional area) at the center. Subsequently, the water slug gradually tapers from the top to
the bottom left, acquiring its characteristic shape.
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Figure 3.6: Schematic of a spherical droplet and a water slug from the top view.

In general, the volume of a water slug produced by a high-speed water jet in the PJET is larger than
that of a spherical water droplet with the same diameter, as sketched in Figure 3.6. Consequently,
the water slug also possesses greater kinetic energy than this moving spherical droplet at the same
speed. To compensate for the disregarded variation in volume (kinetic energy) in the v−n curve, while
maintaining a conventional representation of impact velocity with respect to the number of impacts, the
author proposed the adjusted ”equivalent velocity (veq)” based on the consistent reference droplet for
the analysis. The concept is to consider, with the reference droplet, how high the equivalent velocity
should be in order to exert the same kinetic energy per impingement as the actual one in the experiment.
Hence, the following equation can be written:

KE =
1

2
mv2 =

1

2
mrefv

2
eq (3.2)

whereKE is the applied kinetic energy per impact,m is the mass of a single water slug, andmref is the
mass of the reference droplet. In this thesis, the droplet size (d) of this reference droplet is chosen to
be 2 mm which is the diameter of the droplet used in the rain erosion tester as mentioned in subsection
3.1.2. Knowing the water density ρL, the mass of the reference droplet can be expressed as

mref =
1

6
ρLπd

3 (3.3)

Before acquiring the applied kinetic energy, the volume of a water slug is considered first. The volume
can be described by assuming the water slug is cylindrical as shown in Figure 3.7 [14]. First, the length
(l) of this cylindrical water slug is determined by multiplying teff with the impact velocity (v) where teff
refers to the interval when the water jet passes through the hole and forms a water slug. Then the
volume of the water slug is the cross-sectional area of the cylinder times the length.

Figure 3.7: Cylindrical water slug

However, this calculation overestimates the volume since the cross-sectional area of an actual wa-
ter slug varies over time. Hence, a more accurate calculation, which is named the ”theoretical volume
calculation”, is introduced next. Firstly, the expression for overlap region (in Figure 3.8a) should be con-
structed. The overlap region can be categorized into two regions: complete overlap region (Acomplete)
and incomplete overlap region (Aincomplete). As the geometry to calculate the volume is symmetric,
only half of the geometry will be used to set up the calculations.

For ease of calculation, time (t) is introduced to distinguish two overlap regions in Figure 3.8b. We set
the initial position at the point where the center of the hole overlaps with the center of the water slug,
which is referred to as t = 0. The complete overlap region starts from t = 0 and ends at t = t0 when
the region is about to shrink i.e. two circles are internally tangent, while the interval from time t0 to T
is the incomplete overlap region where T denotes the time at which the two circles no longer overlap
each other i.e. they are externally tangent.
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(a) (b)

(c) (d)

Figure 3.8: 2D geometry diagram of the disc and the water jet.

Firstly, we define the expression for these two regions. The complete overlap region (Acomplete) is sim-
ply determined by the circle with the smaller radius (rsmaller) as shown in Equation 3.4. Figure 3.8c
and Figure 3.8d show the incomplete overlap region (Aincomplete). It is described by the sum of the
area of the circular sector ABC and ADC subtracted by the area of the kite ABCD in Equation 3.5.

Acomplete = πr2smaller (3.4)

Aincomplete =
2α

360◦
πr2j +

2β

360◦
πr2h − 2

√
s(s− rj)(s− rh)(s− 2Rsin

θ

2
) (3.5)

where AB = BC = rj and AD = CD = rh represent the radius of the cross-section area of the jet and
the radius of the hole. The distance between the two centers BD is 2Rsin θ

2 where R is the distance
between the center of the disc and the center of the hole and θ is the angle between the center of the
jet circle B and the center of the hole circle D on the trajectory. According to the law of cosines and
sines, angle α and β are derived as

α = cos−1(
r2j + (2Rsin θ

2 )
2 − r2h

4rjRsin θ
2

) (3.6)

β = sin−1(
rjsinα

rh
) (3.7)
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The third term in Equation 3.5 consists of two identical triangles (△ABD and △CBD) that make up a
kite shape where s is defined in Equation 3.8 in reference to Heron’s formula.

s =
rj + rh + 2Rsin θ

2

2
(3.8)

Since θ changes with time t as the disc is rotating, it can be expressed as

θ = ωt (3.9)

where ω is the angular velocity of the rotating disc which is directly associated with the impact frequency
(f ). Since two impacts occur per rotation, the expression is

ω =
f

2
(3.10)

The volume of fluid (V ) is the integration of the flow rate over the time as shown in Equation 3.11. The
flow rate is the cross-sectional area (A) times the flow velocity. Lastly, the value should be doubled
because only half of the traveling route is considered.

V = 2

∫ T

0

Avdt (3.11)

In this case, we need to perform integration by parts. Therefore, we can express it in the following form:

V = 2v(

∫ t0

0

Acompletedt+

∫ T

t0

Aincompletedt) (3.12)

At t = t0, BD is equivalent to the difference between the radii of the two circles, and at t = T , it is
equivalent to the sum of the radii. Their expressions are shown in Equation 3.13 and Equation 3.14.

2Rsin(
ωt0
2

) = |rj − rh| (3.13)

2Rsin(
ωT

2
) = rj + rh (3.14)

After the arrangement, t0 and T can be determine as following

t0 =
2

ω
sin−1(

|rj − rh|
2R

) (3.15)

T =
2

ω
sin−1(

rj + rh
2R

) (3.16)

After knowing the volume, the applied kinetic energy (KE) of a water slug can be determined according
to Equation 3.2.

KE =
1

2
ρLV v2 (3.17)

Finally, the equivalent velocity is obtained for further analysis.

veq =

√
2KE

mref
(3.18)
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3.4. Lifetime modeling of PA and PD
The Springer’s equation (Equation 2.7) can be visualized in the form of a plot, as shown in Figure 3.9.
The plot represents the number of impacts until the incubation period (ni) vs. the ratio of the strength
parameter to impact pressure ( SP ) , with both axes on a logarithmic scale. The lower (Equation 2.9)
and upper limits (Equation 2.10) are also shown in Figure 3.9. After obtaining experimental results
that correlate velocity with the number of impacts, the velocity is then converted to S

P for comparison
with Springer’s equation. By substituting the parameters of the coating and water material properties
in Equation 2.2 and Equation 2.8, and by inserting different veq and v values, the corresponding ni for
S
P can be determined. These data can then be plotted on Figure 3.9. This analysis aims to assess how
the experimental results fit Springer’s equation, in order to evaluate the validity of the model for both
PA and PD coatings.

