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Abstract

The water droplet erosion (WDE) on high-speed rotating wheels appears in several engineering
fields such as wind turbines, stationary steam turbines, fuel cell turbines, and turbochargers. The
main reasons for this phenomenon are the high relative velocity difference between the colliding
particles and the rotor, as well as the presence of inadequate material structure and surface param-
eters. One of the latest challenges in this area is the compressor wheels used in turbochargers, which
has a speed up to 300,000 rpm and have typically been made of aluminum alloy for decades, to
achieve the lowest possible rotor inertia. However, while in the past this component was only
encountered with filtered air, nowadays, due to developments in compliance with tightening emission
standards, various fluids also collide with the spinning blades, which can cause mechanical damage.
One such fluid is the condensed water in the low-pressure exhaust gas recirculation channel (LP-EGR)
formulated at cold starts and low-speed high load conditions. This kind of design has been developed
to reduce nitrogen oxide emissions and is used in both gasoline and diesel engines. This article
presents a state-of-the-art review of this WDE process, focusing on the formation of the condensed
water before the compressor wheel, summarizing the influencing factors of WDE and the effects of
the damage including using component testbench experiences and simulation methodologies.
Inspection possibilities such as high-speed camera measurement and vibration analysis are also an
important part of the document.
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1. Introduction

hile the automotive industry is increasingly

focusing on the development of electric drive-

trains, mainly because of their zero local exhaust
emission, there are several arguments in favor of further devel-
opment of internal combustion engines. One argument is the
recent widespread use of life-cycle CO, emission assessment,
which, according to the research of Del Pero et al. [1], shows
that the balance is only tipping in favor of electric powertrains
when electricity is generated from renewable sources. However,
the renewable sources are barely 8.5% of the global energy
mix, as observed in Figure 1 [2] without a medium-term
forecast of significant increase.

A further argument is the increasing use of hybrid
vehicles, a type of drivetrain with an internal combustion
engine optimized for a narrower speed range, thus with lower
consumption and emissions, but with a longer range than a
pure electric vehicle. It is also worth considering the area of
commercial vehicles, heavy machinery, ships, and stationary
engines where the size of the masses to be moved, or the high-
power levels required for operation, may not make it econom-
ical to develop electric drivetrains according to Serrano et al.
[3]. In these areas, it is assumed that turbocharged diesel
engines will continue to prevail and maybe evolve into H,-
propelled combustion engines.

However, in addition to CO, emission reduction, a selec-
tion of additional requirements must be met at the production
of ICEs. One of these is the reduction of nitrogen oxide emis-
sions, which is the greatest challenge of nowadays’ develop-
ment. According to the latest European legislation, EUR6d
ISC-FCM [4], the maximum NO, emissions for passenger car
diesel engines manufactured after January 1, 2021, must
be less than 80 mg/km, while for petrol engines the maximum
NO, emissions is 60 mg/km [5]. Similar targets exist in the
US, where the government aims to reduce NO, emissions by
90% between 2010 and 2024 [6]. This difficult development
challenge may be further compounded in some areas using
biodiesel as an alternative fuel, while these fuels generate more

NO, due to their longer HC chains, which result in higher O,
content [7]. Even soy, rapeseed, and palm as a fuel contains
4-8% higher amount of water [8].

An effective and now widely used solution is to recirculate
a certain amount of exhaust gas back into the cylinders, either
by means of valve control (internal EGR) or by means of an
external actuator (external EGR) to return it to the
intake manifold.

Bermiudez et al. [9] provided concrete figures on the
benefits of this combined system using engine testbench
measurements. By adapting the engine management to this
hybrid feedback system, up to 21% NO, emission and 8.5%
fuel consumption reduction can be realized during a New
European Driving Cycle (NEDC) (2.0 I high-speed, direct-
injected (HSDI) engine).

In both cases, when the same power level is reached, a
higher mass of charge is present in the cylinders, the heating
of which removes heat from the thermal cycle, reducing the
peak combustion temperature and thus NO, emissions [10,
11]. In the case of gasoline engines, exhaust gas recirculation
(especially at partload) is also associated with a reduction in
consumption, as explained by Jung et al. [12] The same power
level to be maintained at increased charge requires a larger
throttle opening, thus reducing throttle loss. Several solutions
have been developed to achieve the emission requirements
mentioned above. Initially, high-pressure exhaust gas recir-
culation (HP-EGR) installed between the exhaust ports and
the turbine was used, which drives a given amount of the
exhaust gases into the intake manifold section downstream
of the compressor (Figure 2). However, the requirement to
reduce nitrogen oxides to an ever-increasing extent required
the recirculation of more and more exhaust gas at increasing
charge pressures, which could not be fulfilled with HP-EGR
due to the pressure conditions. In 2008, this led to the intro-
duction of low-pressure recirculation, in which exhaust gas
is fed from the outlet of the particle filter to the turbocharger’s
compressor intake side (Figure 2). Serrano et al. [13] listed
the following advantages and disadvantages of using
this system.

