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ABSTRACT

Roughness in a wind turbine blade surface has a large effect on its aerodynamic
performance. The current research concentrates on the various effects of the surface
roughness upon the aerodynamics of a symmetrical NACA 0012 airfoil. In this
respect, six kinds of different grit sizes of sandpaper were used: P500, P1000,
P1500, P2000, P2500, and P3000, to provide a range of roughened surfaces for the
study. In this experiment, the lift and drag coefficients were measured at three
angles of attack (5, 10, and 15 degrees), and at three flow speeds of (5, 10, and 15
m/s). It was realized that an increase in surface roughness significantly impairs the
aerodynamic efficiency, depicted by a reduction in the lift coefficient and an
augmenting coefficient of drag. These changes lead to a reduced lift-to-drag ratio
and reflect the importance of smoothness of the surface of wind turbine blades to
maintain optimal performance. Comparisons with previous studies corroborate
these findings, proving that surface roughness generates increased turbulence and
skin friction, causing deterrents in boundary layer development around the airfoil.

Keywords: Surface roughness, Aerodynamic performance, NACAQ012 airfoil, Lift
coefficient, Drag coefficient.
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1. INTRODUCTION

In the present global energy scenario, renewable acting perpendicular to the oncoming flow
sources of energy are of increasing importance, as direction and bracing of the blade against gravity,
many countries are trying to reduce greenhouse gas while drag is the aerodynamic resistance force
emissions and dependence on fossil fuels. Of these, acting parallel to the flow direction. Lift coefficient
it is wind energy that has gained a prime position C. and drag coefficient Cp can be define as (0):

among all other sources, given its sustainability, C,= 1 AL ()
technological advancement, and decreasing costs. f2pvy2e
. . o . A
Wind turbines convert the kinetic energy of wind Cp = 1/—D2 .2
2pVp“c

into electrical energy and thus form the core of this ) ) ) )
. ] Where p is the air density, ¢ is the chord length,
renewable energy revolution® 2. More to the point,

. . and V, is the flow velocity. A useful measure for
wind turbine blades are supposed to have good

. ] o the efficiency of a wind turbine blade is its lift-to-
aerodynamic performance if such is intended to be

efficient and effective®®. Many studies
investigated NACA 0012 airfoil to measure the lift
and drag forces because of its efficiency in wind

drag ratio, C./Cp, where higher values mean better
performance. Previous investigations have proven
that the surface roughness can increase drag and
. L reduce lift, which lowers the blades' overall
turbines applications €. Such surface roughness ) . ) o
. aerodynamic efficiency. For instance, Dalili et
can have enormous impacts on the performance of

) . al.9 studied the impacts of ice, insects, and sand
wind turbine blades and may come from a range of

. . . erosion on a wind turbine's performance and

sources, such as insect accumulation, erosion, and . . . .

) concluded that there is a linear relationship
manufacturing defects. Surface roughness changes
the flow of air over blades, which in turn shifts

both lift and drag. Lift is the aerodynamic force

between surface roughness and power loss. Keegan
et al.*2 13) investigated the degradation effects of
the leading edge surface caused by rain and hail,
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researching that the gelcoat of the leading edge
could be eroded by rain and hail, increasing the
roughness. Walid Chakroun et al.** worked on the
effects of surface roughness on the performance of
the NACA 0012 airfoil, showing from the research
that with an increase in roughness, lift is reduced,
and drag increases due to skin friction. These
studies underline the fact that understanding and
mitigating the effects of surface roughness on
aerodynamic performance is very important. The
overall objective of the paper is to systematically
investigate the effect of surface roughness on the
aerodynamic performance of a symmetric NACA
0012 airfoil. The overview provided in this paper
will, therefore, relate to how surface roughness, at
different angles of attack and flow speeds, affects
lift, drag, and the general lift-to-drag ratio. The
results of this study will provide valuable insight to
improve the design of wind turbine blades and
other and their
maintenance.

2. EXPERIMENTAL METHOD

2.1. Materials and airfoil preparation

This work uses the NACA 0012 airfoil. It was
selected for its symmetric profile and high usage in
aerodynamics. Data from this airfoil was taken
from Airfoil Tools website and inserted into the
ANSY'S software application to make a 2D model,
which later was extruded to form the 3D shape as

aerodynamic  structures,

shown in Figure 1. The airfoil model was 3D
printed at Western Michigan University; it was of a
chord length of (14 cm) and span of (10 cm). The
surface of the printed airfoil was left rough to
capture the realistic conditions in the field. In this
experiment, to depict different magnitudes of
surface roughness, six different grit sizes of
sandpaper—P500, P1000, P1500, P2000, P2500,
and P3000—were used to treat the airfoil. A
different degree of roughness is attributed to every
grit size; the coarser the grit, the lower the number,
and the finer, the higher. The aerodynamic tests
were then conducted after treating the airfoil with
these different grit sizes of sandpaper.
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Fig. 1: 3D graph of NACA 0012 airfoil.

