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Abstract

The radius of typical water droplet, which an aeroengine encounters in-service, and the radius of curvature of
a typical fan blade leading-edge are approximately the same; this is unlike previously investigated contexts,
where the typical droplet radius is at least an order of magnitude smaller. The consequences of this have been
explored theoretically but never experimentally. In this study, an established technique was used to generate
high-speed impingements (210m s−1 to 250m s−1) of water on planar and curved (in one plane) samples
of a comparatively well-understood material (polymethylmethacrylate). A novel, direct, characterisation
methodology (using ultra-high-speed imaging) was employed to accurately describe each impingement. The
form of damage changed significantly when a curved sample was subjected to a high-speed impingement;
the circular damage pattern observed on planar samples changed to an oval. This is qualitatively consistent
with the theoretical predictions and constitutes another step forward in the understanding of the WDE of
aeroengine fan blades.
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1. Introduction

The Water Droplet Erosion (WDE) of fan blades,
on large civil aeroengines, can lead to a decrease in
engine performance and increase the risk of unsta-
ble vibrations [1]. Despite the undesirable effects
of this form of wear, the WDE of aeroengine fans
has received little attention and few descriptions
exist in the literature; just one reference to fans
[2] has been found in our review of decades of lit-
erature on WDE. Instead, it has been the WDE
of steam turbines and the leading surfaces of air-
craft that has driven much of the research effort
over the years [3]. However, there is a fundamental
difference between these contexts and the WDE of
aeroengine fan blades; the radius of curvature of the
fan blade leading-edge (approx. 1mm) and typical
droplet radius (0.5mm to 2.5mm) are of the same
order of magnitude [4]. Extension of the analyt-
ical theoretical analyses, to include a solid surface
with a radius of curvature in one plane (rather than
assumed to be planar), has predicted a different
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loading, and severity of mechanisms, for a high-
speed water droplet impingement on the leading-
edge of an aeroengine fan blade; asymmetric, as
opposed to axisymmetric [4]. Although there have
been previous investigations into WDE with tests
conducted on curved samples [5], an in-depth ex-
perimental study of the implications of the radius
of curvature has not been performed. In order to
verify the theoretical work and further investigate
the importance of form in the WDE of aeroengine
fan blades, a new experimental facility at University
of Southampton has been developed and a testing
programme is under way. In this paper, this new fa-
cility is described, including a novel, direct method-
ology for characterising the impinging water, as well
as the results of testing conducted on curved sam-
ples. The ultimate goal is to explore the effect of
form, in the early stages of WDE, with in-service
material systems, e.g. titanium alloy (Ti-6Al-4V),
and potential in-service material systems, e.g. al-
loys with a surface coating and/or surface modifi-
cation. However, at this stage it is only possible
to share the results from initial tests using PMMA
(polymethylmethacrylate), primarily selected as its
response (under high-speed impingement) is com-
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paratively well-understood.

Water Droplet Erosion is a specific case of ‘liquid
impingement erosion’, which has been defined as:
“progressive loss of original material from a solid
surface due to continued exposure to impacts by
liquid drops or jets” [6]. When the research sur-
rounding WDE is initially viewed, it can be dif-
ficult to see a consistent picture; the mechanisms
of material removal are often described in material
and situation specific terms, such is the scope of
many studies. There is also the absence of a com-
plete theory of WDE, under which to unite the field
[7]. Finally, the response of the material is often
strongly influenced by the ‘severity’ of the repeated
impingements; although not perfect, the impinge-
ment velocity offers a good indicator in this regard.
Note that for aeroengine fan-blades, impingement
velocities of 200m s−1 to 400m s−1 are expected [4].
Despite these challenges, a general classification of
erosion mechanisms has been proposed [8] and of-
fers a helpful framework around which to appre-
ciate how repeated high-speed impingement leads
to WDE. However, before these are described, it is
first necessary to explain the process of a high-speed
droplet impingement, which drives the mechanisms.

A high-speed, 50m s−1 and above [9], droplet im-
pingement is often described as a two-stage process
[3, 10]. This is shown in Fig. 1 and described below:

(a) Initial ‘compressible’ stage. When the droplet
first contacts the solid surface, it behaves com-
pressibly [11] and a region of compressed liq-
uid within the droplet, at the interface with
the solid surface, is formed. This is caused
by an initial expansion of the contact periph-
ery, between the liquid droplet and the sur-
face, that is more rapid than the motion of the
shock front. The compressed liquid exerts very
high pressures (order of hundreds of MPa for
aeroengine fan blades), often described as the
‘water-hammer’ pressure, on the solid surface
during this stage.

(b) Secondary ‘flow’ stage. Very shortly after the
start of the impingement (less than a µs), the
shock front is able to overtake the contact pe-
riphery and the release of the compressed liq-
uid can commence. This takes the form of
high-velocity flows of liquid in a radial direc-
tion. The velocity of the lateral jets are signif-
icantly higher than the impingement velocity,
with some measurements suggesting a value up
to ten times greater [12]. Along with the radial

(a) Initial compressible stage, the shaded region is
compressed liquid.

(b) Secondary flow stage, which can commence
once shock front overtakes contact periphery.

Figure 1: Two stages of high-speed droplet impingement
(adapted from [10]).

jets, release waves propagate from the contact
periphery to the central axis, leading to a sub-
stantial drop in pressure (at least an order of
magnitude) to the Bernoulli stagnation pres-
sure.

