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ABSTRACT

Efficiency and durability are critical issues that affect widely-adopted aerofoil-power generator as a sustainable source
of electrical power. Even though high wind power density can be achieved; installing wind turbines in desert
condition has difficulties including thermal variation, high turbulence and sand storms. Sand blasting on turbine blade
surface at high velocities causes erosion resulting turbine efficiency drop. Damage-induced erosion phenomena and
aeroelastic performance of the blades needed to be investigated. Suitable coating may prevent erosion to a great
extent. A numerical investigation of erosion on NACA 4412 wind turbine blade has been performed using commercial
computational fluid dynamics software ANSYS FLUENT 14.5 release. Discrete phase model (DPM) has been used for
modelling multi-phase flow of air and sand particles over the turbine blade. Governing equations have been solved
by finite volume method (FVM). Conventional 30-70% glass fibre resin and non-conventional jute fibre composite
have been used as turbine blade material. Sand particles of 0.3 mm diameter have been injected from 20°, 30°, 45°,
60° and 90° angles at 50°C temperature. Erosion rate, wall shear stress and strain rate have been calculated for
different wind velocities and impingement angles. Simulation results for higher velocities deviate from the results
observed at lower wind velocities. In simulation, erosion rate is highest for 30° impingement angle at low wind
velocities, which has been validated by experiment with a mean absolute error (MAE) of 5.56%. Erosion rate and
wall shear stress are higher on jute composite fibre than glass fibre resin. Developed shear stress on wind turbine
blade surface is highest for 20° impingement angle at all velocities. On the other hand, exerted pressure on turbine
blade surface is found highest for 90° angle of attack. Experimental results, with or without Titanium nitride(TiN)
nano-coating, also revealed that surface roughness augments with increasing impingement angles. Nano-coating (TiN)
by RF sputtering technique reduced the surface roughness significantly as oppose to uncoated samples. Highest
roughness has been observed on uncoated blade surface collided with 0.3-0.69 mm diameter brown aluminium
oxide particles.

Keywords: Turbine blade, Aerofoil, Nano coating, Wear, Wear resistance, Power generation, Turbine efficiency,
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1. INTRODUCTION

Combustion of bio-fuels generates greenhouse gases. Releasing greenhouse gases is one of the major reasons of
atmospheric temperature rise. Moreover, amount of underground petroleum storage is limited. Hence, renewable
energy, such as wind, solar, geothermal etc., is becoming popular day by day as alternative sources. Wind energy is
clean, available and easy to convert to electrical energy. Wind turbines are used to generate electrical power from
wind energy. However, selecting turbine blade material is a critical issue. Moreover, in desert condition air flows
with sand particles at relatively high velocities. Sand blasting on turbine blade surface results significant erosion.
Hence, a sharp decrement of turbine efficiency is observed with time.
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Nomenclature

a Particle impact angle (°)
Aface Surface area of impacted wall boundary cell (mm?)

d, Particle diameter (mm)

g Gravitational acceleration (ms=2)

k Turbulence kinetic energy (m?s~2)
M, Particle mass flow rate (kgs™1)

n Material independent index

P Pressure (Pa)

Re Reynolds number

Rerosion Erosion rate (kgm=2s~1)

T Temperature (°C)

u Velocity of air (ms™1)

i, Particle velocity (ms™1)

v; Particle impact velocity (ms~1)

a Volume fraction of air

€ Turbulence kinetic energy dissipation rate (m?s~3)
6 Solid domain temperature (°C)

u Dynamic viscosity (N.sm™2)

p Density of air (kgm™3)

Py Particle density (kgm™3)

Numerous trials for selecting proper wind turbine blade materials have been remarked in the literature. Mishnaevsky
et al. [1] studied the usability of timber as a turbine blade material. Their investigation represents a framework for
fabrication, testing and installation of timber blades. Composite materials are also getting attentions for fabricating
wind turbine blades due to their low cost and attractive properties. Polymer composites had been considered by
researchers to enhance surface resistance to wear such as carbon fibres, short aramids or glass [2-7],
polyetheretherketone (PEEK) [8], polyphenylene sulfide (PPS) [9], polyoxymethylene (POM) [10], polyamide (PA)
[11] etc.

