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A B S T R A C T

Offshore wind turbine rotor diameters still increase. Blade tip velocities are up to 110m/s, giving rise to more
severe raindrop impact conditions and related erosion of the wind turbine blades. In the current work droplet
impingement erosion tests were performed for injection moulded and compression moulded polybutylene ter-
ephthalate PBT. The measured incubation periods were compared to an extended and improved fatigue based
erosion model.

The developed erosion test set-up was based on a high water pressure nozzle system spraying water drops at a
stationary PBT surface. Model results with thermoplastic materials simulating heavy rain conditions with a
droplet size of 1.8 mm and an impact velocity of 120m/s are shown. Model results with PBT materials simu-
lating the used test conditions are shown and compared with the measured incubation periods. Although a
reasonable similarity between test results and model calculations for the injection moulded PBT was found, the
absolute value of the incubation period predicted by the model for compression moulded PBT differed sub-
stantially. This probably resulted from the lower confidence level of the S-N curve for the compression moulded
PBT. The droplet impingement measurements and model predictions both showed a substantially higher in-
cubation period for injection moulded PBT compared to compression moulded PBT.

1. Introduction

Today wind energy turbines with a nominal power of 5–8MW [1]
dominate the market, with an increasing proportion of larger wind
energy turbines up to 9.5MW. The rotor diameter of these multi-MW
wind energy turbine systems is typically 165m [2]. The combination of
large turbine blades with tip velocities up to 120m/s and severe rain
conditions gives rise to erosion of the wind turbine blades, especially
the leading edge. This reduces blade aerodynamic efficiency, and power
output. Protecting the blades of large wind turbines, offshore and on-
shore, with rain erosion resistant materials is therefore of great eco-
nomic interest.

Turbine blade manufacturers are searching for alternative blade
materials to overcome engineering problems with respect to the weight
and manufacturing of future blades of even greater lengths. Blades are
currently made of glass fibre in an epoxy matrix, combined with a
polyester gelcoat and a polyurethane coating on the outer surface [1,3].

This class of materials, however, limits the application of longer blades
because of the resulting total weight. The use of glass fibre reinforced
thermoplastics might overcome this because of the expected beneficial
weight/performance ratio [4]. Within the scope of the current work,
polybutylene terephthalate (PBT) has been selected as the matrix ma-
terial. The most economical solution is the use of the matrix thermo-
plastic also as protective material on the outer surface. The number of
papers on liquid impingement erosion of thermoplastic materials is
limited and include Polyamide (PA), Low Density Polyethylene (LDPE),
Polyethylene (PE), Acetal (POM), Polycarbonate (PC), Poly-
methylmethacrylate (PMMA), Polysulphone (PS) and Polycarbonate
(PC) [5–7]. This study is the first time PBT has been assessed with re-
spect to rain erosion resistance.

Rain impact erosion is studied through extensive screening on
whirling arm rain erosion apparatus tests [8–13]. Furthermore, droplet
impingement erosion tests are conducted using nozzle systems spraying
water droplets on a stationary specimen surface [14–16]. This system is
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a relatively low-cost experimental research set-up which serves as an
alternative to the expensive whirling arm rain erosion apparatus. A
similar set-up is selected for this work as well.

In the rain or liquid impingement erosion process three phases are
recognized in time [12,13,17]:

• Incubation period (in which there is no visible wear),

• Steady-state erosive wear (with a constant wear-rate),

• Final erosion phase (with a reduced wear-rate due to the high sur-
face roughness, which was produced in the second phase).

This work focuses on the incubation period of the rain erosion
process.

The main building blocks of a predictive model for the rain erosion
incubation period, developed by the authors, has been published else-
where [18]. This fatigue based model was extended in the current work
and applied to thermoplastics to select an optimum candidate, with
respect to rain erosion resistance, for a glass fibre reinforced thermo-
plastic blade material. The predictive model has been applied to thir-
teen thermoplastics and PBT and compared to rain erosion results of
injection moulded and compression moulded PBT.

2. Experimental

2.1. Thermoplastic materials

The selected material for the samples was PBT. All samples were
processed by Norner AS (Stathelle, Norway), based on Ultradur B2550
supplied by BASF. The PBT sheets were processed by two different
production methods: compression moulding (PBT-I) and injection
moulding (PBT-II).