m Evolution of world energy consumption by origin during the last 21 years. Data taken from Ref. [2].
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m Schematic of a hybrid EGR system.
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Advantages:

e There is no mass flow reduction on the turbine, thus:

= No decrease in performance

= Better gas response due to faster reach of boost pressure
* Lower charge air temperature

* There is more time for the gases to mix before they enter
the cylinder, so referring to [7], hence the charge of each
cylinder shows a much more homogeneous picture

Disadvantages:

* Expensive design due to increased part count
* Increased control response time due to longer channels

¢ The accumulated water condensate can mechanically
damage the compressor blades

Desantes et al. [14] mentioned the effect of backpressure
downstream the particulate filter, or a throttle valve upstream
of the compressor, which serves to maintain pressure differen-
tials between the channels while increasing throttling/pumping

Turbine
-
o
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g
Mixing area
/“/
_ Fresh air
Compressor

losses as a further drawback. Furthermore, Warey et al. [15]
cited the risk of clogging of the radiator between the control
valve and the intake manifold with particulate matter, as the
exhaust gas is recirculated from the particulate filter upstream
of the exhaust manifold.

The benefits of combining the two systems and using
them as a hybrid control strategy are described in [12] for a
full engine characterization field, showing that at higher
power points, where high boost pressure is required in
addition to recirculated exhaust gas, efficient NO, reduction
can only be achieved by concurrently utilizing the two
systems. Figure 3 represents a suggested usage of this hybrid
system on a complete engine map.

Siokos et al. [16] defined a characteristic field for the
consumption reduction potential of LP-EGR through vali-
dated simulations with GT-Power software, which is illus-
trated in Figure 4. It can be seen, that the lower the engine
speed and the higher the brake mean effective pressure the
lower the brake specific fuel consumption.

In addition to the control strategy, a separate study was
carried out to determine the amount of water condensate at
a given operating point (2000 rpm, 4 bar BMEP), considering
the amount and temperature of recirculated exhaust gas, and

m Efficient EGR control strategy over an engine map. Data taken from Ref. [12].
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m Brake specific fuel consumption reduction potentials with optimized LP-EGR strategy. Data taken from Ref. [16].
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the ambient air temperature. In Figure 5, the negative values
represent the condensation.

They concluded that cooling the exhaust gases below
53°C, or operating at ambient temperatures below 0°C with
more than 8% EGR would likely lead to water droplet formation.

Dimitriou et al. [17] mentioned another advantage of
LP-EGR that it allows a higher mass flow through the turbo-
charger turbine, which allows the variable turbine geometry
to open at a higher angle for the same boost pressure level,
resulting in less backpressure and decreased pumping loss
(piston displacement work). At low ambient temperatures,
high NO, emissions can also be experienced in the short
period after engine start-up until the catalytic converter
reaches its operating temperature. To reduce this, Galindo
et al. [18] recommended the use of LP-EGR, which allows
the intake system to have warmer air compared to the
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ambient to reach the operating temperature in a
shorter period.

The importance of mixing recirculated exhaust gas with
the fresh air present in the intake manifold is highlighted in
Reihani’s research [19]. The short available mixing lengths in
HP-EGR applications can cause either misfiring, or the gener-
ation of excess unburned hydrocarbons or soot. Through
component test bench studies, it has been shown that the
geometric quality of the junction between the fresh air
upstream of the compressor and the LP-EGR duct, as well as
the intensity of the eddy currents present affects the isentropic
efficiency of the compressor, the negative effect of which can
be counteracted by optimizing the junction angle, length,
and diameter.