Figure 3.9: Number of impacts until the incubation period vs. S
P

The projected lifetime of PA and PD coatings was also determined using Verma’s long-term rain ero-
sion model (as discussed in subsection 2.7.2). According to different coatings, the inputs in the model
should be modified including the coating properties (density (ρC), speed of sound (CC), ultimate tensile
strength (σU ), and Poisson’s ratio (ν)) and the Wöhler slope (m) obtained from the PJET as described
in section 2.6. The other settings of the model were fixed. The coastal site of Wilhelminadorp (shown
in Figure 3.10) was chosen for the meteorological data of the probabilistic rain model and the wind
statistics model, considering the higher severity of erosion in this coastal area compared to inland ar-
eas [55]. The DTU 10-MW wind turbine was utilized in the wind turbine model, with its power curve
and necessary specifications presented in Figure 3.11.

Additionally, the sensitivity of the lifetime prediction of this model to variations in material properties was
studied, particularly, ultimate tensile strength (σU ) and Poisson’s ratio (ν). σU and ν are systematically
varied within a range of 70% to 130% of their original values in Table 3.1, with 10% intervals, to evalu-
ate their impact on the life prediction model. σU and ν are modified individually while keeping all other
parameters constant. The resulting data is then represented using bar charts, with the same scale, to
compare the sensitivity of the lifetime of PA and PD coatings at different Wöhler slopes (based on v
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Figure 3.10: Cite considered for the lifetime
prediction [32]. Figure 3.11: Power curve of the DTU 10-MW wind turbine [55].

or veq) to variations in σU and ν. This analysis provides insights into the influence of these material
properties on the predicted lifespan of the coatings.



4
Results and discussion

This chapter offers the results and discussion of findings based on chapter 3. It begins by analyzing the
concept of equivalent velocity in section 4.1, demonstrating the improvement of the water slug volume
calculation and the interpretation of experimental results from the PJET. Section 4.2 focuses on the rain
erosion experiment, presenting the number of impacts until the incubation period and the breakthrough
and the surface damage evaluation. Finally, in section 4.3, the lifetime prediction of the coatings is
evaluated using the leading-edge erosion model, providing insights into the feasibility of the model and
the sensitivity of the material properties.

4.1. Correction for the volume interdependence by equivalent ve-
locity

A comparison can be made between the theoretical volume calculation based on the proposed method
and the calculation based on the assumption of a cylindrical water column. Table 4.1 displays the
theoretical volumes of a single water droplet passing through the hole in the PJET facility, while the
data in Table 4.2 is determined by assuming the water slug is a cylindrical column for a given overlap
time of the hole and the water jet. Given the same impact velocity and impact frequency, the theoret-
ical value is lower than the cylinder-based value. For instance, at an impact frequency (f ) of 42 Hz
and v = 160 m

s , the theoretical volume is accurately determined to be 184.8 mm3, while the volume
of the cylindrical water slug is 435.4 mm3. The reason is that the cross-sectional area of the water
slug fluctuates with time and reaches a maximum only when the area of the hole and the jet entirely
overlap, whereas the cross-sectional area remains constant with this maximum value for the cylindrical
column. Thus, it is concluded that the assumption of a cylindrical shape for a given overlap interval
overestimates the amount of water that hits the sample by 2.36 times. Thus, the variation in the overlap
region between the hole and the water jet affecting the volume of the slug should be taken into account.

Table 4.1: Theoretical volume calculation of a water slug
in the PJET facility. (unit: mm3)

v (ms ) \f (Hz) 5 25 42
10 97.0 19.4 11.6
160 1552.2 310.4 184.8
250 2425.4 485.1 288.7

Table 4.2: Volume of a water slug assuming a cylindrical
shape with the overlap time of the hole on the rotational

disc and the water jet. (unit: mm3)

v (ms ) \f (Hz) 5 25 42
10 228.6 45.7 27.2
160 3657.6 731.5 435.4
250 5715.1 1143.0 680.4

The experimental data from previous research [14] is employed to compare the analyses using the
conventional impact velocity (v) and proposed equivalent velocity (veq). The relation between veq and
v for three different impact frequencies (2.5, 27.7, and 42.6 Hz) is depicted in Figure 4.1. The equation
of power fit curves shows that veq is proportional to v1.5. Looking at the first term of each fitted equation,
the variation between veq and v increases as the impact frequency decreases.

25
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Figure 4.1: Relation between equivalent velocities and the impact velocities when the impact frequencies are 2.5 Hz, 27.7 Hz,
and 42.6 Hz.

The result of veq − ni curve (new method) is shown in Figure 4.2b in comparison with the v − ni curve
(old method) in Figure 4.2a. It is obvious that the positions of the three curves are reversed. In Fig-
ure 4.2b, the curve of 2.5 Hz shifts all the way to the top, while the curve of 42.6 Hz situates on the
bottom. This implies that for the same size of the droplet at the same equivalent velocity, the higher the
impact frequency the fewer the number of droplets needed to cause damage. This observation aligns
with the expectation of the recovery of deformation and viscoelastic behavior: as the impact frequency
increases, the polyurethane coating has less time to recover from the strain, leading to faster erosion.

(a) v − ni curve. Adjusted from [14] (b) veq − ni curve

Figure 4.2: Result of the erosion of the polyurethane coating using water-jet rig presented by the impact velocity and
equivalent velocity.

Table 4.3 shows that the Wöhler slopes (m) of the new method at three impact frequencies decrease
significantly by 7 to 10 and become similar at around 18, indicating the sensitivity of the number of im-
pacts to speed is higher in v−ni curve than in veq−ni curve. This less drastic change in the number of
impacts in terms of the variation of veq reveals the alleviation of the impact velocity-volume dependency
which high v leads to even smaller ni with the synergy of a longer water slug. Additionally, the values
of the Wöhler slope are consistent for the same material, suggesting a relatively predictable behavior
of the material.
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Table 4.3: Slopes of the v − ni curve and the veq − ni curve corresponding to three impact frequencies.

f (Hz) 2.5 27.7 42.6
m (-, v − ni) 28.09 28.85 24.26
m (-, veq − ni) 18.73 18.88 17.23

Overall, using the equivalent velocity to build the plot reduces the water slug volume interdependence
with impact velocity and impact frequency when we present the result by velocity-number of impacts
relationship.

