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ARTICLE INFO ABSTRACT

Keywords: Accelerated laboratory testing is essential to understand the rain erosion behavior of coated samples applied
Leading edge erosion to the leading edge surface of a wind turbine blade. This study investigates the impact of droplet impact
PJET frequencies and dry intervals on the incubation time for damage on polyurethane-coated samples using a
Coating

Pulsating Jet Erosion Tester (PJET). A novel theoretical model for water slug volume is introduced, allowing
for a more accurate comparison across different impact velocities and frequencies. The effect of dry intervals
on coating performance is quantified, revealing that longer dry intervals and shorter pre-dry rain exposure
can significantly increase the number of impacts a coating can withstand before damage. The study challenges
the traditional continuous impingement testing by demonstrating that dry intervals can extend incubation
time by a factor of three to five. Additionally, this paper proposes a recalibrated approach to PJET testing,
which better mimics the cyclic nature of real-world rainfall, leading to improved predictive models for material
degradation. The findings emphasize the importance of considering the visco-elastic behavior of coatings and
the role of intermittent rain exposure in erosion testing, offering invaluable insights for designing future PJET
test parameters.

Impact loads
Wind turbines
Operation and maintenance

1. Introduction

The demand for sustainable power generation sources has led to
the growth of wind turbines and the wind energy market. The instal-
lation of onshore and offshore wind turbines has increased by about
10%-11% every year for the last few years [1], and it accounted for
about 15% of the energy generated in Europe in 2023 [2]. Current
trends involve large-size rotor blades, with blade lengths reaching
100-123 m [3,4] and maximum tip speed ranging in the order of
75 to 110 m/s [5]. These high tip speeds of the blades cause high
velocity impacts with hydrometeors such as rain droplets and hail
during operations and can result in leading edge erosion (LEE) of wind
turbine blades, see Fig. 1. Repetitive high-velocity rain droplet impacts
cause degradation at the leading edge of the wind turbine blade (LEE)
through roughening and damaging the blade surface, eventually result-
ing in material removal. This can turn into a significant reduction in the
aerodynamic performance of the turbines and decrease of the overall
annual energy production [6]. Furthermore, LEE has repercussions on
the maintenance and repair costs of the blades, which is a significant
portion of the total operation and maintenance cost of wind farms [7,8].
To protect wind turbine blades made of composite materials from

damage caused by leading edge erosion (LEE), a protective coating
is usually applied. The most advanced solution in the industry for
erosion protection is the use of polyurethane (PU)-based leading edge
protection (LEP) systems [9]. These protection systems are multilayered
and are composed of putty, pore filler, primer, and coating and are
applied to enhance adhesion to the blade substrate [10]. In addition
to polyurethane (PU)-based coatings, other coatings like thermoplastic
shields are also available.

Wind turbine manufacturers face the challenge of accurately assess-
ing and comparing the erosion behavior of different coating systems.
To do this, they use erosion testing facilities that perform accelerated
testing. Various experimental setups are employed to study the blade
coating systems’ durability and resistance against rain erosion. The
most commonly used ones are the pulsating water jet erosion tester
(PJET) [13-18] and the whirling arm rain erosion tester (WARER), [14,
19-21] see Fig. 2. Although both these test set-ups are based on
accelerated testing, there are differences in terms of how the samples
are tested. The WARER is a testing device consisting of one or more
rotating arms on which a coated sample is placed. The arm rotates the
sample under controlled rainy conditions, mimicking real-life rainfall
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Fig. 1. Example of leading edge erosion on WTBs.
Source: TNO, DURALEDGE Project [11,12].

Test Chamber

Fig. 2. (a) WARER (Whirling arm erosion tester) of the University of Limerick [23] (b) PJET (Pulsating Jet Erosion Tester) at Delft University of Technology.

patterns. However, the device maintains a fixed rain droplet diameter,
rainfall speed, and continuous rainfall. In addition, the rotational speed
of the arm can be adjusted as per the test requirements. The PJET,
on the other hand, consists of a high-velocity water jet of which the
diameter is defined through the nozzle diameter and the droplet length
through a rotating disk with holes near the nozzle (a representative
figure is shown later in Fig. 5(c)). This simulated droplet at high speed
is targeted to the coated sample which is fixed in the tester. This test
concept is similar to wind tunnel testing, where the sample is stationary
and the air flow simulates the movement of the sample through the air.
In the PJET, the droplet diameter, impact frequency, impact angle and
impact velocity can be changed. Researchers suggest that the results
from those two types of facilities cannot be directly correlated or
compared [14], as the droplet impact mechanisms, the nature of the
damaged area and the profile of the damage are very different for each
test set-up [17,22].