The four general erosion mechanisms that result
from repeated high-speed water droplet impinge-
ment on a solid surface are:

(i) Direct deformation. This describes the effect
of the high ‘water-hammer’ pressure, applied
to the surface of the material during the com-
pressible stage. The nature of the material
is key in determining how this dynamic and
transient loading results in damage and the
subsequent erosion. Typically, in the early
stages of the WDE of a ductile metal (assum-
ing the surface is initially smooth), large num-
bers of small surface depressions are formed
(‘pitting’) [13]. By contrast, when the loading
is applied to brittle materials, both surface
and sub-surface damage results due to tensile
failure [8].

(ii) Stress wave propagation. The high pressures
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applied during the compressible stage also re-
sults in the propagation of stress waves (com-
pression, shear, and Rayleigh [8]) through
the solid. These stress waves can interact
with features within the material, reinforce,
or reach a boundary and reflect, resulting in
regions of tensile loading that can lead to dam-
age and erosion [14].

(iii) Lateral outflow jetting. The high-velocity lat-
eral jets, produced during the flow stage, can
interact with irregularities on the solid sur-
face, leading to plastic deformation and crack
propagation [8]. The nature of the surface
and velocity of jets are thought to be the key
drivers of the severity of this mechanism [15].

(iv) Hydraulic penetration. This mechanism de-
scribes the effect of the change in surface ge-
ometry of the solid, resulting from the estab-
lishment of an erosion pit or crack, causing
stress concentrations. These result in the ac-
celerated propagation of cracks, which tunnel
under the surface of the material and result in
the upheaval of the overlying material [16].

The lateral outflow jetting and hydraulic pene-
tration mechanisms require a surface discontinuity
or pre-existing pit in order to be active [8]. There-
fore, if the solid surface is initially smooth, direct
deformation and stress wave propagation will be
the only mechanisms active in the early stages (‘in-
cubation’ period [13]) of WDE. Once the initially
smooth and crack-free leading-edges of a titanium
alloy aeroengine fan blade begin to become dam-
aged by the action of impinging water droplets, and
all four mechanisms become active, the engineer-
ing solutions to prevent further erosion are limited.
Therefore, if seeking to prevent or minimise WDE
on aeroengine fan blades, a prudent approach is to
prevent or extend the time before the initial surface
discontinuities form (the precursors to wear) [4].

Thus, our research has focussed on understanding
the direct deformation and stress wave propagation
erosion mechanisms in the context of aeroengine fan
blades. Both of these mechanisms are a result of the
initial compressible stage only. This point is funda-
mental to the theoretical analysis previously pub-
lished [4] and the experimental effort described in
this paper; in order to understand the implications,
for the stage of WDE that is of most importance
in terms of engineering solutions for aeroengine fan
blades, we need only consider the initial compress-
ible stage of a water droplet impingement.

This paper begins by describing and justify-
ing the material selected to verify the theoreti-
cal predictions, as well as detailing the experimen-
tal methodology employed and the state-of-the-art
imaging equipment that was used to make direct
measurements of the impinging water, which has
not previously been possible. Following this, a
theoretical justification for the analysis made from
the sets of images taken with the ultra-high-speed
camera is provided. Then some key results of ex-
perimental testing so far are presented and subse-
quently discussed. Finally, conclusions are offered.

2. Material and methods

2.1. Material selection

In order to understand how the radius of curva-
ture of the surface influences the mechanisms by
which a high-speed water droplet causes damage, it
is prudent to initially use a material whose response
is well-understood. PMMA (polymethylmethacry-
late) has been used extensively in previous WDE
research [14, 17, 18, 19, 20, 21, 22, 23]. In addition
to the damage mechanisms resulting from the high-
speed impingement of water being comparatively
well-understood, it is also: inexpensive, transpar-
ent, readily machinable, and has low minimum im-
pingement velocity (less than 150m s−1) for visible
damage [23]. Thus, it was selected as the first mate-
rial to explore the effect of solid surface form with.

As might be expected, the response of PMMA
to an high-speed water droplet impingement is de-
pendent on impingement velocity [21]. As the ve-
locity increases, the form of damage changes, e.g.
a depressed annular region becomes a ring crack,
and new damage modes are introduced. There-
fore, when discussing the expected response of the
PMMA it is essential to refer to the response at the
correct range of impingement velocities. As will
be shown later, the experimental set-up generated
high-speed impingements with a velocity between
210 and 250m s−1. At impingement velocities be-
low 400m s−1, Adler [21] describes the following
characteristic features of damage: a central undam-
aged region, surrounded by a smooth depressed an-
nular region, which, in turn, is surrounded by short
circumferential crazing fractures that extend to dis-
tances greater than the radius of the impinging
droplet. Figure 2 shows how these features present
in a light micrograph. For the sample shown in this
figure, the depth of the annular depression ranged
between 200 and 400 nm [19].
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Figure 2: Typical annular circumferential crack pattern on
PMMA for impingement velocities of interest. Specimen was
impinged by a water droplet with a diameter of 1.8mm at
222m s−1 [19].

As well as determining the characteristic features
of damage, the impingement velocity also deter-
mines their dimensions [20]. For example, as the
impingement velocity increases, so does the diam-
eter of central undamaged region. The droplet ra-
dius also affects the dimensions of damage features.
It is thought that for a given impingement velocity,
key dimensions describing the damage, normalised
by the droplet radius, remain constant; if a droplet
of double the radius impinges a surface at the same
velocity, the damage pattern is identical, just twice
the size [20]. A number of studies have investigated
the ability to predict the dimensions of the charac-
teristic damage based on impingement velocity and
droplet radius [19, 20, 21]. The radius of the cen-
tral undamaged region, particularly when measured
using a profilometer [21], enjoys strong correlation
with predictions from analytical theory. Different
criteria have been proposed to develop the analyti-
cal prediction, however, as Adler [8] shows, the dif-
ference between the two is minimal for impingement
velocities below 700m s−1. What emerges is that
the edge of the central undamaged region, and so
its radius, is strongly correlated to the point where
the shock front overtakes the contact periphery.

