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Abstract. Major drive train parts for the horizontal wind turbines including the gearbox, generator, and
brake system have very high repair and replacement costs and take a long time to complete. This paper
investigates the impact of environmental air pollution on drivetrain tribology behaviors. Experimental research of
the wind turbine's drive train system is simulated and investigated. The mechanical brake system of wind turbines
is the subject of one case study chosen for this research paper. This research paper is examined how impurities
affect the friction coefficient of the brake on wind turbines. According to the findings, the friction coefficient rises
with each increase in wind turbine shaft speed. Also, it has been discovered that the size of the contaminants’
particles significantly affects the friction coefficient. Furthermore, the findings may offer helpful insights of the
drive train system that as humidity increased from 30 mm’ to 90 mm’, the coefficient of friction significantly
decreased.
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1. Introduction

Recently, the global use of power has tripled, in large part due to economic expansion. While
developed countries like the United States, Japan, and Europe still require more electricity production to
keep up with their higher consumption levels and to satisfy the expanding number of applications, Egypt's
ongoing economic growth has resulted in a significant increase in the demand for electricity. The need for
alternatives to finite fossil fuels and their negative environmental effects has propelled the wind industry's
explosive growth during the last 20 years. A wind turbine design needs to undergo advanced engineering
analysis to further increase the cost effectiveness of wind turbines, both in terms of dependability and the
design of larger turbines as well as overall cost effectiveness. From several angles, it is possible to
examine the cost effectiveness in the wind turbine sector. One of the biggest problems in this industry is
the high maintenance costs and unproductive downtime caused by faults and failures in the functioning
drive train components including bearings, gearboxes, and couplings, as cited by B. Lu et al., 2009 [6] and
K.K. Borum et al., 2006 [12]. Also, many researchers including Alex Alsyouf I. and El-Thalji 1., 2008 [1],
H. Peng et al., 2023 [20] reported that the mechanical reliability of wind turbine-based renewable
electricity generation has unique challenges when compared to utility-scale fossil fuel-based power. Due
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to the sheer number of turbines and their dispersion, maintenance is a challenging and infrequent
undertaking, and peak loads—due to unstable winds and grid faults as well as challenging environmental
factors like temperature swings and moisture lead to excessive operation. Thus, one of the more difficult
current practical tribological problems is presented by wind turbine systems. The actuators and drivetrain
of the turbine have experienced costly repairs due to contact failures in gear and bearing components.

Maalawi K.Y. and Badr M.A. 2023 [14], Babu B.C., Mohanty K.B. 2010 [4] mentioned that the
primary mechanical parts of the system are housed in the wind turbine's exterior housing, or nacelle. These
components include the power electronics, the generator, bearings, the rotor shaft, the gearbox unit, the
filtering system for lubricants, the mechanical braking mechanism, and the brakes, as shown in Figure 1.
The generator is driven by the high-speed shaft, which receives energy from the main shaft via the
gearbox. The nacelle cover and drivetrain parts are attached to a bedplate, It sits atop of a yaw mechanism
which actively points the rotor toward the wind.

Despite the wide range of wind turbine powertrain types now in use, utility-scale systems typically
fall into one of three groups as described by Q. Sun et al., 2002 [18]. The first idea entails employing two
bearings to support the primary shaft. Radial loads are carried by the bearing closest to the gearbox,
whereas loads axial and radial are carried by the bearing closest to the rotor. The primary shaft therefore
solely sends torque to the gearbox. Torque arms can be added to the gearbox unit to transfer response
torque to the bedplate since the gearbox may direct reaction torque in that direction Randall, R.B. and J.
Antoni 2011 [19], Y. Amirat et al., 2007 [24]. The second idea, referred to as a "three-point suspension”
design, an axial bearing is used to support the primary shaft close to the rotor, while the opposite end of
the shaft can be support by a radial bearing from inside the gearbox. The actual gearbox is supported by
two torque arms and positioned on the bed plate. The gearbox is directly integrated into the nacelle in the
third category of drivetrain. This design incorporates all rotor support bearings into the gearbox, which
also receives all rotor load inputs. Although this design can be viewed as favorable for reducing the weight
of the nacelle., compatibility issues between the gearbox and the other nacelle components may cause
early failure as mentioned by B. Lu et al., 2009 [6], A. Staino, B. Basu 2013[2], Peng Guo and David
Infield 2012 [17].
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Fig.1. A horizontal-axis wind turbine's main part.