2.2. Droplet impingement test set-up

Droplet impingement measurements were conducted based on a set-
up that has been derived from Duraiselvam et al. [14] and Oka et al.
[15]. It is based on a nozzle system spraying water drops on a stationary
specimen surface. Fig. 1 shows schematically the droplet impingement
test set-up.

Fig. 2a/b show details of the nozzle system and specimen location in

the test set-up.
The water jet is delivered through a nozzle (type SJP 8/12/24 from

Salomon Jetting Parts). The high pressure water pump, driven by
compressed air, generates water pressures that can be operated between
5 and 100MPa to feed the nozzle system. The round jet nozzle, with an
exit orifice diameter dn of 0.45mm, creates a round spray pattern of
small droplets, is able to maintain a high droplet velocity over a certain
distance. The water nozzle exit velocity is estimated based on Eq. (1):

=V C
p
ρ

2
e N

w

w (1)

in which Ve is the water velocity at nozzle exit, CN the nozzle discharge
coefficient ( =C 0.963N for a round jet nozzle), pw the water pressure
and ρw the water density (estimated at 1025 kg/m3). The water droplet
impact velocity (vd) on the specimen surface is assumed to be equal in
this work to the water nozzle exit velocity (Ve). The latter because
momentum estimates based on force measurements in the support of
the specimen holder, see Fig. 2a, only showed a small deviation com-
pared to the result of Eq. (1).

For the current work an operating pressure pw = 8MPa was se-
lected, which resulted in an estimated mean droplet velocity of 120m/
s, equivalent to a typical blade tip velocity. The flow rate of sprayed
water was verified by measuring the weight of water collected during a
certain time of spraying. The selected relative flow rate ηQ was 0.48.
Furthermore, the selected angle of impact was 90° and the nozzle-to-
specimen distance 150mm. The spot size on the specimen surface with
a high density of drops has an estimated diameter ds ≈ 25mm, see also
Fig. 2b. Overall PBT specimen size was 50×100mm, and a thickness

Nomenclature

A constant in Rayleigh surface wave attenuation (MPa√mm)
or elongation at fracture (%)

CN nozzle discharge coefficient (–)
Dh cumulative fatigue damage per hour (h−1)
Df cumulative fatigue damage at failure (–)
E Young's modulus of surface material
Ip rain erosion incubation period (h)
Ir rain intensity (mm/h)
Ni number of fatigue cycles to failure or at level i
R stress ratio in the fatigue test (–)
Rm tensile strength (MPa)
SD fatigue limit (MPa)
Sf material parameter in fatigue tests (MPa)
Smax i, maximum fatigue stress at level i (MPa)
Ve water velocity at nozzle exit (m/s)
cR Rayleigh surface wave velocity in a solid (m/s)
cS longitudinal wave velocity in a solid (m/s)
dd water drop diameter (mm)
ds diameter of the visible spot size on the specimen surface

(mm)
htot correction factor for the differences between fatigue test

and rain impact conditions (–)
kt stress concentration factor (–)
m material parameter in fatigue tests (–)
n exponent for the Rayleigh surface wave attenuation (–)
nA1 total number of raindrop impacts on the area A1 (number

of drop impacts/h)
nr radial distribution of density of drop impacts (impacts/

mmh)
nS distribution of drop impacts as a function of stress (im-

pacts/MPa h)
pw water pressure (MPa)
pwh water-hammer pressure on the specimen surface (MPa)
r coordinate in radial direction (mm)
r0 radial coordinate where the Rayleigh surface wave starts

(mm)
r1 radial coordinate where the maximum stress is attenuated

Smax,1 (mm)
vd water droplet impact velocity on the specimen surface (m/

s)
ν Poisson's ratio of surface material (–)
ρ density of surface material (kg/m3)
ρw water density (kg/m3)

Fig. 1. Schematic overview of the TNO droplet impingement test set-up.

H.M. Slot et al. Wear 414–415 (2018) 234–242

235



of 3.7mm.
The test was conducted until surface damage or a substantial in-

crease in surface roughness in the spot size was observed. The max-
imum test duration was set at 480min. The spraying was stopped and
the spot size visually inspected after each 10min of spraying during the
first 30min of testing, and after that each 30min. The mean of the
exposure times – “no surface damage observed” and “first surface da-
mage observed” – was taken as the incubation period (Ip) of the test.