The use of alternative fuels is one of the most interesting
and promising areas of internal combustion engine research

Condensation in the function of EGR cooler outlet temperature and ambient air temperature versus EGR mass

fraction. Data taken from Ref. [16].
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m Simplified model for LEE investigation. Data
taken from Ref. [20].
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today. The aim is primarily to increase the sustainability of
fuel production and to lower CO, and pollutant emissions.
Yudanov, M. [20] showed that the use of LP-EGR is of great
importance for a heavy-duty diesel engine using dimethyl
ether fuel, resulting in a design with low CO, and NO, emis-
sions. However, she also realized that this type of fuel can
produce even more condensate water having a higher risk of
WDE on the leading edge of the spinning compressor wheel
(leading edge erosion or LEE). In her simulation methodology,
built in StarCCM+ environment, a simplified model to repre-
sent this erosion phenomenon was used to reduce the compu-
tation times, as shown in Figure 6. This picture represents the
relative velocity of spinning wheel compared to the colliding
water droplets. It can be seen that the highest difference
appears at the outer side of the leading edge. This area has the
highest erosion rate in reality, so the author was able to show
the root reason for it in a simulation environment.

It can be concluded that the use of LP-EGR has a great
potential to reduce the desired NO, emissions and in some
cases fuel consumption, but care should be taken regarding
the mentioned disadvantages of the technology.

2. Damaging Effect of
Liquid Condensate in
Collision with Spinning
Wheel

The collision of fluids with moving parts and the resulting
wear is a widely investigated research area. In order to under-
stand the basic principle and to determine the effecting
factors, several researchers developed methods and hypoth-
eses. Regarding Heymann’ theory [21], during the water
droplet impact on a solid surface, a shock wave is formed
inside the droplet, and it breaks away at a specific moment,
then spread toward as lateral jets. During this process, the
energy released from the impact pressure transforms to the
kinetic energy of lateral jet. Amirzadeh et al. [22] extended
this theory with the consideration of the solid surface quality
what could create four different erosion mechanism such as
direct deformation, stress wave propagation, lateral outflow
jetting, or hydraulic penetration. Based on his research, the
damage mechanisms during the incubation period are mainly
direct deformation and stress wave propagation. However, as
the surface roughness is increasing, the lateral jetting and the
hydraulic penetration mechanisms are activated (Figure 7).

Li et al. [23] suggested a possible method for lifetime
prediction of turbine blades by defining the peak stress from
the duration of impact, the impact speed, and the diameter
of the droplet. Another key aspect in lifetime prediction is to
calculate the rate of erosion of a surface. They build an erosion
rate (E) equation as the following formula:

a p
Eer M VoA gt Eq. (1)
mref ‘/ref dref

where k is the erosion rate constant, 1 is the droplet mass flow
rate, m,, is the reference droplet mass flow rate, V is the

m Liquid-solid impact, stress and shock wave formation, and possible microcrack/fatigue caused by water drop-solid

impact. Data taken from Ref. [23].

High-density region
(disturbed region)

Contact angle

Shock wave front in
the water drop

VW

Possible locations of microcracks £~

\; s (contact edge points)
e’

(high stress points)

© Richard Takacs

High-pressure point

A

\-
Stress wave front

Stress wave in solid




658

Takéacs et al. / SAE Int. J. Engines / Volume 17, Issue 5, 2024

droplet impact velocity, V. is the reference droplet impact
velocity, d is the droplet diameter, d,;is the reference droplet
diameter, HV is the Vickers hardness of the base material, and
a (5.1), B (2), y (—0.048) are exponents. Hammitt et al. [24]
claimed that the describing factors that determine the level
of influence of a liquid droplet impact on a solid surface can
be classified into three groups: (a) speed of impact; (b) material
and liquid properties; (c) geometrical aspects (angle of impact,
surface roughness, shape and size of droplets). There is no
complete agreement, but from the viewpoint of material prop-
erties and its effect on WDE, some researchers mentioned not
just the hardness of the base material, but the ductility,
fracture toughness, and fatigue limit too. A deeper study [25]
on the effect of the impact angle highlighted the importance
of it on incubation time.

To compare different types of methods and approaches
for the same purpose, it’s essential to define a standard proce-
dure. Most of the time, researchers use the ASTM-G73-10 [26]
standard for WDE and leading edge protection investigations.

As it was mentioned earlier, this phenomenon occurs in
many engineering fields. Chen et al. [27] and Castorrini et al.
[28] conducted simulation studies on wind turbine blades to
map the wear patterns (highlighted in Figure 8) and aerody-
namic characteristics caused by interacting raindrops. They
identify aerodynamic performance loss as a primary conse-
quence and recommend the application of coatings to avoid
this phenomenon. Dashtkar et al. [29] detailed various coating
techniques, such as sol-gel thin film technique, gelcoat, and
polyurethane-based surface coatings, and pointed out that
without these, aerodynamic performance loss can be as high
as 20-25%.

