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Abstract

The majority of wind power is currently produced on high wind speed sites by large wind turbine,
whereas small wind turbines often operate in light wind conditions. Small capacity wind turbines have
not received the same engineering attention as their large counterparts. This is partially due to a number
of unique problems that small wind turbines experience. The most relevant are: low operating Reynolds
number (Re<500,000) and high angles of attack. Several studies have suggested that flow control devices
such as the spherical tubercle could be used to increase lift before stall and generate more power in such
situations. The aim of this study is to determine the effect of tubercle amplitude on aerodynamic
performance of an airfoil at low-Re numbers (Re=300,000 & Re=400,000). Three amplitudes were
considered in this study: A1=0.005c, A>=0.01c, and A3=0.03c. A detailed 2D simulation study is carried
out using a calibrated Transition SST k- turbulence model to obtain aerodynamic coefficients and flow
characteristics. Results indicate that small tubercles perform better overall than larger tubercles. The
airfoil with the smallest tubercle outperforms the unmodified airfoil at both studied Reynolds numbers
at angles of attack 0° — 4°. The analysis of the aerodynamic coefficients indicates that the improvement
of the aerodynamic performance of the airfoils with tubercles is due to the reduction of the drag
coefficient. Pressure, intermittency and wall shear stress contours suggest that the overall drag reduction
is achieved through the decrease of friction drag.

Computational Fluid Dynamics, Spherical Tubercles, Airfoil Simulation
Resumen

En la actualidad, la mayor parte de la energia edlica se produce en emplazamientos con vientos fuertes
mediante grandes aerogeneradores, mientras que los pequefios suelen funcionar con vientos flojos. Los
aerogeneradores de pequefia potencia no han recibido la misma atencion técnica que sus homologos de
gran tamafio. Esto se debe en parte a una serie de problemas especificos que experimentan los
aerogeneradores pequefios. Los mas importantes son el bajo nimero de Reynolds operativo
(Re<500.000) y los elevados angulos de ataque. Varios estudios han sugerido que los dispositivos de
control de flujo, como el tubérculo esférico, podrian utilizarse para aumentar la sustentacion antes de la
entrada en pérdida y generar mas potencia en estas situaciones. El objetivo de este estudio es determinar
el efecto de la amplitud del tubérculo en el rendimiento aerodindmico de un perfil aerodinamico con
nimeros de Re bajos (Re=300.000 y Re=400.000). En este estudio se consideraron tres amplitudes:
A1=0,005c, A2=0,01c, y A3=0,03c. Se lleva a cabo un estudio detallado de simulacion 2D utilizando un
modelo de turbulencia k-o de Transition SST calibrado para obtener los coeficientes aerodinamicos y
las caracteristicas del flujo. Los resultados indican que los tubérculos pequefios presentan un mejor
comportamiento general que los tubérculos méas grandes. El perfil con el tubérculo mas pequefio supera
al perfil no modificado en los dos numeros de Reynolds estudiados para angulos de ataque de 0° - 4°. El
analisis de los coeficientes aerodinamicos indica que la mejora del rendimiento aerodindmico de los
perfiles con tubérculos se debe a la reduccion del coeficiente de resistencia. Los contornos de presion,
intermitencia y esfuerzo cortante de pared sugieren que la reduccién global de la resistencia aerodinamica
se consigue mediante la disminucion de la resistencia por friccion.

Dinamica de fluidos computacional, Tubérculos esféricos, Simulacion de perfiles aerodinamicos
Introduction

Flow control devices arise from the need to manipulate a flow field to achieve a specific design goal.
These devices are classified as passive if they require no additional power input and active if they require
additional power to operate. Passive flow control devices modify the geometric shape of the wing to
manipulate the pressure gradient. Tubercles are round protrusions on the leading edge that alter the flow
field around a wing. These are classified as passive flow control devices. In addition to tubercles, other
passive flow control devices such as leading edge extensions, pressure surface serrations, turbulent vortex
generators, flaps and flexible coatings have also been studied. In contrast, active control involves the use
of additional energy to operate devices such as actuators, which are often more complex and less
economically effective, but offer performance advantages over passive control methods (Hansen et al.,
2011).