The high-speed portion of the powertrain of contemporary wind turbines typically includes a
mechanical brake between the gearbox and the generator. The major function of this mechanical brake,
which is nearly always shaped like a disc brake, is to shut off the rotor when it is shutting down in order to
perform maintenance and repair work. Some turbines use the mechanical brake as a supplementary
braking method in addition to serving as a parking brake so that acrodynamic braking can be used as well.
In order to reduce the size and weight of the brake disc in larger wind turbines, the mechanical brake is
located on the gearbox's high-speed side. The mechanical brake may reduce a gearbox's dependability
because it is mounted on a high-speed shaft. When the vehicle is at rest, the braking loads often collide
with the wind turbulence forces, causing minute oscillatory movements of the gear teeth. As a result of
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these movements, the gear teeth may wear as found in M. Ragheb et al., 2011 [15], Gasch, R. and J. Twele
2012 [8], Serensen, J. D. et al., 2011, Bhutta, et al., 2012 [5].

Howell R, et al., 2010 [10], Nadica Stojanovic, et al., 2022 [16], Zhang et al., 2023 [25] reported that
the cutting and grinding from manufacturing, as well as internally induced wear wrench age, metal oxide
corrosion products, airborne abrasives entering through vents, and mechanical seals are other sources of
contaminated particles. Additionally, to particle pollution, Lubricating and hydraulic fluids also contain
trace amounts of water that dissolve. Depending on the base stock and additions. The saturation level
(maximum dissolved water content) is normally between 300 and 500 ppm. Also, Leung DY and Yang Y
2012 [13], Roman, et al., 2022 [21] showed that the free water, which collects in the system's low points,
is defined as water contamination that exceeds the saturation limit. Depending on the amount, A bout 1 Im
worth of emulsified free water droplets are remained suspended in the oil, giving it a hazy to milky
appearance. Sources of water include liquid water acquired during transit and storage as well as humidity
entering through vents and mechanical seals as mentioned by Roy Saha 2015 [22], Islam, M.R. et al., 2013
[11], G. Yu, et al., 2011 [9], Belhocine and Nouby, 2015 [3], Chellaganesh Durai, et al., 2021 [7].

According to the previously described discussions, fabrication of a new drivetrain test system to
assess the tribology behaviors of wind turbine is conducted. The effect of contaminates on the tribology
behaviors of the wind turbine brake system is studied. The effects of various-sized sand particles as
pollutants is investigated. In additions, the humidity as water spray on the mechanical brake system are
examined under different speeds and several loads.

2. General Description of Bearing Test-rig

As depicted in Figure 2, a sophisticated test apparatus is created to capture precise and trustworthy data
which are utilized to assess gearbox performance by utilizing a variety of signal processing methods. The
major goal of these experimental research is to keep an eye on how an automobile gearbox is performing at
various speeds. A 100 mV/g-sensitivity piezoelectric accelerometer is mounted on the casing to provide
vibration signatures of gearboxes. AC motor of A 7.5 kW power with a variable speed controller and a
maximum speed of 1500 rpm makes up the drive unit. A tachometer S119-LT photo-type with 0.1 rpm
resolution is used to detect the rotational speed directly. The type of bearings used is ball bearings, where
they are positioned between brake assembly and motor, and the brake mechanism is connected to the AC
motor by a mild steel shaft. A control valve-equipped hydraulic braking system is employed in order to
enforce the necessary load and show its value on a pressure gauge.

Fig.2. Test rig of wind turbine's drive train system
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To collect the vibration information, a magnetic base is used to mount a piezoelectric accelerometer
directly above the gearbox. The accelerometer's output signal is received by the dual channel vibration
analyzer, which saves it as vibration signatures. Using PULSE software and a connection linked to a
computer, the vibration analyzer's recorded data can be retrieved. The data Acquisition System that used is
3560-B Briiel & Kjaer Vibro-Acoustics type. To get reference signatures, the gearbox is tested without any
load. The test rig's vibrations are recorded and confirmed prior to the experiment in order to determine
whether there is a misalignment. To stabilize the vibration, the setup is run for 15 minutes.

3. Results and Discussion

This section defines the drive train system as the electromechanical component of a wind turbine that
transmits mechanical power from the rotor hub to the electric power generator. It consists of shafts, bearings,
gearboxes, shaft couplings, mounts, mechanical brake systems, and other functional components. This
system is crucial to the tribology of wind turbines. The mechanical braking system is chosen so that the
impact of impurities on friction coefficient, a key determinant of tribology behaviors can be studied. The
investigation of the brake system uses actual disc brakes.