Erosion mainly affects the leading edge, i.e., the edge of
turbine blades facing the rotational direction. The reason for
erosion occurring at the leading edge is the magnitude of the
peripheral velocity of the rotating blades being the highest,
causing the largest velocity difference with respect to the
impacting raindrops. A formula is given for the erosion rate,
where the extent of the phenomenon is linearly proportional

m Leading edge erosion (LEE) of a wind turbine.
Data taken from Ref. [29].
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to the number of impacting particles, the fourth power of the
impact velocity and the third power of the drop diameter.

vV, =cV'dn, Eq. (2)

Dashtkar et al. [29] pointed out that material quality and
surface roughness also play an important role in the phenom-
enon. In case of material quality, it is mainly a decrease in
hardness, while in the latter a higher degree of surface rough-
ness causes greater erosion wear. Mohamed et al. [30]
mentioned the use of other leading edge protection methods,
such as in-mold coating, where components (e.g., epoxy, poly-
ester) are mixed into the material itself to increase its resis-
tance. In case of post-mold coatings, a protective layer is
applied in the form of a spray or paint. The article highlights
polyurethane having an excellent resistance to erosion and
sees great potential for erosion reduction through nanopar-
ticles in the material structure.

This phenomenon also poses a major challenge for heli-
copter rotor designers, as these vehicles can often operate in
heavy rain and sandstorms. To create wear-resistant blades,
Weigel [31] investigated 74 different structural and material
qualities of coatings specifically designed to protect against
raindrop impact.

Steam turbines also exhibit erosion. Ahmad et al. [32]
describes how steam, which expands continuously, can already
appear as a liquid on the last blade rows, and its collision with
the rotating blades causes erosion. The extent of erosion is
primarily linked to the speed of collision, and the size of water
droplets. Similar conclusions were reached by Gruttola
et al. [33].

Regarding installed gas turbines, research of Surendran
et al. [34] highlighted the improvement of the isentropic effi-
ciency of compression by the introduction of water droplets,
thus reducing the energy consumption of the plant. Their
measurements have demonstrated that the presence of water
results in lower polytropic displacement during compression,
so that the pressure ratio can be increased to a greater extent
for the same energy input. Thus, the protection of the blades
from LEE becomes more essential.

At the earlier mentioned and described areas, the
spinning wheels relatively allow rotating speeds compared to
the followings, but it’s important to note, that due to the rela-
tively big sizes, the circumferential speeds can be high, that’s
why the water droplet erosion is so significant. Aircrafts with
jet engines are also often exposed to weather conditions that
can damage the propulsion system when it encounters
different forms of water. Rain droplets and ice crystals can
cause damage to the blades of the compression stages and can
also affect the combustion process, according to Murthy [35].
Another aspect is the aircraft part materials chosen because
of the trade-off—mentioned by Tobin et al. [36] —between the
properties to allow the transmission and reception of radar
signals and their typically lower erosion resistance.

Wittmann et al. [37] also detected WDE in a fuel cell
turbocharger investigation. The erosion craters were limited
to a vertical strip of the side of the suction and it was very
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m Water droplet erosion on a fuel cell

turbocharger’s turbine blade. Data taken from Ref. [37].
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close to the leading edge. From here in the direction of flow,
the number and size of impact craters decreased as shown

in Figure 9.

Karstadt et al. [38] has extensively studied the effects of
this phenomenon on turbochargers. He found that the forma-
tion of condensate water in the LP-EGR duct for turbo-
chargers, as described earlier, is a function of the following
engine parameters:

* Temperature of the ambient air
* Humidity of the ambient air

* Amount of ambient fog

¢ LP-EGR ratio

* Current load case of the engine

Not only does the collision of water particles with the
impeller and the resulting blade abrasion reportedly cause a
reduction in isentropic efficiency, but high speeds (up to
200,000 rpm) can easily cause the entire rotor assembly to
become unbalanced, leading to unwanted acoustic noise or
even failure of the entire assembly. Therefore, it is extremely
important to investigate this area.

As detailed by Rieger et al. [39], the extent of damage to
the compressor wheel is indicated by the following factors:

¢ Impact velocity
* Volume flow of the condensed water
e Impact angle

* Diameter of the water droplets (Figure 10)

In their component test bench experiments, they inves-
tigated the effect of these factors (shown in Figure 11),
distinguishing between wall flow and free radius collision
cases. Under certain conditions, the former caused the
blade edges to buckle, and the latter caused the blade
frontal surface to buckle. When varying the size of the
water droplets it was shown that an increase in size in the
100-470 pm range leads to increasing erosion coefficient,
but no significant change was detected above this size level
at a given rotational speed over a given unit time, as shown
in Figure 8.