2.2. Experimentally simulating the compressible
stage

In order to subject a solid surface to a loading
akin to the compressible stage, an impingement of
water at high-speed is required. Generating this
is not trivial and a number of different approaches

Figure 3: Ideal form of high-speed curved-fronted jet [23].

have been employed by investigators in the past [7].
In this study, a high-speed curved-fronted water-jet
is used to recreate the impingement of a droplet.
This technique has been instrumental in develop-
ing understanding of WDE and used successfully
for over 50 years [24, 25]. The theoretical justifica-
tion for using jets to recreate the impingement of
a droplet is conveniently summarised in Fig. 3. If
this ideal case occurs, the compressible stage of this
jet and and a spherical droplet (of the same radius
and velocity) would be identical [23].

However, studies employing high-speed photog-
raphy [20, 23] have shown that the ideal case does
not quite occur in practice; air ablation results in
a jet with a curved front but with a varying ra-
dius of curvature. Previously, in order to deter-
mine the equivalent droplet diameter for a given
experimental condition, empirical correlations were
established using the same material that is the sub-
ject of this study (PMMA). Initially, the diameter
of the central undamaged region for jet and droplet
impingement were compared [20]. Hand et al. [23]
developed the methodology to use area (instead of
the radius) of the central undamaged region for this
purpose. However, recent advances in ultra-high-
speed digital imaging (up to 5MHz) mean that it
is now possible to measure the surface profile of the
impinging high-speed water jet directly. This has
been used in this study and is described later.

2.3. Test rig design and experimental procedure

Figure 4 shows a schematic of the experimental
set-up. The impact of a 9mm chrome steel (AISI
52100) ball, accelerated by a gas-gun, is used to pro-
duce the high-speed water jet. The acceleration of
the chrome steel ball was highly repeatable during
the tests; the mean ball velocity close to the bar-
rel exit was 55.4m s−1 with a standard deviation
of 0.7m s−1. To produce the high-speed jets, the
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Figure 4: Experimental set-up for experimentally simulating
a high-speed droplet impingement on a specimen.

chamber of a specially-designed nozzle (see Hand
et al. [23] for geometry) is filled with water, cov-
ered with a small piston at the rear, which (when
impacted by the ball) produces a jet from an orifice.
An ultra-high-speed camera, a Shimadzu HPV-X2,
was used to record the motion and geometry of the
jet, allowing the velocity and form to be measured
directly. Planar and curved samples were mounted
at an appropriate stand-off distance from the ori-
fice. Figure 5 shows both planar and curved sam-
ples about to be impinged by a high-speed jet.

Two light-gates, located close to the exit of the
gas gun, were used to measure the velocity of the
9mm ball and trigger the ultra-high-speed camera
and flash. It was necessary to trigger the flash in
advance of jet production as it takes approximately
120 µs for the flash, a Bowens Gemini 1000 Pro, to
reach peak output after receiving the trigger sig-
nal. However, if a typical jet is considered, average
velocity of 200m s−1 across the stand-off distance
of 10mm, it will take only 50 µs to reach the sam-
ple. Thus, the output from each of the two light
gates was connected to an Arduino microcontroller,
which used the time delay between the two signals
to calculate the velocity of the ball and from this
predict when the ball will impact the top of the
piston. By using appropriate delays it was possible
to trigger the flash and then camera, 100 µs later,
to capture the high-speed jet as it traversed the
stand-off. The ultra-high-speed camera (Shimadzu
HPV-X2) records a total of 128 frames, thus when
running at the frame rate selected, 500 kHz, the to-
tal recording length was 256 µs, providing a useful
margin for error in the triggering.

(a) Impinging a planar surface

(b) Impinging a curved surface, radius of curvature
of 2mm

Figure 5: Examples of high-speed curved-fronted water jets
impinging samples.

Table 1 summaries the experimental parameters.
All tests were conducted at room temperature. The
stand-off distance, type of water used, and surface
preparation are consistent with previous investiga-
tions [14, 21, 24]. The surface of the PMMA must
be sufficiently smooth for it to be transparent (a key
property for many users), thus no additional surface
preparation was required beyond that performed by
the supplier. Roughness measurements (in accor-
dance with ISO 4288:1996), using a Taylor-Hobson
Talysurf-120L, of ‘as recieved’ planar and curved
sample surfaces gave mean values of arithmetic av-
erage roughness (Ra) of 10 nm and 13 nm respec-
tively. Given the localisation of damage close to
the impinged surface at velocities below 400m s−1

[21] it was possible to use PMMA rod to act as sur-
face with a radius of curvature (in one plane), as
the rear side of the rod, to that presented to the
high-speed jet, was not expected to influence re-
sults. In addition, the lateral dimension(s) of the
samples (25mm for the rod and 25mm× 25mm for
the planar) meant they could be considered to be
semi-infinite. The PMMA used for the planar spec-
imens was Perspex cell cast acrylic sheet, machined
to the appropriate dimensions; extruded acrylic rod
was used for the curved samples, cut to the appro-
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Table 1: Summary of experimental parameters selected

Parameter Value
Stand-off distance approx. 10mm
Water Tap water
Surface preparation As received
Dimensions of planar sam-
ples

5mm× 25mm× 25mm

Length of curved samples 25mm
Radii of curved samples 1, 1.5, 2, 2.5, 3, 4,

5, 6, and 7.5mm
Gas gun pressure 140 kPa
Orifice diameter 0.6mm

Table 2: Properties of PMMA material used for planar and
curved samples [26, 27]

Property Planar
(Cast
Perspex)

Curved
(Extruded
Acrylic)

Density 1.19 g cm−3 1.18 g cm−3

Elastic Modulus 3210MPa 3300MPa
Tensile Strength 75MPa unavailable
Poisson’s Ratio 0.38 unavailable

priate length. Table 2 [26, 27] shows some of the
key material properties of each type of PMMA used.
The gas gun pressure and orifice diameter selected
were the result of a initial set of characterisation
tests; this combination reliably produced coherent,
stable jets of the desired velocity and curvature.

