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ABS TRACT
This study focuses on the further development of a new method of liquid 

erosion testing by means of a pulsating jet erosion test (PJET). The method was 
validated in comparison to existing test procedures.

Parameters regarding velocity, length and diameter of the jet were 
evaluated by optical observation through a real-time triggered camera with a 
high-speed shutter. For the method of the optical parameterisation, good 
conditions for correct framing of the water jets, were achieved by high 
illumination and short shutter times.

The influence on the jet’s front shape and rounding was included in the 
parameterisation and investigated in terms of air resistance, diameter and shape 
of nozzles, the propulsion system of the water, the pump, the hose, and the 
rotating disc. The jet front plays an important role for the simulation of raindrops 
by means of water jets. 

A preliminary study on the measurement of the water hammer pressure of 
the water jet segments was carried out with a piezo-sensor. The results showed a 
rapid rise of the pressure, corresponding to the impact pressure and duration. 
The results presented 100 times lower values when compared to the theoretical 
water hammer pressure, indicating a lack of water hammer pressure at the 
moment of impact.  However, it is more likely that the piezo-sensor was unable to 
capture the fast appearing and disappearing water hammer pressure, thus 
measuring only the transmitted impulse.

The optical observation showed the presence of a water-film on the samples. 
The theory states a diminishment of erosion damage due to such film, which was 
verified by the material test. The problem was solved by installing an air nozzle 
to blow-off the water-film from the samples with compressed air.

The first step in the validation of the test procedure was taken by 
comparing the apparent failure mechanisms of the PJET with those obtained 
with the Multiple Impact Jet Apparatus (MIJA) of the Cavendish Laboratory, 
University of Cambridge. A comparability of the damage mechanisms was 
possible to observe regarding both non-destructive surface deformations and 
destructive damage to the coatings. The second step in the validation was the 
actual material tests of coatings, which were used to evaluate the specific 
materials. The coatings examined were polysiloxane coatings, applied to an 
aluminium substrate, with a CAA surface treatment, and an epoxy primer as 
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adhesion promoter. The tests were also the base for the verification of the PJET 
procedure. The material evaluation was correlated to parameters of the samples 
such as hardness, coating thickness and erosion resistance.

From the results and the validation of the material testing it can be 
concluded that the PJET is a working test procedure for liquid impact. The 
erosion resistance was evaluated with both the PJET and the MIJA by two 
independent methods. The results of the evaluations presented a practically 
complete coherence in question of the mutual erosion resistance between the 
samples pertaining to each evaluation method. It was seen that the harder the 
sample, the better the erosion resistance, at the same time as the higher the 
cross-linking, the better the erosion resistance, although a higher cross-linking 
decreases the hardness.

As conclusion it can be stated that the PJET complies with existing test 
standards. The erosion damage obtained is comparable within proper test series 
and with other erosion test methods and finally that the validation of PJET test 
procedure was successful.
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1. Introduction

Modern composites and FRP (Fibre Reinforced Plastics) such as Kevlar can 
protect against knives and bullets just as good as steel and other similar metals. 
Although the composites possesses a much lower weight compared to the metals, 
they can show comparable mechanical properties like good impact, compression 
and fatigue characteristics. Both material types have excellent environmental 
resistance in terms of, for example, corrosion and stability to ultra-violet 
radiation [1].

The list of the environmental resistance properties can be made long, but 
there is one important difference concerning the environmental impact on the 
materials. High-speed impact of particles such as raindrops or sand can destroy 
the FRP materials in minutes [2]. The problem is, however, not only related to 
the composite materials, but to all types of materials that make up all outer parts 
of an aircraft.

At today’s flight speeds (222 m/s ≈ 800 km/h or more); the problem is that 
none of above-mentioned materials will survive a repeated raindrop impact, 
although some of them are more resilient than others. The determining factor is 
merely the question of time. The damage caused by rain erosion could easily turn 
into a serious and dangerous situation, leading to the loss of an aircraft.

High-velocity water droplets impact can generate pressures of many tons 
per square millimetre on exposed surfaces. These pressures cause stress, which 
can create cracking of brittle materials and deformation of more ductile ones. The 
outflow of the droplets then picks up on this damage and erodes the material. In 
the case of laminates, the interface of the layers can be subjected to shear stress 
causing delamination [2].

The areas of an aircraft prone to airborne erosion from impacts are known 
to be all forward-facing surfaces and airborne stores, such as wings, radomes, 
vertical and horizontal stabilisers and munitions. Additionally, all materials 
start failing more or less at impact velocities greater than 100 m/s [2] – with the 
rate of erosion dependent on the impact velocity, the angle of impact, and the 
frequency of impact.

Nowadays the rain erosion has become an important issue in the aircraft 
industry, and manufactures have begun to explore the possibilities of 
implementing new materials in airplane construction. These materials, i.e. the 
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FRP’s, are being considered as replacements to traditionally used metals, e.g. 
steel and aluminium, in structural parts as well as wings.

Carbon fibre composites, – expected to become the most commonly used 
material in the aircraft industry within the next years – have a low density (a 
typical density is 1,8 g/cm3) and a high Young’s modulus (up to 395 GPa) [3, 4], 
which makes them approximately half as heavy as aluminium (2,7 g/cm3) and 
about five times more resistant (Young’s modulus of aluminium has a general 
value of 70 GPa) [5].

The introduction of the "black wing" in regular air traffic, i.e. a wing made 
of merely carbon fibre materials, is only a question of time and the dream of the 
"black flier" has become a reachable reality.

The airplane manufacturer Boeing has announced its new 787 
"Dreamliner" [6] as "the first composite jet-airliner". This aircraft will bring fuel 
savings of 20 % due to its reduced take-off weight, achieved by its high content of 
carbon fibre composite materials. Airbus heads in the same direction; the wings 
of the new military transporter A400M are essentially being constructed from 
carbon fibre reinforced plastics and thus contributes to a remarkably lighter 
aircraft [7, 8].

This goes hand in hand with the general sought after higher efficiency, 
capacity, and endurance of new aircrafts. Moreover, constructing lighter and 
more fuel efficient aircrafts directly addresses the negative environmental impact 
the aircraft industry poses on the Earth’s already strained climate – an issue 
that has become one of the most important topics in air travel.

To take full advantage of the FRP’s materials in terms of weight-to-strength 
ratio, the materials need to be protected from environmental impact, e.g. rain 
erosion during flight. The improvement of the rain erosion resistance of 
composite materials is complicated, since their natural resistance of drop impact 
is not comparable to metals. The most common procedure to improve resistance 
is to paste the FRP’s with protective plastic films or even covering particularly 
endangered parts with metal. This, of course, implies an obvious diminishment of 
the weight reduction profit of the materials and is for certain applications 
impossible, e.g. radomes, which need to be transparent to radio waves.

In regards to metals it is currently a common procedure to apply a 
protective coating on the surface to improve resistance against rain erosion, 
ensuring at the same time a better corrosion resistance.

1. Introduction
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This problematic is of course the reason for the interest in developing new 
preventive methods. One approach to resolve the issue is the development of new 
protective coatings, e.g. by the use of nanotechnology such as sol-gel coatings. 
Thanks to this technology new coatings can be created, which are thinner than 
the ones used today and therefore implies practically no, or a very low, weight 
increase of the material. The coatings can be built by different hard and/or soft 
layer materials (sub-coatings) so that they form a rain erosion protection with 
precise properties. The nanotechnology opens new possibilities to a generation of 
additional functionalities such as anti-icing properties of aircraft wings for 
example.

The first research on rain erosion started in the 1920’s [9], in the interwar 
period. This was an epoch of rapid development of the aircraft industry, where 
aircrafts evolved from being constructed of mostly wood and canvas to being built 
almost entirely of aluminium [10]. But it was not until the 1960’s [9, 11], after 
the development of the first jet airplanes, that the pace of the rain erosion 
research picked up. Till today’s date, different test methods and procedures have 
been developed to evaluate more or less every material that has at anytime been 
used in the aviation industry. However, this does not imply that everything is 
known. Rain erosion will always be a topic where further research will lead to 
improvements of erosion resistance.

This study gives an overview of the theoretical background to the wear of 
rain erosion. Current test methods used to simulate rain erosion are presented 
and based on this knowledge, a new approach for a simpler simulation of rain 
erosion is further developed.

The new method entails the division of a water jet by a perforated rotating 
disc into short jet segments. The individual partial jets then impact a substrate 
and thereby simulate the impact of rain drops.

The first part of the report presents the configuration of the test equipment, 
its components and the parameters, which are to be determined and analysed. 
The second part deals with the characterisation of different protective coatings. 
The third and final part presents the results from the experimental and material 
tests, which then are evaluated and discussed.

1. Introduction
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2. Theory

2.1. E R O S I O N  B Y  L I Q U I D S :  R A I N  E R O S I O N

2.1.1. Definition of rain and the creation of rainfall

Rain pertains to the definition of precipitation, which is defined as all forms 
hydrometeors, both liquids and/or solids, deposited on the Earth’s surface [12]. 
Hydrometeors embrace all particles that are formed in the atmosphere or at the 
Earth’s surface by condensation or sublimation, and include clouds, fog, dew, 
drizzle, rain, rime, snow, ice crystals, hail, and blowing snow and spray [13].

Clouds, from which precipitation is produced, are formed into different 
shapes from the agglomeration of small water drops. These small drops are 
created by means of condensation of atmospheric water vapour, which comes 
from warm moist air, rising into cooler parts of the atmosphere [14], cf. figure 1.

Figure 1 [41] – The water cycle.

The Encyclopædia Britannica states:
The essential difference between a precipitation particle and a 

cloud particle is one of size. An average raindrop has a mass equivalent 
to about one million cloud droplets. Because of their large size, 
precipitation particles have significant falling speeds and are able to 
survive the fall from the cloud to the ground.

The transition from a cloud containing only cloud droplets to one 
containing a mixture of cloud droplets and precipitation particles 
involves two basically different steps: the formation of incipient 
precipitation elements directly from the vapour state and the 
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subsequent growth of those elements through aggregation and collision 
with cloud droplets. The initial precipitation elements may be either 
ice crystals or chemical-solution droplets.

Development of precipitation through the growth of ice crystals 
depends on the fact that cloud droplets can freeze spontaneously at 
temperatures below about -40 °C. (The reduction of cloud droplets to 
temperatures below the normal freezing point is termed supercooling.) 
Within supercooled clouds, ice crystals may form through sublimation 
of water vapour on certain atmospheric dust particles known as 
sublimation nuclei. In natural clouds, ice crystals form at temperatures 
colder than about -15   °C. The exact temperature of ice-crystal 
formation depends largely on the physical–chemical nature of the 
sublimation nucleus.

Once ice crystals have formed within a supercooled cloud, they 
continue to grow as long as their temperature is colder than freezing. 
The rates of growth depend primarily upon the temperature and 
degree of vapour saturation of the ambient air. The crystals grow at 
the expense of the water droplets. In favourable conditions – e.g., in a 
large, rapidly growing cumulus cloud – an ice crystal will grow to a size 
of about 0,13 millimetre in three to five minutes after formation. At 
this size, the rate of growth through sublimation slows down, and 
further growth is largely through aggregation and collision with cloud 
droplets. [15]

This process is also called the Bergeron-Findeisen mechanism [16]. The 
mechanism is temperature dependent, since supercooled water drops only exist 
in clouds with a temperature below 0   °C. The mass gain of the ice crystals 
implies that at a certain weight they begin to fall towards the ground. Due to the 
great temperature difference between the cloud and the Earth’s surface, the ice 
crystals may melt into rain during the fall [14].

Encyclopædia Britannia continues:
Small solution drops are also important as incipient precipitation 

particles. The atmosphere contains many small particles of soluble 
chemical substances. The two most common are sodium chloride swept 
up from the oceans and sulfate-bearing compounds formed through 
gaseous reactions in the atmosphere. Such particles, called 
condensation nuclei, collect water because of their hygroscopic nature 
and, at relative humidities above about 80 percent, exist as solution 
droplets. In tropical maritime air masses, the number of condensation 
nuclei is often very large. Clouds forming in such air may develop a 
number of large solution droplets long before the tops of the clouds 
reach temperatures favourable to the formation of ice crystals.

2. Theory
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Regardless of whether the initial precipitation particle is an ice 
crystal or a droplet formed on a condensation nucleus, the bulk of the 
growth of the precipitation particle is through the mechanisms of 
collision and coalescence. Because of their larger size, the incipient 
precipitation elements fall faster than do cloud droplets. As a result, 
they collide with the droplets lying in their fall path. The rate of 
growth of a precipitation particle through collision and coalescence is 
governed by the relative sizes of the particle and the cloud droplets in 
the fall path that are actually hit by the precipitation particle and the 
fraction of these droplets that actually coalesce with the particle after 
collision. [15].

Coalescence is the phenomena of fusing water droplets leading to the 
creation of larger water drops, or when water droplets merge onto an ice crystal 
by freezing. Air resistance naturally causes the water droplets in a cloud to 
remain stationary. In the case of augmenting air turbulence, water droplets will 
collide, and produce larger droplets. During the descendent of these larger water 
droplets, the coalescence continues, so that drops gain enough mass to surmount 
the air resistance and fall as rain [14].

The resulting precipitation from a cloud must contain liquid water drops 
with diameters greater than 0,5 mm to be classified as rain. When the drops are 
smaller, the precipitation is usually called drizzle [17]. The droplet size can vary 
considerably and the general size range from 0,5 to 5 mm [12, 17, 18]. Drops with 
a diameter greater than 5-6 mm have a tendency to break up before reaching 
their terminal velocity, which fixes the upper limit for a raindrop’s diameter. The 
largest raindrops ever photographed have had a diameter of 10 mm [12, 18].

Likewise the raindrop size, varies the rain intensity. Concentrations of 
raindrops typically range from 100 to 1.000 per m3; drizzle droplets are usually 
more numerous [17]. The amount of precipitation that falls during a rainfall 
depends on the kind of rain as well as on the climatic and geographical conditions 
of the location, cf. figure 2.
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Figure 2 [42] – Annual precipitation over Europe.

In order to make a more specific determination of rain environment and 
natural precipitation, the most common parameters used by meteorologists are: 
intensity, drop shape, size and size distribution, horizontal and vertical extent of 
occurrence, terminal velocity of fall, and probability of occurrence [9].

There is of course a strong influence of latitude and seasonal variations on 
these parameters, and the physical properties of events may vary. For aircrafts 
designed for long-haul flights, rain data of average values are of interest. In 
contrast, for flights of shorter duration, e.g. missiles, where a typical flight can be 
less than 30 seconds, both the average and the instantaneous values are of 
relevance for consideration. 

Clouds can be classified in two different classes – clouds that are 
precipitating and clouds that are non-precipitating. The main characteristics of 
these are shown in tables 1 and 2.

2. Theory
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Table 1 – Main characteristics of non-precipitating clouds (Denis J., Balageas D., Probabilistic 
evaluation of hydro-erosion hazards for missile radomes, Proceedings 5th International Conference 

on Erosion by Solid and Liquid Impact, (ed. J.E Field), Paper 19, 1979.).

Altitude
General type of 

clouds (°C)

Mean diameter 
of particles 

(µm)

Mean 
concentration 

(g/m3)

Lowest 
temperature

(°C)
Type of particle

Lower 
clouds

Stratus (St) 5 0,1 -5 water vapour

Strato cumulus (St) 20 0,2 -10
(ice particles 

seldom)

Medium 
clouds

Alto stratus (As) 25 0,15 -25
water vapour 

supercooled ice 
particles

Nimbus stratus (Ns) 20 0,2 -8

Cumulus (Cu) 10 0,01 -20

Alto cumulus (Ac) 15 0,05 -15

High 
clouds

Cirrus cumulus (Ci) 500 to 800 0,1 to 0,5 -50
ice particles

Cirrus stratus (Cs) 200 to 500 0,03 -35

Table 2 – Rainfa* characteristics at ground and in precipitation-generating clouds (Denis J., 
Balageas D., Probabilistic evaluation of hydro-erosion hazards for missile radomes, Proceedings 5th 
International Conference on Erosion by Solid and Liquid Impact, (ed. J.E Field), Paper 19, 1979.).