Patnaik et al. [12] numerically and experimentally investigated erosion rate on zinc-aluminum alloy metal (ZA-
27) filled with titania (TiO2) for different particle impact velocity, size, temperature and impingement angle. They
observed that highest erosion rate occurs at 60° impingement angle. Erosion rate on unfilled base metal was found
higher than reinforced alloy. Erosion on composite material was also investigated experimentally by Drensky et al.
[13]. It was found that mass loss of the material is highest for 45° impact angle. Wind velocity, particle size and fibre
orientation also have great influence on mass loss. Simulation was carried out by Fiore et al. [14] to investigate erosion
on wind turbine blade for insects and sand particles impact. Maximum erosion rate was detected on blade’s low
pressure side. Wind tunnel testing was conducted by Gaudern et al. [15] to figure out erosion patterns on wind
turbine blade surface under varying conditions. Hamed et al. [16] also explored surface damage of turbine blade both
numerically and experimentally. Their results show that erosion and surface roughness enhance with increasing impact
angle and particle size. Foley et al. [17] studied erosion behaviour of steel AlSI 4340 and found that for the same
material hardness, the erosion at impact angle of 30° was much greater than at 90°. On the other hand, Hutchings
[18] reported erosion peaks at 90° for AlSI 52100 steel. E. Rodriguez et al. [19] found three different wear regions
based on impact angles and hardness. Higher amount of wear found for 10° and 20° impact angles at lower hardness
value, while, for impact angles of 60°, 75° and 90°, amount of wear is high for higher hardness value. For impact
angles of 30° and 40°, wear is almost same for all hardness values.

An effective way to prevent erosion on wind turbine blade is to provide coating. Rico et al. [20] accomplished
low wear on SAE-42 steel by depositing Al2O3 — 13% TiOz coating. Liang et al. [21] substantially improved damping
properties of wind turbine blade using carbon nanofibre nanocomposite coating. Nano/polymer coating is promising
for preventing erosion to a great extent. Zhang et al. [22] tested silica filled transparent acrylate-based coatings and
remarked that nanosilica particles improve erosion resistance properties. Figure 1 illustrates coating with different
percentage of nanosilica particles.

In this paper, a static NACA 4412 single wind turbine blade under desert condition has been simulated by software
and laboratory setup. Numerical investigation has been carried out by ANSYS FLUENT 14.5 release. In software,
discrete phase model (DPM) has been used to simulate the multiphase flow of air and sand particles. Erosion rate,
development of shear stress and strain on wind turbine blade surface have been investigated. Aerodynamic
performances of turbine blade have also been explored. Experiment has been carried out using air jet erosion tester.
Simulation results show good agreement with experimental data.
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Figure 1: TEM micrograph of nano/polymer coating with (a) 10wt% and (b) 40wt% nanosilica particles [22].

2. MATHEMATICAL MODEL

Discrete phase model (DPM) has been used to simulate the flow of air and sand particles. In DPM, the fluid phase is
considered as continuum and solid particles are treated as discrete phase. Discrete solid particles are tracked in the
flow field in a Lagrangian frame of reference, where governing equations are solved for a single particle. On the
other hand, transport equations for per unit volume of continuum phase is derived, which is Eulerian approach for
modelling multiphase flow. The force balance equation for a single sand particle is following:

du, SN 9lpp=p) | 2
?—FD(U—HP)+p—p+F (])
As sand particles are very small, it is considered that no gravitational force is acting on them. Hence, gravitational
acceleration g = 0. The term Fj, (% — 1) defines the drag force/ unit mass of sand particle where

_ 18ucCpRe
Fp=" s )

Relative Reynolds number is defined as
_ pdp|tip—]
Re = =22 3)

The governing equations for air is derived by Eulerian method. Continuity equation is the following:

—a(:t p) + V(apu) =0 (4)

Conservation of momentum equation:
29D 4 v(apiiti) = —aVP + Vr (5)
Standard k — ¢ turbulence model [12] is used for turbulence flow modelling. Equations related to turbulence:

a(pk
22 4 V(pku) = V(atitters V) + Gy + Gy — pe — Yy + i 6)
9 2
o+ V(peu) = V(attorVk) + Cro p (G + CocGy) = Cocp = Re 45, 7)
In equation (6) and (7)
Gy = Generation of turbulence kinetic energy due to the mean velocity gradients
G, = Generation of turbulence kinetic energy due to buoyancy
Yy = Contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate
S = Source term for turbulence kinetic energy
S. = Source term for turbulence kinetic energy dissipation rate

The erosion model is included in DPM. Erosion rate is defined by following equation:

articles MpC(d ln
ZNI’ ticles Mp ( P)F(a)v (8)

Rerosion = p=1 ar
ace
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Here, C(dp) is particle diameter function and F(a) is impact angle function. Following boundary conditions are
applied in the computational domain to solve the governing equations numerically:

Inlet: velocity of air at Y-direction, u, = u;,; other velocity components, u, = u, = 0; temperature of air and sand
particles, T;;, = 50°C; mass flow rate of sand particles, m = m,.