One of the main challenges of using the PJET is the constant impact
of waterjet segments on the sample, which occurs at a fixed frequency,
velocity, and droplet size. It is important to note that this testing
method may not accurately reflect the real-life rainfall conditions pri-
marily for two reasons. (a) Firstly, in the test setup, the water jet
is simulated continuously, whereas, in reality, there are always dry
intervals between rain events. A dry interval refers to a period of no

rainfall between two rain events. A representative example of this is
shown in Fig. 3, where rainfall data at the Schiphol airport shows
varying precipitation duration for 12 h of recorded data [24]. (b)
Another reason that this testing method does not accurately reflect
real-life rainfall conditions is that the impact frequency used in the
test is generally kept high in the range of 30 to 40 Hz and is not in
line with real rain intensities where impact frequency may range from
0.05 Hz to 5 Hz depending on the rainfall conditions [25]. An impact
frequency is the duration between successive individual rain droplet
impacts on a coated sample. Both these factors are critical when it
comes to erosion testing of PU-based coatings that are visco-elastic in
nature. For instance, the periods of dry intervals, in reality, may cause
the visco-elastic material to recover part of its elastic response [26]
and therefore withstand more impacts until failure compared to the
scenario in the rain erosion tester (RET) where no dry intervals are
simulated. In addition, different impact frequencies would present dif-
ferent relaxation times between droplet impacts, which may be crucial
for visco-elastic materials. According to Engel et al. [26], if visco-elastic
coatings have enough time for material recovery from one impact to the
next one, the material would have time to dampen the impact energy as
well as recover its impact absorbing capabilities before the next impact.
However, if impact frequency is too high, recovery may not be possible,
and strains may build up, leading to accelerated damage.
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Fig. 3. Precipitation events during one day: KNMI: De Bilt, 22-05-2021.
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Fig. 4. Polyurethane (PU) coated glass fiber reinforced plastic (GFRP) sample: (a) global test sample (b) cross-section, including GFRP and PU thickness.

Currently, there are significant gaps in knowledge regarding how
such uncertainty in the experimental modeling of erosion using PJET
affects the results. The aim of this paper is, therefore, to investigate the
effects of impact frequency and dry intervals on the incubation time of
polyurethane-coated samples. An experimental study was conducted in
a PJET where, firstly, the impact frequency and velocity were changed
in the PJET facility to investigate the effect of impact frequency.
Secondly, dry intervals were applied during the test procedure for
a chosen frequency and velocity. The incubation time, which is the
observation of the first visible damage, was measured in terms of the
number of impacts until incubation (N) and the cumulative impact
energy of the droplets until damage (J). Further, to analyze the test
results, a new methodology is proposed for calculating the volume
of water slug generated during the test and applied to PJET. After
testing, the damaged features in the samples were studied via optical
microscopy.

Novelty and structure of the paper

(a) The novelty of this research lies in its comprehensive approach
to simulating and understanding rain erosion on polyurethane-coated
samples, using two important parameters in PJET — impact frequencies
and dry periods — which are overlooked in the design of experiments
(DoE) using PJET. (b) We present an innovative theoretical model that
accurately calculates the volume of water slugs at different impact
velocities and frequencies. This model standardizes the erosive effects’
comparison across a broad spectrum of testing conditions, a methodol-
ogy introduced for the first time in this research. (c¢) The quantification
of dry periods’ effects on coating performance is articulated through

e

Cross section cut
ofthe sample

0.31 £0.04mm

(Cross section of 1.2076 mm

coating system)

(b)

three newly introduced PJET testing parameters: the duration of dry
intervals, the rain exposure time preceding these intervals, and the
number of dry intervals. This study is one of the first to quantify how
these parameters affect the incubation period, thereby challenging the
convention of continuous testing which may provide conservative, less
realistic estimates. (d) The outcomes of this research provide a recal-
ibrated approach to designing PJET testing campaigns, ensuring that
test parameters better mimic the cyclic nature of real-world rainfall,
thereby improving predictive models for material degradation. The
structure of the paper is as follows: Section 2 describes the experi-
ment. Section 3 describes the analysis procedure and parameters of
interest. Section 4 presents the results and discussion. Finally, Section 5
concludes the paper.

2. Experiments
2.1. Sample preparation

Polyurethane (PU) coated samples were used in this study. The
substrate consisted of Glass Fiber fiber-reinforced plastic (GFRP) man-
ufactured by vacuum infusion (Fig. 4(a)). The GFRP plate was manu-
factured by Suzlon SE with a lay-up representing a realistic stacking
sequence of the composite layers present at the leading edge of a wind
turbine blade. The samples were then coated with a two-component PU
coating (W4600) by 3M, as per the application guidelines, via cartridge
and brush [27]. The glass transition temperature (Tg) of the coating is
—5° [27]. The measured thickness (via cross-sectional microscopy) of
the PU coating was 0.31 + 0.04 mm in the tested samples, while the
thickness of the substrate was 2.53 + 0.03 mm (Fig. 4(b)). All samples
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Fig. 5. (a) Pulsating Jet Erosion Tester (PJET) (b) PJET principle.

were subjected to a humidity treatment prior to testing in a climate
chamber (CTS model LF7M04) at 38 °C and 95%RH for at least four
days, to ensure that water uptake during testing did not influence the
results and the samples were fully saturated.