Types of 
clouds

St St As As Ns Thick Cu CU Cong. Cb

In the clouds
Ice water 

concentration 
(g/m3)

0,045 0,2 0,3 to 1,3 1,3 to 
2,2

2,2 to 8 8

Under the 
clouds

Mean 
precipitation 

duration
10 hr 2 hr 1 hr 30 min 30 min 10 min

Liquid water 
concentration 

(g/m3)
0,005 3 × 10-2 5 × 10-2 to 

0,25
0,25 to 

0,5
0,5 to 2 2

Mean drop 
diameter (mm) 0,2 0,7 0,7 to 1,3

1,3 to 
1,6 1,6 to 2,1 2,1

Rain fall rate 
(mm/hr) 0,1 0,1 to 1 1 to 5 5 to 10 10 to 40 40

Precipitation
Type of

characteristics
rainfall

Drizzle Slight rain
Ordinary 

rain
Slight 

shower Shower
Thunderstorm 

shower

2. Theory
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Two important parameters of rain characteristics can be found in table 2. 
The first is the mean drop diameter, which can give a hint of the severity of the 
damage caused by impact of the respective drop size. The second is the rainfall 
rate, or rain intensity, which gives an idea of the extent of the erosion caused by 
raindrops [12].

In addition, the horizontal and vertical limits for rain occurrence, in 
conjunction with rain intensity are of importance to determine the total number 
of impact stress cycles to be sustained by a material implemented in an aircraft. 
The extent of a rain field has been evaluated for four typical rain conditions by 
J.E. Field et al:

I. Drizzle or light rain (0-2,5 mm/hr) – belts 500-1500 km long and 300 km 
wide.

II. Moderate to heavy rain (2,5-10 mm/hr) – 250 km long and wide.

III. Tropical rain (10-25 mm/hr) – 150-500 km long and 15 km wide.

IV. Thunderstorms or cloudbursts (over 25 mm/hr) – cells 15-30 km across.

In comparison the vertical extent of rain is typically 5.000-6.500 m with 
cloud tops often extending up to 16.000 m [9].

2.1.2. High velocity flight through rain

The effects of high-speed flights through a rain field and the impact damage 
from the raindrops on the aircraft 
are observed by both airline 
operators and military air forces, 
although the latter usually 
employ faster aircrafts at lower 
altitudes and in more severe 
weather situations than the 
former. Nevertheless the 
problematic of rain erosion is an 
important issue for both parties, 
due to the high speeds of flight.

Figure 3 [43] – Areas on aircraft exposed to rain erosion. 
Arrows in picture point at, ,om left to right, ,ont wing 

edges, rear wing edges, rear stabiliser, radome, and 
engine intakes.

2. Theory
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All airplanes, helicopters or missiles are exposed to rain erosion during 
flight through a rain field. With a speed difference of 800 km/h (222 m/s), or 
more, between the raindrop and the flying object, or the moving part, e.g. a 
helicopter rotor blade, it is an established fact that erosion damage affects all 
materials. No matter what type of material it may be, metals, ceramics, polymers 
or composite materials, they will all erode with time. Parts particularly 
susceptive of erosion are all front facing areas of an aircraft, e.g. front leading 
wing edges, tail units, radomes, intakes, and rotor blades on a helicopter [9].

The time between two drop impacts occurring on the same spot during a 
flight at 225 m/s through a rain field with the intensity of 25 mm/h can be 
calculated by taking into account the number of drops present in a 1 m3 cube. 
The number of drops available are 415 [9], and if they are equally distributed in 
the cube, the distance between two adjacent drop is calculated to 0,134 m. If the 
drops are lined up in straight lines, the time between two impacts following each 
other is deduced to be about 596 µs, implying a frequency of 1,68 kHz.

2.1.3. Fundamental principles of  rain erosion

“Erosion |iˈrō ZH ən|

noun, the process of eroding or being eroded by wind, water, or other 
natural agents” as defined in the Oxford American Dictionary [19].

The term erosion will herein merely refer to the damage to solid surfaces by 
the impact of raindrops. The mechanisms of material break-up due to such 
impingement are complex and the behaviour of the material depends largely on 
the velocity of impact. In impacts with velocities up to 300 m/s the raindrops are 
considered as hard projectiles, although they retain their liquid properties of flow 
on collision. When the velocities increase above the 300 m/s, the drops will 
progressively behave like hard projectiles, which do not flow on impact. Tests 
performed by colliding a drop with 3 mm thick aluminium sheet at 600 m/s have 
shown similar impressions as when the same material was impacted by a 5,5 mm 
diameter steel sphere at the moderate velocity of 70 m/s at impact [12].

2.1.3.1. Drop impact

The impact of a water drop is divided into two regimes [20, 21, 22]. The 
initial part treats the first moments of the drop’s impact with a solid object. As 
soon as first contact is established with the target by the drop, the contact edge 
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between the two starts spreading out in a circular manner from the mid-point of 
the impact site, like a ring on a water surface. The velocity Vc, with which this is 
accomplished, is normally greater than the velocity of the shock wave Cl, which 
propagates in an upward direction into the water drop. This implies that the 
water behind the shock front, as a result of the impact, is compressed, as there 
are no free surfaces through which the pressure can be released, cf. figure 4 (b).

Figure 4 [26] – Sequence of liquid impact ,om initial impact through to release of high pressure: a) 
at impact; b) where water drop is compressed due to lack of ,ee surface; c) at release; d) after shock 
wave has overtaken contact edge a*owing decompression and jetting; grey regions in b) and d) 

represent area of compressed fluid.

The velocity with which the shock wave is transmitted into the water drop is 
reasonably well described, up to impact velocities of 1.000 m/s using the following 
equation (Eq. 1)

where C0 is the acoustic velocity (ca 1.500 m/s for water), V is the impact velocity, 
and k is approximately equal to 2 [23]. The apparent pressure that exerts from 
the compression of the bottom part in the water drop at the impact of a rigid 
target is under these conditions known as the water hammer pressure PWH [22], 
which is described by the equation (Eq. 2)

where ρl is the density of the water, 998,23 kg/m3 [24]. The obtained water 
hammer pressure for an impact velocity of 225 m/s on a rigid target with 
equation 2 is 438 MPa. If the compressibility of the target is taken into 
consideration, then the pressure in this initial regime is (Eq. 3)

Eq. 1

Eq. 2
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where ρ is the density and C is the shock wave velocity and the subscripts refer 

to the liquid (l) and the solid (s), respectively.

Heymann [23], Lesser [22], and Rochester and Brunton [25], all noted that 
the water hammer pressure is not constant over the loaded region. The former 
two predicted this phenomenon theoretically and the latter pair measured it 
experimentally. The conclusion is that the water hammer pressure has high-
pressure peaks, up to three times its own value, at the edge of the contact zone at 
the point when the shock wave overtakes the contact edge.  These edge pressures 
are, however, of very short duration (usually a few nanoseconds) and can 
therefore be ignored [22]. 

2.1.3.2. Lateral jetting

The volume of water compressed by the upward-moving shock wave at the 
moment of impact is released when the shock envelope overtakes the contact 
edge between the drop and the target. At this point a free surface is created 
which allows decompression of this water region by means of lateral jetting of 
water along the surface of the target (figure 4 (c), (d)). At the same time a release 
wave propagates in the opposite direction of the lateral waters jets reducing the 
pressure to approximately the incompressible Bernoulli pressure Pi, which is 
(Eq. 4)

In general cases of rain erosion studies, where the velocity range is chosen 
to simulate an aircraft in flight, the Bernoulli pressure is much lower than the 
water hammer pressure with the precise value depending on the velocity, since 
the ratio of pressures is given by 2Cl/V [26].

By examining the geometry of the impacting drop and considering the 
critical angle between the drop at the contact surface and the target, the radius 
on which high pressure acts can be calculated. The release radius r is the point at 
which the shock wave travels faster than the velocity of the contact edge Vc. The 
release radius is (Eq. 5)

Eq. 3

Eq. 4

Eq. 5
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where R is the radius of the impacting drop. For a 4 mm diameter water drop 
impacting at 300 m/s, the radius, at which release occurs, is approximately 300 
µm [26].

The duration of the shock envelope or the time at which the release occurs 
can be calculated using the drop’s geometry at the moment of impact. The time, 
after impact τ at which the purging of the water compression in the shock 
envelope first initiates is (Eq. 6)

The release waves then propagate towards the centre of the compressed 
region in the water drop. The total time for completion of this decompression 
mechanism is given by Lesser et al. [22] (Eq. 7).

The duration of the water hammer pressure is very short. As an example, it 
can be mentioned that the time for a 4 mm diameter drop to release is 0,2 µs 
when impacted at 300 m/s on a rigid surface [26]. From equations (5) and (7) it is 
clear that changes in the drop diameter R will bring considerable changes in the 
release radius r and the total time of decompression τrel.

There are several outcomes from the theory of liquid impact by water drops 
each with a significant importance. On the one hand is the initial stage of impact, 
in which the extreme pressures that leads to damage are generated – pressures 
that can be as elevated as 10.000 bar (~ 1 GPa) depending on impact velocities. 
On the other hand the precise geometry of the contact region between the water 
drop and the target plays a crucial role in the determination of the high-pressure 
state, which is brought on the exposed material.

For example, if the radius of curvature of a drop at contact with a plane 
surface is double that of a sphere of equivalent volume then τrel is similarly 
doubled [26]. Pre-existing superficial flaws in the material, like surface cracks, 
may create a characteristic circumferential crack pattern with the interaction of 
the Rayleigh surface wave when exposed to impingement of water drops as 
shown in figure 5.

Eq. 6

Eq. 7
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Figure 5 [26] – Erosion damage on zinc sulphide caused by Rayleigh waves.

An example for the verification of the water hammer pressure was made by 
Obara et al. [27]. In this study the water hammer pressure was measured by 
means of piezo-electric films, which were calibrated in a range of pressures up to 
1 GPa.

Figure 6 [27] – Typical water hammer pressure curve measured by Obara et al.

It was shown that the water hammer pressure rises in a couple of 
nanoseconds to its maximal value, to fall back into the stagnation pressure after 
about 1 µs. The water hammer pressure measured for a jet travelling at 570 m/s 
was ca. 850 MPa, and the following stagnation pressure was approximately 
200 MPa, which lasted about 10 µs until the drop was completely spread out over 
the specimen surface. The water hammer pressure calculated for the same 
velocity with equation 2 was 1,50 GPa.

At the moment of impact of a water drop are three stress waves created in 
the impacted material, cf. figure 7. Of these waves are two bulk waves, one 
compressional and one shearing. Both waves propagate away from the impact 
point into the material. The attenuation of the waves is in proportion to r-2 on the 
surface, and r-1 in the bulk of the material, respectively [26].

T. Obara et al. /Wear 186-187 (1995) 388-394 393 

left hand side of this picture, J,, travelling downwards. The 

bow shock wave, Sb, travelling with the jet, is also clearly 

visible and transmitted into the target material. The speed of 

this transmitted shock wave is equal to the longitudinal sound 

speed of the PMMA. The shift direction of the three marker 

lines behind the shock wave is in the same direction as the 

shock-wave motion. The magnitude of the line shift is quite 

small indicating the weakness of the bow shock wave. How- 

ever, the shock wave, S, generated by the liquid-jet impact is 

clearly visible and the line shift is quite large. The release 

wave, R, can be seen travelling faster than the impact shock 

wave. The line shift direction is the reverse of that for the 

shock wave. The ring crack, D,, on the surface was generated 

behind the release waves. Eventually, the central damage, D,, 

initiated following the overlapped release fan. Since the spall- 

ing, D,, developed when the two release fans interacted with 

each other, the rear surface of the target is not damaged at all. 

The compression wave, C, associated with the stagnation 

pressure, can also be seen to start to close the central damage. 

It is obvious that when the central damage closes, another 

wave, T, is produced and propagates downward, interacting 

with the release waves produced by the reflection of the 

impact shock wave. The middle damage, D,, is caused just 

after the interaction of these two waves. The speed of the 

impact shock wave and release wave are estimated to be about 

2.7 km s- ’ and 3.2 km s- ’ respectively. However, the speed 

of the wave, originated from the closing of the central dam- 

age, is quite slow, about 1.4 km s-i, i.e. equivalent to the 

speed of the shear wave in PMMA. Furthermore, the line shift 

associated with this wave is almost negligible, so this wave 

is neither a compression wave nor a release wave. This wave 

could be a shear wave, which is generated by the closure of 

the central damage. However, further work is necessary to 

investigate the production of this shear wave by the closure 

of the central damage and also the mechanism which causes 

the damage found in the middle of the target. 

In earlier studies, the pressure measurement of the liquid- 

jet impact was conducted utilising piezo-electric pressure 

transducers [ 11. However, the rise time of this type of pres- 

sure transducer was relatively slow and it was not rapid 

enough to measure the impact stress. Fig. 8 shows the typical 

stress signal measured by a PVDF gauge when a liquid jet of 

570 m s-i impacted on the target surface. The stress signal 

rose very quickly and reached a peak stress of about 850 MPa, 

i.e. the peak stress is equivalent to the water-hammer pressure 

calculated by Eq. ( 1) . This stress lasted only about 1 ys and 

rapidly fell off. The period of the high pressure is also equiv- 

alent to the duration calculated by Eq. (2) assuming that the 

head diameter of the liquid jet is 3 mm. After the releases of 

the water-hammer pressure, the above mentioned stagnation 

pressure was found to be applied to the target for a further 

4 p.s. The stress of the order of 200 MPa is approximately the 

same stress level as calculated by Eq. (3) as the liquid jet 

produced by SIJA was impinged continuously on the surface 

for a period of ca. 10 ps. Since the pressure gauge was embed- 

ded with epoxy resin, the small difference in the acoustic 
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Fig. 8. Typical stress signal measured by a PVDF pressure gauge. The gauge 

was mounted on the surface of the target with epoxy resin. Speed of liquid 

jet, 570 m SC’, The signal of the pressure gauge shows a fast rise time and 

the peak stresses are equivalent to a water-hammer pressure of ca. 850 MPa. 

impedance between the epoxy resin and PMMA may have 

interfered with the reflection of the shock wave. As a result, 

neither the ring crack nor central damage were observed on 

the surface of the target or underneath the pressure gauge. 

4. Conclusions 

Liquid jets were impacted on the surface of water and 

PMMA. The phenomena were visualised utilising an image 

converter high-speed camera. The results obtained are sum- 

marised below. 

A release wave was produced by the reflection of the shock 

wave at the interface. In impact upon a water surface, a cav- 

itation cloud was generated at the central axis of the liquid 

jet just after the overlap of the release waves. The cavitation 

bubble collapsed very rapidly in a chain reaction by interact- 

ing with the secondary shock wave, which was generated by 

the impact of a precursor jet. The generation of the cavitation 

bubble and its rapid collapse might contribute to damage, 

since the bubble collapse might produce localised pressure 

concentrations on a materials surface due to microjet impact. 

The direct impact of the liquid jet on the PMMA causes 

destructive damage near the impact surface of and deep inside 

the PMMA. The process of the failure is directly connected 

with the behaviour of the compressive waves travelling 

within the material. Particularly, the release waves produce 

the tensile stress and cause the ring crack on the surface. The 

central damage was produced behind the three dimensional 

overlap of the release waves. 

The impact stress was measured using PVDF pressure 

gauges. The stress signal rose very quickly and reached a 

peak stress, which was equivalent to the water-hammer pres- 

sure. 
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Figure 7 [30] – A sketch of the three different apparent waves due to drop impact.

The Poisson’s ratio of the impacted material determines the relation 
between the two velocities of the compressional (velocity C1), the faster of the 
two, and the shearing (velocity C2) waves. A general value of the C2/C1 ratio is 
that C2 is approximately two-thirds of C1. The compression wave induces 
practically no damage in the material as long as it is just compressional. The 
case, however, changes drastically when the wave reflects at the opposite 
interface of the specimen and changes phase to a tensile wave. In the form of a 
tensile wave moving back to the origin of impact this wave may cause fractures 
in the material. This is especially important with small samples, and as an 
example in thin plates these reflected waves can bolster up the Rayleigh wave at 
the surface and cause bands of fracture.

The third wave associated with drop impact is the Rayleigh surface wave. 
Mentioned above, in conjunction with reflected compression waves in formation 
of additional damage, but this wave let alone is capable of creating and/or 
interacting with surface flaws such as cracks. The emergence of the Rayleigh 
wave occurs when the contact edge velocity Vc slows down below the Rayleigh 
wave velocity. The approximate velocity of the Rayleigh wave is 0,6Cs, and its 
attenuation rate proportional to r-½. This wave is merely limited to the surface of 
the impacted material and consists of both vertical and horizontal components. 
The penetration depth of the wave depends on the wavelength, which, in turn, 
depends on the impact velocity and the drop radius.