A more precise assessment of erosion damage was carried
out by electron microscopy, which showed that the wear was
largely due to mechanical impact and to a lesser extent to
chemical corrosion.

m Influencing factors of water droplet erosion: (a) droplet speed and water column; (b) impact angle and the duration
of the impact; (c) droplet diameter and water column. Data taken from Ref. [39].
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m Erosion effect of different water droplet sizes.
Data taken from Ref. [38].
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As mentioned in the introduction of [39], the phenom-
enon of wear can cause both serious acoustic and rotor
dynamic problems, the latter of which has been investigated
by vibration measurements. It was found that despite the
damage, turbocharger vibration amplitudes remained below
the maximum specified value.

Measurements were also carried out to investigate the
isentropic efficiency of the compressor, which showed that the
evaporative enthalpy of the condensate present removes heat
from the compression process, thus increasing the value of
this characteristic, but resulting in a lower isentropic efficiency
due to the damage, which may negatively affect the volumetric
efficiency of the engine.

As a further test case, the speed of the compressor was
varied at the same water particle size and flow rate, which
revealed that no significant damage occurs below a certain
speed, while increasing the speed results in more severe
damage and wear. However, no mathematical function for
this relationship has been defined.

To protect the blades, a coating layer was developed,
which showed excellent resistance to erosion, but no chemical
or structural explanation was given.

Castorrini et al. [28] investigated the threshold damage
velocity (vp) and defined the following formula:

Eq. (3)

where p,, and c,, are the density of the water and the compres-
sional wave speed in water, d,, is the droplet diameter, K,, is
the fracture toughness of the target material, and c,, is the
Rayleigh wave velocity of the target material.

Galindo et al. [40] showed that under specific operation
conditions, the condensation is present for up to 10 minutes
after a cold start. This has a significant impact on the lifetime
of the compressor.

Serrano et al. [41] defined an equation in which the dew
point temperature T, can be calculated from the relative
humidity and ambient temperature as follows:

T,, = ‘8/%(112+0.9T)+(0.1T)—112 Eq. (4)

where T'is the ambient temperature, RH is the relative humidity.

The amount of water condensate produced is determined
in most of the literature by testing. However, several analytical
methods have been developed by Nyerges et al. [42] to obtain
the desired value in a time and cost-effective manner, such as
the “Estimation by the engine volumetric efficiency and by
the oxygen mass fraction changes.”

Other important factors influencing the extent of damage
are the hardness of the material and the surface roughness,
according to the research of Kirols [43]. The latter mainly
affects the length of the incubation period, while the former
is directly proportional to erosion resistance raised to the
power of 2.5.

3. Solutions to Simulate
Condensation and
Damage

Nowadays, the use of simulation methods is essential in a
development process. However, it is not only a question of
representing reality as accurately as possible, but also of
creating complex mathematical and physical models that
would be difficult or impossible to test in real life.

The condensation phenomenon mentioned in the
previous chapter and the process of compressor wheel dete-
rioration fall into this category. An example was demonstrated
in the research of Galindo et al. [44] using Star CCM+ software
with a simplified model, where two throttle valves were placed
in the intake system, one at the beginning of the LP-EGR duct
and another in front of the mixing point of the recirculated
exhaust gas and air from the environment. Different angular
positions of the implemented throttle valves cause different
degrees of turbulence, with an increase in turbulence leading
to a higher degree of condensation. The phenomenon depends
on the temperature and humidity of the ambient air and recir-
culated exhaust gas, and it is also important to consider the
corresponding pressure values.

The article also identifies the section after the LP-EGR
cooler, and after the LP-EGR and intake duct junction as
potential locations for condensation, especially in cold starts
with cold intake ambient air temperatures.

It’s important to mention that the purpose of Galindo’s
model is focusing on the root reason (condensed droplets
collision) of WDE instead of wear prediction.

Specifically for the study of water droplet erosion (WDE),
Andreoli et al. [45] developed a simulation model that can
predict and describe the damage process more accurately than
previous models (e.g., Springer’s model), by considering the
hardness and surface roughness of the material. The process
is characterized by three stages illustrated in Figure 12 as a
function of the amount of water in contact.