2.3. Axial fatigue testing

The axial fatigue tests were performed on samples with a total
length of 75mm, a width of 45mm, and thickness of 2–3mm. The
samples contained a hole of Ø10 mm at each side of the width, and a net
section between the holes of 11mm, the resulting stress concentration
factor was kt = 1.85. The samples were fatigue tested in a Bose
ElectroForce 3300 machine that is force controlled with a stress ratio R
= 0.1, a sinusoidal waveform, a constant amplitude, and a frequency of
2 Hz. The temperature was approximately 23 °C. The fatigue tests were
performed by Norner AS (Norway). Each test was cyclic loaded at a
specific maximum stress (Smax) until fracture. The number of cycles at
specimen fracture (Nf) was recorded.

2.4. Tensile testing

The tensile tests were performed on samples with the same geo-
metry as used for axial fatigue testing. The temperature was approxi-
mately 23 °C. Ultimate tensile strength, elongation at fracture and
Young's modulus were determined.

3. Fatigue based model for rain erosion incubation period

3.1. Liquid impingement erosion mechanism

The impact pressures on the surface due to multiple drop impacts
give rise to cyclic fatigue stresses (S). The number of drop impacts
defines the number of fatigue cycles (N). The fatigue life line (Wohler
line or S–N line) determines the number of drop impacts necessary for
surface fatigue crack initiation and crack growth. As such, a strong
relation between the (surface) fatigue properties and the incubation
period for liquid impingement erosion is expected, see e.g. Springer's
model [17].

The incubation period prediction model previously developed by
Slot et al. [18], is based on surface fatigue damage due to multiple drop
impact. The raindrop impacts are assumed to be randomly distributed
over the blade surface and related to the water-hammer pressure pwh.
The resulting surface stress waves – the Rayleigh waves – generate

fatigue damage and crack initiations on the surface which grow,
eventually resulting in blade material loss. The moment in time that
mass loss starts and the fatigue cracks in the blade surface have formed
a network is taken as the end of the incubation period and the start of
the erosion rate period.

In this work the previously developed model [18] has been ex-
tended with the radius (r0) at which the Rayleigh surface wave starts
(derivation included in Appendix A), and for the rain erosion incuba-
tion period (Ip) an improved and more efficient derivation is presented.

3.2. Fatigue life equation

The fatigue properties of the material for a stress level i and for the
specific conditions of raindrop impact can be expressed as:

= −S h S Nmax i tot f i
m

,
1/ (2a)

in which htot makes corrections for the differences between the fatigue
tests conditions and the actual rain impact conditions. The material
parameters m and Sf are commonly used in fatigue tests. The fatigue
limit SD i, for the actual rain conditions is given by:

=S h SD i tot D, (2b)

with SD being the fatigue limit at fatigue test conditions. In this ap-
proach the number of fatigue cycles to failure in a fatigue test (Nf)
equals the number of fatigue cycles of the incubation period (Ni).

3.3. Stress cycle due to Rayleigh wave

The maximum stress of the stress cycle at the materials surface due
to the Rayleigh surface wave can be given, as explained in [18] and
[19], by:

=S A
rmax n (3)

It is assumed that the stress cycle at the materials surface due to the
Rayleigh surface wave starts at a radial coordinate =r r0. Secondly, it is
assumed that the stress cycle is attenuated at a radial coordinate =r r1
to a maximum stress level =S S ,max max,1 which does not result in any
further significant fatigue damage. This location r0 depends on the
impact conditions, thus the water drop impact velocity vd, and the water
droplet diameter dd. The moment of start of the surface Rayleigh wave
is defined as the time that the velocity of the boundary of the droplet
contact area is equal to the Rayleigh wave velocity. In the Appendix A
the derivation of the radial location (r0) of this start of the surface
Rayleigh wave, and the maximum cyclic stress (S rmax ( 0)) at this location,
are given.

Fig. 2. a/b – images of the droplet impingement chamber interior of the TNO test set-up.
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3.4. Fatigue damage model

Now it is possible, conversely, to determine the stress amplitude
history and thus the frequency distribution of maximum stress in a fa-
tigue cycle at a certain location on the surface of the material [18].
First, assume the location at the centre of the circle (origin) as the lo-
cation for counting the stress history. This means that for the material
location at the origin only drop impacts within the area with a radius

=r r1 result in a stress cycle with a significant amount of fatigue da-
mage.