From the energy involved in an impact it is the Rayleigh surface wave that 
profits the most from what is available. It receives 67,4%, the shear wave gains 
25,8%, and the compression wave is left with 6,9% of the total energy of the 
impact [28].
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2.1.4. An example of  damage mechanisms – liquid 
impact on brittle materials

2.1.4.1. Circumferential damage

The typical damage pattern induced on the surface of a brittle material  
after multiple jet impact experiments shows an undamaged region in the centre 
and a clearly defined point, the release radius, at which damage is initiated; cf. 
figure 5.

The damage is primarily produced as a result of the interaction of the 
Rayleigh surface wave with pre-existing flaws [21]. The pulse broadens with 
distance from the impact site, at the time as the peak intensity drops as a 
function of this distance [29]. The cracks formed are therefore typically short and 
circumferential in proximity of the release radius, and the longest tend to be 
further out as a result of the changing shape and decreasing magnitude of the 
Rayleigh pulse. The fact that very large cracks are merely extended at the outer 
reaches of the Rayleigh pulse is due to the greater stress intensity at the tip of 
the cracks. These cracks may be produced by a preceding polish of the specimen.

2.1.4.2. Lateral jetting

The above-mentioned mechanism of crack expansion by the Rayleigh waves 
normally leaves the cracks with a slightly raised lip facing the impact site [30]. 
At the moment of pressure release, the water drop begins to spread across the 
surface of the material. This efflux of water creates high velocity lateral jets that 
have a velocity Vj, which is greater than the impact velocity V of the drop [31]. 
These lateral jets exploit the surface asperities arisen from surface roughness or 
damage, introduced by the Rayleigh surface wave, to strip off material and to 
further extend cracks, cf. figure 8.

 Figure 8 [26] – Damaging effects of lateral jetting; left hand side damaged by Rayleigh wave only; as 
lateral jetting crosses surface it tears off asperities it co*ides with.

Raised asperities caused by the 
Rayleigh wave.
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2.1.4.3. Central damage

In some materials, liquid impacts produce local failure on, or near, the 
impact centre. An example of a material that presents this phenomenon is 
PMMA [32]. This type of damage is caused by the action of compressive- or shear 
loadings, which depending on the orientation or anisotropy of grains in the 
material can generate tensile failure at the boundaries between them. As soon as 
a pit develops, the chances that hydraulic loading creates damage increases [33].

Obara et al. [27] has identified four damage modes associated with drop 
impingement:

I. Front surface Rayleigh wave damage (the dominant mechanism).

II. Subsurface, on axis failure.

III. Spall adjacent to the rear surface.

IV. Internal damage due to stress wave reinforcement.

In the general rain erosion scenario where actual rain is simulated, an 
average diameter of 2-3 mm is considered for the majority of the drops 
[12, 30, 34]. The predominant damage mechanism in this case is the Rayleigh 
wave with its resulting circumferential damage pattern. The velocity at which 
this circumferential damage appears, is used as the mode of failure in brittle 
materials subjected to liquid impact, is known as the damage threshold velocity 
(DTV) [26].

However, if the compliance of the impacted material is increased, jetting 
tends to commence later, thereby increasing the duration of the high-pressure 
phase [35, 36]. This case may lead to shock focussing effects in the target as 
water drops impact onto an already depressed surface [37].

2.1.5. Damage patterns – The general case

As previously stated, materials exposed to high velocity liquid impact will 
suffer related damage. The water hammer pressure apparent in the earliest 
stage of impact generate for a time interval of less than a microsecond pressures 
in the range of gigapascals. This may be sufficient to deform a soft metal or 
plastic whereas it will leave a ceramic almost unscathed.
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If the specimen is coated, the damage may at first occur only inside the 
substrate whilst the exterior remains intact until the underlying damage 
becomes visible after further impacts. Another possibility for this case is that the 
damage is directly conceivable through the coating, by means of non-circular 
impact patterns.

Examples of different damage types are given in table 3, and the 
figures 9 and 10 illustrate two common patterns, which are an extract from the 
report of the Erosion facilities at the Cavendish Laboratory by C.F. Kennedy et 
al. [30].

Table 3 – Summary of damage patterns and general (not exhaustive) categories of materials in which 
they may occur.

Damage types Description Type of materials

Circumferential 
cracking

Rayleigh surface wave opens flaws around the release 
radius; a clearly defined ring of short cracks is seen 

around an undamaged central area

Ceramics, brittle 
materials

Depressed 
annulus

A result of the pressure distribution and the way the 
yield stress of polymers is affected by the hydrostatic 

component of the stress field, which increases the yield 
stress in the central region

Polymers

(PMMA), some plastics

Saucer-like 
depression

The high pressure zone generated prior to release 
depresses compressible material; may see lip at the 

edge of softer materials (flow)

Plastics at high velocity, 
soft metals (flow)

Trench-like 
annulus

Material removal (often considerable) in a ring or  
vicinity of impact site; a combination of pressure and 

jetting
Rubbers, resins

Central damage

Release waves from the contact periphery overlap 
causing cavities in the liquid and in the specimens 
giving a net tension and local failure on or near the 

impact axis in the specimen

Ceramics, polymers 
(PMMA)

Pitting
Tiny pits develop on the impact axis after multiple 

(several 100 or 1000) impacts
Hard metals – e.g. 

titanium

Fracture bands
Reinforcement of Rayleigh surface wave by reflected 

bulk waves
Thin plates of brittle 

material

Spall
Longitudinal waves reflected from the rear or side 

surface as tensile waves cause tensile failure
Ceramics, polymers 

(PMMA)

Rear surface 
cracking

Cracks appear on the rear surface as bulk waves 
impinge on the rear surface setting up a secondary 

Rayleigh wave
Thin CVD diamond

Chipping
Lateral jets generated during the second phase of 

impact remove material that is proud (>100nm) of the 
surface (possibly introduced by the Rayleigh wave)

Ceramics, some plastics, 
motheye structures, 

cracked or buckled brittle 
coatings

Buckling 
(coatings)

Usually in a ring at the release radius
Coating buckles but does 

not crack
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Damage types Description Type of materials

Chipping 
(coatings)

Lateral jets exploit any weakness at the coating/
substrate interface

Almost any coated 
material, depending on 
adhesion and coating 

properties

Hydraulic loading Impact of liquid-filled cracks, holes or gaps All materials
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Figure 9 [30] – Damage ring on PMMA and a 
closer view of the plastic flow forming the ring.
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Figure 10 [30] – Fractures produced on the 
top surface of a 12,5 mm thick  glass plate by 
the impact of a liquid jet at 1200 m/s. The 

circles of ,acture are caused by the 
reinforcement of stress waves.

2.1.6. Factors affecting rain erosion

Sundry factors influence the rate and extent of erosion. To be mentioned are 
rainfall characteristics, impact velocity, material type, surface shape and finish, 
as examples of main parameters. Another factor influencing the erosion rate is 
the angle of impact, where angles between 0°  and 30° show the highest rate, and 
erosion becomes negligible at angles of 75° or greater. In between there is a 
gradual diminishment of the erosion rate observed [12].

The drop size and the rain intensity are of great importance for how the rain 
erosion progresses. The larger the drops the larger the area per drop affected by 
the erosion mechanisms. Rain intensity contributes to erosion with respect to the 
rate, which increases with the number of impacts and their rapidity. The 
frequency of impacts on one spot contributes to stress accumulation in the 
material, which may exceed the mechanical properties of the material surface.

The surface properties and the shape of the specimen influence the 
capability of the material to withstand rain erosion. Sharply curved leading 
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edges are the most exposed parts of a vehicle. In addition, the surface finish plays 
an important role for erosion resistance, where smooth and void free surfaces 
resist better than surfaces containing corrugations or small pinholes as 
examples.

The physical properties of the materials used as protective mediums to rain 
erosion must be able to cope with the induced stresses from drop impingement, 
i.e. their yield or ultimate strength must be higher than these stresses. Tests 
have shown that properties such as surface hardness, strength, tear resistance 
(in the case of protective coatings), resilience or high elongation at break, are 
contributing factors to rain erosion resistance [12].

Steel is one example of the difficulties of the complexity of correlating 
erosion resistance with general physical properties. Steel offer excellent 
resistance with increasing hardness, but may have limited use due to brittleness 
in certain applications and conditions. A second example is glass that in many 
situations has an equal erosion resistance to that of steel, but it is highly unlikely 
to be employed where strength is essential. Strength and hardness is, however, 
not the sole solution to the problem of erosion. Tests with materials like neoprene 
or polyethylene, which are soft, and relatively resilient, as non-brittle protective 
coatings have shown comparable resistance to that of aluminium and alloy steels 
[12].

Table 4 is a summary of the various parameters, described above, which can 
be considered to have an influence on the general rain erosion aspect.

Table 4 – Parameters affecting rain erosion.

Element Parameter

Fluid

Acoustic velocity
Density

Surface tension
Viscosity

Rain

Drop concentration
Drop shape

Drop size distribution
Rain fall rate

Impact
Angle

Drop velocity
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Element Parameter

Material

Density
Fatigue resistance
Fracture toughness

Grain size
Hardness

Poisson number
Pressure and shear strength

Resilience
Surface curvature
Surface roughness

Tensile strength
Thickness

Velocity of compression and shear waves
Young’s modulus

An additional parameter for the description of erosion problems is the 
incubation time [44]. The incubation time represents the relationship between 
the amount of material lost by the erosive mechanisms pertaining to drop 
impingement and the time until the first damage as a result of this appears.

The time, during which a material is exposed to erosion caused by water 
drops, can be divided into three parts. The first part is the above-mentioned 
incubation time, during which only modest material removal, if any, is observed. 
The second part comes forth at the moment the material start to yield to the 
stresses induced by the impacting water drops. In this interval the erosion rate 
reaches its maximum value. The third part of the exposure time to erosion 
appears after the erosion rate has reached its maximum value and starts 
diminish, as there is less material left to erode.

The incubation time and the erosion resistance of a material or coating can 
be correlated with the method of application. An example; poor quality coatings 
applied to properly prepared surfaces are often more resistant than high quality 
coatings applied to poorly prepared surfaces [12].
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2.2. R A I N  E R O S I O N :  S T A T E  O F  T H E  A R T

2.2.1. Preventive measures

The problematic that rain erosion causes is a well-known fact in air and 
space travel. With the flight velocities achievable nowadays, there is great need 
within the aircraft industry for the development of appropriate preventive 
measures against rain erosion.

The most resistant materials to rain erosion are still metals in comparison 
to glasses, ceramics and polymers. Metals are therefore, either as constructional 
parts or reinforcements, still the preferred protection on exposed sites. In places 
where metals cannot be used, e.g. radomes, or when they are to heavy, other 
measures of erosion protection must be taken.

This can be achieved by appropriate building methods, where either the 
impact velocity is decreased, the angle of impact increased, or the entire 
aerodynamics of the aircraft designed so that it deflects the rain field it is flying 
through. In this manner the drop velocities are reduced, as well as returned or 
even sputtered away by this influence.

If none of these alternatives are possible, the employment of protective 
coatings or foils remains the only solution. Usually these are attached on fibre-
reinforced plastics, since they possess the lowest erosion protection among the 
used materials for aircraft construction.

Table 5 – A selection of possible protective coatings.

Type of coating Protective coat Field of application

Polymer Polyurethane
Protection of radomes in sub-sonic 

velocities, rotor blades

Metal Titan

Steel
Edges of rotor blades

Ceramic Al2O3

Si3N4

Protection of radomes in sub-sonic 
velocities, support of polymer coatings

Protective coatings for rain erosion need to be tested both on their 
resistance against rain erosion, and on optimisation regarding their coatings 
characteristics. To this counts flexibility, thickness, adhesion, hardness, UV-
stability, and scratch resistance. In order to optimise the coatings and determine 
parameters for its real practice it is necessary to perform appropriate tests. The 
next section presents methods for determining the rain erosion resistance of 
materials and coatings.
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2.2.2. Test procedures

The first possibility for testing the erosion resistance is actual flight tests.  
However, these flight tests are very complex and expensive in order to be able to 
examine a large number of samples. It is worth mentioning, that rainfall and 
rain conditions differ from one area to another around the world as described 
hereinbefore.

This implies that no specific parameters can be set, which makes it almost 
impossible to meet standards, to make comparisons with other test procedures or 
even within different test series, and to draw exact conclusions. Herein is of 
course the motive in developing new tests methods and test plants, where the 
tests can simulate real flight conditions to a large extent. The flight tests are 
then only consulted for validation of an already optimised system.

One of the first test procedures to be developed was the rocket sledge test, 
cf. figure 11. In this test the sample is 
fastened on a sledge, which is accelerated 
by a rocket to high speed on a rail system, 
and boosted through an artificially 
produced rain field. The velocities of 
impact can be as high as up to 2.700 m/s 
[9]. The high velocities represent the large 
advantage of this test procedure, thus 
supersonic flights in rain can be simulated. 
A further advantage is that whole 
construction units can be mounted on the 
sledge and tested. The dimensions needed 
of such a test plant are very large, with 

lengths up to ca. 15,5 km [9]. This means that these plants merely can be 
developed and located on the countryside and making maintenance very 
expensive. Further, a dependence on environment parameters exists such as 
wind and/or bird impacts. The enormous space requirement and the high costs of 
testing, in the range of 17.000-55.000€ per experiment [9], represent however the 
substantial disadvantages of this test method.

A similar approach to the rocket sledge tests are the ballistic tests. The idea 
here is to shoot an object, e.g. a sabot, on which the sample (a material, a coating, 

( )W.F. AdlerrWear 233–235 1999 25–3828

Fig. 1. Overview of the rocket sled at Holloman Air Base in New

Mexico.

Often the statically measured rainfall rate and drop size

distributions along the rocket sled track are taken to be the

waterdrop impact conditions the test article experiences.

However, in some instances, consideration has been given

to the fixturing for test specimens in order to minimize the

shock wave effects due to interactions with adjacent test

articles. The separation distances for the array of cones in

Fig. 1 is a desirable test configuration so each test article

experiences direct rather than reflected shocks from the

surroundings. The deformable waterdrops will interact with

the aerodynamic flow fields they encounter before impact-

ing the test article, however, as in the flight environment,

estimates of the waterdrop impact conditions can be made

using the DROPS program.

Good test results are obtained if consideration is given

to the specimen fixturing so shock interactions are mini-

mized. However, the concentration of the waterdrops at the

top of the fixture is different than the concentration at the

bottom of the fixture since they have not reached their

terminal velocities. This difference also has to be taken

into account. With proper test planning the rocket sled

tests can provide consistent data. It may also be possible to

relate these results to the flight environment.

3.2. Rotating arm facilities

The waterdrop impact conditions in rotating arm facili-

ties require special consideration since this is a very
w xcomplex aerodynamic environment. Adler 21 developed a

procedure for assessing the actual state of the waterdrops

impacting the test specimens in these facilities using poly-
! .methylmethacrylate PMMA witness plates. The basic

w xidea was presented in a paper from ELSI V 22 where the

inner diameter of the waterdrop imprint on PMMA witness

plates was verified experimentally to correspond to the

lateral outflow condition advanced by Bowden and Field

w x23 . Using this correlation, it is possible to evaluate the
diameter of the drop, assuming it to be spherical, from the

measurement of the central undamaged zone obtained from

the imprint on the PMMA witness sample. This is a

tedious procedure, however, it has provided valuable in-

sights into the waterdrop impact conditions that prevail in
w xrotating arm facilities when they are operating 21 . Sev-

eral illustrations of the variations in the actual waterdrop

impacts as evidenced by their imprints on PMMA are

provided in this paper.
wFrom 1991 to 1993, evaluations were made of the

waterdrop environment in the Wright Laboratory Rain

Erosion Test Facility, which was inaccurately referred to
w xas the UDRI Rotating Arm Facility in Ref. 21 . The

! . w xstatistical relation in Eq. 7 of Ref. 21 is incorrect after
w xreexamination of the analysis 24 . The revised calculated

! w x.total number of impacts in Table 1 in Ref. 21 for

specimen U6 is 790 and for specimens U7 and U8 it is

1185 drop impacts. It was also found that the total number

of impact sites on specimen U7 should have been 344

instead of 457 as listed in Table 1. These revised numbers

significantly change the excellent correspondence found

between the total numbers of counted and calculated wa-

terdrop impacts. This implies there is a considerably larger

number of waterdrops that are not reaching the specimen
xthan previously thought.