3

It has been suggested that tubercles in humpback whale fins function as lift-enhancing devices.
According to several researchers, the mechanism responsible for the improved aerodynamic performance
is attributed to the formation of vortices along the flow, which increases momentum exchange in the
boundary layer (Custodio, 2007; Johari et al., 2007; Miklosovik et al., 2004; Pedro and Kobayashi,
2008). This can lead to improvements in wing performance, such as maintaining flow stickiness for a
wider range of angles of attack, stall point delay and a higher maximum lift coefficient with minimal
drag penalties. Other mechanisms have been suggested, such as unequal separation properties (Fish and
Lauder, 2006, Johari et al., 2007; Pedro and Kobayashi, 2008; van Nierop et al., 2008), altered pressure
distribution over the wing surface (van Nierop et al., 2008) and vortex lift (Miklosovic and Murray,
2007). In addition, it has been suggested that the incorporation of tubercles could reduce noise.

Small wind turbines often operate in light wind conditions, where the turbine blade experiences
a low Reynolds number (Re <500,000) and therefore the boundary layer over much of the suction side
(top surface of the airfoil) is laminar and cannot overcome the strong adverse pressure gradient (Marty,
2014). Therefore, the boundary layer can separate and create a laminar separation bubble (LSB) where
the transition from laminar to turbulent flow is triggered (Marty, 2014). Once the transition to turbulence
is reached, the flow re-attaches to the surface, but in some scenarios, the separated flow may not be able
to re-attach to the surface and this may lead to an early stall (Karasu et al., 2018). Therefore, tubercles
could be used to increase lift before stall and generate more power in these situations. Measurements
have already been conducted on wind turbines with tubers and have indicated that there is a potential for
a substantial increase in electrical power production, leading to a higher annual energy production. The
background studies to the present one have quite substantial experimental requirements. To obtain more
accurate measurements of smaller scale and more sensitive flows, finer instrumentation needs to be added
and the complexity of the flow needs to be increased, which can lead to additional experimental errors.
Therefore, numerical experimental methods emerge as viable alternatives to experimentation. Numerical
simulations are more accessible, practical, systematic and reliable.

The objective of this study is to evaluate the performance of leading edge profiles with spherical
tubercles at low Reynolds numbers (Re = 300,000 and 400,000) using computational fluid dynamics.
Improvements in lift-to-drag ratios were achieved for small and medium-sized tubercles at the Reynolds
numbers studied. These findings support the fact that leading edge profiles with tubercles could have a
practical application in small wind turbines.

Methodology and Modelling

This section discusses the creation of the geometry, the domain configuration, and the transition and
turbulence model. An established and reliable airfoil within the wind energy industry is the DU93W210
airfoil (coordinates provided by (Tang, 2012)), which will have the nomenclature A0. The proposed
amplitudes for the spherical tubercles are defined in terms of the chord length, and their nomenclatures
are: A1 =0.005c, A2 = 0.01c and A3 = 0.03c where the chord length is 0.6135 m.

1. Domain design

A rectangular domain is created around the airfoil with a width equal to the airfoil width. The inlet and
outlet boundaries are kept at a distance of 10c (-x) and 12c (x) from the leading edge of the airfoil. The
domain extends 10c above and below the profile to avoid confinement effects. A triangular mesh is
generated around the airfoil with refinement zones around the airfoil and towards the flow out of the
airfoil tail. The inflation layer around the airfoil was created with the first cell height method, where the
desired y* value was set to 0.4 to capture the viscous underlayer. Additionally, the desired y* value is
kept the same for all angles of attack because the calculated y* value does not exceed the y* ~1 criterion.
The first cell height method uses the Reynolds number based on the characteristic scales of the geometry
to calculate the wall friction coefficient Cs. It is therefore important to define the characteristic scales of
the geometry, in this case it would be the chord length of the airfoil; L = 0,6135 m.

El The process for calculating and defining the value of y* is described in detail in the literature
(Leading Engineering Application Providers, 2013). The height of the first layer is set to 1,8335 x 10
m, and to keep the aspect ratio below 50, the airfoil is divided into 0.0009166 m elements. Thirty layers
of inflation were created around the airfoil. The mesh quality achieved through this process is almost the
same for all models.
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The parameters to be evaluated are: average skewness, aspect ratio and orthogonal quality for
each airfoil at an angle of attack of 0. According to the literature presented in Fluent (2009a), the mesh
quality is excellent. The number of elements is the order 2.5 — 2.6 x 10°, the number of nodes 1.27 —
1.35 x 10°, Ihe average obliquity quality is of the order of 8 x 1072, the aspect ratio quality is 1.42 and,
finally, the orthogonal quality is 0.95.