The total number of raindrop impacts on the area A1 is:

=
×

n
I πr

dA
r

π
d

1
1
2

6
3

(4)

=nA1 total number of raindrop impacts on the area A1 (number of
drop impacts/h),

=Ir rain intensity (mm/h),
=dd raindrop diameter (mm).

The raindrop locations of impact are randomly spread over the area.
Due to the linear increasing circumference and area with radial co-
ordinate r, the number of drop impacts increases also linearly with the
distance (r).

The cumulative number of drop impacts nC(r1) = nA1

=n a r
2C

2
(5)

=a n
r

2 A1

1
2 (6)

Eqs. (4)–(6) give for the radial distribution of density of drop im-
pacts:

=n I
d

r12
r

r

d
3 (7)

nr is the radial distribution of density of drop impacts (impacts/
mm h), shown in Fig. 3a.

The radial distribution of density of drop impacts (nr , impact/mm h)
should be converted into a distribution of drop impacts (nS, impact/
MPa h) as a function of the local maximum stress (Smax), see Fig. 3b.
This distribution is now designated as nS:

=n n dr
dSS r

max (8)

Substituting Eq. (3) in Eq. (8) and using the derivative of Eq. (3)
gives:

= +n I
d n

A

S

12
S

r

d

n

max
n

n
3

2

2
(9)

nS is the distribution of drop impacts (impacts/MPa h).
The linear cumulative damage rule of Palmgren-Miner has been

used to calculate the total amount of fatigue damage [18,20]. The basic
equation for variable amplitude stress loading is:

∑=
=

D n
Ni

k
i

i1 (10)

For >S SD imax , continuous functions exist for nS and N . Using these
continuous functions gives for the amount of damage per hour:

∫=D n
N

dSh S

S S
max

r

r

max ( 1)

max ( 0)

(11)

=Dh cumulative fatigue damage per hour (h−1).

Substitution of Eqs. (9) and (2a/2b) in Eq. (10) gives:

=
−

⎡
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With Eq. (2b) this gives:

=S h Sr tot Dmax ( 1) (13)

For the Rayleigh surface waves the geometrical attenuation is:
=n 0.5. Thus:

=
−

−− −D I
d

A
h S m

S h S24
( )

1
( 4)

[ ( ) ]h
r

d tot f
m r

m
tot D

m
3

4
max ( 0)

( 4) ( 4)

(14)

This equation represents the extended model, incorporating the ef-
fect of the start of the Rayleigh wave at r= r0 by using Smax(r0) from the
Appendix A.

3.5. Rain erosion incubation period

Rain erosion incubation period is now defined as:

=I
D
Dp

f

h (15)

=Ip Rain erosion incubation period (h),
=Df Cumulative fatigue damage at failure.

According to the general Palmgren-Miner approach [18,20]: =D 1f ,
which results in an incubation period of:

Fig. 3. a/b – examples of the radial distribution of density of drop impacts (nr) as a function of the radial position and the distribution of drop impacts (nS) as a
function of maximum stress (Smax). Table 1 shows the rain properties and radius used in these examples.
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max ( 0)
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With the condition for Eq. (16) that: >S h Sr tot Dmax ( 0)
For the complementary condition ≤S h Sr tot Dmax ( 0) this results in:

→∞Ip
Thus the condition =S h Sr tot Dmax ( 0) gives the threshold rain condi-

tions. For rain conditions v d( , )d d resulting in a fatigue damage of
≤S h Sr tot Dmax ( 0) this will not cumulate to fatigue failure and thus the life

of the surface material will be infinite.
With Eq. (16) an improved and more efficient derivation is pre-

sented for the incubation time compared to the work presented in [18]
that still contained a fitting parameter.

3.6. Impact pressure and stress wave attenuation

An overview of the equations for the raindrop impact pressure or
“water hammer” pressure can be found in [18]. The attenuation of the
maximum stress of the surface wave is given by Eq. (3). The value A in
this equation depends on the water hammer pressure and the droplet
size. Adler [6] shows numerical results for a droplet size dd = 1.8 mm
and impact velocity vd = 222m/s. The results show the attenuation of
the radial stress component at a depth of 5 µm due to the Rayleigh
surface wave. Using these results, and the equations for the water
hammer pressure (pwh), gives for Eq. (3) (see also [18]):

= =A p d0.60 ( 1.8 mm)wh d (17)

3.7. Stress ratio for S–N curve

The fatigue life equations have been defined by the Eqs. (2a) and
(2b). The maximum stress (Smax) has been given as a function of the
number of fatigue cycles. The minimum stress (Smin) during the fatigue
cycles due to the Rayleigh surface wave has not yet been defined. The
stress ratio R = Smin/Smax of the stress cycles for the transient surface
stress distributions calculated by Adler [6] and shown in [18] is esti-
mated to be R ≈ -0.5. Fatigue life curves for this stress ratio have been
calculated using Haigh's approach, [21].