Outlet: pressure, p = p,,:- Atmospheric pressure is defined at domain outlet.

Walls: Fluid velocity adjacent to stationary domain walls, u = 0.

Outer walls are considered thermally insulated. Hence, temperature gradient normal to the wall, % =0.

3. NUMERICAL SIMULATION

3.1 Meshing and Grid Independent Test

A Hybrid mesh has been generated by ANSYS Workbench. Figure 2 shows meshing of turbine blade surface and the
fluid domain with 60° impingement angle. The grid consists of hexahedron elements. Minimum number of elements
should be considered in the simulation to minimize computational time. To find out optimum number of elements,
grid independent test has been carried out. Erosion rate has been observed for 1.3 x 105 to 1.5 x 105 number of
elements and relative error has been calculated, which are shown in Table 1. Finally, 144828 number of cells has been
selected for simulation with a relative error of 1.36%.

3.2 Solution methods

Governing equations have been solved numerically by finite volume method (FVM). Second order upwind scheme
has been used for discretization. Pressure-velocity coupling equation has been solved by Semi-Implicit Method for
Pressure Linked Equations (SIMPLE) algorithm, developed by Patankar and Spalding [13].
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Figure 2: (a) Wind turbine blade surface meshing; Meshing of fluid domain with 60° impingement angle (b) cross-
sectional view, (c) three dimensional view.

Table 1: Grid independence test results

No. of elements Rerrosion (Kg.m2.s) Relative error (%)
134425 1.31x 1077 13.74
137854 1.38 x 1077 7.97
144828 1.47 x 1077 1.36
148710 1.44 x 1077 3.47
153318 1.49 x 1077 -
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4. EXPERIMENTAL STUDY

4.1 Samples and nanocoating

Glass fibre 6 X 2 cm samples were collected from the 3 mm thick turbine blades and jute reinforced epoxy resin
composite samples were prepared in the laboratory. Multiple acetone wash removed dusts and gel coat of the turbine
blades, if any. RF sputtering technique was adopted for the coating while target material was 99.99% Titanium. Gas
flow rate for Argon (Ar) was 50 sccm and for Nitrogen (N) was 5 sccm. Duration of each deposition was 60 minutes.

4.2 Sand blasting and roughness analysis

Sand blasting machine with a blasting pressure of 50 psi (20 m/sec) and 75 psi (35 m/sec) were used to erosion rate
calculation. The test rig is shown in Figure 3. Target samples were kept 20cm away from the nozzle tip and the
duration of sand blasting was 10 seconds for each sample. Brown aluminium oxide of 0.30 to 0.70 mm particles
were used as sand particles. Sand blasted samples were analysed by Mitutoyo Surftest (SJ-301) surface roughness
analyser. JIS BO601(2001) method was adopted and Gauss filter was used to calculate the roughness (Ra) value.

5. RESULTS AND DISCUSSION

5.1 Simulation results

5.1.1 Erosion rate

Figure 4 shows the contour plot of erosion on wind turbine blade surface of glass fibre resin for 60 ms™! wind
velocity and 90° impingement angle. It is observed that highest erosion rate on turbine blade surface is 1.4 x
107% kgm~2s71.

In Figure 5, highest erosion rate on wind turbine blade surface of glass fibre resin is plotted for different velocities
and impingement angles. It is found that erosion rate elevates with increasing wind velocity for all angles. At low
wind velocities, erosion rate is highest for 30° impingement angle, which is followed by 90°, 60°, 45° and 20° angles
respectively. However, erosion rate at high velocities for 90° and 30° angles are same. Exceptionally, at high
velocities, erosion rate for 45° angle is higher than 60° impingement angle. At 65 ms~! wind velocity, erosion rate
for 45° angle is 8 x 1077 kgm~2s~1, while for 60° angle it is 6 x 10”7 kgm~2s~1. In Figure 6, erosion rate for 30°
impingement angle is plotted for jute fibre composite and 30-70% glass fibre resin. It shows clearly that erosion rate
on jute fibre composite blade is higher than glass fibre resin.