2.2. Pulsating jet erosion tester

A PJET facility situated at the Delft University of Technology (TU
Delft) (Fig. 5(a)) was used to simulate the repetitive water droplet
impacts on coated samples. This facility accelerates rain erosion in
coated samples and can be tested at different impact velocities and fre-
quencies. It uses a high-pressure pump, which generates a continuous
water jet through a nozzle at a certain velocity. The diameter of the
droplets is determined by the chosen nozzle (1.5 mm diameter), which
yielded a droplet diameter of 2 mm. This size was chosen as it is one
of the most common droplet sizes used in research literature [28]. The
water jet is then cut into water jet segments by a rotating disk with
two holes at opposite sides of the disk, see Fig. 5(b). These water jet
segments simulate the rain droplets. The frequency of water droplets
is also set by the frequency of rotation of the rotating disk, therefore
the change in the rotating disk frequency allows for the change in
impact frequency. The distance from the nozzle to the sample was set
to 50 mm. The impact angle was fixed at 90° to the sample, as research
suggests that this is the most critical impact angle [29]. The structure
where the sample is placed is covered by a transparent cabinet that
allows the damage to be seen (see Fig. 5(a)). This cabinet remained
closed while testing. In the test chamber, an air blower was also used
to remove the water cushion film that may be present on the sample
just after a droplet impact and may dampen the next droplet hit.
The air supply pressure was set to 2 bar, which ensured the removal
of the water cushion, which was validated through high-speed video
footage. The water temperature in the PJET was stabilized through a
cooler system. K-type thermocouples were placed on the sample in the
test chamber and the water tank to measure the temperature during
all tests. During the experiments, it was observed that the measured
incubation times were longer at a lower temperature. Therefore, the
measurements of incubation time were considered valid only when the
water temperature was between 33-36 °C.

Table 1
Impact velocities and impact frequencies tested.

Impact velocity (m/s) Impact frequency (Hz)

140 2.5, 27.7, 42.6
150 2.5, 27.7, 42.6
160 2.5, 27.7, 42.6
170 2.5, 27.7, 42.6
180 2.5, 27.7, 42.6

2.3. Description of parameters used in the rain erosion tests

Droplet impact frequency: Three different frequencies and five differ-
ent impact velocities were chosen to test the effect of impact frequency
on incubation; see Table 1. The velocities were selected to accelerate
the testing but still represent the damage created by rain droplet
impacts. The impact frequencies were chosen in the full range of the
rotational frequencies of the rotating disk of the PJET, yielding impact
frequencies of 2.5, 27.7, and 42.6 Hz. These would yield maximum
relaxation times of 0.4, 0.036, and 0.023 s, respectively. All frequencies
represent a heavy rainfall intensity [30,31], ranging from 24 to 31 1/h.

Dry periods: Instead of continuous rainfall, as typically used in PJET
testing, the effect of dry periods and associated parameters on the
incubation times were tested. Three rain characteristics were identified:
dry period duration, time of rainfall before the dry period, and the num-
ber of dry periods, all potentially having an influence on incubation.
Therefore, three test parameters were defined: (a) the number of dry
intervals (ng;), (b) the duration of the dry interval (z,,.), (c) the rain
exposure time before the start of the dry interval (¢,,,). The last two
parameters are defined with respect to the incubation time measured
with continuous testing (no dry intervals) 7, for ease of comparison.
The case with continuous testing will be called the baseline case in
the results. One or five dry intervals were chosen for the number of
dry intervals (n,). The dry interval duration r,, was chosen to be
either the incubation time or 5 times the reference incubation time,
allowing for long term relaxation in the latter case. The rain exposure
time before the start of the dry interval 7,, was chosen to be 0.2
or 0.5 times the reference incubation time, ensuring the incubation
time was not reached before the dry interval. The impact frequency
was set at 27.7 Hz and the impact velocity at 160 m/s for the dry
interval testing. The levels chosen for the three parameters are shown in
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Table 2
Parameters tested for dry intervals, with 7. the reference incubation time with
continuous testing (no dry intervals) in the PJET facility.

Duration of the dry Rain exposure Number of dry

interval t4,, [min] time ... [min] intervals ny
[-]

1 X tiper = 3.5 0.2 X tipe, = 0.7 1

5 Xt = 17.5 0.5 X tiper = 175 5

incr incr

Table 2, for which a full-factorial design of experiments was performed
to investigate the influence of the three dry interval parameters on the
incubation. A confidence interval of 95% was used for the analysis (a =
0.05). To assess the significance of the parameters, p-values were used.
The p-values for each term were compared with the significance level «
= 0.05. If the p-value for a term is lower than « (0.05), the association
between this term and its response is statistically significant.

There are a few limitations of the study that need to be taken into
account when extrapolating the results to real-life conditions: (1) The
dry intervals in the PJET tester take place in a humid environment and
therefore do not take into account the water absorption and adsorption
that could take place in real-life conditions. Based on the DMA data, the
E’ and E” of the dry coating are higher than those of the wet coating
and yield a smaller recovery time for the coating in case it is dry,
thereby yielding longer incubation times. (2) On top of that, we tested
the samples at only one rain intensity (frequency) and one droplet
diameter, and the impact was generated on one spot of the sample.
While this allows for accurate measurement of the effect of dry inter-
vals, it is not representative of real-life conditions. For instance, higher
impact frequencies would potentially lead to lower incubation times,
as shown in the first part of the study. (3) The frequency considered in
the relaxation times of the coating is related to the frequency of droplet
impact, not the strain rates experienced by the coating materials and
the different frequencies through coating thickness, which are much
higher than the regime typically considered [32]. Although there are
stress waves throughout the thickness of the coating, the main stress
build-up is close to the surface and to the impact location [33]. The
results from the study on dry intervals are therefore considered to be
on the conservative side.