The waterdrop environments in rotating arm facilities
! .have generally corresponded to a 1 in.rh 25.4 mmrh

rainfall. Most have used a single waterdrop diameter of 2

mm. The reason for the selection of this diameter was
w xstated by Fyall 25 at the 1965 Rain Erosion Conference

w xthe first conference in the ELSI series of conferences :

In view of the wide distribution of drop sizes in natural

rain, a particular condition must be typified by a charac-

teristic drop size for each rate of rainfall, than the

complete distribution of drop sizes, although some

methods do give a range of drop sizes. The characteris-

tic drop size may be defined in several ways, based on

the volume or number of drops.

One definition of drop-size in air is the predominant

diameter D , which is the diameter of drops whichp

account for the greatest volume of water in the air.

According to Fyall’s analysis the predominant drop

size, D , for a 25.4 mmrh rainfall is 2.01 mm. Selectionp

w xof this condition has been fairly universal. Fyall 25 points

out the consequences of this suggestion:

It would seem logical to typify the rainfall to be simu-

lated in rain erosion tests by the drop size which

contributes the greatest fraction of the total volume.

Thus, a compromise is made between the greater indi-

Figure 11 [38] – Rocket sledge test for rain 
erosion.
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etc.) is mounted. The sabot 
with the sample  is then 
shot through an artificial 
rain field, or merely 
impacted with a single 
drop suspended in the line 
of flight of the specimen, 
cf. figure 12. Afterwards 
the sample needs to be 
softly decelerated and 
halted without causing 
further damage, which is a pretty complicated procedure.

Very high velocities of impacts are obtained (3.000-4.000 m/s). Thus, these 
plants cover particularly experiments in the hypersonic range. However, the 
disadvantages are also in this case the size of the plants and that the test 
samples can only be very small.

The most common test procedure of rain erosion is the rotating arm test, cf. 
figure 13 and 14. The materials or coatings to be tested are attached at the 
periphery of a rotor blade. Likewise the rocket sledge, entire construction units 
can be attached to the rotary system. The items under test are put into fast 
revolution and move through either an artificially produced rain field or 
individual water jets. With this method 
maximum impact velocities can be achieved 
up to 1.000 m/s depending on the size of the 
plant [9]. The space requirement depends 
strongly on the desired speed. Due to the fast 
rotation it is necessary to meet appropriate 
safety precautions concerning the risk of 
loosening parts. There are small plants of few 
meters diameters up to plants which have 
the need of an own hangar. This procedure is particularly well suitable for the 

( )W.F. AdlerrWear 233–235 1999 25–3830

Fig. 2. The GRCI Hydrometeor Impact Facility.

Waterdrops are formed at the tip of a hypodermic

needle mounted above the test section and fall in the path

of the moving specimen. A slotted rail system is used to

guide the sabot through the test section and into the

recovery tube. As a single drop falls from the tip of the

hypodermic needle, it interrupts a fiber optics link above
! .the test chamber at station 1 in Fig. 2a thereby initiating

the firing sequence. The system is calibrated so the sabot

reaches the drop when it has fallen to a point within the

limits of the exposed surface of the specimen. After im-

pacting the waterdrop, the sabot enters the recovery tube

where a graded distribution of material controls the decel-

eration of the sabot package and protects the face of the

specimen from extraneous damage.

The waterdrop impact experiments are conducted in a

helium atmosphere at an ambient pressure of 100 mm Hg

which weakens the bow shock and essentially eliminates

distortion of the drop prior to impacting the specimen’s

surface. The waterdrop is photographed just prior to im-

pact in order to verify its integrity and to provide accurate

measurements of its dimensions. When the sabot is 25 mm

from the impact point, it passes through a laser beam at
! .station 2 Fig. 2a which sends a pulse to a delay generator

which subsequently triggers a flash unit to photograph the

drop prior to impact. The delay circuit allows the drop to

be photographed as close to the impact site as the jitter in

the system will permit. Drop diameters from 1.5 to 5.0 mm

can be produced. Actual photographs of drops in this size

range just before impacting the specimen are shown in Fig.

2b. The condition of each drop and its diameter are

obtained from these photographs.

The waterdrops remain spherical for impact velocities

from 100 to 1000 m sy1. However, by increasing the

pressure in the system, distorted drop geometries can be

obtained characteristic of aerodynamic flow field interac-

tions. The effects of the distorted waterdrops on damage
w xgeneration can thereby be evaluated. Adler 6,29 has

provided illustrations of these effects. The radii of curva-

ture for the distorted drops in the GRCI Hydrometeor

Impact Facility can exceed 12 mm.

Figure 12 [38] – Ba*istic rain erosion test set up.

 

Figure 13 – Rotating arm test procedure.
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simulation of erosion on rotor blades, since 
the impact of the raindrops on a  rotary 
system in the reality is exactly comparable.

Other drawbacks of this test method, a part 
from the size requirement, are high power 
consumption, high centrifugal forces, drop 
distortion caused by turbulence before 
impact, the possibility of a residual water 
film on the specimens, and the lacking of 

comparability to other similar test plants due to different air flow conditions [9].

A last procedure consists of leaving the sample in a stationary position, and 
to accelerate the water to the desired velocity, before shooting it on the test 
sample. These tests are called stationary tests. This method has been employed 
by the Cavendish Laboratory at the University of Cambridge during the past 50 
years. During their research they have developed two test instruments, the SIJA 

(Single Impact Jet Apparatus) and 
the MIJA (Multiple Impact Jet 
Apparatus), where the former was 
designed and built in the 1950s, 
and the latter was introduced in 
1992 as a fully automatic test 
procedure [9, 30], cf. figures 15, 
16, and 17.

Both devices are based on the 
same idea that water drop 
impingement can be simulated by 

means of water jets; this idea will be more precisely described in the section 
“Simulation of  water drops by 
means of water jets”.

The principle of the water 
jet production is simple: In the 
SIJA a lead slug is fired into the 
back of a water-filled nozzle 
sealed off by a neoprene 
diaphragm, and the extruded jet 
impinges onto a stationary target. The nozzle design is crucial for the production 
of coherent jets and thus reproducible circular damage closely simulating real 

 

Figure 14 – Rotating arm test procedure.

Figure 15 [39] – SIJA.

Figure 16 [39] – SIJA.
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drop damage. The difference of SIJA regarding the water jet extrusion to the 
MIJA is that in the latter the lead slug is exchanged to a nylon piston and a 
titanium shaft, cf. figure 18.

The maximum obtainable velocities with the 
SIJA and the MIJA are 1.000 m/s and 600 m/s, 
respectively. The MIJA 
allows as well the 
possibility of simulating 
rain fields by means of 
the computer controlled 
X-Y stage on which the 
sample is mounted.

The main disadvantages 
of the two test methods 
are that the water jet 
technique does not 
d e l i v e r p e r f e c t l y 
spherical water jet fronts. However, as will be 
explained briefly in the following section 
raindrops are not spherical themselves, and 

therefore is a flattened jet not to far away for being a less arbitrary shape to 
choose for rain simulation.

2.2.3. Simulation of water drops by means of water jets

As mentioned above, most test plants in use today are based on the 
principle of the rotating arm. These test plants have though the drawback that it 
is impossible to characterise and evaluate the damage of a single drop impact, 
due to the continuous circular movement, which more or less merely simulates 
the erosion caused by a rain field. The straightforward solution to this problem is 
of course to turn things around, i.e. to keeping the sample in a fixed position, and 
instead accelerating the water drops. This solution is though not as simple as  it 
may seem like, and thus implies a number of physical problems. To produce 
individual drops that retain their size and geometry and do not decay into a 
spray at the velocities required to simulate rain erosion on a flying aircraft is 
nearly a mission impossible.

Figure 17 [39] – MIJA.

( )J.E. FieldrWear 233–235 1999 1–124

Fig. 3. Single-shot photograph of a jet from a 0.8-mm nozzle. The central

core is coherent liquid. The umbrella spray is made up of micron-sized

droplets, which do not contribute to the damage. Note the smooth,

slightly curved, front profile. The horizontal extent of the picture is 4.4

! .mm Field et al., 1979b .

appear more favourable for attaining velocities that are

supersonic with respect to the liquid. The transient method
w x48–50 typically involves firing a packet of liquid through

a converging nozzle. In this process, the front region of the

liquid is rapidly compressed and accelerated. The jet veloc-

ity is at its maximum as it cross the orifice plane and can
w xbe as high as 10 to 12 times the projectile velocity 51 or,

in absolute terms, up to ;5 km sy1. This is higher than

with the Brunton nozzle, but in the rain erosion simulation
! .discussed above the coherence and front profile of the

liquid are of primary importance, whereas in the mining

application, high velocity and coherence are the key fac-

tors. However, there are problems with projectile liquid

jets at very high velocities, For example, if the jet velocity

exceeds the speed of sound in the liquid, then decompres-

sion occurs after the liquid leaves the nozzle. This causes

disruption of the jet. At a later stage, deceleration by air

drag and Taylor instability cause further break-up. Field
w xand Lesser 52 have discussed these aspects of the me-

chanics of high-speed liquid jets.

An alternative approach for projecting a liquid mass at

velocities up to ;5 km sy1 has been described by
w xSullivan and Hockridge 32 . A water-gelatine drop with

97% water is carried in a sabot fired by a helium gun. The

sabot falls away, leaving the drop to impact the specimen.

( )3.3. Multiple impact jet apparatus MIJA

The apparatus used to simulate rain erosion in our
! .studies is the MIJA see Fig. 4 . For a full description, see

w xSeward et al. 53–55 . This apparatus uses a two-stage

pressure reservoir to accelerate a nylon piston onto a

titanium shaft positioned in the rear of a water-filled

nozzle. The shaft’s rapid insertion into the nozzle forces a

high velocity water jet from the exit orifice onto the

sample which is sitting on a computer-controlled x–y

stage. This arrangement allows the entire impacting pro-

cess to be automated via an interface with a personal

computer. The jet velocity is measured by a series of light

beams between optical fibres and continually monitored by

the computer. MIJA can produce a jet every 5 s with

velocities in the range 30–600 m sy1 with a spread in

velocities of less than 1%. Any chosen damage array is

achieved by having the sample on the computer-controlled

stage which has a positional accuracy of 10 mm.
The damage caused by these water jets was evaluated

and compared to that resulting from impacts with spherical
w xwater drops by Hand and Field 47 . These data showed

that the diameter of water drop which gave the same

damage pattern as a particular diameter water jet depended

on the impact velocity. This is because the front of the jet

is not a true hemisphere, but slightly flattened, which

means that at low velocities the jet gives the damage

observed from a large water drop and as the velocity
!increases the equivalent drop diameter decreases see Fig.

.5 .

Fig. 4. The MIJA used for simulating high-velocity raindrop impact.

Figure 18 [39] – The 
MIJA nozzle set-up.
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The explanation to the phenomenon of water drop decomposition can be 
given by the Reynolds, Weber, and Bond numbers:

Reynolds:

where v is the drop velocity, r0 is the initial radius of the drop, and υ the 

cinematic viscosity of water. The Reynolds number expresses the nature of 
turbulence within a water drop or a water flow, respectively, i.e. the flow type, 
laminar or turbulent.

Weber:

where ρA is the density of the air flow of velocity U, r0 is the initial radius of the 

drop, and σ is the surface tension. This parameter represents the ratio of the 

aerodynamic force to surface tension restoring force.

Bond:

where ρL is the density of the liquid drop with initial radius r0, σ is the surface 

tension, and a the acceleration. This parameter represents the ratio of inertial to 
surface tension forces.

The Bond and Weber number in conjunction with large Reynolds numbers 
(Re > 1000) are often used to characterise the stability of a drop. A falling drop is 
not only subjected to deformation due to the forces on the surface, but also to the 
possible simultaneous effects of instability due to acceleration [9].

The expression of the Weber number can identify how strongly a drop will 
decompose as a function of its speed, its size, its surface tension and the density 
of the surrounding medium. Although as a definite break-up criterion it is on its 
own inadequate as a determent, as the decaying of a drop also depends on the 
liquid viscosity, the drop diameter and the time during which the airflow due to 
air resistance acts upon the drop.

Eq. 8

Eq. 9

Eq. 10
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A drop will always be round due to the physical properties of the surface 
tension, which will reach its minimum with a spherical shape. At higher speeds 
however the drops begin to give up their round shape, until they finally 
disintegrates into a spray at a certain velocity.

The phenomenon of shape deformation of a drop occurs before the definite 
break-up. Water drops falling in air may diverge noticeably from the spherical 
shape. Drops that can be considered as constant spherical, are drops smaller 
than 0,3 mm in diameter, where between 0,3 mm and 1 mm they turn into oblate 
spheroids, and those above 1 mm become progressively more deformed like 
asymmetric spheroids [9], cf. figure 19.

Figure 19 [9] – Drop shapes of ,ee-fa*ing drops.

There are five, factors affecting the shape of a drop in free-fall; surface 
tension, internal hydrostatic pressure, aerodynamic pressure, internal circulation 
and electric stress.

When the evolution of the water drop has come so far regarding the above-
mentioned aspects that it is at the threshold of its disintegration, there are five 
common modes of break-up available. The type of mode observed can be largely 
identified by the Weber number. These modes can be classified as follows: 
vibrational, bag break-up, umbrella, stripping, and catastrophic [9], cf. figure 20.

Figure 20 [45] – Break-up modes of a fa*ing water drop.
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At standard ambient temperature and pressure (25°C, 101.325 Pa) a Weber 
number of 822 is obtained for a drop radius of 1 mm travelling at 225 m/s. This 
Weber number corresponds, according to Field et al. [9] to a stripping break-up 
mode of the drop, as shown in figure 20.

Having the problematic of producing high velocity water drops for rain 
erosion testing in mind, one can easily begin asking oneself if there is not a 
simpler way of achieving these drops or even simulate them.

 This was exactly what Bowden and Brunton 
[32] at the Cavendish Laboratory at the University 
of Cambridge [9] did. They started in the past mid-
century to investigate the possibility of simulating 
high velocity drops with high-speed jets. Their 
theory has been analysed fully both mathematically 
and experimentally and as a result a jet can 
confidently be used to simulate the process instead 
of a drop. The theory states that if a water jet 
presents the same impact and compression 
geometries upon impact onto a target as those of a 
real water-drop, the water jet can perfectly simulate 
this imaginary water drop, cf. figure 21.

Figure 21 shows the ideal conception of the water jet-water drop simulation. 
The incompressible parts of the drop are neglected due to consequently lower 
pressures. These areas are the parts not covered by the jet drawn in figure 21. 
However, in reality the water jets do not have the same curvature as a drop, but 
rather a more flattened front with rounded off edges.

For the successful accomplishment of the theory, the water jets need to be 
coherent, and possess a smooth, slightly curved front profile. A key factor to 
attain this is to let the water jet pass through air, which ablates any 
irregularities [39], cf. figure 22, and 23.

The length of the jet has a certain influence on the erosion, although it is 
normally neglected, as the key parameters of the water jet-water drop simulation 
relies on the impact and compressional geometries, respectively. Thus, the 
characteristics of the produced erosion are comparable with one another.

Figure 21 [39] – The ideal 
situation for a jet to simulate the 

initial stage of drop impact.
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Figure 23 [39] – A 
water jet produced 

by SIJA at the 
Cavendish 

Laboratory. Jet 
extruded ,om a 

0,8 mm nozzle at a 
velocity of ~600 m/s. 

Figure 22 – Water 
jet produced by 
EADS, ,om a 
0,9 mm nozzle 
trave*ing at 

248 m/s.1 mm

 In addition, the advantages of having the sample in stationary position are 
that the sample can be readily instrumented, stressed and/or heated or have 
other controls imposed upon it to more closely simulate a realistic environment. 
A vertical position allows as well a natural run-off of the water shot onto the 
specimen.

On these basics lies the interest in further developing a new test method for 
the simulation of rain erosion at the site of EADS Innovation Works, Munich, 
Germany. This new method is based on the aforementioned theories of Bowden 
and Brunton, and entails an evolution of the Cambridge stationary test method 
with a new point of view on the possibilities on rain erosion simulation.
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3. Experimental

3.1. A P P A R A T U S  A N D  P R O C E D U R E S

The pulsating jet erosion test (PJET) apparatus being developed by EADS 
Innovation Works is based on two approaches. The first is a similar modus 
operandi to the existing method for rain erosion testing at the Cavendish 
Laboratory at the University of Cambridge and the second takes into 
consideration that a drop diameter of 2 mm has for historical reasons been 
adopted as the standard nominal drop size worldwide [30].