2.4. Post-experimental analysis

Once the experiment had been run and the im-
ages recorded, the program MATLAB was used to
perform the processing. The following list describes
the steps in the image processing protocol.

1. Select the relevant images from the 128-frame
recording.

2. Find the difference of the value at each pixel,
in each frame, with value at each pixel in the
subsequent frame (‘frame difference’).

3. Apply the edge-detection algorithm by
Trujillo-Pino et al. [28] to each frame differ-
ence, to track the jet front with sub-pixel
accuracy.

4. Calculate the average velocity between two
frame differences by taking the change in po-
sition between the point on jet front furthest
from orifice in each and dividing by inter-frame
time. As the inter-frame time is small, this
value approximates the instantaneous velocity
at the point in time halfway between the two
frame differences.

5. Select the points identified by edge-detection
algorithm within 0.2mm of the point on jet
front furthest from orifice. Fit, using method
of least-squares, an appropriate function (see
next section for detail) to describe form of jet
front on each frame difference. This was done
in two stages, where initially the function was
fitted to all the points within 0.2mm in order
to determine the jet centre. Then, the points
within one orifice diameter (0.6mm) above and
below the centre line were selected and the final
fit performed to these points only.

In order to convert between pixels and metres,
calibration images were taken at appropriate inter-
vals. The values of velocity and jet form considered
to be the values on impingement were the last value
of each quantity preceding contact between the jet
and surface. Finally, an Olympus BX-51 optical mi-
croscope was used to produce the light micrographs
and a TaiCaan XYris 4000 CL to perform the 3D
profilometry scans. Removal of surface form, for
both the planar and curved samples, was performed
using the TaiCaan ‘BODDIES’ software.

3. Theory

As previously described, in this study, direct
measurements of the impinging high-speed water
jets were made in order to characterise each im-
pingement by measuring the velocity and form. Af-
ter analysing the images from the ultra-high-speed
camera it was clear that (as has been previously ob-
served [23]), whilst the jets were curved, they did
not have a constant radius of curvature. A second-
order polynomial (or quadratic) function was found
to better describe a plane through the axisymmet-
ric jet front. Therefore, the next step was to un-
derstand how a coherent volume of liquid, with an
axisymetric front described by a rotated quadratic
function, impinges a solid surface and how that re-
lates to a droplet impingement.

This question has been resolved by employing the
fundamental assumptions and approach of ‘Guided
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Figure 6: Spherical droplet impinging a planar surface af-
ter time, t. The coordinate system is fixed to the original
position of the droplet.

Acoustic Shock’, as described in Lesser [9]. It has
been shown, for the compressible stage of a high-
speed droplet impingement, the effect of viscosity
and surface tension are minimal and it is the in-
ertial effects that drive the process [29, 30]. By
considering only the dominant physics and assum-
ing the solid surface to be rigid, it has been possible
to develop a simple relationship between the coef-
ficient of the second-order term in the quadratic
expression describing the form of the jet (the a in
y = ax2) and the radius of a droplet that would pro-
duce an ‘equivalent’ loading during the compress-
ible stage. The underlying principle that has been
used to establish this ‘equivalence’ is impulse (the
integral of force with respect to the time for which
it acts); what droplet would impart the same im-
pulse during the compressible stage as the measured
high-speed jet.

An alternative mathematical method, to that
used in previous work, was used to arrive at the
necessary relationships describing the motion of
the contact periphery. This was the use of vec-
tor calculus. In order to demonstrate the validity
of the approach, and explain the process by which
it is employed, the first subsection will show how
it can be used to derive the well-known equations
for droplet impingement. The next subsection will
use this same approach to derive the equations for
the simplified jet front, a coherent volume of wa-
ter with an axisymetric front described by a ro-
tated quadratic function. Finally, the third sub-
section uses the equality of impulse to derive the
relationship that allows an ‘equivalent radius’ to be
calculated from the second-order coefficient in the
quadratic describing the form of the jet.

3.1. Vectorial methodology to derive equations

The equations describing the initial kinematics of
a liquid droplet impingement were first proposed by
Bowden and Field [11]. A step-by-step derivation of
these expressions is provided in Engel [2] or Adler
[8]. Figure 6 shows 2D plane through the axisym-
metric situation presented by a spherical droplet
impinging a planar surface. The coordinate sys-
tem is fixed with respect to the droplet, thus at
time, t the solid surface has moved by a distance
V t, where V is the impingement velocity, in the
positive y-direction. Two vectors, A and B are de-
fined, where A is a position vector from the origin
(point of initial contact) to any point on the liquid
droplet periphery; B is a position vector from the
origin to any point on the solid surface. î and ĵ are
unit vectors in the x and y directions respectively.
The expression for A (eqn. 1) has been constructed
using the equation for a circle with radius, r and a
centre located at (0, r).

A = (x)̂i+
(
(r2 − x2)1/2 + r

)
ĵ (1)

B = (x)̂i+ (V t)̂j (2)

At the contact periphery A = B. If the coef-
ficients of ĵ in eqn. 1 and 2 are equated and re-
arranged, the well-known [2, 8] equation for the ra-
dial position of the contact periphery (Xe), when
the contact area over which the high-pressures as-
sociated with the initial compressible stage is ex-
panding, is found.