2.2. Wind tunnel testing

The aerodynamic performance of the airfoil was
tested in a wind tunnel located in the fluid
dynamics laboratory in the mechanical engineering
department at Western Michigan University. It can
generate an airflow that has controlled speed, and
for this study, flow speeds were set at (5, 10, and
15 m/s). The setup for the wind tunnel is shown in

Figure 2.

Fig. 2: Wind tunnel used in the study.

2.3. Measurement of Aerodynamic Forces

The airfoil lift and drag forces were measured with
a specially made force balance, as illustrated in
Figure 3. The force balance measures the forces
acting on the airfoil due to flow incidents upon it at
various angles of attack (AOA) (5°, 10°, and 15°)
and at flow speeds (5, 10 and 15 m/s). Each test
was conducted three times to ensure accuracy and
the repeatability of results.
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Fig. 3: Force balance setup for measuring lift and drag
forces.
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3. RESULTS AND DISCUSSION

3.1. Lift coefficient (Cy)

The lift coefficient (C.) was measured for each grit
size of sandpaper at three different angles of attack
(5, 10, and 15 degrees) and three different flow
speeds (5, 10, and 15 m/s). The results are
summarized in Table 1 and visually represented in

Figure 4.
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Table 1: Lift Coefficient (CL) for Different Grit Sizes, Angles of Attack, and Flow Speeds.

Grit Size | Flow Speed (m/s) | Angle of Attack (degrees) | CL
P500 5 5 0.268
P500 5 10 0.451
P500 5 15 0.643
P500 10 5 0.282
P500 10 10 0.482
P500 10 15 0.710
P500 15 5 0.305
P500 15 10 0.511
P500 15 15 0.723

P1000 5 5 0.238
P1000 5 10 0.403
P1000 5 15 0.552
P1000 10 5 0.254
P1000 10 10 0.435
P1000 10 15 0.603
P1000 15 5 0.262
P1000 15 10 0.452
P1000 15 15 0.628
P1500 5 5 0.200
P1500 5 10 0.335
P1500 5 15 0.464
P1500 10 5 0.215
P1500 10 10 0.386
P1500 10 15 0.505
P1500 15 5 0.225
P1500 15 10 0.371
P1500 15 15 0.523
P2000 5 5 0.268
P2000 5 10 0.244
P2000 5 15 0.555
P2000 10 5 0.278
P2000 10 10 0.398
P2000 10 15 0.555
P2000 15 5 0.315
P2000 15 10 0.416
P2000 15 15 0.585
P2500 5 5 0.333
P2500 5 10 0.561
P2500 5 15 0.555
P2500 10 5 0.315
P2500 10 10 0.561
P2500 10 15 0.555
P2500 15 5 0.346
P2500 15 10 0.583
P2500 15 15 0.585
P3000 5 5 0.305
P3000 5 10 0.523
P3000 5 15 0.585
P3000 10 5 0.315
P3000 10 10 0.583
P3000 10 15 0.585
P3000 15 5 0.723
P3000 15 10 0.778
P3000 15 15 0.829
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Fig. 4: Lift Coefficient (CL) for Different Grit
Sizes at Various Angles of Attack and Flow
Speed: (a) 5 m/s, (b) 10 m/s, (c) 15 m/s.
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The trends of reducing the lift coefficient with
increasing surface roughness, for all flow speeds
and angles of attack tried, are shown in Table 1 and
Figure 4. Physics Behind the Trend Because
surface roughness alters the development of the
boundary layer, it will influence the flow
characteristics at the stern. An increase in surface
roughness causes more turbulence in the boundary
layer, which means there will be an increase in
skin friction and, hence, energy loss. This has the
effect of reducing the effective lift that can be
generated by an airfoil. The results show similarity
for all the three different velocities as seen in
Figure 4.

3.2. Drag coefficient (Cp)

The drag coefficient (Cp) was measured for each
grit size of sandpaper at three different angles of
attack (5, 10, and 15 degrees) and three different
flow speeds (5, 10, and 15 m/s). The results are

summarized in Table 2 and visually represented in
Figure 5.
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Table 2: Drag Coefficient (Cp) for Different Grit Sizes, Angles of Attack, and Flow Speeds.