4. Model predictions for thermoplastic polymers

Model predictions have been made for a set of commonly used
thermoplastic polymers. The fatigue data (bending, R= -1) of these
polymers have been adopted from [22] and the acoustic properties from
[23,24] were used. A rain intensity of Ir = 25.4 mm/h, a droplet size dd
= 1.8mm, and a gravitational raindrop velocity of 10m/s, [8], have
been used as well. The predictions of the incubation period were made

with a drop impact velocity of 120m/s. This drop impact velocity is
based on a blade tip velocity of a 5MW offshore wind turbine, [1],
which is about 110m/s, and the mentioned gravitational raindrop ve-
locity of 10m/s, this results in an impact velocity of 120m/s during the
upward movement of a turbine blade.

Clear distinctions between the different types of thermoplastic
polymers can be seen from Fig. 4. The highest incubation period is
predicted for PBT, and second best PA 6, which further underlines the
expected feasibility of PBT.

5. Results

5.1. Droplet impingement tests

The individual test results and an indication of the spot size with
observed surface erosion damage after the given testing duration are
shown in Table 2. An image of the spot with surface erosion damage of
an injection moulded PBT (PBT-II) specimen is shown in Fig. 5.

5.2. Axial fatigue tests and tensile tests

Axial fatigue test results of both PBT types are shown in Fig. 6. The
equations of the best fit (least square method), according to Eq. (2a),
are shown.

The ultimate tensile strength, elongation at fracture and Young's
modulus measured within the scope of the current work, the calculated
acoustic properties and the derived S-N curves of both PBT types based
on the experimental work are summarized in Table 3.

The acoustic properties, ρcS, are defined as the product of density
and longitudinal wave velocity in the thermoplastic polymer [18].

5.3. Predictive model calculations

The droplet impingement conditions shown in Table 4, derived from
the experimental conditions, were used as input for the model predic-
tions of the incubation period (Ip). A droplet size of 0.030mm, based on
the droplet size measurements presented by Fujisawa et al. [16], for a
comparable erosion test set-up, nozzle type and spray regime [25–27],
has been used as an inferred value.

Further, for this small droplet size, it is assumed that the value A in
Eq. (17) can be corrected linearly with droplet size. The material
properties of Table 3 for both PBT types have been used as input for the
Eqs. (A-4) and (16).

The predicted incubation periods for a droplet size of 0.030mm are
presented as a function of droplet impact velocity, see Fig. 7. The mean
incubation lives from the tests of both PBT types and the 95% con-
fidence ranges of the mean (m ± 1.98 s/√n) are also indicated. Pre-
dictions with these test conditions for the PBT grade given by Domin-
inghaus [22], see Fig. 4, are shown for comparison.

The predicted incubation period for the used test conditions, a
droplet size of 0.030mm and a droplet impact velocity of 120m/s, is Ip,I
= 5.1 min for compression moulded PBT (PBT-I) and Ip,II = 277min for
the injection moulded PBT (PBT-II). The prediction for the injection
moulded PBT (PBT-II) is, when compared with the test results, quite
reasonable: a deviation of only 29%. For the compression moulded PBT

Fig. 4. Predictions of the incubation period for selected thermoplastic poly-
mers.

Table 1
Rain properties and radius used in the examples, see Fig. 3a/b.

Symbol Value Unit

Ir 25.4 mm/h
dd 2.0 mm
r1 23.5 mm
nA1 10,520 impact/h
a 38.1 impacts/mm2 h
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(PBT-I) the incubation period is a lot less than predicted, when com-
pared with the test results. The mean incubation period from the tests is
a factor 15 higher than predicted. This deviation probably resulted from
the lower confidence level (only three valid test results at a high
number of cycles) of the S-N curve for compression moulded PBT (PBT-
I), see Fig. 6, than for the injection moulded PBT (PBT-II).