Xe = x =
(
2rV t− (V t)2

)1/2
(3)

A new position vector can be defined, C, from
the origin to the contact periphery. This a function
of: droplet radius, r; impingement velocity, V ; and
time, t.

C =
(
2rV t− (V t)2

)1/2
î+ (V t)̂j (4)

The condition for the point at which the shock
front overtakes the contact periphery, when the con-
tact area over which the high-pressures associated
with the initial compressible stage starts to con-
tract, is suggested to be |Ċ| = C1 [11], where C1 is
the shock speed in the liquid. If eqn. 4 is differen-
tiated with respect to time, an expression for Ċ is
found.

Ċ =
V (r − V t)

(2rV t− (V t)2)
1/2

î+ (V )̂j (5)
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If the modulus of eqn. 5 is calculated, the well-
known equation for of the radial position where
lateral outflow jetting is predicted to commence,
Xc = V r/C1, by Bowden and Field [11] is found.

|Ċ| =

√√√√( V (r − V t)

(2rV t− (V t)2)
1/2

)2

+ V 2 =
V r

x
(6)

Thus, a vectorial approach offers a convenient
and accurate alternative methodology to derive key
equations for liquid droplet impingement.

3.2. Impingement of jet with surface described by
second order polynomial

In this subsection, the vectorial methodology is
applied to understand the impingement conditions
where a coherent volume of liquid, shaped in the
form of an elliptic paraboloid (a quadratic rotated
around its axis of symmetry), impinges a solid, pla-
nar surface. As this situation is also axi-symmetric,
it can be simplified to the 2D case of a parabola, de-
scribed by a second order polynomial y = ax2, im-
pinging a planar surface, represented by a straight
line. The coordinate system continues to be fixed
to the liquid, thus the previous expression for B
(eqn. 2) remains the same. However, a new expres-
sion for A is required due to the change of form,
where a is the coefficient of the second-order term.

A = (x)̂i+
(
ax2
)
ĵ (7)

As previously, if the coefficients of ĵ are equated
and re-arranged, this time for eqn. 7 and 2, an equa-
tion for the radial position of the contact periphery
(Xe) is found.

Xe = x =

√
V t

a
(8)

The position vector, C, which is now a function
of a, V and t, can be defined from the origin to the
contact periphery.

C =

(
V t

a

)1/2

î+ (V t)̂j (9)

Applying the Bowden and Field [11] condition,
via calculating Ċ from eqn. 9, then |Ċ|, and finally
equating to C1, leads to an expression for the time

at which the shock front overtakes the contact pe-
riphery, tc.

tc =
V

4a(C1
2 − V 2)

(10)

3.3. Equivalent droplet radius

As described in the introduction to this section,
the impulse of the impinging liquid was been used
to generate an expression for the equivalent droplet
radius. The desired expression will be of the form
r = f(a), where a is the coefficient of the second-
order term in the quadratic expression (y = ax2),
where this second-order polynomial is used to de-
scribe the axisymmetric high-speed jet front. The
expressions derived in the previous sub-sections are
used in order to derive this. Impulse (J), the inte-
gral of force (F ) with respect to the time of appli-
cation (from t1 to t2), is described mathematically
as:

J =

∫ t2

t1

Fdt (11)

During the compressible stage, when the high-
pressures are applied, the magnitude of the pres-
sure is often assumed to be constant and uniform
[3]. The ‘water-hammer’ pressure (p), is calculated
using eqn. 12, which is commonly attributed [31] to
Cook [32]. ρ1 is the density of the liquid.

p = ρ1C1V (12)

Whilst the pressure is considered time-invariant,
the area of application (A) is not; it varies and can
be sub-divided into two phases of the compressible
stage [4]:

(1) 0 to tc The contact periphery is expanding,
leading to a circular area of application, which
is increasing in size, with a radius of Xc. This
expansion continues until the shock front has
overtaken the contact periphery, when t = tc
and Xe = Xc.

(2) tc to tr The circular area of application, with a
radius of Xr, is now contracting as the release
wave propagates from the contact periphery to
the central axis. When t = tr the compressible
stage is complete.

Calculating the total impulse of the compressible
stage is most conveniently done by considering the
two phases separately and then summing. This is
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shown in the equation below, where pπr2 has been
substituted for F .

J = pπ

∫ tc

0

X2
edt+ pπ

∫ tr

tc

X2
rdt (13)

In order to solve eqn. 13 for a jet front described
by a quadratic rotated around its axis of symme-
try and sphere of liquid, both impinging a planar
surface, expressions for Xe, Xr, tc, and tr are re-
quired for each. As previously described, for a
sphere of liquid on a planar surface, these expres-
sions have been available for many decades (see En-
gel [2] or Adler [8]). For the jet-front described by
a quadratic (rotated around its axis of symmetry),
eqn. 8 gives Xe and eqn. 10 gives tc. Therefore,
expressions for Xr and tr still needed to be found.
However, before this is described, a useful approxi-
mation of eqn. 10 is made, the expression for tc. For
the impingement of water droplet on aeroengine fan
blades, C1 is approximately an order of magnitude
greater than V [4], thus:

tc =
V

4a(C1
2 − V 2)

≈ V

4aC1
2 (14)

For an axisymmetric impingement, the position
of the release wave can be described by eqn. 15 [4].