The high-speed section of the powertrain of contemporary wind turbines often has a mechanical brake,
which is located between the gearbox and the generator. The main purpose of this mechanical brake during
shutdown is to lock down the rotor so that maintenance and repair work may be done. It nearly always
resembles a disc brake. Several turbines use the mechanical brake in addition to acting as a parking brake so
that aerodynamic braking can be employed as well. The mechanical brake on larger wind turbines is located
on the gearbox's high-speed side to reduce the brake disc's size and weight. Due to its placement on a high-
speed shaft, the mechanical brake may make a gearbox less dependable. At rest, braking loads frequently
clash with wind turbulence forces, causing minute oscillations in the gear teeth.

The experiment involved measuring the coefficient of friction once every second. Averaged over 60
seconds is the coefficient of friction. The friction coefficient varies over time while the testing is continuing
because the metal-to-metal contact causes deformation on the contact surface. The coefficient friction
stabilizes once the machine has been running. Figure 3 show the friction coefficient vs time for a wind shaft
rotating at 1000 rpm and 10 bar of applied pressure. At dry, standard temperature, the friction coefficient is
typically 0.35.
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Fig.3. Variation over time of the friction coefficient at 1000rpm and 10 bar.

3.1 Effect of Silica Sand Particles on Wind Turbine Brake

When braking, both the brake rotor and the brake pads are exposed to weather environmental particles,
which may have an impact on the surface quality of the brake pads in the form of moisture, humidity, or
other impurities. Several vibration experiments are conducted to determine the effect of this particle on the
brake friction coefficient. The effects of various-sized sand particles as pollutants on the mechanical brake
system are examined. As indicated in Figure 4, this experiment used silica sand particles with a size range
between 0 and 300 um that are most frequently found in the weather. There were three different silica sand
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size ranges used: 0-100 um, 100-200 um, and 200-300 um. On a brake test apparatus that is vertically
oriented, the experiments are run at various sliding speeds and applied contact forces. The outcome
demonstrates that the silica sand particles had an impact on the disc brake's surface behavior. The disc
brake's silica sand particle friction coefficient results reveal a rougher surface region with several primary
contact plateaus, wear scars, and groove structures with varying levels of roughness and sliding direction.
Figure 4 shows a plot of the impact of tiny silica sand particles at various rotational speeds.
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Fig.4. Effect small particles of silica sand with different rotational speed.
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Fig.5. Effect small particles of silica sand with different brake pressure.

The results reveal that the friction coefficient is discovered to rise with every braking speed.
Additionally, it has been discovered that the size of the particles significantly affects the friction coefficient.
Figure 5 depicts the impact of tiny silica sand particles with various braking pressures on friction coefficient.
The friction coefficient is discovered to rise with applied load. Additionally, it has been discovered that the
particles' sizes significantly influence the friction coefficient, which rises as the load increases.

3.2 Influence of Moisture Condition on Friction Coefficient

As a quick technique to introduce the moisture condition, water was sprayed on the wind turbine
mechanical braking system. This experiment demonstrated how humidity could affect the mechanical
braking mechanism of a wind turbine. As the wind turbine shaft speed grew from 200 rpm to 1000 rpm,
moisture is added to the friction, which significantly increased the coefficient friction. Additionally, it is
demonstrated that as humidity increased at each speed from 30 mm’ to 90 mm’, there is a significant drop in
coefficient friction.

The change in shear rate, which can affect the mechanical characteristics of the mating materials, may
be the cause of the increase in coefficient of friction with an increase in rational speed. At larger shear strain
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rates, these materials' strength increases. However, in the dry test, the friction coefficient likewise increased
when the speed was increased. Figure 6 depicts the impact of humidity on coefficient of friction as a function
of rotational speed. Additionally, Figure 7 illustrates the impact of humidity on various braking pressures.
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Fig.7. Effect humidity with different brake pressure.
4. Conclusions

From the experimental results indicate that humidity and silica sand under the braking speeds and load
have a prominent influence on the wind turbine braking system. In additions, the following inferences can be
made in light of the experimental findings:

1. The outcome demonstrates that the silica sand particles had an effect on the surface behavior of the
wind turbine disc brake.

2. It has been discovered that friction coefficient rises with every wind turbine shaft speed.

3. The friction coefficient is shown to be significantly influenced by the particle size, and when the load
on the wind turbine brake system grows, the friction coefficient also increases.

For each speed of wind turbine, it was demonstrated that as humidity increased from 30 mm’ to 90
mm’, the coefficient of friction significantly decreased.
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