4.2. Rain erosion experiments
In this section, the result of the rain erosion experiment is presented in parts. First, the measure-
ments until the incubation period and the breakthrough are shown by number and erosion images.
Furthermore, the erosion progression of mass loss and damaged area over time is analyzed, offering
information about the erosion rate and microscopic observation.

4.2.1. Incubation period
The outcome of the incubation tests is illustrated by the impact velocity and the equivalent velocity in
relation to the number of impacts until the incubation period in Figure 4.3. According to Equation 2.5,
the curves presenting the power law relation can be written as

ni = kv−m (4.1)

ni = kv−m
eq (4.2)

where the fitted constants are displayed in Table 4.4. The trend of the decreasing number of impacts
with the increasing velocity is observed for both PA and PD. Two figures show a similar pattern with
the same ni but the scale of veq is higher than that of v. The trend line of PA is steeper than that of
PD, intersecting at around v = 151 m

s and veq = 976 m
s . In the investigation of velocities higher than

this crossover point, the PA exhibits a greater number of impacts until the incubation period compared
to PD. Conversely, at lower impact velocities, PD demonstrates improved performance. Due to the
relatively mild steepness of the curve for PD, it is deduced that PD has longer lifetimes for LEP on the
wind turbine blades as the impact velocity is typically below 120 m

s [4].

(a) v − ni curve (b) veq − ni curve

Figure 4.3: Performance of PA and PD presented by the impact velocity and equivalent velocity with respect to the number of
impacts until the incubation period.
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Table 4.4: Fitted constants for the curves.

PA (v − ni) PD(v − ni) PA(veq − ni) PD (veq − ni)
k 3× 1022 2× 1032 1021 9× 1029

m 8.11 12.61 5.41 8.41

By applying the equivalent velocity scheme, the curves become steeper and are shifted upward com-
pared to the old method. Due to different Wöhler slopes (m) and the order(s) of magnitude difference
of k, a point of intersection for the v − ni curve and the veq − ni curve of each coating at a low velocity
should be expected as both curves are extrapolated in one plot. This can be attributed to the concept
of equivalent velocity, wherein a reference droplet’s kinetic energy during travel is equated to the ki-
netic energy of a water slug moving at a specific velocity. When the impact velocity is high, the water
slug’s volume increases, resulting in a rise in kinetic energy. Conversely, at lower impact velocities, the
water slug’s volume decreases. At a certain impact velocity, the PJET generates a water slug volume
equivalent to that of the reference droplet, which, in this case, is a spherical droplet with a diameter
of 2 mm. Consequently, the equivalent velocity must be identical to the impact velocity to match the
kinetic energy. If the impact velocity falls below this value, the 2 mm droplet is larger than the water
slug, necessitating an equivalent velocity lower than the impact velocity.

To obtain the impact velocity leading to the same volume of the reference droplet, the following equation
can be solved:

2v(

∫ t0

0

Acompletedt+

∫ T

t0

Aincompletedt) =
1

6
πd3 (4.3)

where the left-hand side is the water slug’s volume created by the PJET from Equation 3.12 and the
right-hand side is the spherical volume of the reference droplet. Rearranging the equation, we can
obtain the expression:

v =
πd3

12(
∫ t0
0

Acompletedt+
∫ T

t0
Aincompletedt)

(4.4)

The calculation in this scenario considers an impact frequency of 42 Hz and a droplet size of 2 mm.
The impact velocity required to generate a water slug’s volume equivalent to that of the 2 mm reference
droplet is calculated to be 3.6 m

s .

Extrapolating the v − ni curve and veq − ni curve of PA and PD, the crossover point for PA is at 3.5 m
s ,

and that for PD is at 3.6 m
s . These crossover points match the calculation quite well. Within the impact

velocity regimes of most operating wind turbines (from 60 to 100 m
s [60]), a higher number of impacts is

expected for the new method (in Figure 4.3b) than the old method (in Figure 4.3a). However, when the
impact velocity of 2 mm droplets is lower than 3.6 m

s , fewer impacts are needed to damage the coating
compared to the interpretation of the v−ni curve. This usually happens only at some times when wind
turbines are not in operation because the impact velocity is very slow.

At v = 160 m
s , the average number of impacts until the incubation period of PA and PD is very close and

the range of all measurements is narrow. The scatter of the measurements at v = 150 m
s is significant

for both materials. The minimum measured number of impacts of PA is nearly the same as that of the
maximum of PD. Yet, their average values are distinct. Therefore, the p value is an indicator to show
whether the number of impacts can be considered statistically different. If the p value is lower than
the significance level of 0.05, the null hypothesis, which states that the two groups of measurements
have equal means, is rejected. As a result, there is a significant difference in the two mean numbers
of impacts. According to Table 4.5, the p values for the group of v = 150 m

s and v = 160 m
s are larger

than the significant level of 0.05, indicating there is no significant difference in the incubation periods
between PA and PD at these velocities. In contrast, a significant variation is found for the impact velocity
of 140 m

s , where the p value is below 0.05. This finding further supports the previous deduction that the
incubation period for PD is longer than that for PA as the velocity decreases.
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Table 4.5: p values for the measurements of PA and the measurements of PD under the same impact velocity.

Impact velocity (ms ) p value Significant difference
140 0.012 Yes
150 0.077 No
160 0.48 No

Another type of p values indicating whether the number of impacts at different velocities varies markedly
considering the same coating, as shown in Table 4.6. For PA, the number of impacts does not have
a substantial change per 10 m

s , while there is a significant difference between the measurements at
v = 160 m

s and v = 140 m
s . For PD, the difference between v = 160 m

s and v = 150 m
s is small, but

the distinction is found at v = 140 m
s . The incubation test results at high velocities (v = 150 m

s and
v = 160 m

s ) show little variation in the number of impacts for both coatings.

Table 4.6: Pairwise p values between different impact velocity groups.