Xr = Xc − C1(t− tc) (15)

Thus, eqn. 15 can also be used for the jet-front
described by a quadratic, where the expression for
Xc can be found by substituting eqn. 14 into eqn. 8:

Xc =

√
V tc
a

≈

√
V 2

4a2C1
2 =

V

2aC1
(16)

The final expression required, tr, is found by us-
ing the expression for Xr, eqn. 15. When Xr = 0,
t = tr. Thus, if eqn. 15 is set to equal zero and
rearranged, eqn. 17 is found.

tr =

√
V tc

aC1
2 + tc (17)

Now that all the expressions (for Xe, Xr, tc, and
tr) have been found for both a quadratic rotated
around its axis of symmetry and sphere of liquid
impinging a planar surface, an expression for the
impulse of the loading of the compressible stage for
each can be calculated via eqn. 13. Table 3 sum-
marises the expressions that were substituted into
eqn. 13 to give the values of impulse for sphere of

Table 3: Expressions substituted into eqn. 13

Quan-
tity

Spherical droplet Jet quadratic-
front

Xe Equation 3 Equation 8
Xc V r/C1 Equation 16
tc rV /2C1

2 Equation 14
Xr Equation 15 Equation 15
tr 3rV /2C1

2 Equation 17

liquid (Jdroplet) and jet described by a polynomial
(Jjet). These solved integrals, which have then been
simplified, are shown below:

Jdroplet ≈ pπ
r3V 3

C1
4

(
7

12
− V 2

24C1
2

)
(18)

Jjet ≈ pπ

(
7V 3

96a3C1
4

)
(19)

A useful approximation to the expression for
Jdroplet (eqn. 18) can be made, using the same prin-
ciple employed earlier. As C1 is approximately an
order of magnitude greater than V , one can ignore
the second term in the expression, as this will be
comparatively small. If this form of eqn. 18 and
eqn. 19 are set equal to each other (Jdroplet = Jjet)
and the equation simplified, the following relation-
ship between r and a results:

r ≈ 1

2a
(20)

Despite its simplicity, eqn. 20 provides a good
‘equivalent’ radius, based on the conservation of im-
pulse imparted during the compressible stage. Fig-
ure 7 shows the expected temporal variation in force
for a typical jet produced by the rig and by a droplet
with the equivalent radius. As will be shown in
the results section, typical values of impingement
velocity and equivalent radius were 230m s−1 and
2.5mm (from a typical value of a of 200) for the runs
conducted. The temporal variation in the force,
and thus the overall impulse, for both the jet with
a curved-front described by a rotated quadratic and
the spherical droplet are almost identical.

4. Results

4.1. Characterisation of high-speed jets

The frame rate (500 kHz) of the ultra-high-speed
recordings of the jet crossing the stand-off distance

9



Figure 7: Comparison in temporal variation in force for jet
and a droplet with the ‘equivalent’ radius

enabled the jet velocity and shape to be evaluated
at an average (median value) of 24 positions for each
run. With this volume of information, it has been
possible to measure in detail the evolution of the
jet as it traverses the stand-off distance. Figure 8
shows how the jet velocity increases with distance
from the orifice. All runs show a similar trend of
greater acceleration initially, with the rate of in-
crease of velocity decreasing as the jet travels fur-
ther. Impingement velocities (samples are approx.
10mm from orifice) range from 210 to 250m s−1.
Figure 9 shows how the curvature of the jet

evolves across the stand-off, where eqn. 20 has been
used to calculate the equivalent radius. In this fig-
ure, the results from three runs, which do not fit
the general trend, have been plotted using an al-
ternative marker. For the majority of runs, there
appears to be an initial period where the equiva-
lent radius increases and then, after travelling ap-
proximately 3mm, the equivalent radius stabilises
between 2mm and 3mm. However, as the jet trav-
els further the spread of values of equivalent radius
increases, with the spread of values considerably
tighter at a stand-off of 5mm than 10mm.

4.2. Impingement of planar specimens

Figure 10 shows an example of the damage vis-
ible, under light microscopy, when a planar spec-
imen of PMMA was impinged by a high-speed
curved-fronted water-jet. An approximately circu-
lar central undamaged region is observed, with a
deviation from the circular shape in the top right

Figure 8: Variation in jet velocity across stand-off distance

of the micrograph. Other features include the short
circumferential fractures beyond the main, approx-
imately annular, region of disturbance to the sur-
face. The images taken by the ultra-high-speed
camera, and subsequent analysis, measured the im-
pingement velocity of the jet to be 220m s−1. The
equivalent droplet radius was towards the larger
end of the range produced, with a value of 3.7mm.
This, in turn, lead to a prediction for the point
where the shock front overtakes the contact periph-
ery, 424 µm from initial point of contact, to also be
at the larger end of values expected. Equation 16
was used to make this prediction. This has been
annotated on fig. 10 in the form of a circle with a
radius equal to this predicted value.

Figure 11 shows the results of scanning the same
damaged sample shown in fig. 10 with a 3D pro-
filometer. An approximately annular depression is
observed in the surface, with a deviation in the
top right. In order to improve the clarity of the
plastically deformed regions of the surface, the full-
range of heights measured has not been shown in
fig. 11(a). Instead, a reduced range has been plot-
ted, with white corresponding to values of height
both greater than or equal to 0.5 µm, black to val-
ues less than or equal to −0.5 µm. This is not the
case in fig. 11(b), where the raw data has been plot-
ted. The line AB (in fig. 11(a)) was selected to bi-
sect the annular depression. Figure 11(b) shows the
two sides of the depression, with a depth of the or-
der of hundreds of nm. The displacement across the
central undeformed region, along AB, is 920 µm.
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(a) 3D surface profile, any values of height greater than
0.5 µm are shown as white and any values less than
−0.5µm as black.

(b) Surface profile along line AB defined in fig. 11(a).

Figure 11: Surface profilometry measurement of sample shown in fig. 10.