3. Analysis parameters and methods
3.1. Incubation time

The incubation time is defined as the moment when the first damage
is visually observed in the sample [34]. The transparent cabinet of the
PJET allows for observation of the samples while testing and spotting
early features of damage. To measure the incubation time (rain erosion
test time) [s], first, a chronometer is started once the set impact velocity
is reached. When the first signs of damage appear, the chronometer is
stopped. This is the end of the incubation period and is logged as the
incubation time or testing time until damage [s]. The sample is then
inspected for damage. If the damage observed is too large, then it is
not considered in the data presented as it does not reflect the end of
incubation accurately.

The incubation will be assessed in the results as the number of
impacts until incubation (N) and the cumulative impact energy of the
droplets until damage (J). The number of impacts until incubation (N)
is calculated by multiplying the incubation time [s] by the impact
frequency [Hz]. The incubation of the dry interval tests will be defined
as the time when the sample was subjected to rain droplets only and
thus does not include the dry periods. Therefore, we will represent the
results as the number of impacts until incubation.

The kinetic energy of a droplet E; [J] can be calculated based on
the following formula:

1

Ed = E P Vdrop[et : U,'2 €y
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where V.., is the volume of the droplet, p is the density of the water
(994.2 kg/m> on average at a water temperature of 33—36 °C), and v,
the impact velocity. The cumulative kinetic energy E, is calculated by
multiplying E; with the number of impacts (N) defined above.

3.2. Calculation of volume of water slug

The volume of the water slug generated during the test (V) is
dependent on the impact velocity and the impact frequency. Normally,
for the calculation of the volume of the water slug, a cylindrical shape
is assumed, having a cross-sectional area of ird?, with d the droplet
diameter, and its length is calculated using the effective time when
the water jet passes through the hole and forms the water slug [35].
However, this calculation overestimates the volume since the cross-
sectional area of an actual water slug varies over time. Therefore, a
more accurate methodology for calculating the water droplet volume
is proposed and is based on the movement of the hole of the rotating
disk in the PJET with respect to the water jet. In this context, this
approach is referred to as the “theoretical volume”. calculation for
the volume of the water slug. Firstly, an expression for the overlap
region (see Fig. 6), corresponding to the cross-sectional area over time
(1), has be constructed. The overlap region can be categorized into
two regions: complete overlap region (A, ,...) and incomplete overlap
region (A;,comprere)s See Fig. 6(b). As the geometry to calculate the
volume is symmetric, only half of the geometry will be used to set up
the calculations.

The initial position is taken as the point where the center of the
hole overlaps with the center of the water jet, which is referred to as
t = 0. The complete overlap region starts from ¢ = 0 and ends at ¢t = 1,
when the cross-sectional area will start to decrease i.e. two circles are
internally tangent. The interval from time #, 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, see Fig. 6(c).
The cross-sectional area of the complete overlap region (A,,prer) 1S
determined by the circle with the smallest radius, i.e., the hole in the
disk, being ”r%zale' Fig. 6(c) and (d) show the cross-sectional area in the
incomplete overlap region (A, ,mpiere)- It is described by the sum of the
area of the circular sector ABC and ADC subtracted by the area of the
diamond-shaped ABCD in the equation:

2, 28 >

i+ Wﬂ:rh — 2\/s(s —r)s—rp)(s — 2Rsin§) 2

Aiﬂcomp/ere = ﬁ
where AB = BC = r ; and AD = CD = r,, represent the radius of the
jet and the radius of the hole respectively. The distance between the
two centers BD is 2Rsin§ where R is the distance from the center of
rotation to the center of the jet and to the center of the hole and 6 is
the angle between the center of the jet and the center of the hole from
the center of rotation. Using law of cosines and sines, angle a and f are
derived as:
2 202 0
a:cos’l(rj +(2Rsm22 r -
4r; Rsinz
r;sina
B =sin”! (——) ©)
Tn
The third term in Eq. (2) consists of two identical triangles (A ABD and
A CBD) that make up a diamond shape where s is defined in reference

to Heron’s formula.

ritrp+ 2Rsin§

ET )
The time dependency of 6 can be written as:
S
f=w-t==-
@ 1=t (6)

where o is the angular velocity of the rotating disk, which is the impact
frequency (f) divided by two as there are two holes in the rotating disk.

The volume of the droplet (V,,,,.,) is now calculated by integrating
the flow rate over time, as shown in Eq. (7) below. The flow rate is
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Fig. 6. (a) 2D geometry diagram of the disk, water jet and overlap region (b) rotation of the disk when the water jet overlaps the disk area: from t = 0 to t = T (c)(d) definition

of the variables for calculations of overlap time and volume calculations.

the cross-sectional area (A) times the flow velocity (v;). Lastly, the
value should be doubled because only half of the traveling route was
considered.