Impact velocity groups (ms )
PA PD

p value Significant difference p value Significant difference
140 vs. 150 0.54 No <0.001 Yes
150 vs. 160 0.053 No 0.27 No
140 vs. 160 <0.001 Yes <0.001 Yes

The initial damage until the incubation period is investigated via the 3D microscope as shown in Fig-
ure 4.4. It is apparent that the damage for PD is more severe than for PA. The failure mode for PA is
mainly pitting. The damage consists of a few dents close by within a circle of 4.5 mm in diameter. The
total damaged area is between 0.7 to 1.2 mm2. The damage characteristic does not vary with three
different velocities. On the other hand, relatively large craters can be observed on the surface of PD.
The predominant failure mode is cratering. The damaged area tends to grow with increasing velocity.
The damaged areas are 5.7, 6.6, and 37.3 mm2 at 140, 150, and 160 m

s respectively.
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Figure 4.4: Optical images and height maps showing the surface damage until the incubation period.
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4.2.2. Breakthrough
After the test for the incubation period, the results of the breakthrough are demonstrated in the section.
Figure 4.5 presents the performance of PA and PD by the erosion test until breakthrough. Similar to
the incubation, the average number of impacts increases as the velocity drops. The power law relation
can again be written as

nb = kv−m (4.5)

nb = kv−m
eq (4.6)

where the fitted constants based upon these averaged points are shown in Table 4.7. In contrast to the
incubation period, PA coatings exhibit higher k and m values compared to PD coatings. However, in
Figure 4.5, PD requires 2 to 3 times more impacts on average than PA to reach the breakthrough at the
same velocity. By considering the results of the incubation period in Figure 4.3 and the breakthrough
in Figure 4.5 at the same velocity (a tabular comparison is in Appendix A), it is observed that the ero-
sion time until the breakthrough is 3 to 4 times longer than the incubation period for PA coatings. For
PD coatings, the erosion time until the breakthrough is more than 10 times longer than the incubation
period.

Besides, the point of intersection does not appear in Figure 4.5. It would be located at v = 126 m
s and

veq = 737 m
s if two curves were extrapolated. Below the point of intersection, the PA demonstrates a

greater number of impacts until the breakthrough compared to PD at the same velocity. This implies
that the lifetime in terms of the breakthrough is higher for PA than PD undergoing real-life impact ve-
locities. This finding, in conjunction with the results from the incubation test, indicates that PD has a
longer incubation period but reaches the breakthrough faster, whereas stiffer materials like PA may
offer better resistance against the breakthrough in the low-velocity range. However, further verification
under low-velocity testing is required to substantiate these observations.

(a) v − nb curve (b) veq − nb curve

Figure 4.5: Performance of PA and PD presented by the impact velocity and equivalent velocity with respect to the number of
impacts until the breakthrough.

Table 4.7: Fitted constants for the curves.

PA (v − nb) PD(v − nb) PA(veq − nb) PD (veq − nb)
k 7× 1032 4× 1018 3× 1030 3× 1017

m 12.59 5.86 8.39 3.91

It is also observed that the trend lines are steeper and shifted upward after converting the v−nb curve
to the veq − nb curve. Extrapolating both curves toward lower velocities, we would expect a point of
intersection for each coating in one plot. For PA, this intersection point occurs at 57 m

s , while for PD,
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it occurs at 59 m
s . The utilization of the reference droplet (2 mm sphere) and the PJET’s water slug at

these two velocities gives the same number of impacts until the breakthrough for PA and PD. However,
if the velocity surpasses these values, the number of impacts from veq − nb curves is larger than that
from v−nb curves, whereas veq−nb curves show smaller nb when the velocity falls below these values.
Two points are below the impact velocity regime encountered in operating wind turbines, but they are
not as low as the previously calculated expected point of intersection at 3.6 m

s . This discrepancy is
likely due to the fitting of curves based on scattered measurements.

Another attention is paid to the scatter of each measurement. Despite excluding outliers, substantial
variability within the data is seen. A notable observation is the range of measurements for PD, partic-
ularly at v = 150 m

s , indicated by a substantial 10-fold difference between the maximum and minimum
number of impacts until the breakthrough. This wide range encompasses the entire range of measure-
ments observed for PA at the same velocity. This aligns with the p value 0.31 shown in Table 4.8 that
the difference in the average number of impacts between PA and PD at v = 150 m

s is insignificant. This
variability could be attributed to manufacturing defects of samples such as voids. On the other hand,
there is evidence supporting the superior performance of PD compared to PA at the impact velocity of
160 m

s since the p value falls below 0.05.

Table 4.8: p values for the measurements of PA and the measurements of PD under the same impact velocity.

Impact velocity (ms ) p value Significant difference
150 0.31 No
160 0.033 Yes

Moreover, all mean numbers of impacts of different velocity groups are not markedly different for both
materials, except the p value is lower than the significant level of 0.05 between the PA’s measurements
at v = 150 m

s and v = 160 m
s as displayed in Table 4.9. For PD, the ranges of the number of impacts at

three velocities largely overlap. As a result, all p values in Table 4.10 are greater than 0.05 comparing
all the measurements tested at three different velocities. This implies that the statistical result does
not provide strong evidence supporting the trend of decreasing impact velocity leading to an increasing
number of impacts for PD. Therefore, conducting experiments at a wider range of velocities is neces-
sary to provide a more comprehensive view of the relationship between the number of impacts and
impact velocity.

Table 4.9: Pairwise p values between different impact
velocity groups for PA.

Impact velocity
groups (ms )

PA
p value Significant difference

145 vs. 150 0.80 No
150 vs. 160 0.022 Yes
145 vs. 160 0.112 No

Table 4.10: Pairwise p values between different impact
velocity groups for PD.

Impact velocity
groups (ms )

PD
p value Significant difference

150 vs. 160 0.23 No
160 vs. 170 0.98 No
150 vs. 170 0.29 No

The samples were observed after the erosion. Figure 4.6 displays the representative surface damage
until the breakthrough at selected impact velocities for PA and PD. All damages until the breakthrough
are obvious since the coating layer was penetrated. The main failure mode is pitting for PA and cra-
tering for PD. The damaged areas of PA vary from 4 to 100 mm2 regardless of the impact velocity. In
contrast, the damaged areas measured among the PD’s test spots are more consistent, from 38 to
85 mm2. In addition, there are other characteristics found as presented in Figure 4.7. Debonding is
seen on several PA surfaces, particularly at high-impact velocities (150 and 160 m

s ), and some of them
appear with peeling and cracks on the coating. However, these damage characteristics are not seen
in PD. Only crater-like damage is observed on the coating, but further pitting and cracks on the filler
occurred on some test spots. This damage underneath the coating layer is not studied in this research.



4.2. Rain erosion experiments 32

160 m/s 160 m/s

150 m/s 150 m/s

145 m/s 145 m/s

150 m/s150 m/s

160 m/s 160 m/s

170 m/s 170 m/s

0.2
mm

0.16

0.08

0

-0.08

-0.16

-0.2

(a) PA (b) PD

Figure 4.6: Optical images and height maps showing the surface damage until the breakthrough.
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Figure 4.7: Damage characteristics of (a) PA at v =150 m
s
and (b) PD at v =170m

s
.