Predictions for the PBT grade given by Domininghaus [22] result in
incubation periods varying between nearly the same to 2 times as high
as the injection moulded PBT (PBT-II).

6. Discussion

The assessments of the rain erosion resistance of both PBT types by
experimental work and model calculations show the same trend and a
good similarity between test results and model calculations for the in-
jection moulded PBT (PBT-II).

Comparing the predicted incubation period with measured

incubation period for both PBT types revealed that the ranking of in-
jection moulded and compression moulded PBT are the same, i.e. in-
jection moulding resulted in a substantial longer incubation period than
compression moulding. This can be understood from the production
processes, as compression moulding and injection moulding of the same
PBT grade is expected to affect the morphological structure of the
polymer. Compression moulding is a process which, due to the slow
cooling rate, gives a homogenous structure with more isotropic prop-
erties. Injection moulding is a process in which the polymer melt ex-
periences high strains and high cooling rate, and thus a skin layer with
high chain orientation is expected to form near the walls. At the core of
the sample, the structure is more homogeneous with less chain or-
ientation. These morphological differences lead to different physical
and mechanical properties. Due to the slower cooling rate, the

Table 2
Test results of the droplet impingement tests with PBT.

Materials PBT-I: Compression moulded (processed by Norner), PBT: Ultradur B2550
PBT-II: Injection moulded (processed by Norner), PBT: Ultradur B2550

Test duration: Estimated

No Damage incubation Spot size with surface damage
Test damage observed period, Ip Global size Area
no (min) (min) (min) (mm × mm) (mm2)

PBT-I
1 108 187 148 0.8 1.2 0.75
2 29 57 43 1.0 1.0 0.79
3 36 62 49 0.6 0.6 0.28
4 58 67 62 2.3 2.3 4.15
mean (m) 75 1.5
standard

deviation
(s)

49 1.8

cova (%) 65 120
PBT-II
1 303 336 319 1.5 1.5 1.77
2 82 120 101 1.3 1.8 1.84
3 211 240 226 1.2 1.2 1.13
mean (m) 215 1.6
standard

deviation
(s)

110 0.4

cova (%) 51 25

Both PBT sheet types show a significant difference in mean incubation period. This lifetime is a factor 2.5–3 higher for the injection moulded PBT sheet (PBT-II) than
the compression moulded version (PBT-I).

a Coefficient of variance, cov = 100 × s/m.

Fig. 5. Picture showing the droplet impingement surface erosion of injection
moulded PBT after 336min of exposure at an impact velocity of 120m/s (PBT
II, test no. 1). Boundary of area with erosion damage marked with a blue line.

Fig. 6. Axial fatigue test results for compression moulded and injection
moulded PBT. (The test results with an arrow are run-outs.).
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crystallinity of the sample which has been compression moulded will be
higher that of the sample which has been injection moulded. Higher
crystallinity leads to a higher tensile or Young's modulus. This expected
effect was indeed measured as a higher Young's modulus for the com-
pression moulded sample (E=3160MPa) and lower Young's modulus
for the injection moulded sample (E=2545MPa), see Table 3.

Although a good similarity between test results and model calcu-
lations for the injection moulded PBT (PBT-II) was found (deviation of
29%), the absolute value of the incubation period predicted by the
model calculations for compression moulded PBT (PBT-I), see Fig. 7,
differed more than one decade (factor 15). One can argue that the
droplet impingement test based on a water jet/nozzle system should be

considered as an accelerated life test. The main reason for the accel-
eration of the wear mechanism is the high droplet impact density
generated by the nozzle equipped test apparatus. The number of drop
impacts of the experimental set-up is for a droplet size of 0.030mm
3.25×108 drops/s on a spot size with a diameter of 25mm, see
Table 4. This equals a droplet impact density of 662,000 drops/mm2 s.

In the predictive model each drop impact is assumed to be effective
and giving rise to a full fatigue stress cycle. A wind turbine blade with a
tip velocity of 120m/s [1,8] in heavy rain with an intensity of
25.4 mm/h, a drop size of 1.8 mm, and a gravitational raindrop velocity
of 10m/s results in an average droplet impact density on the tip of
0.025 drops/mm2 s, thus the model assumption is valid for the practical
situation. In the experimental set-up however, for the droplet size of
0.030mm, the droplet impact density is 107 higher than for the prac-
tical situation. Therefore, only a part of the droplets is expected to be
effective in generating full fatigue stress cycles. In the presented pre-
dictive calculations an effective part of η=50% has been used. Whir-
ling arm test facilities with larger and more realistic test samples
[12,13] might produce incubation results that are closer to reality yet
full scale tests will ultimately be necessary to validate the model and
establish the limitations of the selected experimental method for spe-
cific blades and operational conditions. For experimental research and
development on materials, the used test set-up and model can be used
for ranking surfaces with respect to droplet impingement resistance in a
cost effective way.