T 10 T
Vdroplet = 2/0 Avdt = 2Ui(/0 Acompletedt + / Aincvmpleredt) (7)

Ty

At 1 = 15, BD is equivalent to the difference between the radii of the
two circles, and at r = T, it is equivalent to the sum of the radii. Their
expressions are shown below:

2Rsin(20) = 1. = 1, @®)
2 J

2Rsin(%) =rj+ry (©)]

Further, ¢, and T can be derived as:

2 |rj—’h|

.
th= = 10
0 wsm ( 2R ao
2 1 r/- +ry
T=2= - 11
PR T an

3.3. Wo hler curves

To visualize the effect of frequency and velocity, Wohler curves
based on velocity (v;) and number of impacts (N) have been constructed
with a confidence interval of 95%. The v; — N curve can be represented
assuming a power law:

N=k-o" 12)

where k is a constant and m represents the slope of the Wohler curve.
The slope has been obtained using the least-squares method.

3.4. Analysis of damage features at incubation

A Keyence VR-5000 confocal microscope was used to evaluate the
damage features and damaged area in tested samples (surface) and the
thickness of the substrate and coating (cross-section). The microscope
is capable of 3D imaging and measurement of the height map of the
eroded area. For the initial assessment of the damages, a low magni-
fication of 50x was used on a 15-inch monitor to obtain a wide field
of view. However, for a more detailed evaluation of specific damage
features, higher magnification and resolution settings of 80x on a 15-
inch monitor were used. The height maps color palette was set at
[-0.015,0.015] mm to allow for a general overview of the damage. Based
on the height maps, a circular ring situated higher than the reference
surface could be observed with an inner and outer radius. These radii
were measured by fitting circles in the microscope’s software, matching
these two regions. The area of these circles is used to quantify the inner
and outer damage area of the tested samples. The palette was changed
to [-0.004,0.004] mm to observe more subtle changes in some damage
features.

3.5. Analysis of visco-elastic behavior of bulk PU samples

Dynamic Mechanical Analysis (DMA) tests, using RSA-G2 Solids
Analyzer, were performed to characterize the material and observe
the visco-elastic behavior of bulk PU samples. Tensile clamp testing
was considered the most suitable set-up due to the small thickness of
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Fig. 7. Number of impacts until incubation - initial damage - as a function of impact
frequency for different impact velocities — measurements and power law fitting.

the bulk PU samples [36]. The dimensions of the sample were (63 +
3) x (10+1) mm. The thickness of the tested samples was 0.60+0.05 mm.
Tests were performed at 0.5 N static tensile axial load and with a
dynamic load of 0.4 N. A frequency scan was carried out in the range
from 1 to 20 Hz at a strain set at 0.1% and amplitude of 10 pm. The
temperature was set at 45 °C, close to the actual temperature that the
coating would undergo while testing. Although the frequencies used in
this scan are much lower than the ones related to high-velocity impacts,
low-frequency scans have been proven successful when assessing the
change in properties of LEE PU coatings [37]. The changes in storage
modulus (E’) and loss modulus (E”") were measured. The DMA data
showed relatively stable E’ and E” values, slightly higher at higher
frequencies as expected and gave at a frequency of 10 Hz of magnitude
of the E’ and E” of 36 MPa and 3.16 MPa respectively. The static
properties of the coating are reported in [27].

4. Results and discussion
4.1. Droplet impact frequency

Fig. 7 shows the number of impacts until incubation that were
obtained as a function of impact frequency and four impact velocities
used in PJET. The results presented do not include the influence of the
changes in mass of the droplet with different impact frequencies and
velocities. It can be seen that increasing the impact frequency led to
an increase in the number of impacts until incubation. This effect is
observed for all impact velocities: for instance, the number of impacts
until incubation for 42.6 Hz is 19 times larger than for 2.5 Hz for
140 m/s. Fig. 8 shows the Wohler curves (velocity and number of
impacts until incubation) for the different impact frequencies, showing
a similar trend of increasing number of impacts for higher impact
frequencies. This type of graph is typically used as a representation
of the fatigue behavior of coated samples and is also used as input
for the Springer’s 1976 model [20,21,38-40]. The results did not yield
significant differences in the slope of the v;-N curves when changing
the impact frequency. The typical dependency on impact velocity is
seen with an increasing number of impacts until incubation for lower
impact velocities.

The above results contradicted our initial hypothesis that a lower
impact frequency would increase the number of impacts until incuba-
tion due to the visco-elastic behavior of the PU coating: the material
would have larger short-time recovery between impacts, thereby de-
creasing strain build-up and delaying damage [25]. This is believed
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to be caused by the interdependence of the volume of the water slug
from PJET that has significant dependence on the impact velocity and
impact frequency, therefore disqualifying the typical representations
of test results (of, for instance, v-n curves). Other analysis methods
are proposed in this paper to observe the effect of impact frequency
on the results based on cumulative kinetic energy and equivalent
velocity. However, first, the interdependence of the impact velocity and
frequency on the water slug volume is discussed below.