4.2.3. Erosion progression
After analyzing the damage progression during the incubation period and breakthrough, we also con-
ducted a few tests in between them to investigate the cumulative erosion process for both PA and PD
coatings. These tests were performed at an impact velocity of 160 m

s , which corresponds to the avail-
able data for incubation and breakthrough, and where distinct mean breakthrough measurements were
obtained, as shown in Table 4.8. Their results are presented in Figure 4.8, which depicts the erosion
graph illustrating the progression of mass loss over the testing duration and damaged area over the
testing duration. Examples of microscopic surface erosion corresponding to each testing interval are
shown in Figure 4.9.
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(a) Loss of mass vs. time (b) Damaged area vs. time

Figure 4.8: Erosion graph until the breakthrough of PA and PD at v = 160m
s
.

The erosion progression observed for PA and PD coatings exhibit distinct characteristics in Figure 4.8.
For PA, shown in Figure 4.8a, mild damage occurs within a short time span of 50 minutes, followed by
a significant increase in the average mass loss from less than 0.001 to nearly 0.01 grams in the subse-
quent 15 minutes, corresponding to the breakthrough. This phenomenon can also be observed from
Figure 4.9a, where the surface damage starts with mild pitting, advances to gouges, and eventually
leads to an obvious loss of material and debonding until the breakthrough. The trend for the damaged
area over the erosion time of PA in Figure 4.8b is similar to its mass loss progression in Figure 4.8a,
implying the growth of damage is attributed to both the thickness and area.

On the other hand, PD demonstrates a more gradual mass loss throughout the entire erosion progres-
sion in Figure 4.8a. Nevertheless, the size of the damaged area tends to stabilize at around 45 mm2

after the incubation period as shown in Figure 4.8b. This trend is also evident in Figure 4.9b, where a
substantial crater is observed initially and its size remains relatively unchanged until the breakthrough.
Hence, it highlights that the growth of damage in PD is mostly through thickness after the initial damage
appears.

The total mass losses until the breakthrough are approximately the same (0.01 grams) for both PA
and PD coatings although the damaged topography differs between the two. Despite the fact that the
damaged area of PD is greater than that of PA, as evident from the darkest blue region in the height
map, the extent of PD eroded down to the filler material is tiny, whereas a considerably larger area of
PA has eroded to the filler.

In the aspect of surface morphology, PA exhibits higher mass loss per unit area compared to PD. This
may imply that the erosion mechanisms of the two materials differ. Based on the observed large area
of damage, it is reasonable to deduce that lateral jetting plays a significant role in the erosion of PD.
This can be attributed to its low Young’s modulus, which allows water to deform the material and pave
the way for lateral jetting. In contrast, the stiff property of PA results in pitting characteristics on its sur-
face, which may be caused by the water hammer pressure and stress waves rather than lateral jetting.
The damage in PA seems to mainly occur in localized areas, while the surrounding material remains
relatively undisturbed. Over time, the pits on PA’s surface grow and merge, leading to a larger area
of damage until the breakthrough. However, only the failures that involve debonding and peeling, as
shown in Figure 4.7, demonstrate the evident influence of lateral jetting. Additionally, the ductile nature
of PD contributes to a more gradual loss of mass during the erosion process. The material’s ability to
dissipate the impact over a broader region helps reduce the severity of damage in any single localized
area. From the experimental point of view, Young’s modulus might be a key factor in the erosion resis-
tance as the other properties of PA and PD are quite similar in Table 3.1.
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Figure 4.9: Microscopic images of mass loss progression of (a) PA and (b) PD at v = 160m
s
. Images from top to bottom show

progressive surface erosion from the incubation period to the breakthrough.

4.3. Lifetime prediction by leading-edge erosion model
In this section, the lifetime prediction of the PA and PD is discussed using the leading-edge erosion
model. The lifetimes predicted by the model are displayed and discussed. In addition, a sensitivity
analysis of the model is provided, which investigates the implications of differences in ultimate tensile
strength and Poisson’s ratio on expected lifetimes.

4.3.1. Lifetime of PA and PD
We now focus on the lifetime prediction of the PA and PD coatings using the long-term leading edge
erosion model based on the experimental data. The results of the lifetime predictions are presented
in Table 4.11. Based on the Wöhler slope (m) from the v − ni curve (old method) and the veq − ni

curve (new method), two different expressions are considered. The lifetimes (t), expressed in years,
are shown in the respective columns.

Table 4.11: Lifetime prediction of PA and PD. (unit: years)

t (m from v − ni) t (m from veq − ni)
PA 8.40× 10−9 5.49× 10−10

PD 4.16× 10−8 3.21× 10−9

Comparing PA and PD, the expected lifetime of the PA under long-term leading edge erosion conditions
is shorter than that of PD, which aligns with the previous discussion in 4.2.1 if a real-life situation is con-
sidered. Nonetheless, these values are extremely small. Converting them to seconds, none of them is
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higher than 1.5 seconds. These predictions are neither close to the normal lifetimes of the coatings nor
the experimental results. Additionally, the lifetime in the case of veq − ni curve should be expected to
be higher in comparison with the v−ni curve since the number of impacts until the incubation period is
higher for most of the velocity regime (when velocity is above 3.6 m

s ) as discussed in subsection 4.2.1.
However, the opposite results are discovered.

As a result, it is essential to examine the feasibility of Springer’s model in predicting the performance of
PA and PD. First of all, the measurements plotted in comparison with Springer’s equation (solid line) are
shown in Figure 4.10. Each data point represents a single measurement until the incubation period as
indicated in Table 3.4. ni is taken from the test results. S is calculated using Equation 2.8 with σU and
ν from Table 3.1 and m from Table 4.4. To calculate P (Equation 2.2), ρC and CC are from Table 3.1,
as well as the density of water (ρL) and the speed of sound in water (CL) are assumed to be 1000 kg

m3

and 1480 m
s , respectively. Due to vertical impingements, cosθ is 1. The velocity input corresponds to

either the impact velocity (v) or the equivalent velocity (veq).

Figure 4.10: Experimental data of the incubation tests plotted in comparison with Springer’s equation. Fitted equations of the
data points can be found in Appendix B.

This discrepancy between the experimental data points and Springer’s equation shed light on the un-
derestimation of lifetime prediction in Table 4.11. If the data points of the old method and new method
are extrapolated to the right (toward the lower impact velocities of most operating wind turbines), ni is
higher at the same value of S

P compared with Springer’s equation.