Andreoli denotes the aforementioned stages as:

I. Incubation period where surface roughness increases
with no material loss (generation of micro-cracks)



m WDE curve. Data taken from Ref. [45].
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II. Transitional period in which the erosion rate (V)
increases to its maximum V,,,,, whose value is kept
for a certain time, and then decreases
III. Steady-state period with constant erosion rate (V,,)

He also identifies the size of the water droplets as the main
parameter influencing the extent of damage and proposes a
mathematical description in the following forms:

* Models based on the similarity between fatigue damage
and erosion process

* Models linking the erosion damage to the amount of
energy applied to the surface

* Models entirely based on experimental data

For 20Kh13 steel as a base material, Seleznev et al. [46]
calculated the erosion rate by varying the velocity of the
impacting particle and its diameter in a series of measure-
ments. The results are in agreement with the practical conclu-
sions of [38], but present full curves of erosion instead of
working points. The effect of the magnitude of these two
parameters and the amount of water on erosion are also clearly
shown in Figure 13.

Eisenberg et al. [47] used several sources and models to
develop an analytical formula for calculating the number of
impacts required to initiate damage (N;).

89

57
N =35
&Y

The magnitude of the above parameter is inversely
proportional to the square of the diameter of the impacting
particles (d), as well as with the (P), and directly proportional
to the hardness of the material (S).

In their study, Chaboche and Lemaitre [48] highlighted
that for a precise erosion prediction model due to water droplet
impact, a time- and temperature-dependent plasticity model
must be implemented for the eroded solid material.

Eq. (5)
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m Curves of erosion wear for 20Kh13 steel at

different collision velocities and droplet diameters. Data taken
from Ref. [46].
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4. Material Technology,
Coatings, and Other
Solutions to Reduce
WDE

The protection of wind turbines, steam turbines, and other
industrial rotor’s LEE is also a widely investigated area. Most
of the researchers defined two different categories of protec-
tion, namely the in-mold and the post-mold techniques. The
first one applies a coating layer of similar material as the base
matrix material (polyurethane, epoxy, polyester) in the mold
during the manufacturing process, while the post-mold
solution uses rollers or spray to apply a flexible coating on the
surface. Regarding Herring et al. [49], the former method has
an advantage of no additional step in the manufacturing
process (which means a lower cost solution at the same time),
while the latter is more ductile and have a low impedance.
Leading edge protection tapes also provide a possible solution,
but Amirzadeh et al. [50] showed that they can degrade the
aerodynamic performance.

In his study—made with martensitic stainless steel and
Ti6Al4V—Kirols et al. [51] described a practical tool to delay
the WDE by improving the final surface quality and by
reducing the initial surface roughness of the base material.
Compared to the coating techniques, this means a lower
cost solution, but it could be more difficult to implement it
on complex surfaces. Mahdipoor et al. [52] studied and
reached good results with a so-called high-velocity oxygen
fuel (HVOF) sprayed coating technique for the same
purpose. This methodology uses injected oxygen in a
(combustion chamber where the melting heat generated
from the ignition and the momentum of propulsion of the
particles into the substrate. They used this type of coating
on WC-12Co material with different microstructures. They
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found a correlation between the WDE resistance and the
microstructure of the coating, that’s why the spraying
process must be well controlled. The main advantages of
this technique compared to other thermal spray processes
are the higher strength bond to the underlying substrate
and improved cohesive strength within the coating,
smoother as-sprayed surface due to higher impact velocities
and smaller powder sizes and thicker coating due to less
residual stresses. However, HVOF spraying requires expe-
rienced, qualified personnel to ensure safe operation and
to achieve consistent coating quality and the powder sizes
are restricted to a range of about 5-60 pm, with a need for
narrow size distributions.