The interdependence of the impact velocity and frequency on the
water slug volume is shown in Fig. 9(a)-(d), where theoretical cal-
culation based on the volume calculations described in Section 3 is
compared against the simplified cylindrical slug assumption. Fig. 9(a)-
(c) compares the volumes of the water slug for different velocities and
frequencies. It can be seen that making the assumption of a cylindrical
slug overestimates the volume of water during each impact by slightly
more than 2 times compared to theoretical estimates. In addition, it
can also be seen that impact frequency has a larger effect than the
impact velocity on the water volume within the test parameters used
in the experimental campaign (Fig. 9(d)). It can also be observed that
higher impact frequencies yield lower volumes compared to the lower
impact frequencies, while a higher impact velocity yields higher impact
volumes.

Next, we will consider the analysis of kinetic energy based on the
theoretical volume of the water slug provided above. Based on the
theoretical volumes, the kinetic energy of a droplet for each impact
frequency and velocity can be calculated. Fig. 10 shows the theoretical
energy of the droplet for the different impact velocities and frequencies
used in the test campaign. It can be seen that high-impact frequencies
yield low kinetic energy of the droplet, and high-impact velocities yield
higher kinetic energy of the droplet. As with the volume of the slug, it
can also be seen from the figure that the impact frequency also has
the largest effect on the kinetic energy compared to impact velocity
(within the range of the parameters used in the test campaign). Using
the kinetic energy per impact shown above, the results for PJET can
be shown in terms of cumulative kinetic energy E, [J] (kinetic energy
impacted upon the sample until incubation) versus impact velocity
v; for the different impact frequencies and is shown in Fig. 11. It
can be seen that the results are close to each other for the different
impact frequencies, with only a minor dependency shown for the results
on impact frequency: for the same impact velocity, a lower impact
frequency requires slightly more kinetic energy imparted on the sample
to reach incubation. The dependency on velocity still as expected: lower
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180

cumulative kinetic energy needed at high impact velocities. As the
impact velocity also influences the impact energy subjected to the sam-
ples, also this representation is not fully solving the interdependence of
impact velocity and frequency and therefore does not allow for a proper
comparison of the effect of the impact frequency only.

We, therefore, propose the concept of “equivalent velocity (v,,)” to
compensate for the disregarded variation in volume (kinetic energy) in

the current v—n graph while maintaining a conventional representation
of impact velocity with respect to a number of impacts until incubation.
The equivalent velocity is based on using a consistent spherical refer-
ence droplet for the analysis. The droplet diameter (d) of this reference
droplet is chosen to be 2 mm which is the diameter of the droplet
used in the rain erosion tester. 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. Consequently,
the water slug also possesses greater kinetic energy than this spherical
droplet at the same speed. The concept of “equivalent velocity” is to
consider, with the reference droplet, how large the equivalent velocity
should be to exert the same kinetic energy per impingement as the
actual one in the experiment. Hence, the following equation can be
written:

E =tm?=lm, o2 13

2 27l Tea

where m and v are the mass of the water slug and impact velocity in
the PJET resp. and m,, , is the mass of the reference droplet, which can
be expressed as:

1
mref = 6/7L7“13 (14)

Therefore the equivalent velocity can be expressed as:

mu?

v (15)

o My, f

Overall, using the equivalent velocity to show the results, see Fig. 12,
reduces the water slug volume interdependence with impact velocity
and impact frequency. Two effects can be observed: a higher impact
frequency yields lower amount of impacts until incubation, which also
holds for a higher equivalent velocity. This implies that for the same
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Fig. 11. Impact velocity versus cumulative kinetic energy v;-E, until incubation damage for different impact frequencies.

size of the droplet at the same equivalent velocity, the higher the
impact frequency, the fewer the number of droplets are needed to cause
damage. For instance, Fig. 13 shows a representative example where
the incubation period for an equivalent impact velocity of 1000 m/s is
compared for three impact frequencies. Here, the Wohler curves are
extrapolated in both directions, and it can be clearly seen that the
higher the impact frequency, the fewer the number of droplets are
needed to cause damage. Also a lower Wohler slope for the highest
impact frequency can be seen, see Table 3. This observation aligns
with the expectation of the recovery of deformation and visco-elastic
behavior: as the impact frequency increases, the polyurethane coating
has less time to recover from the strain, leading to faster erosion.
Further, based on the DMA data, the relaxation time of the PU coating
could be estimated (see Egs. (16) and (17)), which has a frequency
o and temperature dependency. Using the storage modulus E’ data

from the frequency sweep at 45 °C and a simple Maxwell model, the
relaxation time 7 could be estimated using [41]:

’ Ew?r?