5.1.2 Wall shear stress

In Figure 7, development of shear stress on wind turbine blade surface is shown by contour plot. It is visible that
shear stress is very high at the edge of the blade. Hence, the possible damage from wind flow may occur at the blade
edge. Similar to erosion rate, shear stress on the blade surface also elevates with increasing wind velocity for all angles,
which is observed in Figure 8. Wall shear stress for 20° impingement angle is much higher than other angles.
Exceptionally, wall shear stress for 90° angle at 65 ms~! wind velocity is higher than 30° and 60° angles. However,
at other velocities, shear stresses for 30° and 60° angles are found higher than 90° angle. At 40 ms~! wind velocity,
shear stress for 60° impingement angle is about 50 Pa which is much higher than 30° angle. However, at higher
velocities, shear stresses for 30° and 60° angles are found almost same. Lowest shear stress is developed for 45° angle
at all velocities. Shear stress is also higher on jute fibre composite blade than glass fibre resin as shown in Figure 9.

Figure 3: Test facility for sand blasting on wind turbine blade prototype
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Figure 4: Erosion on wind turbine blade surface of glass fibre-resin for 60 ms~! wind velocity and 90° impingement
angle
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Figure 5: Erosion rate vs. wind velocity curve for glass fibre resin at different angle of attacks
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Figure 6: Rate of erosion on two different composite materials for 30° angle of attack

Contours of Wall Shear Stress (pascal)

Figure 7: Shear stress on wind turbine blade surface of glass fibre-resin for 65 ms™* wind velocity and sand injection
from 90° angle
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Figure 8: Wall shear stress vs. wind velocity curve for glass fibre resin at different angle of attacks
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Figure 9: Development of shear stress on two different composite materials for 30° angle of attack

5.1.3 Strain rate

In Figure 10, alike wall shear stress, strain rate is also high at the edge of the blade. Again, from Figure 11, it is seen
that strain rate rises with the increment of wind velocity. Strain rate is found highest for 60° angle of attack at all
velocities, which is followed by 30°,20°, 45° and 90° angles respectively. However, at 65 ms~! wind velocity, same
strain rate is observed for 45° and 90° angles.
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5.1.4 Pressure distribution

In Figure 12, pressure distribution on 30-70% glass fibre resin blade surface are shown for various angle of attacks
has been plotted. It is perceived that highest pressure developed on blade surface declines with increasing angle.
However, for 90° angle of attack, highest pressure developed on the blade suddenly rises to 29.5 KPa, which is larger
than pressures developed at all other angles.
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Figure 10: Strain rate on wind turbine blade surface of glass fibre-resin for 65 ms~! wind velocity and sand injection
from 60° angle
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Figure 11: Strain rate vs. wind velocity curve for glass fibre resin
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Figure 12: Highest pressure vs. injection angle curve for glass fibre resin, 35 ms™! wind velocity, 0.3 mm diameter
sand particle injection at 0.5 kgs~! mass flow rate.

5.2 Experimental results

5.2.1 Comparison with simulation results

In Figure 13, both experimental and simulation results of erosion rate for 5°, 30° and 60° impingement angles have
been plotted. Simulation results show good agreement with experimental data for 5° and 60° angles. However, for
30° angle, erosion rate is observed higher in experiment. The mean absolute error (MAE) is defined using following
equation:

MAE — %Z |Rerosion,pred‘Rerosion,exp| X 100% (9)

Rerosian,exp

Here, M represents number of data points. Calculated MAE for 30° impingement angle is 5.56%.
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Figure 13: Comparison of experimental and simulation results for erosion rate at different angle of attacks
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5.2.2 Surface roughness

Surface roughness increases almost linearly with increasing impingement angle, which can be apprehended from
Figure 14. Surface roughness on uncoated blade surface collided with 0.3-0.69 mm diameter particles is highest, which
is expected. Surface roughness is found low for finer particle sizes.
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|

5 35 90
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Figure 14: Experimental results of surface roughness vs. angle of attacks for different coated and uncoated surfaces

6. Conclusions

Rate of Erosion, development of shear stress and strain rate on wind turbine blade surface in desert conditions have
been explored. Pressure distribution on wind turbine blade for various injection angles has also been observed. Major
findings from numerical and experimental investigations are following:

1. In both simulation and experiment, erosion rate from wind turbine blade surface is found highest for 30°
impingement angle.

2. Shear stress development on wind turbine blade surface is highest for 20° angle and lowest for 45° angle.
Although strain rate has been found lowest for 90° impingement angle, it is also very low for 45° angle.

3. Erosion rate on glass fibre resin has been found lower than jute fibre composite. Hence, it is more suitable as a
wind turbine blade material from erosion perspective.

4. Pressure distribution on turbine blade surface is highest for 90° angle of attack.

5. Surface roughness increases linearly with increment of impingement angle. As expected, surface roughness
observed on uncoated blade surface is higher than coated surfaces.
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