Figure 9: Variation in equivalent droplet radius across stand-
off distance

4.3. Impingement of curved specimens

Figure 12 shows a light micrograph of the damage
observed on a curved specimen, with a 6mm radius
of curvature. Dark-field illumination was used in
order to improved the visibility of the fractures. Al-
though the same features are present (as observed
on the planar surface), their shape differs signif-
icantly. The damage features are not symmetric
around the central axis of the jet; they are in the
form of an oval, as opposed to approximately cir-
cular form. The impingement velocity of the jet

Figure 10: Light micrograph of damage caused to planar
specimen impinged by jet at 220m s−1 with equivalent radius
3.7mm. Shock front predicted to overtake contact periphery
at 424 µm from initial point of contact.

was slightly higher in this case (compared with the
planar specimen previously described) at 240m s−1.
However, the droplet equivalent radius was signifi-
cantly less, with a value of 1.9mm. Thus, the pre-
diction for the point where the shock front over-
takes the contact periphery on a planar surface is
also less in this case; 229 µm from initial point of
contact. This has been annotated on this figure
to allow comparison between a theoretical predic-
tion that assumes surface form to be planar and
the damage observed on samples with a radius of
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Figure 12: Light micrograph (using dark-field illumination)
of a curved specimen, where plane of curvature is in hori-
zontal direction with a 6mm radius. The sample was im-
pinged by jet at 240m s−1 with equivalent radius 1.9mm.
Shock front predicted to overtake contact periphery, if sur-
face form assumed to be planar, at 229 µm from initial point
of contact.

curvature (in one plane).

Figure 13(a) shows the 3D profile of the sample
shown in fig. 12. As with the features observed in
the light micrograph (fig. 12), the annular depres-
sion remains, however, its shape has changed to an
oval. As previously, in order to improve the clarity
of the plastically deformed regions of the surface the
full-range of heights measured has not been shown
in fig.13(a) and a reduced range has been plotted
(see figure caption for details). However, the re-
moval of surface form was complicated by a slight
‘rippling’ on the surface of the PMMA rod, pre-
sumably due to small imperfections in the extru-
sion process. Thus, distinct vertical bands of the
order of a few µm are observed around x values of
0mm and 1mm. It has not been possible thus far
to remove this aspect of the original form and so
the scale selected for fig. 12 is almost an order of
magnitude greater than that for fig. 10. On initial
viewing this might lead to the mistaken observation
that the plastic deformation in the curved sample
is smaller than for the planar. However, if fig. 11(b)
is viewed (raw data, no reduced range), it can be
seen that the depth of the depression is the same
order as for the planar sample, hundreds of nm.

Figure 14 shows light micrographs (using dark-
field illumination) of typical damage observed as
the radius of curvature of the surface was varied.
Like the sample shown in fig. 12, the damage fea-

tures have been transformed from a circular shape
to an oval. Unfortunately, at radii of curvature be-
low 3mm it has not been possible thus far to image
the damaged region of the surface. Therefore, the
results of the tests conducted on samples with a 1,
1.5, 2, or 2.5mm radius of curvature have not been
presented.

5. Discussion

5.1. High-speed jet characterisation

The results suggest, when selecting a stand-off
distance there is a trade-off between achieving a
sufficiently large jet velocity and having a suffi-
ciently small spread of equivalent droplet radii. The
stand-off distance selected, approx. 10mm, pro-
vided a good compromise between achieving a suf-
ficiently high velocity to cause damage, whilst not
being at too great a distance for an unacceptably
large spread of equivalent droplet radii. As pre-
viously described, in the WDE of aeroengine fan
blades, the expected droplet radius and radius of
curvature of the leading-edge of a fan blade are ap-
proximately the same size. In this investigation,
the range of equivalent droplet diameters upon im-
pingement, 2mm to 3mm, suggest that the range
of surface curvatures tested, 1mm to 7.5mm, were
appropriate for the engineering context of this re-
search. Finally, although the acceleration of the jets
to the impingement velocity was repeatable, there
were a few cases where the development of the jet
curvature was not. This emphasises the need for
characterisation of each impingement, to ensure the
curved jet-front has formed successfully.

5.2. Impingement of planar and curved surfaces

As described in the introduction, our previous
theoretical work [4] indicated, for the WDE of aero-
engine fan blades, the form of the leading-edge (or
curvature in one plane) affects the process of im-
pingement and can not be assumed to be planar.
The experimental results in this study, more specif-
ically, the qualitative observations of the damage to
the planar and curved specimens also suggest this
to be the case. However, before this is discussed,
it is worth exploring the level of confidence we can
attribute to the results.

Firstly, the general structure of the damage, ob-
served in this study, is the same as that observed
previously with water droplets under very similar
impingement conditions (see fig. 2). In both cases,
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(a) 3D surface profile, any values of height greater than
5µm are shown as white and any values less than −2 µm
as black.

(b) Surface profile along line AB defined in fig. 13(a)

Figure 13: Surface profilometry measurement of sample shown in fig. 12.

(a) R = 7.5mm (b) R = 6mm (c) R = 5mm (d) R = 4mm (e) R = 3mm

Figure 14: Light micrographs (using dark-field illumination) of curved samples with decreasing radius of curvature (R). Plane
of curvature is in horizontal direction for all. Prediction for point where shock front expected to overtake contact periphery
(based on direct measurement of impingement velocity and jet shape), if surface form assumed to be planar, is shown as an
annotation in each case.

there is a central undamaged region, surrounded by
an annular depression, which is then surrounded by
short circumferential crazing fractures. It is also re-
assuring that the depth of deformation in both cases
is of the same order (hundreds of nm). Finally, the
radius of the central undamaged region is expected
to strongly correlate with the point at which the
shock front overtakes the contact periphery (Xc).
For the planar PMMA sample shown in fig. 10, Xc

is predicted to be 424 µm, compared with the mea-
sured radius of the undamaged region of 460 µm.