The difference in the test method of rain erosion being developed by EADS 
to the procedure at the Cavendish Laboratory is the use of a continuous water jet 
instead of shooting discontinued water jets on the target. To achieve the required 
water jet segments needed for the simulation of raindrops, the continuous water 
jet is shot onto a disc in which two holes have been bored. The disc is put into fast 
rotation, which enables to cut the continuous water jet into shorter segments of 
desired length, depending on water jet velocity and rotational speed of the disc, 
cf. figures 24 and 25.

 

Figure 24 – Principle of continuous water jet segmentation. Figure 25 – Rotating disc insta*ation.

The existing test bench, which was earlier constructed and assembled by 
previous works on the topic, was at first treated in the CAD software Solid Edge. 
Already existing drawings were completed; new ones were made of the protective 
hood, and an entirely new part, a tank to collect water, was manufactured from 
the drawings completed.
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 Figure 26 – Drawings of completed test bench, protective hood, and water co*ection tank.

The test bench is built up of x-profiles from ITEM GmbH in different length 
and shapes. The complete machine takes up a space of 1,85 × 1,30 × 1,60  m 
(length × width × height). The essential parts of the complete set-up are the test-
bench itself, the high-pressure pump and hose, the rotating disc, and the x-y 
stage, which is optimised for samples of 150 × 80 mm in size, but can easily be 
modified for any sample geometry and/or angle.

Erosion tests can be performed at different velocities, and by displacing the 
sample with the x-y stage in either a point grid pattern, where the number of 
impacts of water jets can be set individually of each row, or in continuous 
horizontal lines with different displacement speeds.

The x-y stage has a total mobility range of 405 mm in the horizontal 
direction and 110 mm in the vertical direction, and it is driven by two stepping-
motors (Stögra Antriebstechnik GmbH), one in each direction and controlled, via 
a control unit (Isel), by a computer program. The power delivered from each 
motor is distributed to the x-y stage from a transmission and a tooth belt. The 
output properties of the motor and transmission set-up are given in table 6:

Table 6 – Specifications of stepping motors.

Stepping motor specifications

Accuracy 400 steps/revolution

Length of 1 step: 3,1185 µm

Number of steps for 1 mm: 320,665 steps

Minimum speed: 1 steps/s ⇔ 0,18 mm/min

Maximum speed: 10 000 steps/s ⇔ 1,87 m/min

Transmission ratio 120:1
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To be able to accelerate the water to desired velocities was a high-pressure 
pump (WOMA Ecocold 500E) used, delivering water 
pressures up to 500 bar with a constant flow rate of 
15 l/min. The pump consists of a 15 kW electrical 
motor from Nicolini & C., which, at a voltage of 400 V 
delivers a constant rpm of 1.450.

A high-pressure hose 
(WOMA Hochdruck-

wasser HST 4 G DN 

13 LR 750 bar), with 
a length of 40 m and 
an internal diameter 
of 13 mm was used to 
t r a n s p o r t t h e 
compressed water 
from the pump to the 
test bench.

The rotating disc, which cuts the water jet into short segments, was driven 
by an electrical motor from Doga requiring a direct current and support voltages 
up to 24 V. It delivers its maximum torque of 0,4 N/m at 3200 rpm. The motor 
was powered from a power source from Statron capable of a maximum output of 
32 V and/or 16 A direct current. On the device was the voltage adjusted for the 
determination of the frequency of the rotating disc. The axis of the rotating disc 
traverses through a light sensor, which was connected to a Keithley 137 
multimeter, used for the frequency determination of the rotating disc. The signal 
from the light sensor was also used as a trigger signal for the camera, the 
complete set-up is shown in figure 38.

Figure 27 – High-pressure 
pump, capable of delivering 

pressures up to 500 bar.

Figure 28 – High-pressure hose with 
a length of 40 m.
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Two rotating discs were used during the parameterisation of the test bench, 
both with a diameter of 320 mm, and 5 mm thick. One was in steel with two 
10 mm holes, and the second in aluminium with two slits, each of 2 mm width. 
The holes were evenly separated with a distance of 284 mm on opposite sides of 
the discs. Different techniques were tested with the aluminium disc to influence 
the jet front rounding, e.g. different shapes of the opening, as well a groove was 
milled into the disc to give the water a pre-rounded front. In the same series of 
experiment were tubes of different length and diameter placed in the line of 
flight of the water jets to investigate their influence on the jet front shape.

To examine if the movement 
of the surrounding air around 
the water jet had an influence 
on the shape of the jet front, 
an air amplifier was acquired 
from Streubel Automation, 
which has the possibility to  
achieve air speeds of up to 
300  m/s with compressed air, 
cf. figure 31 and 32.

Nozzles with different diameters and shapes were used to influence the jet 
diameter and jet head shape. The nozzles (LL form 19) were obtained from 
WOMA, and had an internal diameter of 0,4; 0,6; 0,8 and 0,9 mm, respectively. 
These four nozzles were equipped with a flow-cross at the entrance of the water, 
which normally is intended to decrease the turbulence of the water before 
exiting. Additionally, a nozzle with 0,8 mm diameter without a flow-cross was 
tested and evaluated.

Figure 29 – Rotating disc in 
steel.

Figure 30 – Rotating disc in 
aluminium with groove.

Figure 32 – Principle of air 
amplifier.

Figure 31 – Air amplifier.
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The nozzles used are so called Long-life 
(LL) nozzles, which internal body have 
been prepared by adequate coatings to 
longer resist the abrasive effects of the 
water jet. Compared with simple steel 
nozzles these nozzles have by far a 
longer life expectancy.

To keep the test sample clear from any 
remaining water 
film due to the high 
f r e q u e n c y o f 

impacts by the water jets, an air nozzle was installed on the 
x-y stage. The nozzle, cf. figure 34, (flat multi-channel blow 

nozzle) was obtained from Streubel Automation, and features 
good blowing characteristics for clearing of for example 
excessive water. The nozzle was connected to a compressed 
air system via a copper tube and a hose and operated at 3 bar.

Figure 35 – Erosion test bench in operation during 
material testing.

Figure 33 – WOMA Long-life nozzles, nozzle to 
the left shows the flow-cross at entrance.

Figure 34 – Nozzle for 
water clearance.
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3.2. T E S T  B E N C H  C H A R A C T E R I S A T I O N

3.2.1. Optical

3.2.1.1. High-speed photography

The optical characterisation includes the installation of a high-speed camera 
for the parameterisation of the produced water jets as well as the photographical 
techniques needed for the accomplishment of this task. The high-speed camera 
was used to determine the velocity, the length and the diameter of the water jet 
segments.

The camera equipment was provided by Zierhut, Messtechnik 
GmbH, and consisted of a camera (Vision Components, 

VC2065), an oscilloscope (Philips PM 3335/00), a pulse 
generator (Hewlett Packard 8015A), and a computer with 
control software for the camera. The camera was a real-time 
triggered camera with a high-speed shutter permitting 
shutter times as short as 5 µs, and takes images with a 
resolution of 782 × 582 pixels. The control software of the 
camera enabled the setting of the shutter time, the gain, i.e. 

an internal amplification of the contrast in the pictures taken, and the 
adjustment of the focus, the zoom-level, the aperture, and saving the images files 
in jpg-format at a rate of about 3 pictures per second.

When the rotating disc is put into rotation, the continuous water jet 
commences to be cut into shorter segments 
by the disc. At the same moment as a 
water jet segment emerges from the hole 
in the rotating disc, the light sensor on the 
axis, which turns the rotating disc, closes 
to form a completed circuit, cf. figure 37.

In figure 38 shows the complete 
flowchart of the set-up. The closed circuit 
in the light sensor generates a 5V TTL 
trigger signal (1), which is sent both to the 
oscilloscope (2) and the pulse generator (3). 
On the pulse generator a time delay was 
added to the received trigger signal, within a range of 20 µs to 5 ms. The delay 
was used to get the correct framing of a desired water jet segment, and it also 

 

Figure 36 – Vision 
Components VC2065.

Axis

Rotative disc

Light sensor

Figure 37 – Principle of rpm measurement 
and tri6er signal.
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positioned the water jet in the pictures taken. The delayed trigger signal is 
forwarded to the oscilloscope (4) and the camera (5). The oscilloscope was used to 
determine the time difference between the creation of the trigger signal in the 
light sensor, and the moment at which a water jet arrives at a desired position in 
the available framing area of the camera. The photo taken by the camera upon 
reception of the delayed trigger signal is sent to the computer (6) for further 
analysis and saving on its hard drive as jpg-images files.

Figure 38 – Flowchart of the set-up of the test bench during parameterisation.

The illumination of the water jets was made by different spotlights in 
diverse positions and angles. The spotlights had outputs of 75W, 500W, 1.000W, 
and 1.500W, respectively.

Concerning the illumination, two techniques to frame photos of the small 
high-speed jet segments flying through air were investigated. The first was to 
positively illuminate the water jets, by directing the light sources in the same 
direction as the camera, and perfectly focus the light on the jet segment.

The second technique was to illuminate the jet segments negatively, i.e. 
directing the light sources in the opposite direction to the camera, letting the 
entire emitted light to flow directly into the camera lens.
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3.2.1.2. Parameterisation

It should be noted that due to the high velocity of the water jet segments 
each picture showing a water jet is always unique. The employed camera for the 
picture shooting is a real-time camera. Its frequency of pictures taken is to slow 
to be able to take several pictures of one single water jet segment. The main 
feature lies instead in the real-time triggering permitting to exactly determine 
when the camera is taking a picture, which is important for the parameterisation 
of the velocity and the length of the water jet segments.

The parameterisation of the jets regarding velocity, length and diameter, 
respectively, have been evaluated on the influence of the pressure delivered from 
the pump, the frequency of the rotating disc, and the diameter of the nozzles.

3.2.1.2.1. Jet velocity

For the evaluation of the jet velocity v equation 11

v = Δx /Δt

was employed. The difference in distance Δx of two jet segments was measured by 

means of pictures couples with the front of the water jet at two different 
positions. The time difference Δt between these positions was determined by the 

Figure 39 – The test bench during 
parameterisation, with a 1500 W spotlight facing 

the camera (non visible).

Figure 40 – The test bench in operation, camera 
visible to the right.

Eq. 11
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oscilloscope connected to the pulse generator. An example of how this procedure 
was executed is given in figure 41*.

Figure 41 – Jet velocity evaluation.

3.2.1.2.2. Jet length

The procedure of the jet length determination was primarily to evaluate the 
length of the jet segments directly in the pictures. This was of course only 
possible if the entire length of the jet would fit in one picture, cf. picture 1 in 
figure 42.

1

2

Figure 42 – Evaluation of jet length, where 1) corresponds to method 1, and 2) to method 2 

The procedure employed when the jet length exceeded the available picture 
area of the camera and the light source, was to perform a calculation of the 
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actual jet length. By means of the previous determined jet velocity v, the jet 
length l was calculated at equal pressures as previous with the equation (Eq. 12)

l = v × Δt

where Δt, the time difference between the head and tail positions, was set by the 

pulse generator, and determined with the connected oscilloscope.

3.2.1.2.3. Jet diameter

The jet diameter was evaluated directly in the pictures as previously 
performed for the jet length determination.

3.2.2. Physical methods

The jet length was evaluated by means of a strain gauge and a load cell. The 
strain gauge was glued on a 107 × 40 × 17 mm (length × width × thickness) 
aluminium plate, which was bolted to an x-beam, and placed in front of the water 
jets so that they hit the top part of the plate. On the load cell was a 62 × 9 mm 
(diameter × thickness) plate screwed onto the sensor to expand the available 
target area, and centred in front of the water jets by means of an x-beam. 

The devices were connected to a signal amplifier (HBM KWS 3073), which 
forwarded the signal to an oscilloscope (Tektronix TDS 3032) for interpretation of 
the obtained data from each component.

To be able to investigate the pressures that the water jet segments impose 
on the impacted target an experiment similar to the one executed by Obara el al., 
cf. figure 6, was performed. A piezo-electric film (Kynar Vibration sensor 
SDT1-028K) was obtained from Kynar Piezo Film and glued to an aluminium 
substrate prior to calibration by means of removing defined weights placed on a 
cylinder. The cylinder had a 2 mm diameter pin at the end and was held upright 
by a support. The signal from the piezo-film was amplified by a Kistler 5007 
charge amplifier and interpreted by the above mentioned oscilloscope. The 
obtained signal was correlated with the pressure change generated on the surface 
of the piezo-sensor at the moment of removal of the weight. The pressure P in 
MPa induced by the weights on the surface beneath the 2 mm diameter pin was 
calculated using the equation (Eq. 13)

P = F/A

Eq. 12

Eq. 13
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where F is the force in Newton (F = mg) and A the area in mm2. The relationship 
between the pressure change and the change of voltage in the received 
calibration signal was deduced.  The correlation was used in the evaluation of the 
pressures involved in the erosion process the water jets.

The actual experiment was executed by shooting water jets onto the piezo-
sensor glued to the aluminium substrate and recording the received signals with 
the previous mentioned oscilloscope. The waveforms obtained was analysed in 
terms of the voltage change caused by the impacting water jets and correlated 
with the arisen pressure from the impact.

3.3. M A T E R I A L  T E S T I N G

3.3.1. Procedure to evaluate unknown materials

To evaluate an unknown material or coating the following considerations 
must first be made. The Damage Threshold Velocity (DTV) must be surpassed to 
at all be able to see any erosion damage on the specimen caused by the water 
jets. The DTV is the velocity, at which the first visible damage appears on the 
sample after a defined number of impacts, and its principle has been well 
investigated by Kennedy et al. [30].

To evaluate the DTV water jets are shot onto the sample at increasing 
velocities. The target site is impacted with up to 300 impacts at one determined 
velocity, with inspection carried out after every 2, 5, 7, 10… 300 impacts. If the 
impact site does not show any damage after 300 impacts, the velocity is 
incremented and the procedure repeated. This process continues until failure is 
observed. Materials can show different failure patterns and damage threshold 
data may be collected for each type.

Another aspect to take into consideration is the incubation time of the test 
material or coating. The incubation time is defined as the time the test sample 
will resist to erosion by water drops. Prior to be able to take the incubation time 
into consideration the DTV must first be found and evaluated.

When the DTV and the incubation time are known erosion testing can 
commence, adjacent the evaluation of damage caused on the samples by different 
number of impacts and/or time of exposure to the water jets.
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3.3.2. Materials tested

The materials tested during the characterisation of the erosion test bench 
were polysiloxane based coatings with different hardness and thickness of the 
coating, respectively.

Each coating was applied to a CAA treated 
aluminium substrate (aluminium 2024) of size 
150 × 80 mm, which prior to the coating 
application  was painted with a an epoxy based 
primer for better adherence.

3.3.3. Final test  procedure

The objective of the test procedure was to simulate the flight of an aircraft 
through a rain field while conforming to previous mentioned requirements 
regarding aircraft airspeed and standards of raindrop size and rain intensity.

The final test procedure for sample testing of various materials, which will 
be evaluated and discussed in the results and discussion section was executed as 
follows:

❖ The pressure delivered from the pump in correspondence to a flight at a 
speed of 225 m/s was 325 bar.

❖ The nozzle employed was a 0,8 mm nozzle without flow-cross producing a 
0,8 mm diameter jet.

❖ The frequency of rotating disc was set to 20 Hz, which corresponds to 40 
impacts/second, and a jet length of approximately 11 cm.

❖ The rotating disc with the 10 mm hole was chosen produce jets with 
sufficient length at the selected frequency.

AA2024
CAA

Epoxy primer
Polysiloxane

Figure 43 – Composition of test 
samples: Substrate Alu 2024, CAA, 

primer, and polysiloxane coating.
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❖ A distance of 60 mm was chosen between rotating 
disc and the tested sample, mainly due to practical 
issues concerning ease of operation and to let the water 
jet develop into a fully simulated raindrop.

❖ The air pressure for water film removal was set to 
3 bar, which was adequate to completely clear the 
sample surface from excessive water.

❖ To distinguish the different apparent damage 
caused by the simulated water drops, each test sample 
was exposed to several impacts. The point grid in figure 
44 constitutes the impact sequence, consisting of 6 
columns × 10 rows, where each row corresponds to a 
defined number of impacts in the interval 5, 20, 100, 
250, 500, 750, 1.000, 1.500, 2.000, and 3.000, 
respectively.

3.3.4. Other erosion test procedures

Samples were also evaluated at the Cavendish Laboratory at the University 
of Cambridge [30]. The simulation of rain erosion employed by the former is the 
rotating arm, and by the latter the MIJA stationary test, both test methods are 
described in theory section.