When examining the data points of the old method in Figure 4.10, a leftward shift away from Springer’s
equation is observed. Moreover, an even more drastic leftward shift is found in the data points of the
new method, which are shifted approximately one order of magnitude further away from the old method.
This phenomenon can be attributed to the small S

P values, indicating small values for S and large val-
ues for P . It is suspected that the ultimate tensile strength (σU ) has a predominate impact on the left
shift, as the values given in Table 3.1 are significantly lower than what is typically observed in common
polymers [11, 37, 47].
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Comparing the old method with the new method, the differences in input parameters are the velocity
and Wöhler slope. The equivalent velocity (veq) is much larger than the impact velocity (v), and m
becomes smaller as replacing the old method with the new method. This explains why veq − ni data
points are located to the left of the v − ni data points.

Furthermore, the limitations of Springer’s model as shown in subsection 2.7.1 were checked. Accord-
ing to Equation 2.9, the ratio of the strength parameter to impact pressure ( SP ) should be greater than 8
to meet the minimum requirement of at least one impact. This lower limit is indicated by the dotted line
in Figure 4.10, and the data points are required to be located at the right-hand side of the line. Hence,
all the measurements do not meet the lower limit. As regards the upper limit shown as a dashed line
(Equation 2.10), the data points should not be above the line. Thus, the upper limit is not fulfilled either.

The last limitation assessed is whether the thickness of the coating is sufficient to disregard stress wave
reflection. According to the Equation 2.11, the thicknesses of PA coating should be larger than

2× 2× 1807

1480
= 5.05mm

and PD should be thicker than

2× 2× 1710

1480
= 4.62mm

However, the coating thickness is only 0.25 mm on average, indicating that this assumption is not met
for any of the data. Consequently, the number of impacts until the incubation period estimated by
Springer’s homogeneous model is expected to be higher than the actual values obtained in the exper-
iments, as the model does not consider the influence of wave reflection that accelerate erosion. Yet,
Figure 4.10 shows the opposite. Given the same value of S

P , Springer’s curve yields a lower ni. This
implies that the violation of the lower and upper limits may have a larger impact on the lifetime predic-
tion than the neglect of wave reflection.

In light of the uncertainty about the accuracy of the σU , the additional lifetime prediction altering the σU

of the PD material to 65 MPa was investigated in Table 4.12. This σU is chosen based on the speci-
fication that falls within the range commonly observed in polymers [48]. Yet, we should keep in mind
that rain erosion testers cause a high strain rate (above 10000 Hz) behavior of polymers [36], thus the
exact material properties are still not fully understood.

Table 4.12: Lifetime prediction of PD with the adjusted σU = 65 MPa. (unit: years)

t (m from v − ni) t (m from veq − ni)
PD (σU = 65 MPa) 13.62 1.05

Adjusting the ultimate tensile strength of the PD coating to 65 MPa yields significantly longer lifetimes.
In this scenario, the PD coating is predicted to have a lifetime of approximately 13.62 years when using
the old method and 1.05 years when using the new method. The results come close to the same order
of magnitude as those in the literature [55]. Possible explanations for this discrepancy compared to
the originally predicted lifetime could include the inability to measure properties at high strain rates and
the presence of initial manufacturing defects. Therefore, the accuracy of material properties and the
quality of the material are of importance in the rain erosion model.

In Figure 4.11, the old method fulfills the upper and lower limitations and fits well after altering the σU

to a common value, whereas the new method remains a left shift, which can again be attributed to
the smaller Wöhler slope value and much higher velocities. Consequently, it is deduced that the new
method is not compatible with Springer’s equation.

It can be argued that Springer’s equation only considers m from the v − ni, but k (in Table 4.4) which
acts as a shifting factor and influences the curves significantly is excluded. However, the shifting of the
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Figure 4.11: PD data with σU = 65 MPa plotted in comparison with Springer’s equation. Fitted equations of the data points
can be found in Appendix B.

traditional fatigue curve (stress vs. number of cycles) is associated with the σU which determines the
y-intercept, and Springer’s model already considers this parameter. Therefore, the k value should have
a minor effect. On the other hand, the veq −ni curve is a modified expression of the v−ni curve, which
means the further shifting can no longer be described by the σU . Hence, the model should be refined
to adjust the change in the velocity level if the veq is employed in order to provide a better prediction for
the new method.

The longer lifetimes and better fit for Springer’s equation obtained by adjusting the ultimate tensile
strength of the PD coating highlights the marked impact of material properties on the predicted lifespan
of the coating. Hence, a sensitivity study of the long-term leading edge erosion model is demonstrated
in the next subsection.

4.3.2. Sensitivity analysis
This study aims to evaluate the effects of varying Poisson’s ratio (ν) and ultimate tensile strength (σU ),
the two largest influences of material properties [30], on the predicted lifespan. The results are pre-
sented graphically in Figure 4.12 and Figure 4.13.

Figure 4.12 illustrates the sensitivity of the lifetime predictions to variations in the ultimate tensile
strength (σU ) in the range of 70% to 130% of its original value. The graph clearly shows a consistent
trend: as the ultimate tensile strength increases, the predicted lifespan of the coating also increases.
This relationship holds true for both PA and PD coatings regardless of the optedm and σU . The change
in lifespan is significant, with the lifetime varying by 1 to 2 orders of magnitude within a range of ±30%.
This exponential relationship with a factor of 5.7, as described by the analytical equation (Equation 2.7).

Similarly, Figure 4.13 shows the sensitivity of Poisson’s ratio on the lifetime. Again, the range for ν is
70% to 130% of its initial value. The graph also reveals that the higher the Poisson’s ratio the longer
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Figure 4.12: Lifetime sensitivity of variations in ultimate tensile strength (σU ).

Figure 4.13: Lifetime sensitivity of variations in Poisson’s ratio (ν).

the lifetime. The variation in lifetime is even more significant compared to the sensitivity to σU , with a
variation of 2 to 3 orders of magnitude. For instance, in the case of PD (v−ni, σU =65 MPa), increasing
σU from 70% to 130% results in a lifetime increase from 1.78 to 60.74 years. On the other hand, an
increase from 1.64 to 411.10 years is observed for the same range of the variation of ν.