T 1+ w2

With o the angular frequency, r the relaxation time of the polymer,
E the Young’s modulus. Further, using the loss modulus E” data, the
relaxation time could be estimated using:
Ewrt

(16

"
£ = 1 + w272 a7
The calculated relaxation times were then extrapolated to the higher
frequencies and listed in Table 4. The relaxation time of the polymer
decreases with higher impact frequencies as the polymer behaves less
viscous at these frequencies. The ratio between the maximum recovery
time (the time between two impacts) given to the material and its re-
laxation time is also given in Table 4, where a higher number indicates
more time for the polymer to recover and a number higher than 1
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Table 3 Table 4
Slopes of the v,, —n; curve corresponding to three impact frequencies. Maximum recovery time during testing and relaxation times of material at different
£ (Hz) 25 277 42.6 impact frequencies.
m (= v, —n) 18.73 18.88 17.23 f (Hz) 2.5 27.7 42.6
Maximum recovery time during testing [sec] 0.4 0.036 0.023
Relaxation time PU based on E’ [sec] 0.08 0.008 0.005
Relaxation time PU based on E” [sec] 1.18 0.1 0.06
indicating full recovery before the next impact. The time to recover Ratio relaxation time (£') and recovery time [-] 51 4.4 4.3
Ratio recovery time and relaxation time (E”) [-] 0.34 0.36 0.36

for the elastic part of the polymer is larger for the lower frequencies
of impact, while similar for all frequencies for the viscous part of the
polymer.

R times the reference incubation time), we see an increase in incubation
4.2. Dry intervals i . i X
times up to five times compared to the baseline. However, even when

The effect of the dry intervals on the incubation periods and, more the dry interval corresponds to a time corresponding to the reference

specifically, the duration of the dry interval, the rain exposure time
before the start of the dry interval, and the number of dry intervals are
shown in Fig. 14. Fig. 14(a) compares the incubation times for varying
dry interval duration. For the longest dry interval of 17.5 min (five

incubation time, an increase of about 3.6 times was measured for the
incubation time. This result is attributed to longer relaxation times
for longer dry intervals for the PU coating, leading to better material
recovery to its initial stress or strain state [42,43].

10
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The rain exposure time before the start of the dry interval 1,,,
also has an influence, see Fig. 14(b). It was hypothesized that when
the samples were subjected to rain for less time before the start of
the dry interval, potentially less strain build-up and therefore less
permanent deformation and more elastic recovery could be obtained.
This would lead to an increase in incubation times. From the results,
it can be observed that for the lowest value of ¢,,, about 4.8 times
higher incubation times were obtained compared to the baseline. And
even when the dry interval started after a higher rain exposure time,
we still see an increase to about 3.8 times the incubation time. The
number of dry intervals (n;) also showed an increase of incubation
times compared to the baseline (around 4.2-4.4 higher on average; see
Fig. 14(c)). The number of dry intervals (1 or 5 dry intervals) did not
show a significant difference in the results, as seen in Fig. 14(c). Also,
the error bar in Figures 14(a)-(c) refers to the standard deviation of
all the data points in the DoE. It can also be seen from the figures that
standard deviations were higher when incubation times were higher.
This can be attributed to the fact that local defects could lead to
premature failures, which leads to higher standard deviations when the
incubation times are higher.

These results are also confirmed by the results of the full-factorial
analysis, summarized in Table 5. The p-values represent the signifi-
cance of the low and high settings of each dry interval parameter. The
p-values for the duration of the dry interval (7,,.) and rain exposure
time before the start of the dry interval (z,,), appear as significant,
as they are smaller than the confidence interval (0.05). Therefore the
dry interval parameters chosen are of importance to take into account
when designing a proper test schedule in a PJET facility and when
comparison studies are to be performed on different test rigs. From the
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Table 5
Statistical significance of the results with respect to time to incubation: p-values (based
on significance level of 0.05).

Parameter P-Values
ur 0.008
[ 0.027
ny; 0.578

analysis, it could also be concluded that the length of the dry interval
had the largest influence on the increase in incubation time when dry
intervals were introduced. All results of the dry interval parameters
with respect to the continuous testing are statistically significant. Our
results are in line with a study performed by Zhang et al. [17], where
the incubation times of discrete straight jet (introducing dry intervals
during testing) were significantly higher compared to a continuous flat
fan jet. Our results could also partially explain why the PU coatings
have a longer incubation time in whirling arm jet facilities (a dry period
per rotation) compared to PJET testing [44,45].

The effect of the dry intervals was also measured in the surface
damage and, more specifically, the size of the plastic ring observed
after erosion testing, see Fig. 15. A representative Figure for the plastic
ring size is given in Fig. 16. It can be seen that for a long dry
interval (Fig. 15(a)), the damage is smaller than for the baseline, which
corresponds to no dry intervals. No significant differences in plastic ring
size are observed for the other parameters. Also, no differences in the
damage features, such as pitting, cracks, and debonding, were observed
for the different parameters. The diameter at which plastic deformation
is observed seems to confirm that a longer time for recovery would
lead to less or a smaller plastic damage area and lead to the highest
incubation times. As the results of the other parameters do not show
significant differences in damage (size), the results cannot be fully
explained by the size of the plastic zone.