The conditions of the testing were set as similar as possible to those used 
with the EADS rain erosion test. The conditions used with MIJA, were as follows; 
the jets produced had a velocity of 156 m/s and a diameter of 0,8 mm, creating a 
drop diameter of 5,5 mm. These specifications correspond to the same conditions 
as if the water jet would have been extruded from the MIJA at 225 m/s and thus 
simulating a drop of 2 mm diameter. The characteristics for these conversions 
have been thoroughly investigated by Kennedy et al. [30].

3.000
2.000
1.500
1.000
750
500
250
100 
20
5

Figure 44 – Point grid 
pattern of impacts on 

test sample.
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3.3.5. Analytic evaluation methods

The following apparatuses were employed during the evaluation of the 
tested samples:

❖ A 3D digital microscope, Keyence VHX-600, 
was utilised to make images of the impinged areas 
on the samples at a magnification of 100×.

❖ The obtained images from the microscopy was  
subsequently optically evaluated of their apparent 
damage in the software Picasa from Google. The 
damages were compared to each other, between 
samples, and among the other test procedures.

Table 3 acted as a guideline for the damage 
evaluation. Additionally, previous tests and evaluations performed at and by the 
Cavendish Laboratory were considered.

Figure 45 – Keyence VHX-600, 
3D digital microscope.
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4. Results and discussion

4.1. H I G H - S P E E D  P H O T O G R A P H Y

The first step to obtain satisfactory pictures of the water jets was to decide 
in which position the camera delivered the best pictures. The conclusion of how to 
obtain these pictures, as well as good evaluation conditions for the 
parameterisation, was to place the camera perpendicular to the water jet, with 
the light source on the opposite side directed directly into the camera lens. Both, 
the camera and the spotlight was placed as close as possible to the rotating disc, 
as shown in figures 39 and 40. In this position the water jets could be 
photographed and illuminated over a distance from practically the instant of 
exiting the nozzle to a distance of 0,25 m away, i.e. the length of the spotlight’s 
light source. The fact of changing the position or the angle of the camera was 
mainly used for observation purposes. Different zoom levels were used for the 
evaluation of jet velocity, length, and diameter.

The reason for the high illumination needed is primarily due to the short 
shutter time set on the camera. High zoom levels demands more light than wide-
angle settings. It was seen that the shorter the shutter time the better and 
sharper became the contrast between the water jet and the background. The 
effect of the gain was similar, the lower, the better and sharper became the 
contrast of the pictures. In whichever setting chosen the aperture should be 
opened as much as the pictures almost becomes overexposed. This was done to 
get as much light as possible into the camera to improve the contrast without 
losing any sharpness or clearness caused by any internal picture processing.

Figures 46-48 show examples of the different techniques used to photograph 
the water jets.

Figure 46 is an example of positive lightning, the different parts of the jet 
are difficult to separate from each other. The procedure itself was rather difficult 
and did not present a good contrast.
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1 mm

Figure 46 – Image of water jet in positive lightning (,om above and below) by two 1.000 W spot-
lights. Jet trave*ing at 248 m/s and extruded ,om a 0,9 mm nozzle.

Figure 47 shows an image from the preliminary test with negative 
lightning. The size of the light sources is not large enough to cover the entire jet, 
and there is a lack of contrast in comparison to figure 48.

Figure 47 – Image of water jet in negative lightning by two 75 W halogen spotlights. As scale 
proportions are the halogen light sources of a diameter of 4 cm. Jet trave*ing at 248 m/s and 

extruded ,om a 0,9 mm nozzle.

In the picture in figure 48, the jet front and jet body are clearly 
distinguishable against the bright white light source in the background. 
Furthermore, in the picture the water mist always surrounding the jets is visible.

1 mm

Figure 48 – Image of water jet in negative lightning by a 1500 W spotlight. White coloured 
background = light source, grey = reflector, and black = water. Jet trave*ing at 248 m/s and extruded 

,om a 0,9 mm nozzle.

The conclusion of which photographical technique that gave the best results 
is clear. The procedure of negative lightning with high output spotlights delivers 
sharp photos with a good contrast and the possibility to distinguish practically all 
parts of the water jet.
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4.2. C O N S T R U C T I O N A L

4.2.1. High-pressure pump and hose

The pump head, where the water compression takes place, consists of three 
cylinders with pertaining pistons. The pressure build-up of these three pistons 
can mathematically be described by three superposed sinus curves, each with a 
displacement of 120°. Considering the rpm of the pump motor and the three 
pistons can the frequency of the pressure-drop caused by pump head be 
calculated. The small, but although noticeable pressure-drop from the pump 
appears with a frequency of 8 Hz.

This fact implies that the water jets exiting the nozzle has a strong 
oscillating behaviour in their flight distance, i.e. at a given position x, the tip of 
the water jets fluctuates around this point with a small Δx, cf. figure 49.

Figure 49 – In the picture column to the left shows an example of the osci*ating behaviour of the jet 
positions caused by the pump head and the 10 m hose. The column to the right shows the 
improvement achieved with the more shock absorbing 40 m hose. Jets trave*ing at 248 m/s and 
extruded ,om a 0,9 mm nozzle.

With the first hose utilised for the water transport between the pump and 
the test bench this phenomenon was very obvious. The hose had a length of 10 m 
and possessed an internal diameter of 6 mm; the hose was purchased from 
WOMA. The oscillating behaviour has of course an important influence on the 
determination of the jet velocity and the jet length for example. A longer and 
thicker hose, which implies a larger volume as the one currently used, eliminates 
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practically the oscillating phenomena from the pump, as the hose acts as a shock 
absorber, cf. figure 49.

4.2.2. Influences of  jet  front rounding 

The objective for the investigation of the possibility of influencing the jet 
front shape and rounding was to obtain water jets with a perfect rounded jet 
front, similar to a water drop.

The search after the perfect jet was successful in terms of achieving the 
desired jet diameter and a jet front with a diameter of 2 mm, thus simulating a 
raindrop of the same size. However, no perfectly coherent and smooth jet front 
shape could be obtained, cf. figures 22 and 23. A number of actions was taken to 
influence the jet front were modifying the air resistance by means of an air 
amplifier, and tube segments to encapsulate the air volume around the jet, 
exchanging the high-pressure hose, altering the diameter and shape of the 
nozzles, likewise the rotating discs.

It was noticed that the air resistance had no further influence on the jet 
front shape apart from the form the jet was given at the moment of exiting the 
rotating disc. The shape of the jet front was investigated at various distances 
from the rotating disc, and no differences could be observed, until the jets decay 
into a spray after a distance of 50 cm or more.

The experiments with the air amplifier confirmed what had already been 
observed with the normal air resistance. The air amplifier was installed in such 
manner that the jets were shot through its hollow, either in the same direction or 
in the opposite of the air stream produced. In both positions of the air amplifier 
only little apparent influence was observed on the jet front, cf. figures 50 and 51. 
What could be observed though was a presumed faster decaying of the jet, as the 
jet core appears more broken up in the images shown, illustrated by an increased 
number of white segments in the jet, pertaining to the transmitted light from the 
source behind.

The effect of a faster decaying of the water jets by the air amplifier was 
confirmed in a material test, cf. figure 52. It is clearly shown that the erosion rate 
of the water jet impingement drastically diminish when the air amplifier is 
blowing its air stream in the line of flight of the water jets.
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1 mm

Figure 50 –  Water jet after trave*ing through air amplifier, blowing in the opposite direction of the 
jet. Jet trave*ing at 248 m/s and extruded ,om a 0,9 mm nozzle.

1 mm

Figure 51 –  Water jet after trave*ing through air amplifier, blowing in the same direction of the jet. 
Jet trave*ing at 248 m/s and extruded ,om a 0,9 mm nozzle.

Impact damage on sample with air amplifier blowing the same direction of the jet.

Impact damage on sample without air amplifier.
20 100 1.500 2.000 3.000 5.000

Figure 52 – Comparison of the effect of the air amplifier on the damage of the samples. Number of 
impacts per site are given below the images. Damage obtained ,om jets impacting at 225 m/s and 

extruded ,om a 0,8 mm nozzle.

Small tube sections with altering diameter and length were placed in front 
of the rotating disc, through which the water jets were shot. The parameter 
investigated was the influence of what a small volume of air surrounding the jets 
would imply on the jet front shape. The results obtained showed almost no 
improvement on the jet front rounding.

Regarding the modifications undertaken on the rotating discs no influence 
on the jet front rounding could be observed. The alterations of the discs had no 
improved outcome on the jet front shape, since the camera pictures always 
showed water jets similar to those already shown in figures within this report. 
The only possible influence left as a cause for the observed irregularities on the 
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jet front shape is turbulence or other phenomena created either by the pump, by 
the rotating disc, or by intervention of both factors.

The design of the nozzles, on the contrary had an influence on the water jets 
and their front shape. Within the group of nozzles equipped with a flow-cross at 
the nozzle entrance was it the mere difference in diameter that was the primarily 
factor of the shape taken by the water jet. That is, the difference between the 
nozzles regarding the front shape was no more than the size of the simulated 
drop. The observation made was that these nozzles delivered water jets in 
various forms and irregularities regarding the front shape cf. figure 53.

a) b)

c) d)

1 mm

Figure 53 – A display of the shapes of the jet ,onts obtained ,om the nozzles equipped with a flow-
cross, a) 0,4 mm, b) 0,6 mm, c) 0,8 mm, d) 0,9 mm. Jets are trave*ing at 248 m/s.

A clear improvement was though obtained when the nozzle without a flow-
cross was tested and evaluated. This nozzle delivered water jets with almost 
coherent and smooth jet fronts, with less observable turbulence compared to the 
nozzles with the flow-cross, cf. figure 54.

The effect of flow-cross on the damage produced by the water jets extruded 
from the nozzles equipped with or without, respectively, was confirmed in a 
material test, cf. figure 55. It is clearly shown that the erosion rate of the water 
jet impingement drastically diminish when the nozzle is equipped with a flow-
cross at the nozzle entrance. Impact damage from this nozzle could only be seen 
in sites which were impinged with 1.000 impacts or more.
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1 mm

Figure 54 – An example of the the jet ,ont obtained with the 0,8 mm nozzle without flow-cross. Jet 
trave*ing at 248 m/s.

Impact damage on sample with water jets extruded ,om a 0,8 mm nozzle with flow-cross.

Impact damage on sample with water jets extruded ,om a 0,8 mm nozzle without flow-cross.
1.000 1.500 2.000 3.000

Figure 55 – Comparison of the effect of the flow-cross on the damage of the samples. Number of 
impacts per site are given below the images. Damage obtained ,om jets impacting at 225 m/s and 

extruded ,om a 0,8 mm nozzle.

4.3. C H A R A C T E R I S A T I O N

4.3.1. Optical

The results presented here are those that best conforms to the requirements 
of simulating a flight through a rain field regarding previous mentioned 
conditions of aircraft airspeed and standards of raindrop size and rain intensity.

4.3.1.1. Jet velocity

The jet velocity was evaluated as a function of the nozzle diameter and the 
pump pressure. The results are given in the diagrams 1-3.
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The obtained results of the jet velocity as a function of the nozzle diameter 
are shown in diagram 1. As can be seen the jet velocity remains more or less 
constant at a given pressure for whichever nozzle diameter examined.

The result is expected as the pump is constructed with a bypass, which 
enables a circulation of excess water in an internal pressure circuit. The bypass 
takes care of the excessive water due to the lower flow rate capabilities of the 
nozzles compared with the pump, which has a constant flow rate of 15 litres/min 
independent of the pressure delivered. Thus, the bypass ensures a constant 
pressure on the water exiting the nozzle, regardless which nozzle used. There is 
though one limitation, when the nozzle has a higher flow rate than what the 
pump can deliver. This implies that the maximal pressure of 500 bar cannot be 
reached.

Diagram 1 – Results of the dependence of the jet velocity on the nozzle diameter.

In all evaluations of the jet velocity the variance of the results was based on 
an evaluation of 27 picture couples, like the pair shown in figure 41.

 In the diagrams 2 and 3 the jet velocity is given as a function of the 
pump pressure. The theoretical curve of the jet velocity is obtained from 
equation 14.
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 The equation has been acquired from the pump manufacturer and 
corresponds to the emersion velocity of the water jet from the nozzle at a given 
pressure.

Diagram 2 – Result of the dependence of the jet velocity on the pump pressure.

The result obtained is evident, i.e. with an increasing pressure, the water jet 
velocity is augmenting. The difference of about 15 % between the theoretical and 
the experimental values is due to pressure losses in the long hose used for the 
water transport and the deceleration of the jet as soon as it exits the nozzle.

From the equation obtained in diagram 3, correlating the jet velocity with 
the pump pressure, the pressure corresponding to the speed of a normal flight 
can be calculated, It was found out that a pressure of 325 bar is needed to 
produce a jet of 225 m/s.

Eq. 14
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 Diagram 3 – Average jet velocity in relation with the pump pressure.

4.3.1.2. Jet length

The evaluation of the jet length was made on its dependence of the pump 
pressure and the frequency of the rotating disc, respectively. The frequency was 
converted from a previous determination of its dependence on the voltage 
powering the electrical motor that turns the rotating disc, cf. diagram 4 [46].

It should be noted that the frequency of the rotating disc was controlled by 
the previous mentioned power source. On this device the current and the voltage 
output were set to desired values, respectively. In this case the current was set to 
its maximum value and the power output was therefore regulated by the voltage.

The lower and upper limits of the frequency range were determined by the 
light sensor mounted on the axis of the rotating disc. The light sensor cannot 
deliver a readable trigger signal, below 10 Hz (corresponding to a voltage of about 
7,5 V). The upper limit was determined by the electrical motor that turns the 
disc. The motor can handle up to 24 V but to maintain a certain security margin 

4. Results and discussion

Robert Jonsson, Master Thesis EEIGM, LTU, EADS, December, 2007	
 60



the highest voltage was set to 17,5 V (corresponding to a frequency of about 30 
Hz).

As all nozzles show the same behaviour in their results regarding the 
relationship between the jet length and the pump pressure and the frequency of 
the rotating disc, respectively, the results are presented from the most relevant 
nozzle, the 0,8 mm nozzle without flow-cross.

Diagram 4 – The relationship between the output voltage and the measured ,equency of the rotating 
disc at different pump pressures.

The results are presented in the following diagrams. Diagram 5 presents the 
jet length as function of the pump pressure and diagram 6 the jet length to 
frequency relationship. The theoretical jet length was calculated by determining 
the time needed for one hole in the rotating disc to displace itself its own 
diameter at a given frequency. The disc used for the parameterisation was the 
steel disc with 10 mm bores. After the calculation of the time for a 10 mm 
displacement of the disc had been found out, the previous evaluated jet velocity 
was multiplied by this time to obtain the theoretical jet length.
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Diagram 5 – Results of the jet length as a function of the pump pressure.

The reason for taking the experimentally determined velocity as reference 
was to obtain a more realistic evaluation of the theoretical jet length. This 
implies that the jet length, which could be expected at the real velocity of a jet 
exiting the nozzle, was compared to the length evaluated from the pictures taken 
with the camera.

The variance of the determination of the jet length was in diagram 5 and 6 
is based on an evaluation of 5 pictures, like the one shown on figures 41 and 42. 
For the second method, the variance of the jet length evaluation was based on the 
setting of the time delay, in a way that the head and tail ended up at exactly the 
same position†. Due to the high zoom-level a supposed variation of ±1,0 mm is 
taken for their different positions. A calculation of the corresponding time for this 
variation was made, which was then multiplied by the previous determined 
velocity for each pressure.
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Diagram 6 – Results of the jet length as a function of the ,equency of the rotating disc.

The results presented in diagrams 5 and 6 are stating that with an 
increasing pressure, the jet length increases at a constant frequency of the 
rotating disc, as the jet velocity also increases with the pressure.

And the other way around, at an increasing frequency the jet length 
decreases at a constant velocity of the jets.

Comparing the jet length in diagrams 5 and 6 with those obtained by the 
MIJA test method, it is possible to deduce which frequency of the rotating disc 
that will give a comparable jet length at the required jet velocity of 225 m/s, 
corresponding to a pressure of 325 bar.

From the calculated water volume (0,098 cm3) that is held in a 0,8 mm 
nozzle used with the SIJA/MIJA test method [39], a theoretical length of the 
extruded water jet can be computed. The length of the water jet is concluded to 
be about 19 cm. This implies that at the 325 bar, a frequency of 11 Hz will give 
the same jet length as used with the SIJA/MIJA. Thus, not to lose too much of 
one of the great advantages of the EADS test method, the high frequency of 
impacts of the water jets, was a frequency of 20 Hz chosen. The higher frequency 
shortens the water jet segments to 11 cm, but reduces the time needed to achieve 

4. Results and discussion

Robert Jonsson, Master Thesis EEIGM, LTU, EADS, December, 2007	
 63



the desired number of impacts by half, making the duration of test program 
much shorter. However, the jet length is considered to have a minor influence on 
the whole damage, since the major reason for the material failure are due to the 
high pressures during the drop impact.