There are only a few literatures on the avoidance of water
particle collisions in turbochargers. A possible geometrical
solution could be right choice of the mixing flow field area,
but there are only a few existing solutions published. Although,
Galindo et al. [53] demonstrated that a careful design of the
LP-EGR and fresh air connection can prevent the mixing
between streams from happening, which results in a limited
interaction to a thin surface and thus the condensation can
be reduced significantly, Reihani et al. [19] concluded that it
has a high effect on the compressor isentropic efficiency,
mainly at higher rates of EGR. However, the exhaust emission
trends mentioned in the introduction call for the use of
increasingly higher LP-EGR ratios, which may result in higher
water condensate concentrations and thus higher levels of
damage or damage before the design time. Due to the high
operating speed range, the low weight of the structure, and
the low rotor inertia to achieve a dynamic gas reaction, turbo-
charger impellers are usually made of aluminum alloy due to
their low specific weight. Common alloying elements are
copper, magnesium, and nickel. Today, the development of
3D printing and the major advances in plastic manufacturing
technology have made it possible to research a version of the
impeller manufactured through additive technologies.
However, Andrearczyk et al. [54] showed that the use of mate-
rials manufactured by this technology does not always fulfill
the mechanical requirements appearing on the compressor
side of the turbocharger. Although considerable advantages
can be achieved in terms of rotor dynamics (improved flow
properties, better gas response, higher mechanical efficiency),
the M3 X polymerics’ thermal load capacity and the maximum
speed at which it can be used are also limited. The latter has
also been verified by the author using a vibration measurement
method, where it has been shown that above 100,000 rpm the
deflection can be larger than the gap between the compressor
wheel and the surrounding housing. Mechanical contact
between these parts can even cause the entire structure to fail.
However, recirculating the exhaust gas to the compressor
required solving several problems while using this grade of
material. For unfiltered direct injection gasoline engines as
well as for diesel engines in a certain size range, the effect of
particulate abrasion must be considered. In addition, improve-
ments are needed to avoid erosion caused by water condensate
as discussed earlier. Miinz et al. [55] also attributed a corrosive
effect to the pollutants and strong acids generated in this part

of the exhaust system. Song et al. [56] attempted to achieve a
reduction in condensation with the same NO, emissions
without geometric modifications, simply by optimizing the
HP-EGR and LP-EGR control strategies. Using GT-Power
software, a light-duty diesel engine and a corresponding
condensation model were created and validated. In the end,
a 34% reduction in condensation was achieved during a
Worldwide Harmonized Light Vehicles Test Cycle (WLTC)
cycle at 23°C ambient air temperature, but with a ~1% increase
in brake specific fuel consumption (BSFC). The rationale is
that, for the same NO, emissions, a reduction in LP-EGR
volume results in a larger increase in HP-EGR (the latter
having alower NO, reducing efficiency), which overall results
in alarger amount of EGR, reduced engine efficiency, and thus
higher BSFC levels.

5. Detecting Damage on
the Compressor Wheel

The individual elements of the turbocharger rotor have
different natural frequencies, which can become resonant due
to the excitation caused by the speed of rotation, which can
lead to damage and failure. Research by Zheng et al. [57] shows
that this phenomenon is particularly relevant for large impeller
blades, where the natural frequency ranges could be the same
as the excitation frequency. The erosion caused by fluid impact
is also manifested as altered vane pass noise. Detection of this
phenomenon can provide important information about the
current state of the impeller.

Serrano et al. [58] developed a solution for visual observa-
tion in their research. A high-speed camera was used to
capture thousands of images per second, which provides
important information on the positioning of the contact
point(s) of the compressor wheel and the material/medium it
is colliding with, as well as on the flow pattern of the medium.
In addition to several different materials (e.g., air filter piece,
M6 nut, suction pipe piece), ice crystals, condensate, and
blow-by particles in liquid form were also impacted. Vibration
measurements were also carried out to detect the extent of
damage. Furthermore, thermodynamic characteristics were
also monitored in order to refer to the level of damage from
the temperature change at the compressor outlet. They found
that minor or early damage can be detected more accurately
by the vibration measuring method, while the thermodynamic
method also plays a significant role in the case of major damage.

For online condition monitoring, Sandoval et al. [59] used
the method of vibration measurement and acoustic noise
detection, with the aim to avoid complete failure of the
compressor wheel under real-life conditions. They manually
recreated some typical failures and investigated the effects of
them using 20 kHz sampling frequency from three orthogonal
vibration sensors’ signal and fast Fourier transformation for
the signal processing. They detected an increase in the vibra-
tion levels on the frequency range from 1.5 kHz to 3 kHz



during the operational failure tests, but they did not give a
deeper explanation about the reason and suggested
further investigations.

In their research, Li et al. [60] used a pressure pulsation
sensor placed near to the expected crack area of a centrifugal
compressor blade and inferred to the damage from the corre-
sponding casing vibration signals. They described also that
these signals itself cannot show a direct correlation to the
damage, but combining the process with the so-called squared
envelope spectrum method gives the possibility for
condition monitoring.

Considering the same propulsion power of the turbine,
the appearance of the compressor wheel damage due to WDE
can be detected from the change in the turbocharger’s speed
also, according to Marieta’s research [61]. The reason is the
changed air transport capacity of the damaged compressor.