The sensitivity analysis conducted in this study confirms the high sensitivity of lifetime predictions to
changes in Poisson’s ratio and ultimate tensile strength. The results indicate that materials with higher
incompressibility (ν→0.5) and higher ultimate tensile strength have longer projected lifetimes in the
model. This analysis emphasizes the substantial influence of material properties on the coating’s life-
time and the importance of accurate input material properties.
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Conclusion

The purpose of this report was to propose a novel analysis method utilizing the concept of applied ki-
netic energy to address the issue of volume interdependence in the Pulsating Jet Erosion Test (PJET).
In addition, rain erosion tests were carried out using the PJET to investigate the performance of two
types of advanced polymer-coated samples, PA and PD, under different impact velocities. The lifespan
of these samples was then predicted using the long-term rain erosion model. In the following discus-
sion, the research questions outlined in section 2.8 are answered.

Research question 1: How does the relationship between impact velocity and the number of
impacts until failure affect the interpretation of surface fatigue in PJET results, and what alter-
native method can better describe this surface fatigue?

The Pulsating Jet Erosion Test (PJET) generates water slugs with varying volumes due to different
impact velocities and frequencies. This variability poses challenges in interpreting the experimental
results presented by the conventional v − n curve, which represents the impact velocity in relation to
the number of impacts until failure. To address this issue, the concept of ”equivalent velocity (veq)” is
introduced. veq is the velocity at which a spherical droplet should impact a surface to exert the same
kinetic energy per impingement as the actual water slug traveling at the impact velocity (v). This ap-
proach allows for analysis using consistent droplet volumes while adjusting the velocity to maintain the
same kinetic energy.

To determine the kinetic energy of a water slug, the volume of its irregular shape created by the PJET
is crucial. This is achieved by dividing the overlap region between the jet and the hole into the com-
plete overlap region and the incomplete overlap region. The volume is obtained by integrating the
volumetric flow rate over time, taking into account both overlap regions. This calculation is called the
theoretical volume calculation highlighting the consideration of the change in the overlap region over
time. It demonstrates that the assumption of a cylindrical water slug used in previous research overes-
timates the volume by 2.36 times in comparison with the theoretical volume calculation.

The mass of the water slug is obtained by multiplying the volume by the density, allowing for the calcula-
tion of its kinetic energy as half of its mass multiplied by the square of the impact velocity. Subsequently,
the equivalent velocity is determined by identifying the velocity at which a spherical droplet with a di-
ameter of 2 mm possesses the same kinetic energy as the water slug.

At a constant impact frequency (f ), the relationship between the equivalent velocity and the actual
impact velocity follows a power law, where the equivalent velocity is proportional to the actual impact
velocity raised to the power of 1.5. Comparing the representation of the v − n curve and the veq − n
curve, the latter exhibits a steeper slope and shifts upward with an increase in velocity at the same
number of impacts. This suggests a reduction in the impact velocity-volume dependency, indicating
that more spherical droplets are required to cause damage at the same velocity. Moreover, the high-
volume add-on effect resulting from the high-speed jet is corrected.
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When v is held constant, a higher number of impacts is needed to initiate damage on the polymer coat-
ing at high f compared to low f . This observation suggests that the smaller droplet volume resulting
from the high f by the PJET facility may hinder the effects of viscoelastic behavior where the relaxation
time for recovery between each impact is shorter for high f . Conversely, implementing veq reveals a
smaller number of impacts at higher f , consistent with the viscoelastic behavior where less recovery
from deformation occurs.

In summary, this study suggests the concept of equivalent velocity to describe surface fatigue in the
PJET. It mitigates the influence of the volume interdependence with impact velocity and frequency,
providing a more comprehensive interpretation.

Research question 2: How do the PA and PD samples perform under the PJET in terms of the
incubation period and the breakthrough?

The incubation period refers to the duration until the surface damage is observable and the break-
through refers to the moment when the filler is exposed due to the loss of the coating above. In general,
higher impact velocities tend to result in shorter incubation periods and lower numbers of impacts until
breakthrough, following an inverse power law relationship. At high impact velocities (150 and 160 m

s ),
PA and PD exhibit similar performance in terms of the incubation period. However, at v =140 m

s , PD
resists twice the number of impacts compared to PA. For the breakthrough, PD requires 2 to 3 times
more impacts on average than PA at v =150 and 160 m

s . These findings suggest that materials with
ductile characteristics, such as PD, demonstrate better resistance to rain erosion tests compared to
stiffer materials like PA.

Analyzing the fitted Wöhler slope (m) based on the average number of impacts until the incubation
period (ni) with respect to the velocity reveals that PD has a larger slope compared to PA, resulting in
a less steep v − ni curve. Two curves for PA and PD intersect within the test window at v = 151 m

s
and veq = 976 m

s . On the other hand, the curve for PD obtained from the breakthrough is steeper
than the curve for PA, with an expected intersection point outside of the test window at v = 126 m

s and
veq = 737 m

s . Extrapolating both curves of the incubation period and the breakthrough to the common
velocity regime of operating wind turbines, it can be concluded that the lifetime of PA, in terms of the
incubation period, would still be shorter than that of PD. However, the lifetime of PA, in terms of the
breakthrough, would be longer than PD. Nonetheless, the statistical results fail to provide strong evi-
dence indicating a variation in the mean number of impacts until failure across different tested velocities.
Therefore, the validity of the Wöhler slopes in this study cannot be assured.

Research question 3: How do PA and PD samples behave throughout the erosion progression
until the breakthrough?

The erosion progression at an impact velocity of 160 m
s until the breakthrough of PA and PD samples

exhibits distinct characteristics. PA coating initially experiences a smaller erosion rate, followed by a
significant increase in the loss of mass and the area of damage leading to the breakthrough. The main
failure mode observed is pitting, likely caused by water hammer pressure and stress waves. The stiff na-
ture of PA leads to localized areas of damage, which grow and merge over time until the breakthrough.
In contrast, PD demonstrates a more gradual mass loss throughout the entire erosion progression,
with the damaged area stabilizing after the incubation period. The growth of damage in PD is primarily
through thickness. The presence of large crater damage can be attributed to the influential lateral jet-
ting mechanism. The ductile nature of PD shows the ability to dissipate impact over a broader region,
reducing the severity of damage in any single localized area. The investigation of erosion progression
reveals the critical influence of Young’s modulus on erosion behavior.

Research question 4: How can the long-term lifetime of PA and PD be predicted, and what are
their long-term lifetimes?

The long-term lifetime of PA and PD coatings can be predicted using Verma’s long-term rain erosion
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model. The predicted lifetime of the coatings is determined by the incubation period, meanwhile, the
rain and wind statistics at a specific site are taken into account. A coastal location, Wilhelminadorp,
was selected in this study. The DTU 10-MW wind turbine on which PA and PD coatings are applied
was chosen.