4.3.1.3. Jet core diameter

The jet core diameter was evaluated as a function of the pump pressure and 
the results are presented in the following paragraphs.

At high pressures the jet core diameter was difficult to observe due to the 
emergence of a water mist around the jet core caused by the air resistance the jet 
experiences cf. figure 56.

0,8 mm nozzle with
flow-cross @ 100
bar

0,8 mm nozzle
without flow-cross
@ 300 bar

1 mm

0,8 mm nozzle with
flow-cross @ 300
bar

0,8 mm nozzle
without flow-cross
@ 100 bar

Figure 56 – Evaluation of the jet core diameter. Jets trave*ing at ~110 m/s, ~215 m/s, respectively and 
extruded ,om a 0,8 mm nozzle with and without flow-cross.

The evaluation of the jet core diameter was made with the two types of 
nozzles previously described cf. figure 33, i.e. nozzles with or without a flow-
cross. Figure 56 shows jets at ~110  to the left and at ~215 m/s to the right.

As can be seen in the pictures to the left in figure 56, which were taken at 
100 bar, the jet core is clearly visible, and its diameter was determined to be  
similar to the nozzle diameter of 0,8 mm.

In the pictures to the right, taken at 300 bar, a clear expansion of the jet is 
seen, which is presumed to be caused by the water mist that emerges from the 
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higher air resistance. It is supposed that the diameter of the jet core remains 
constant at the nozzle’s diameter and the water mist causes the expansion, which 
is dense enough to avoid any light transmission of the spotlight. To be able to 
prove this finding a better photographical technique was needed. Impact images 
on glass support this assumption, cf. figure 57.

a) b) c)

d) e) f)

g) h) i)

1 cm

Figure 57 – Picture sequence of jet impacts on glass, a) before emerging of the water jet ,om the 
rotating disc, b) water jet emerges, c) moment of impact of water jet on glass plate, d)-f) water jet 
spreads out over glass plate in lateral jets, g) last segment of water jet, h)-i) remaining water film on 
glass plate after impact. Jets trave*ing at 225 m/s and extruded ,om a 0,8 mm nozzle.

In these pictures the water jet are photographed in its line of flight towards 
the camera. The water jets impact though on a glass plate placed in front of the 
camera on which the light from the spotlight is directed. In the picture sequence 
the water jet can been seen at the moment just before the impact (a-b), at the 
impact (c), the lateral jetting (d-f), and right after impact (g-i), cf. figure 57. An 
observation that can be made is that the jet edges remain parallel and no 
broadening of the jet is visible.
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A dark point is visible in the middle of the impact area, where the jet has 
impacted on the glass plate. This point is supposed to be the jet core, which is 
proved by measurement of the diameter being 0,8 mm.

The results from the jet core diameter evaluation from the method 
corresponding to figure 56 are given by diagram 7.

At lower pressures the jet core is observable and a correspondence between 
the diameters of the nozzles and the jet core can be made. When the pressure 
increases the jet core becomes surrounded by a water mist and the presumption 
is made that the jet core diameter remains constant while the water mist 
expands by increasing pressure, which implies an increase of the total jet 
diameter.

Diagram 7 – Results of the jet diameter as a function of the pump pressure corresponding to figure 56.

The variance of the measurements was obtained from an evaluation of a 
total of three pictures of the jets.

The variation of the jet diameter is higher using nozzles with a flow-cross, 
and their tendency of producing an increasing mist at an increasing pressure is 
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more developed than without a flow-cross. The nozzle without a flow-cross has on 
the contrary a small fluctuation of its diameter and a decreasing expansion of its 
diameter after the first rapid increase between 100 and 200 bar.

The flow-cross at the entrance of the nozzle is normally intended to have a 
calming effect on the water before exiting. This should in fact give a jet that has 
less turbulence and less irregularities in its shape, this is however not the case as 
shown in figure 56.

4.3.2. Physical

4.3.2.1. Strain gauge and load cell

The jet length measurement was evaluated by means of a strain gauge and 
a load cell, as described previously on page 47. The acquired data from these two 
measurements was evaluated to find out the time difference between the starting 
point of the rise of the signal received and the maximal value of the signal peak.

Figure 58 – Waveform signals obtained ,om the strain gauge and the load ce*. Strain gauge 
waveform corresponding to a jet velocity 215 m/s, and load ce* waveform to 225 m/s. Both 
waveforms show two water jet impacts, represented by the two peaks in each waveform.
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An example of the waveforms obtained from the oscilloscope is shown in 
figure 58. The two peaks that can be seen in each diagram, corresponds to the 
impacting of a water jet onto the strain gauge and the load cell, respectively.

During the evaluation of the data obtained it was discovered that the length 
of the water jet segments could be observed. The duration of the start point of the 
rise of the peak to its maximal value corresponds to the length of the jet when 
multiplied to the velocity correlated to the pressure set on the pump. This 
procedure was done for the pressure range from 100 bar to 500 bar the 
corresponding velocities of the water jets. The results of this finding are given in 
diagrams 8 and 9.

Diagram 8 – Jet length determination by means of a strain gauge.

It should be noted that the jet length experiments with the strain gauge 
were performed before it was concluded that the 0,8 mm nozzle without flow-
cross was the nozzle giving the best results in terms of raindrop simulation. 
Thus, the references regarding the theoretical and photographic jet length, 
respectively, are obtained with the 0,9 mm nozzle.
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It was concluded that the time interval from the rapid rise in the obtained 
waveforms to the peak maximum corresponded to the time of the jet impact. This 
difference in time was multiplied by the previously evaluated jet velocity to 
deduce the jet length.

As can be seen in diagram 8 there is a good correspondence between the jet 
length measured with the strain gauge and the two references. The strain gauge 
delivers practically the same results of the jet length as what was obtained with 
the photographical evaluation method.

Diagram 9 – Jet length evaluation by means of a load ce*.

The jet length evaluation of the load cell is given in diagram 9. The results 
obtained show a correspondence of the measured jet length with values more 
than twice as large as for the references, the theoretical and photographical jet 
lengths, respectively. An explanation could be that the load cell cannot attenuate 
the impulse of the impact fast enough, thus it swings along with its resonance 
frequency, amplifying the signal of the impact, or the impulse of the water jets 
compresses the load cell even after the total length of the jet impinged on the 
load cell surface.
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4.3.2.2. Piezo pressure sensor

The main objective of the experiment with the piezo pressure sensor was to 
measure the water hammer pressure that arises in a water drop, likewise in a 
water jet simulating a drop, at the moment of impact onto a rigid target.

The result of the calibration of the piezo-sensor is given in diagram 10. The 
calibration curve shows at a first stage a linear increase of the average voltage 
difference obtained from the piezo-sensor with increasing weight. The second 
stage comes forth at about 4 kg when the piezo-sensor reaches a threshold value. 
The threshold value is a function of the area of impression caused by the 2 mm 
diameter pin and the number of charges that are displaced by the weight 
imposed on the area. Thus, the larger the area exploit, the larger the amount of 
charges that can be displaced, which implies ultimately that the threshold can 
only increase if the area of the impression at the same time increases.

Diagram 10 – Calibration of the piezo-sensor. Average voltage difference vs. weight relation given by 
the piezo-sensor at the moment of weight removal ,om the cylinder with a 2 mm diameter pin.

Due to the saturation of the piezo-sensor during the calibration only the 
first stage was considered for the determination of the relation between the 
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average voltage difference and the apparent static pressure of the weights on the 
2 mm diameter pin.

For the evaluation of the pressure imposed by the water jets, the voltage 
change between the moment of impact and the maximal value was measured in 
the waveforms obtained and correlated with the pressure by means of the 
correlation obtained in diagram 11.

Diagram 11 – Calibration of the piezo-sensor. Correlation of the average voltage difference up to 
threshold value with the static pressure exploit by the weights on the surface of the 2 mm 

diameter pin.

It turned out that the outcome of the experiment was not the observation of 
the water hammer pressure, but instead the impact pressure that the water jets 
exerts on the target. In diagram 12 the attained results are presented as function 
of the jet velocity and the pump pressure.

4. Results and discussion

Robert Jonsson, Master Thesis EEIGM, LTU, EADS, December, 2007	
 71



Figure 59 – A typical stress signal measured by the piezo-sensor. The piezo-sensor was glued on the 
target with epoxy resin. Velocity of liquid jet, 225 m/s. The signal of the piezo-sensor shows a fast rise 

time and the peak is equivalent to a impact pressure of ca 3,9 MPa in this particular case.

To be able to measure the water hammer pressure the test method must be 
improved regarding the configuration of the piezo-sensor and its installation in 
the test bench. The piezo-sensor employed had a protective plastic foil covering 
the actual piezo material, which could have an influence of the functionality of 
the sensor by attenuating the impact pressure. As mentioned on page 24, the 
increased compliance of an impacted material leads to a later start of the lateral 
jetting, implying that the high-pressure state prolongs. The duration of the high-
pressure involved in the jet impact on the piezo-sensor was measured to be about 
1-1,5 ms depending on pressure, whereas the corresponding duration for Obara 
et al. [27] was 1 µs, cf. figure 6.

The way of mounting the sensor may affect the behaviour by changing the 
thickness of the sensor. Another possibility of error is the calibration since the 
signal sent from the sensor depends on the surface exploit by the calibration 
method.
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Diagram 12 – Results of the impact pressure of water jets imposed onto the target surface.

On the one hand, the pressures measured could imply a lack of water 
hammer pressure at the moment of impact. The indication of this is that the 
pressures obtained do not compare well with the theoretic calculated water 
hammer pressure from equation 2 of 438 MPa, as they are in order of magnitude 
of 100 times lower. On the other hand, the conclusion could be that what was 
measured was merely the transmitted impulse onto the piezo-sensor, as it was 
unable of capturing the very fast appearing and disappearing water hammer 
pressure.
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4.4. M A T E R I A L  T E S T I N G

4.4.1. Water film presence on specimens

During the high-speed photography sessions in the experimental part it was 
discovered that a residual water film remained on the specimen surface, as 
shown in figure 60.

Figure 60 – Water jet impacts on PMMA taken in the line of flight of the water jets revealing the 
presence of an intact residual surface film of water at the impact site of the jets. The black spot in the 

middle is the actual water jet. Jet trave*ing at 248 m/s and extruded ,om a 0,9 mm nozzle.

Additionally, to the picture in figure 60, it was seen in the picture series in 
figure 57 that a residual water film was present on the sample during testing. 
The problem presented by residual surface water on the specimens has been 
mentioned by several authors [47, 48, 49] throughout the years.

It has been concluded that an increase in the density of drops causes an 
amplification of the water-film’s protective effect, i.e. an increase in impact 
frequency decreases the extent of the rain erosion. This effect of a deceasing 
erosion rate due to an increased impact frequency was observed by Behrendt [47] 
on pure aluminium impinged with 1,2 mm drops.

A comparison can be made with the rotating arm method, where break-up of 
drops not involved in an impact and water mist can create a water-film on the 
sample. The water-film can created voids on the sample during a rotating arm 
erosion test, since the drops impacting the target does not impinge the actual 
sample, but instead the residual water-film, which attenuates the impact.

The same situation regarding the residual water-film on samples was 
encountered with the EADS erosion test bench. Although the sample is held in a 
vertical position, allowing the water from the impacts to run off by gravity, a 
residual water-film remains on the sample due to the high frequency of impacts.
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a) b) c)

d) e) f)

g) h) i)

1 cm

Figure 61 –  Picture sequence of jet impacts on glass with water film removal by means of an air gun, 
in the background are the rotating disc and protective housing are visible. a) before water jet 
emerging, an aura of the water blown away ,om the impact centre is visible at the arrow, b)-c) 
moment of impact of water jet on glass plate, aura sti* visible, d)-e) water jet spreads out over the 
glass plate in lateral jets, the water jet core remains unaffected by the compressed air, f)-g) last 
segment of water jet, h)-i) remaining water film on glass plate after impact is blown off by the 
compressed air. Jets trave*ing at 225 m/s and extruded ,om a 0,8 mm nozzle without flow-cross.

As can be seen in figure 61, the solution to the water-film problematic is 
simply to blow-off the water-film with compressed air. The pictures were taken 
during the preliminary tests of the water-film removal, and therefore an air gun 
is used instead of the nozzle showed in figure 34. The pictures indicate that the 
water jet remains intact and does not disintegrate before impinging the target. 
However, this is only true as long as the compressed air blows flush to the 
sample surface and does not interfere with the water jet before its impact onto 
the target.

The fact of removing the residual water-film from the sample surface gave a 
noticeable change in results of the erosion testing. The change was primarily an 
improvement of the erosion rate, which increased when the water-film was 
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blown-off the sample. This implies that erosion damage is faster achieved and the 
damage mechanisms of a certain type of damage becomes more distinct, shown in 
figure 62.

Impact damage on sample with water-film blown-off.

Impact damage on sample with remaining water-film present.

20 100 250 500 750 1.000 1.500 2.000
Figure 62 – Comparison of the effect of the apparent water-film on the samples. Number of impacts 
per site are given below the images. Damage obtained ,om jets impacting at 225 m/s and extruded 

,om a 0,8 mm nozzle.

4.4.2. Failure mechanisms

The damage caused by the water jet impingement on the samples tested can 
be arranged in a non-exhaustive classification based on the results from tests 
performed by the MIJA of Cavendish Laboratory [50] and the EADS PJET 
apparatus:

❖ Non-destructive damage

‣ Surface deformation like depression, rippling, buckling and ridges.

❖ Destructive damage

‣ Surface cracks, feathering, stripping and complete elimination of 
material.

The classification is merely a general indication of the damage originating 
from the drop impact, for all as the damage mechanisms in the non-destructive 
category may cause destructive damage depending on the sample properties.

Examples of each damage mechanism pertaining to the respective test 
procedure are given in figures 63 and 64.

The damage mechanisms obtained by the MIJA at the Cavendish 
Laboratory were used as reference comparing the damage patterns with the 
EADS PJET. As shown in figures 63 and 64 the damage patterns obtained from 
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both procedures are comparable. The damages of the MIJA are more distinct in 
terms of clearly showing the different mechanisms occurring during the jet 
impingement on the target. On the samples tested in the EADS PJET, the same 
mechanisms are encountered, but some of them in a smaller scale making them 
less obvious to detect.

Further remarks that can be made are that the non-destructive damage; 
depression, rippling, buckling and ridges, appears as a single event in the PJET 
damages, whereas with MIJA they are more often accompanied by 
supplementary damage as surface cracks and/or feathering and stripping.

Additionally, large surface cracks appear in earlier stages with MIJA, i.e. by 
lower number of impacts, in comparison to the PJET where they come forth first 
as small splits in previous depressed areas. These small splits extend with 
increasing jet impacts to form traversing surface cracks, which may cause 
stripping and elimination of coating material.

The lateral jetting is less obvious with PJET damage than with damage 
obtained from the MIJA. This can be noticed by taking the two damage 
mechanisms feathering and stripping in consideration. With the MIJA these 
damages are clearly observed and well separated from the impact centre. The 
PJET shows on the contrary these damages in a smaller scale and normally in 
closer connection to the impact centre.

Complete elimination of coating material is observed in damage produced by 
both procedures. The PJET method erodes material mainly in the centre of the 
impact, where the MIJA causes complete material erosion in damage areas 
pertaining to stripping and feathering.

Comparing the eroded areas from each test method shows that the PJET 
erodes a larger surface in a more homogeneous manner, where the MIJA due to 
its stronger lateral jets leaves its eroded surfaces more scattered around the 
impact centre, thus producing more circumferential damage.
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Figure 63 – The apparent damage obtained ,om jets impacting at an equivalent velocity of 225 m/s 
and extruded ,om a 0,8 mm nozzle, thus simulating a 2 mm drop. Test was executed by the 
Cavendish Laboratory [50]. The dashed arrows in the lower left picture indicates the direction of 
the lateral jets at the moment of impact. Number of impacts on spots a), c), e) and f) are 5, 30, 100, 
and 100, respectively, and b) and d) are unknown due to DTV evaluation. (Samples Sol-B-h-org, 
Sol-B-l-org, see description section 4.4.3).