6. Summary: Key Insights
of Influencing Factors,
Mitigation Strategies,
and Detection Methods
for WDE

The following general observations can be made based on the
findings of this article:

* WDE is still of great importance in many engineering
fields (wind turbine, steam turbines, helicopter rotor,
fuel cell, aircraft). In case of turbochargers, the
damaging effect of this phenomenon is caused by the
high-velocity collision of water condensed in the low-
pressure exhaust gas recirculation system with rotating
vanes, the typical impact angle, and the inadequate
material structure and surface parameters.

* The amount of wear volume by time caused by WDE is
linearly proportional to the number of impacting
particles, the 4th power of the impact velocity, and the
3rd power of the drop diameter in case of spinning
wheels with larger size and relatively lower speed. At the
range of smaller wheels with higher speed these
parameters are taking into account with a power of 5-5.2
and a power of 2. Other influencing factors are the
impact angle, the hardness, the ductility, fracture
toughness, and fatigue limit of the raw material and its
surface roughness.

* The rate of wear over time for the same water flow rate is
described by the WDE curve, which has the following
stages: incubation time, transition time, stationary time.

* The use of different types of coating techniques such as
in-mold and post-mold technique (sol-gel thin film,
gelcoat, polyurethane-based surface coatings) have
proven to decrease erosion in wind turbine applications
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and pointed out that without these, aerodynamic
performance loss can be as high as 20-25%.

* Regarding damage detection cause by erosion, the
available methods can be split into two categories:

= “In situ” early detection through acoustic/
vibroacoustic measurements, high-speed videography,
or through monitoring indirectly related parameters,
such as the isentropic efficiency of a compressor.

= “Postmortem” detection through visual inspection,
optical microscopy, or scanning electron microscopy.

* The LP-EGR system has a huge potential in NO,
emission reduction for both gasoline and diesel engines.
The biggest drawback of this system is the appearance of
condensed water. The amount of it is depending on the
humidity and temperature of the intake air, the EGR
ration, and the current load case of the engine. Cold start
and high brake mean effective pressure in the low-speed
range are considered as critical load cases.

¢ Important viewpoints and results of WDE at
turbocharger research:

= Several authors [20, 37, 40, 44] have successfully
developed 3D CFD simulations for modeling the
water condensation phenomenon showing good
correlation with real physical measurements, but
there is a lack of modeling WDE prediction on
compressor blades.

= Karstadt et al. [38] has shown that the amount of
erosion on compressor blades depends on:

= Compressor speed: no significant damage occurs
below a certain speed, while increasing the speed
results in more severe damage and wear.

= Droplet diameter: increase in size in the 100-470
pm range leads to increasing erosion coefficient,
but no significant change was detected above this
size level at a given rotational speed over a given
unit time.

= Angle of collision: the higher the angle of collision
the higher the detected erosion.

e There are several potentials for future developments
regarding turbocharger WDE investigation and
protection such as (author’s opinion based on
literature review):

= Simulation of wear and lifetime prediction of different
compressor wheels.

= Investigation of different compressor wheel materials
with different levels of hardness and
surface roughness.

= Definition of protecting techniques such as chemical
composition, coatings.

= Development of a vibration system, which can
accurately monitor the level of damage.
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Abbreviations

BSFC - Brake specific fuel consumption

¢, - Rayleigh wave velocity

c,, - Density of the water

d - Diameter of the droplet

d,r - Reference diameter of the droplet

E - Erosion rate

EGR - Exhaust gas recirculation

HP-EGR - High-pressure exhaust gas recirculation
HSDI - High-speed direct injection

HYV - Hardness Vickers

HVOF - High-velocity oxygen fuel

ICE - Internal combustion engine

k - Erosion rate constant

K,, - Fracture toughness of the target material
LEE - Leading edge erosion

LP-EGR - Low-pressure exhaust gas recirculation
m - Droplet mass flow rate

m,; - Reference droplet mass flow rate

NEDC - New European driving cycle

N; - Number of impacts

n,, - Number of impacting particles

P - Pressure of impact

RH - Relative humidity

S - Hardness of the material

SEM - Scanning electron microscope
T - Temperature

T,.,, - Dew temperature

V - Impact velocity of the droplet

V) - Threshold damage velocity

V.r - Reference impact velocity
WDE - Water droplet erosion
WLTC - Worldwide Harmonized Light Vehicles Test Cycle
p., - Density of the water
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