In addition to the damage observed, the quanti-
tative characterisation of each impingement is also
a source of confidence. The developments in ultra-
high-speed digital imaging and it processing, have
allowed this study to have a level of characterisa-

tion of the incoming jets no previous study has been
able to enjoy. This characterisation enabled the
curved jet-front form to be described more accu-
rately, as a rotated quadratic, for which the equiv-
alent droplet was defined using an established the-
oretical approach (‘Guided Acoustic Shock’). How-
ever, it should be noted that there is some evi-
dence of asymmetry in the high-speed jets; on some
impingements conducted on planar specimens the
damage is not always perfectly circular (as is the
case in fig. 10).

Given the above, it is hard to offer an alterna-
tive explanation, than change of surface form, for
the significantly different shape of damage between
the planar and curved samples. All the light mi-
crographs have been annotated with the circle that
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should mark the edge of the central undamaged re-
gion if surface form can be neglected and assumed
to be planar. However, a significant change in the
geometry is visible on the curved samples; the cir-
cular form of the damage changes to an oval. This is
consistent with our theoretical prediction [4], where
the shock front is predicted to overtake the contact
periphery earlier circumferentially (on the plane of
curvature) than along the length of the leading-
edge. If this theoretical prediction were not cor-
rect, a circular damage pattern on the surface of
the curved samples, as indicated by the annotations
on the figures, would be expected. Yet, the results
suggest that this is not the case and that the form
of the surface is significantly affecting the impinge-
ment.

5.3. Implications for WDE of aeroengine fan blades

Unlike many other studies investigating WDE, in
this work, the volume of material loss has not been
calculated, nor the microstructual aspects of the re-
sponse of the material tested (PMMA) explored in-
depth. This is because, although interesting, these
activities would be peripheral to the central purpose
of this study. The purpose of using PMMA was to
explore the effect of surface form, more specifically
curvature (in one plane), on an individual high-
speed impingement, using a material where the re-
sponse is measurable and well-understood. Why?
Because when the theory was extended [4] to in-
clude a radius of curvature it suggested the load-
ing of an individual high-speed impingement would
be significantly different, ergo, potentially a signif-
icantly difference process of WDE. However, this
had never been confirmed experimentally.
This study provides qualitative experimental

confirmation of the theory, but what does the mean
for the process of wear; the mechanisms of WDE?
This is a question that is likely to take a number of
further studies to answer, however the theory pro-
vides insight. The reason why the surface curva-
ture effects the high-speed impingement is, due the
change in geometry, the shock front in the water
does not overtake at all points on the contact pe-
riphery in unison, as would be the case for a planar
surface; it occurs first on the plane of most curva-
ture (around the leading-edge) and last along the
plane of least (along the length of the leading-edge).
This has implications for all four general mecha-
nisms of WDE. Both direct deformation and stress
wave propagation are now the result of an asymmet-
ric loading through a reduced cross-sectional area.

Lateral outflow jetting is likely to be more severe
around, than along the length of, the leading-edge.
Finally, hydraulic penetration, which is dependent
on the previous three mechanisms to change the
surface profile sufficiently to become active, is now
likely to be different due to a new set of initial con-
ditions and changed surface geometry to erode.

WDE is a dynamic and complex process of wear,
yet it is plausible that an asymmetric impingement
process is likely to lead to an asymmetric process
of WDE. This asymmetry may lead to increased
erosion occurring around, than along the length
of, the leading-edge and that material and surface
properties in the plane of greatest curvature are
of increased importance in determining erosion re-
sistance during the early stages of WDE for aero-
engine fan blades. These ideas and their investiga-
tion are the next steps of this work.

6. Conclusions

An established experimental method, using novel
characterisation provided by ultra-high-speed imag-
ining, has been used to investigate the effect of form
on a high-speed droplet impingement. This is an
essential precursor to developing a more complete
understanding of how the form of the leading-edge
influences the Water Droplet Erosion of aeroengine
fan blades. The main conclusions were:

• The high-speed curved-fronted water-jets are
accurately experimentally recreating a high-
speed water droplet impingement.

• Ultra-high-speed digital imaging allows these
impingements to be characterised with an ac-
curacy not previously possible.

• The curvature of the surface (in one plane)
significantly influences a high-speed droplet
impingement, in a manner qualitatively con-
sistent with the theoretical predictions made.
This is likely to have significant implications
for the WDE that occurs as a result.

The results shown here offer strong evidence in
support of theoretical predictions made, yet they
do not yet constitute a validation. For this to be
achieved, quantitative comparison is required. This
has started but is not yet complete and more results
are required before this can be shared. However,
the first steps in verifying the theoretical prediction
have been made and more complete theory of WDE
for aeroengine fan blades is emerging.
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Nomenclature

a Coefficient of second-order term in
quadratic function describing jet front

A Position of droplet/jet periphery (m)
B Position of solid surface (m)
C Position of contact periphery (m)
C1 Shock velocity in liquid droplet/jet

(m s−1)
F Force (N)

î Unit vector in x-direction (m)

ĵ Unit vector in y-direction (m)
J Impulse (N s)
Jdroplet Impulse due to droplet impingement

(N s)
Jjet Impulse due to jet impingement (N s)
J Impulse (N s)
p Pressure (Nm−2)
ρ1 Density of liquid droplet/jet (kgm−3)
r Radius of liquid droplet/equivalent ra-

dius of jet (m)
R Radius of curvature (in one plane) of solid

surface (m)
t Time from start of impingement (s)
tc Time at which shock front overtakes con-

tact periphery (s)
tr Time at which pressure release wave

reaches central axis; duration of com-
pressible stage (s)

V Impingement velocity (m s−1)
Xc Position of contact periphery when t = tc

(m)
Xe Position of contact periphery relative to

central axis (m)
Xr Position of pressure release wave head

(m)
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