7. Conclusions

The following conclusions are drawn:

• The test set-up based on a water jet/nozzle system can be used for
ranking surfaces with respect to droplet impingement resistance.

• The mean incubation period determined by testing with the used
test set-up cannot be used directly for life predictions in real wind
turbine blade situations.

• Model predictions show clear distinctions between different types of
thermoplastic polymers. The highest incubation period is predicted
for PBT, and second best PA 6, which further underlines the ex-
pected feasibility of PBT.

• The droplet impingement measurements and model predictions
show a substantially higher incubation period for injection moulded
PBT compared to compression moulded PBT.
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Appendix A. Radius of start of Rayleigh wave

The moment of start of the surface Rayleigh wave [28] is defined as the time that the velocity of the boundary of the droplet contact area (va) is
equal to the Rayleigh wave velocity (cR). Fig. A-1 shows the deformed droplet geometry and the drop part with compressed high water pressure.

Due to the impact and the round shape of the droplet, the initial velocity of the boundary of the contact area with the solid surface is infinitely

Table 3
Ultimate tensile strength, elongation at fracture and Young's modulus, acoustic properties and the S-N curves of both PBT types.

PBT Moulding Tensile test Acoustic Axial fatigue test

code method Strength Elongation Young's modulus properties Smax-N curve (R = 0.1), Eq. (2a/2b)

Rm (MPa) A (%) E, (MPa) ρcs, (MPa s/m) Sf (MPa) m SD (107)

PBT-I Compression 23.2 0.73 3160 3.54 45.4 14.9 15.0
PBT-II Injection 57.4 3.6 2545 3.18 65.8 14.9 22.4

Table 4
Droplet impingement conditions used for the incubation period predictions.

Droplet impingement conditions

Droplet velocity vd 110, 120, 130 m/s
Flow rate Q 0.55 l/min
Spot size ds 25 mm
Droplet size dd 0.030a mm

For vd = 120m/s:
Number of droplets n 3.25× 108 droplets/s
Droplet impact density 662000 droplets/mm2 s

a Inferred value from [16].

Fig. 7. Predicted incubation periods as a function of droplet impact velocity for
a droplet size of 0.030mm * (test conditions). The mean incubation lives from
the tests of both PBT types and the 95% confidence ranges of the mean
(m ± 1.98 s/√n) are shown. Predictions for PBT grade (see Fig. 4), [22] are
shown for comparison. *inferred value from [16].
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high. This velocity va decreases rapidly to respectively the longitudinal wave velocity (cL), the transverse wave velocity (cT) and finally the Rayleigh
wave velocity (cR).

The radius of the contact area of the droplet with the solid (rigid) surface, (a), [6], is:

= −a R v t v t(2 ( ) )d d d
2 (A-1)

The velocity of this contact area boundary on the solid surface (va) is:

= = −
−

v da
dt

R v v t
R v t v t

( )
(2 ( ) )

a
d d d

d d d

2

2 (A-2)

The impact gives rise to the Rayleigh wave, which is confined to the surface of the specimen and is responsible for ∼ 2/3 of the collision energy.
The Rayleigh surface wave (or R-wave) velocity in a solid is given by [28,29]:

= ⎧
⎨⎩ +

⎫
⎬⎭

⎧
⎨⎩

+
+

⎫
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c E
ρ2 (1 ϑ)

(0.87 1.12ϑ)
(1 ϑ)R

1/2

(A-3)

where

ϑ =Poisson's ratio of surface material,
ρ =density of surface material,
E =Young's modulus of surface material.

Using Eqs. (A-1) and (A-2), with =R d /2d d , the value r0, the radial location of start of the surface Rayleigh wave ( =v ca R) is:
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1 2 1d R

d

d

R
0

2

(A-4)

Eqs. (3) and (A-4) are now used for S rmax ( 0) in Eq. (16).
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