The results in fatigue improvement obtained when including dry
intervals in this study seem similar to the results obtained for fatigue
improvement obtained for work-hardened metals, where also a four
times longer fatigue life was observed compared to the non-work-
hardened metals [46]. Due to a local high stress in work-hardening, a
plastic deformation at the start of the fatigue life was obtained. This led
to stress reductions in the plasticized zone and the crack propagation
could be delayed when the metal softens under the cyclic strain. Also
the residual stresses imposed due to the plastic deformation could play
a role in the resulting fatigue life. Kepert and Payne [47] showed that
high static pre-loading to about 80%-90% of the ultimate strength
of the material would result in 4 times longer fatigue life. Schijve
et al. [48] found that when periodically overloading an aluminum
riveted assembly in tension, beneficial compressive residual stresses
are generated in the material, leading to an increased fatigue lifetime.
Gafhoori et al. [49] showed that for notched steel bars reinforced
with bonded carbon fiber reinforced plastic plates (CFRP), 20% of pre-
stressing the CFRP material could even lead to a crack arrest in the
notched samples [49].

An analogy can be made to erosion testing, where a plastic ring-
like feature appears due to the first impacts of rain droplets on the
coating. This results in a stretched surface and compressive stress in
the coating, which in turn delays crack initiation. This is especially
noticeable during dry interval testing, where the initial stress causing
plastic deformation is temporarily removed, allowing the initial strain
build-up to be released in the visco-elastic material. By increasing the
recovery time (longer dry interval duration) and reducing the strain
build-up time (shorter rain exposure time before the dry interval), a
longer incubation time is achieved.
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Fig. 14. Dry interval parameters with respect to incubation time (The error bar in these figures refers to the standard deviation of all the data points in the DoE.).

5. Conclusions & recommendations

This study investigates the impact of droplet impact frequencies
and dry intervals on the incubation time for damage on polyurethane-
coated samples using a Pulsating Jet Erosion Tester (PJET). The follow-
ing are the main conclusions of the study:

Effect of droplet impact frequency on incubation periods of PU coating:
A novel theoretical model accurately calculating the volume of water
slugs at different impact velocities and frequencies, as well as the
concept of equivalent velocity were introduced in this work to calculate
and present the results of PJET. This allowed for compensating for the
variation in rain droplet volume and hence its kinetic energy that was
disregarded in the conventional representation of v-n graphs. Using
this approach, it was possible to observe that the higher the impact
frequency, the fewer droplets needed to cause damage in the coated
samples. This observation was aligned with the expectation of the
recovery of deformation and the physical visco-elastic behavior of the
coating. Overall, as the impact frequency increases, the polyurethane
coating has less time to recover from the strain, leading to faster
erosion.

Effect of dry intervals on incubation periods of PU coating: Three
parameters were tested: the duration of dry intervals, the rain exposure
time preceding these intervals, and the number of dry intervals. The
first two have an effect on the incubation time: a long dry interval
duration and short rain exposure time before the dry interval have been
found to have a positive effect. The effect of the dry intervals was also
measured in terms of surface damage of the coating. Only the damage
for a long dry interval was found smaller than for the baseline. Also,
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no differences in other damage features such as pitting, cracks, and
debonding were observed for the different parameters. It was found that
initial plastic deformation initiated upon droplet impact, when given
time to relax, can improve the surface fatigue life significantly during
PJET testing. This requires attention when comparing test results from
different PJET testing and designing PJET test campaigns. It was also
found that incubation times reported for continuous testing (i.e., with-
out any dry intervals) are considered conservative when compared to
real-life performance.
Recommendations for future studies:

When investigating the effect of impact frequency, it is rec-
ommended to do a proper design of the test set-up and more
specifically of the rotating disk through changing the amount of
holes in the disk, to change the impact frequency, and changing
the length and/or shapes of the holes to compensate for the
droplet length change at different impact velocities.

For comparison tests between different facilities, it is important to
check the test parameters and ensure the PJET facility imparts a
similar kinetic energy per droplet for each test velocity, compared
to the other facility such as a whirling arm facility.

Investigating the impact behavior of different impact spots next to
each other, on how the plastic deformation of one spot influences
the other spot and the effect of the incubation behavior of the
different spots, for instance in a PJET with moving substrate or
whirling arm set-up

Investigating with a single droplet impact the effect of impact
velocity and rain droplet diameter on the viscoelastic behavior
and wave propagation in the coating



A.S. Verma et al.

HH

Plastic ring diameter [mm]
N

0 3.5 17.5
Dry interval duration [min]

(@)

Wear 562-563 (2025) 205614

4
o
€
E 3 T
@
© 2.5
g
5 2
2
‘= 1.5
.0
@
@ 1
o
0.5
g 0 0.7 1.75
Rain exposure time before the start of dry interval [min]

(b)

——

4
3.5 :II:
1S
E 3
oy
© 2.5
s
5 2
2
‘= 1.5
2
L‘g 1
o
0.5
0 0

1

5

Number of dry intervals

(c)

Fig. 15. Dry interval parameters with respect to inner diameter of plastic ring formation after incubation (The error bar in these figures refers to the standard deviation of all

the data points in the DoE.).

Fig. 16. Formation of a plastic ring on the coated sample during PJET testing.

+ The effect of the coating drying during dry intervals and its effect

on incubation could be further investigated.
« It is also recommended to investigate the effect of the param-

eters considered in this study on the damage progression post-
incubation for PJET testing.
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