4. Results and discussion

Robert Jonsson, Master Thesis EEIGM, LTU, EADS, December, 2007	
 78



Ripples (do not 
break surface)

Depression

Impacted area

a) b)

Buckling/ridges

Surface crack

Stripping

c) d)

Stripping

Feathering

e) f)

Stripping

Complete elimination

g) h)

Figure 64 – For figure description, confer next page.
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Figure 64 –  The apparent damage obtained ,om jets impacting at 225 m/s and extruded ,om a 
0,8 mm nozzle by the PJET. The dashed arrows in the lower right picture indicates the direction of 
the lateral jets  at the moment of impact. Number of impacts on respective spot are ,om a)-h) 20, 100, 
500, 1000, 750, 1.000, 2.000 and 3.000 respectively. In figure 65, the positions of the damage patterns 
in b), d), e), f) and h) are marked. Samples Sol-B-h-org and Sol-B-l-org were used to present the 
damage mechanisms.

4.4.3. Validation of test  results

The evaluation of the erosion resistance of the samples was performed by,  
executing a test program of which an example is shown in figure 65.

The samples were impacted in a point grid pattern consisting of 10 rows 
with 6 points each. For each row the number of impacts were increased in the 
following manner, first row (bottom row) 5 impacts per point, second 20 impacts 
per point, continued with 100, 250, 500, 750, 1.000, 1.500, 2.000, and ending with 
last row (top row) where 3.000 impacts per point were shot.

The apparent damage of each point was observed in a digital microscope. As 
criterion to distinguish points as either non-eroded or eroded by the water jet 
impingement, the damage mechanism stripping was taken as decisive factor.

The rows were classified regarding the number of sites that had endured the 
corresponding number of impacts in consistence to the first appearance of 
material stripping. From this classification the fraction of the eroded sites was 
deduced by counting those presenting stripping. The conclusion of the evaluation 
is given in diagram 13, where the eroded sites are put in relation to the 
corresponding number of impacts at which the stripping comes forth. The 
number of impacts at which the stripping damage takes place can be considered 
as the incubation impact number of the coating and the duration after which this 
event happens is defined as the incubation time.

All samples were coated with a 10 µm thick epoxy primer, and on top the 
polysiloxane based coating was applied. The samples can be divided into two 
groups considering the inorganic content used in the polysiloxane composite 
coating. The first group will be called Sol-A, and the second group, which 
contains a high organic formulation is termed Sol-B.
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Figure 65 –  An example of impact pattern on a sample (Sol-B-h-org) after testing. The number of 
impacts corresponding to each row are given to the left. The first stripping damage can be seen in the 
row of 750 impacts, in sites 1, 3, and 4 counting ,om the left. Damage obtained ,om jets impacting 
at 225 m/s and extruded ,om a 0,8 mm nozzle. Marked sites correspond to the damage patterns  
presented in figure 64.

The inorganic content, adjusted by the addition of silica (SiO2) used in the 
epoxy based Sol-A were added in three different concentrations, simply called 
high (h), Sol-A-h-SiO2, mid (m), Sol-A-m-SiO2, and low (l), Sol-A-l-SiO2, 
respectively. The effect of the different concentrations is a change in hardness of 
the coating, since silica is a harder material than the surrounding epoxy matrix. 
The coating with the highest silica concentration is the hardest, 0,78 GPa, the 
mid concentration shows a medium hardness of 0,56 GPa, and the low 
concentration is the softest coating of 0,20 GPa, respectively. The hardness 
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values have been measured with a nano-indenter applying a maximum force of 
10 mN. The coating thickness of these three samples was determined to be very 
similar at 7,3 µm, 5,9 µm, and 6,2 µm, respectively. The hardness and the coating 
thickness were measured in a previous study [51].

Diagram 13 – Evaluation of the ,action of the eroded sites on the samples tested in relation to the 
corresponding number of impacts, giving the incubation impact number of the coatings.

Compared to Sol-A, Sol-B consists of a higher organic cross-linked network. 
An epoxy based pre-polymer was added to the final coating solution referred to as 
Sol-B-h-org and the same formulation without the organic pre-polymer is called 
Sol-B-l-org‡. The pre-polymer increases the flexibility of the coating and thus 
reduces the hardness. Hence, the coating including the high organic resin has a 
hardness of 0,27 GPa, and a thickness of 16,7 µm, whereas the coating without 
this precursor has a hardness of 0,31 GPa, and a thickness of 11,9 µm.

Diagram 13 shows clearly the difference in the incubation impact number 
among the investigated coatings, as well as the erosion rate of the coatings, 
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described by the slope rise of the curves. A comparison of the erosion rate of the 
different coating is also possible from diagram 13. The erosion rate goes hand in 
hand with the erosion resistance of the coatings. A poor erosion resistance 
corresponds at the same time to a high erosion rate, and inversely, a good erosion 
resistance coincide with a low erosion rate.

Regarding the incubation impact number Sol-A-l-SiO2 is the coating with 
the weakest erosion resistance since it shows stripping already after 20 impacts, 
leaving only the row of 5 impacts undamaged. It is followed by Sol-A-m-SiO2, 
which resists up to 100 impacts, and shows clear stripping from 250 impacts 
onward. The coating with the highest erosion resistance in the group A is the Sol-
A-h-SiO2, which does not show any stripping damage until 250 impacts, but 
thereafter a fast increase in the number of stripped areas is visible from 500 
impacts. The erosion rate of the three coatings follows the same ranking as the 
incubation impact number.

Group B performs overall better in comparison to group A. The Sol-B-h-org 
has the lowest erosion resistance of the two, but in the overall ranking it is the 
second-to-best, with an incubation impact number of 500 impacts and a lower 
erosion rate. The best performing coating in both groups is the Sol-B-l-org. It 
remains intact regarding the stripping damage until 750   impacts, and shows 
thereafter only a moderate increase of the erosion rate. First stripping of the Sol-
B-l-org coating occurs at 1.000 impacts and merely 4 sites of the 6 considered in 
the evaluation show erosion damage by stripping after 1.500 and 2.000 impacts, 
respectively. An impact number of 3.000 is required to erode 5 sites of the this 
coating. In comparison to the other coatings, which have all their 6 sites 
completely eroded already after 1.500 impacts, this is a very good result.

The very good erosion resistance of Sol-B-l-org can be explained with that 
the low organic fraction decreases the compliance of the coating, thus ensuring a 
relatively elevated hardness. The decreased compliance is due to the missing 
organic pre-polymer, which leads to a higher cross-linked organic network. This 
makes the coating somewhat less flexible with a pronounced gain of strength and 
hardness.

The Sol-B-h-org coating, which contains the organic precursor, has only an 
appreciable lower hardness than the Sol-B-l-org, although the organic content 
should make the Sol-B-h-org much softer. The reason to the small difference is 
the fact that the organic precursor is cross-linked to the organic part of the 
coating matrix. The lower hardness is thus based on the high amount of organic 
material compared to the inorganic silica content in the matrix.
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Within group A the erosion resistance follows a tendency similar to the 
hardness of the coatings. The hardest coating, Sol-A-h-SiO2 presents here the 
best resistance to erosion, succeeded by the medium hard coating, Sol-A-m-SiO2, 
and the poorest erosion resistance is found with the Sol-A-l-SiO2 coating. The 
differences between the erosion resistance of the three can be explained by the 
fact the matrix network of the coating contains different partial fractions of the 
silica and epoxy additives. The silica additive increases the hardness of the 
coating by creating an inorganic network of SiO2 particles, and the epoxy additive  
softens the coating with its organic ramifications, which cannot bond to the silica 
chains. Thus, setting the ranking of the coatings within group A.

Comparing the group B coatings with those of group A, it can be concluded 
that a higher cross-linked, but highly flexible material property improves the 
erosion resistance in general. A similar argumentation as for Sol-B-l-org can be 
used comparing the two groups, i.e. a higher degree of cross-linking in the matrix 
ameliorate the erosion resistance, although the hardness does not augment 
noticeably.

It is interesting to note that the hardest coating (Sol-A-h-SiO2) does not 
feature the highest erosion resistance, which is presented by the higher organic 
cross-linked Sol-B-l-org. Thus, the conclusion can be divided into two aspects. 
The first is that a high degree of cross-linking and adhesion to the substrate is 
necessary to achieve a good erosion resistance. The second states that at the 
same time, a certain flexibility of the coatings is essential to avoid microcracks 
due to the high pressures created during the drop impact.

The five considered samples in the material evaluation were tested with 
both the PJET and the MIJA in order to investigate the comparability between 
the two test procedures. The result of the analysis is based on two independent  
methods of evaluation for the respective test. The PJET erosion resistance rating 
regards the number of impacts needed till stripping damage mechanism comes 
forth. The assessment of the erosion damage obtained from the MIJA, was done 
by considering the fraction of eroded areas with respect to a total considered area 
of 4 mm2. The impacted sites in the evaluation were those, where the first 
stripping damage could be observed, corresponding to 50 impacts. These areas of 
impact were analysed by means of a digital microscope. The eroded surface area 
of the impacted site was evaluated from the images obtained with the 
microscope. The area determination was done by the program Digi-Trace, a 
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picture analysing software. The results of the complete evaluation are given in 
diagram 14.

Diagram 14 – Comparison of the test results regarding erosion resistance obtained ,om the PJET 
and the MIJA test procedures.

The results presented in diagram 14 are the conclusion of the validation of 
the PJET as an erosion test method for liquid impact erosion. The diagram shows  
the evolution of the erosion resistance of the samples in reference to the two test 
methods employed for the evaluation of the different coatings.

The results obtained from both the PJET and the MIJA regarding the 
erosion resistance are comparable with each other, although evaluated by two 
independent procedures, they correspond remarkably well.

The group A presents the same trend with both test methods, i.e. the harder 
the coating, the better the erosion resistance, as previously discussed. The 
reciprocal differences between the three samples regarding the erosion resistance 
are almost of equal size of both test methods.

Within group B is the relation of the erosion resistance between the two test 
methods not as obvious as with group A. The values obtained from the MIJA are 
practically equal, making the comparison of the respective coating difficult by 
considering the erosion resistance as determining factor for the validation of the 
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test results between the test methods. To differentiate the two coatings with the 
MIJA, the damage threshold velocity (DTV) and the single shot threshold (SST) 
velocity must be considered. The DTV is described on page 48, and the SST is the  
velocity of one single water jet that generates damage when impinged onto the 
surface of the target. The DTV for the two samples Sol-B-h-org, Sol-B-l-org are 
120 m/s and 165 m/s, and the SST velocity > 200 m/s and > 250 m/s, respectively.

Considering the DTV, and the SST the erosion resistance of the samples 
becomes more obvious, and the argumentation previously made can be used to 
explain the differences, i.e. that a higher cross-linking of the silica matrix in the 
coating, improves the erosion resistance, thus making the Sol-B-l-org the most 
erosion resistant sample.

Testing with the PJET works out the differences of the two considered 
coatings from Sol-B at one single velocity, whereas MIJA requires a number of 
different velocities and impact numbers.

Taking into consideration the previous discussion and adding what is stated 
above, the same tendency can be seen between group A and group B as shown in 
diagram 13. The tendency implies that a higher organic cross-linking in the 
coating increases the erosion resistance in general, thus implying a higher 
strength and compliance of the coating. Agents that weaken the cross-linking in 
the matrix do not improve the erosion resistance.

The conclusion of the evaluation of the PJET method is that it can produce 
erosion damage comparable not only within proper test series, but also to other 
test procedures available. An example is the material tests performed during the 
progress of this work, from which it can clearly be seen that the erosion damage 
achieved during testing is similar to already established standards and erosion 
test apparatuses, concluding that the validation of the PJET as erosion test 
procedure was successful.
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5. Conclusion

To recapitulate the results from the different analyses performed during the 
characterisation and material evaluation it can be concluded that the pulsating 
jet erosion test (PJET) method for liquid impact produces comparable and 
reliable results capable of distinguishing the erosion resistance properties of 
materials in ways similar to those of other test methods.

The continued constructional improvements of the test bench have made it a 
practically completed and ready to use test apparatus for employment on a 
laboratory scale. The protective hood and water collection tank makes it 
independent of water safe areas, meaning that the test apparatus can be 
transported and placed in an arbitrary location where a high-voltage power 
outlet and a drainage are available.

The high-speed photography permitted the capturing of the small and  high-
velocity water jet segments by means of a real-time triggered camera with a 
high-speed shutter. High illumination was required together with short shutter 
times and low gain to obtain sharp pictures for good evaluation conditions for the 
parameterisation. The parameterisation of the test method was successful. Clear 
correlations could be determined between the pump pressure and the jet velocity 
as well as the jet length and the jet diameter, respectively. Both the optical and 
physical methods delivered results in agreement with one another.

Regarding the jet’s front rounding and shape, the conclusion drawn was 
that the jets produced with PJET are not directly comparable to those from the 
Multiple Impact Jet Apparatus (MIJA) from the Cavendish Laboratory. The jets 
with the PJET have a more pointy front compared to the more flattened rounding 
of the jets produced by MIJA. The shape of the PJET jet is closer to a drop 
geometry. Therefore are no conversions necessary for the simulation of a specific 
jet velocity and/or drop size, as the actual size of the jet is the simulated drop 
size.

The investigation of the pressures involved in an impact onto a rigid target 
by means of a piezo-sensor did not show the expected results. For several 
reasons, such as the protective plastic foil covering the actual piezo material, the 
piezo-sensor was unable to measure the desired water hammer pressure. The 
pressure obtained was instead the impact pressure exerted onto the target by the 
water jets.
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The presence of a water-film on the samples was investigated and it was 
concluded, in conformity with the theory, that the water-film acts as a protective  
layer on the substrate and the observed erosion rate on the samples was reduced. 
The problem could be solved by the installation of an air nozzle to blow-off the 
remaining water after each impact onto the sample with compressed air.

During the evaluation of the failure mechanisms it was shown that the 
damage mechanisms were comparable between the MIJA, which was used as 
reference, and the PJET. The erosion damage obtained with the PJET shows all 
damage patterns achievable with the MIJA on the tested samples. The damage is  
more concentrated around the impact centre with PJET due to the weaker lateral 
jetting. Damage patterns appear more as single events, compared to the MIJA  
test where several damage mechanisms are present at the same time.

The validation of the erosion results was successful. The tested samples, 
which were divided into two groups showing the same trends with both the PJET 
and the MIJA. For one group of coatings the MIJA results are quite similar, 
although the Damage Threshold Velocity (DTV) and the Single Shot Threshold 
velocity (SST)are different. In this case the PJET enabled the evaluation of the 
erosion damage directly, classifying the erosion resistance of the two samples.  
Regarding the coating properties of the sample it was shown that the harder the 
sample, the better the erosion resistance, at the same time as the higher the 
cross-linking, the better the erosion resistance, although a higher cross-linking 
lowers the hardness.

Finally it can be stated that the PJET complies with existing test standards. 
The erosion damage obtained is comparable within each test series and with 
other erosion test methods and the validation of PJET test procedure was 
successful.
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6. Outlook

The proposed future work on the test bench is minor constructional works, 
regarding sealing to prevent water leakage, and improvements of the enclosure 
to fit-in the entire x-y stage.

Further investigations can be continued with the piezo-sensor to better 
evaluate the pressure and duration of the water hammer pressure. An extended 
water jet comparison between the jets produced with the PJET and those of 
MIJA can be performed, to examine the differences between the respective 
shapes. MIJA with its flat jet front, and the PJET with is pointy jet front.

Additionally to the water jet front examination experiments could be done  
with nozzles of larger diameters, having in mind the drop-jet/size-velocity 
conversions of jet geometries from the Cavendish Laboratory, which are used to 
simulate different jet velocities and/or sizes. This could give the explanation to 
large difference in the number of impacts needed to achieve comparable damage 
between the PJET and the MIJA. The damage produced with the MIJA is in the 
range of 5 to 100 impacts on respective impact spot. The PJET produces the 
corresponding damage on the same coating from impacts in the range of 20 to 
3.000.

More work regarding the actual test bench is a complete automatisation of 
the test procedure. The automatisation should for example contain the 
possibilities to fixate the frequency of the rotating disc, the velocity and length of 
the water jets, both measured in situ, and improvements of the controlling 
software. In the software, the jet velocity, frequency of rotating disc, and 
possibility to make an emergency stop should exist.

A retractable shield should be built in front of the sample during up-start of 
the pump and rotating disc to protect the sample from excessive erosion.

Regarding the testing of samples what is seen during the material testing 
that the coating thickness plays an important role, as well as the mechanical 
properties of the substrate. As a final validation of the erosion resistance of the    
best coatings real flight tests would be needed as a last evaluation measure.
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