Grit Size | Flow Speed (m/s) | Angle of Attack (degrees) | CD
P500 5 5 0.041
P500 5 10 0.055
P500 5 15 0.073
P500 10 5 0.039
P500 10 10 0.053
P500 10 15 0.070
P500 15 5 0.037
P500 15 10 0.049
P500 15 15 0.067

P1000 5 5 0.046
P1000 5 10 0.072
P1000 5 15 0.086
P1000 10 5 0.044
P1000 10 10 0.068
P1000 10 15 0.084
P1000 15 5 0.043
P1000 15 10 0.065
P1000 15 15 0.080
P1500 5 5 0.067
P1500 5 10 0.097
P1500 5 15 0.119
P1500 10 5 0.066
P1500 10 10 0.095
P1500 10 15 0.117
P1500 15 5 0.062
P1500 15 10 0.090
P1500 15 15 0.111
P2000 5 5 0.046
P2000 5 10 0.072
P2000 5 15 0.119
P2000 10 5 0.040
P2000 10 10 0.068
P2000 10 15 0.117
P2000 15 5 0.035
P2000 15 10 0.059
P2000 15 15 0.106
P2500 5 5 0.035
P2500 5 10 0.054
P2500 5 15 0.106
P2500 10 5 0.038
P2500 10 10 0.063
P2500 10 15 0.106
P2500 15 5 0.033
P2500 15 10 0.059
P2500 15 15 0.101
P3000 5 5 0.030
P3000 5 10 0.054
P3000 5 15 0.093
P3000 10 5 0.030
P3000 10 10 0.042
P3000 10 15 0.076
P3000 15 5 0.030
P3000 15 10 0.042
P3000 15 15 0.076
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Fig. 5: Drag Coefficient (Cp) for Different Grit Sizes at
Various Angles of Attack and Flow Speed: (a) 5 m/s, (b)
10 m/s, (c) 15 m/s.

Table 2 and Figure 5 show that with an increase in

surface roughness, drag coefficient also increases.
This trend is held for all test angles of attack and
flow speeds. The increase in drag can only be
attributed to the rise in skin friction from surface
roughness. A major fraction of the extra drag may
come from the direct
boundary

interference with the

layer provided by the projecting

roughness elements, offering increased resistance
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to the flow. The results show similarity for all the

three different velocities as seen in Figure 5.

3.3. Lift-to-Drag Ratio (C./Cp)

The lift-to-drag ratio (C./Cp) is a critical measure

of aerodynamic efficiency. The C./Cp was

calculated for each grit size of sandpaper at three

different angles of attack (5, 10, and 15 degrees)

and three different flow speeds (5, 10, and 15 m/s).

The results are summarized in Figures 6, 7, and 8.
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Fig. 6: Lift-to-Drag Ratio (CL/Cp) for Different Grit
Sizes at 15 m/s.
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Fig. 8: Lift-to-Drag Ratio (CL/Cp) for Different Grit
Sizesat 5 m/s.

Figures 6, 7, and 8 demonstrate that the lift-to-
drag ratio decreases as the surface roughness
increases. This trend is consistent across all angles
of attack and flow speeds tested. The decrease in
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CL/Cp ratio can be explained by the combined
effects of reduced lift and increased drag caused by
surface roughness. The roughness
increase turbulence within the boundary layer,
leading to higher skin friction and energy losses,
which reduce the overall aerodynamic efficiency of
the airfoil. The results show similarity for all the

elements

three different velocities as seen in Figures 6, 7,
and 8.

3.4. Discussion

The results show that there is strong dependence of
surface roughness on the aerodynamic performance
of a NACA 0012 airfoil. With the increase in
surface roughness, there will be a decrease in C.
and an increase in Cp, hence lower C./Cp. This
relationship is more exaggerated at higher angles
of attack. Physically, the trends have to do with the
effect of surface roughness on the boundary layer
The greatly
enhances turbulence in the boundary layer, directly
enhancing skin friction with it and, therefore,

development. surface roughness

energy losses. Net effects could be a decrease in
effective lift actually generated by the airfoil and
increased drag forces, hence a lower overall
aerodynamic efficiency as measured by the lift-to-
drag ratio, C./Cp. These results agreed with the
previous findings that an increase in surface
roughness must always increase the turbulence and
skin friction which reduced the efficiency in
aerodynamics, as in (3, 5).

4. CONCLUSIONS

The aerodynamic performance of the NACA 0012
airfoil is most strikingly influenced by surface
roughness. It can be noted from the experimental
results that an increased surface roughness
contributes to a decrease in lift coefficients and an
increase in drag coefficients, turning into a lowered
lift-to-drag These findings therefore
substantiate the need for smooth surfaces on wind
turbine blades and other aerodynamic structures to
ensure optimal performance. Other types of
roughness, such as distributed or patterned, and

future work could also be directed toward

ratio.
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mitigating losses resulting from roughness. Long-
term effects of surface roughness and possible
strategies of maintenance in order to preserve the
efficiency of aerodynamics could also be useful in
applications.
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