In this research, the key focus the model is Springer’s equation which is employed to determine the
short-term damage rate (without considering rain and wind conditions). Hence, the material properties:
density, speed of sound, ultimate tensile strength, and Poisson’s ratio are required inputs to calculate
the analytical surface fatigue. Additionally, the Wöhler slopes from the experimental v− ni and veq − n
curves are essential.

Through a weighted sum calculation of the short-term erosion damage rate for various rain and wind
conditions, the long-term erosion damage rate and expected lifespan of the blade coating were deter-
mined. Similar to the experimental results, the lifetime of PD is longer than that of PA. Nonetheless, the
prediction shows extremely short lifetimes for both coatings (less than 1.5 seconds) due to the breach
of the lower limit and the upper limit of Springer’s model.

However, adjusting the ultimate tensile strength of PD from 2.11 MPa to a more commonly observed
value of 65 MPa for polymers significantly increased the predicted lifetime to 13.62 years for input m
from v−ni (old method) and 1.05 years for inputm from veq −ni (new method). This finding highlights
the critical role of accurate ultimate tensile strength in the prediction process.

Additionally, the new method displays a lower lifetime than the old method, contradicting the experi-
mental observations. This discrepancy can be attributed to the unsuitability of Springer’s model for veq,
as it neglects the magnification in velocity. Therefore, future improvements to the model are necessary
to effectively incorporate the new method.

Research question 5: How sensitive is the lifetime of PA and PD to variations in ultimate tensile
strength and Poisson’s ratio in the long-term rain erosion model?

The sensitivity analysis conducted in this study confirms the high sensitivity of lifetime predictions to
variations in ultimate tensile strength and Poisson’s ratio, thereby emphasizing the importance of ac-
curate input material properties for reliable lifetime predictions. PA and PD show similar sensitivity
with increasing values of ultimate tensile strength and Poisson’s ratio leading to a corresponding in-
crease in the predicted lifespan of the coatings. Following Springer’s equation, the lifetime changes
exponentially with a power of 5.7 as the ultimate tensile strength varies. In the sensitivity analysis
of Poisson’s ratio, the variation in lifetime is more significant. Increasing the ultimate tensile strength
from 70% to 130% of its original value leads to an increase in the lifetime from 1.78 to 60.74 years. In
contrast, varying Poisson’s ratio within the same range results in an increase from 1.64 to 411.10 years.
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Recommendations

This thesis has proposed equivalent velocity to deal with the overlooked volume interdependence in
the analysis of experimental results from the PJET and has conducted research on the use of the PJET
has provided insights into the erosion behavior of advanced polymer coatings. However, there are still
areas that require further investigation and improvement. Therefore, some recommendations are pro-
posed:

• Validation of the equivalent velocity concept: The impact caused by a water slug in the PJET at
the impact velocity may not be exactly equivalent to a spherical droplet with the same diameter
at the corresponding equivalent velocity due to the differences in actual water slug length and
shape. These differences in shape and length can lead to variations in the impact mechanism.
For example, according to the literature [58], the contact force varies with impact time, indicat-
ing that even with the same kinetic energy, the impact on the surface may not be the same for
different sizes of water droplets. Therefore, it is necessary to validate the analytical approach of
equivalent velocity using experimental and numerical models.

• Improvement of experimental method: Instead of interrupting the erosion experiments at regular
intervals, a continuous observation method should be adopted to reduce the additional effect of
relaxation time. This can be achieved by implementing advanced imaging techniques or real-time
monitoring systems to capture the erosion process accurately. Additionally, it is suggested to in-
corporate temperature and humidity control systems in the chamber, as environmental conditions
can also influence erosion behavior. These factors can serve as independent variables in future
experiments. Furthermore, conducting experiments with a wider range of impact velocities and
increasing the number of measurements will provide more precise surface fatigue curves and
improve the reliability of the analysis.

• Further research on properties and quality of materials: The sensitivity analysis emphasizes the
importance of accurate material property measurements for reliable lifetime predictions. It is rec-
ommended to refine the measurement techniques, particularly under high strain rate conditions,
to ensure the accuracy of the material properties used in the erosion model. In addition, the qual-
ity of samples should be improved to reduce initial surface defects.

• Refinement of the model: The leading-edge erosion model utilized in this study assumes homo-
geneity of the samples, neglecting the potential influence of underlying layers such as fillers and
substrates. Therefore, it is recommended to incorporate the effects of these layers in future mod-
eling efforts. Additionally, while the current model considers only the blade tip speed and the
terminal velocity of the rain droplet, it is advisable to also account for the impact of wind on the
velocity. Lastly, to enhance the model’s suitability for the equivalent velocity, it is recommended
to refine the equation by replacing the empirically fitted constants of Springer’s equation with con-
stants obtained from fitting available PJET results using the equivalent velocity method. Thereby
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the number of impacts until incubation at a specific velocity can be adjusted in the denominator
term of the damage rate to improve the accuracy of lifetime predictions.
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A
Comparison of measurements

Table A.1: Impact velocity vs. incubation period and breakthrough for PA and PD.

Velocity
(m/s)

Incubation time (min) Breakthrough (min)
PA PD PA PD

Min. Avg. Max. Min. Avg. Max. Min. Avg. Max. Min. Avg. Max.
140 45.0 45.0 45.0 76.4 83.8 96.9 - - - - - -
145 - - - - - - 60.0 167.7 369.7 - - -
150 30.0 37.5 60.0 15.0 21.5 30.2 61.9 142.3 185.4 60.0 320.6 618.5
160 15.0 15.1 15.4 14.2 15.7 16.7 44.1 51.0 60.0 60.4 159.9 300.4
170 - - - - - - - - - 61.7 155.0 316.2
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B
Fitted equations of ni vs. S

P

Table B.1: Comparison of experimental data’s fitted curves with Springer’s equation.

Springer’s equation ni = 7× 10−6( SP )5.7

PA (v − ni) ni = 2.9037× 103( SP )8.1087

PA (veq − vi) ni = 3× 109( SP )5.4058

PD (v − ni) ni = 1.2414× 10( SP )12.613

PD (veq − ni) ni = 6× 1010( SP )8.4085

PD (v − ni, σU = 65 MPa ) ni = 2× 10−18( SP )12.613

PD (veq − ni, σU = 65 MPa) ni = 1.88× 10−2( SP )8.4085
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