2. Modelling of transition phenomena and turbulence

Developed by Menter et al. (2006) and Langtry et al. (2006b, c) the Transition SST k - ® turbulence
model is used to model turbulent flows where a significant proportion of the boundary layer is laminar,
this is very important for aerodynamic applications at moderate Reynolds numbers Re (~ 105). In this
Reynolds number regime, a significant proportion of the boundary layer is laminar and has an effect on
the solution. Modelling the transition flows and the laminar flow region near the wall is of particular
importance for the wind energy industry, because wind turbine blades depend on the aerodynamic
performance of the airfoil surfaces. If the airfoil is optimised to operate at low Reynolds numbers, that
could lead to an increase in electrical power output, leading to a higher annual energy production (Mauro
et al., 2017). The Transition SST k - ® model was developed with these needs in mind. Previous work
has shown excellent accuracy of the four-equation Transition SST k-o turbulence model. The
formulation is based on the well-known k - @ SST turbulence model with two additional transport
equations. The first is the intermittency transport equation y (equation (1)), which is used to trigger the
transition process. The production term Py (eq. (2)) controls the length of the transition region, and the
dissipation term Dy dissipates the intermittency fluctuations, allowing the boundary layer to become
laminar again.

%+v-(pw)=v-<(u+;‘—;)vy>+Py—Dy (1)

Py,l = FlengthcalpS(YFonset)ca(1 - Cely) (2)
Rey

Fonset1 = erec (3)

The second is the transport equation for the transition momentum thickness Reynolds number
(Eq. (5)), this equation defines a transition Reynolds number based on the momentum thickness. The
formulation of the Transition SST k - o model is presented extensively in Langtry et al. (2006b, c¢) and
Langtry and Menter (2005), therefore, only a brief review of what is of particular interest for this work
is discussed here.

2eRe00) 4 v (pUReq,) = V- [(u + —t) Vﬁe,t] + Po; “

u
at oot
Po: = 0.03%(Reg — Reg)(1 — Fo ) (5)

Since the proposed transport equations do not model the physics of the transition, the source term
is included to enforce Rey, to take the empirical value of Regy,, (everywhere in the flow except the
boundary layer, because there the source is turned off ). Fy, is the same as the mixing function in the
turbulence model SST k — w. Where Fy , = 0 in the free stream and Fy . = 1 near the wall. The Reynolds
number based on the thrust thickness is a measure of the distance from the leading edge of the airfoil to
a certain point on the airfoil surface. Also, since the Reynolds number is a measure of distances, there
will be a Reynolds number at which the transition occurs and this is denoted by Reg;.

At a certain Reynolds number based on the thickness of the impulse from the leading edge,
fluctuations will start to occur, this quantity is given by Reg.. The suffix c is for the Reynolds number at
which turbulent fluctuations start (critical Reynolds number), and this is before the transition occurs. The
use of reliable empirical relationships (source terms) is needed to accurately calculate the local values of
Reg. Y Rey;. The fact that the turbulence model is based on empirical relationships makes it suitable for
the simulation of aerodynamic surfaces at low Reynolds numbers, if appropriate values are provided
(Langtry and Menter, 2005).
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Furthermore, scientific literature showed that, the use of transition turbulence models, at low
Reynolds numbers (Aftab and Ahmad, 2017; Benini and Ponza, 2010), is essential to obtain an adequate
CFD model of the airfoil and rotor airfoil aerodynamic behaviours. Moreover, a CFD study by Mauro et
al. (2017) demonstrates an exceptional agreement between experimental data and simulation results of
the calibrated Transition SST Kk - o turbulence model. The calibration of the local correlation parameters
Reg¢ Y Fiengen Was achieved through a micro-genetic algorithm. Correct calibration of these parameters
allows accurate prediction of stagnation and flow separation, as well as obtaining reliable lift and drag
coefficients that can be used in 2D CFD models. The authors claim that the calibrated local correlations
can be used for the simulation of other aerodynamic surfaces within the Reynolds number range 300,000
and 1 million. This, therefore, will give this work experimental support. Reg. Y Fiengen for a given
Reynolds number can be defined as (Mauro et al., 2017):

Reg. = 3.9592e71%Re3 — 9.598e °Re? + 6.884e *Re + 984.0408 (6)
Fiengtn = 1.7808e " 1°Re® — 2.1514e °Re? + 8.132¢ *Re — 91.2135 (7)

3. CFD solver setup

Commercial simulation software was used to perform a steady state analysis for angles of attack of 0e-
15¢ (in steps of 2°), considering the Transition SST k - ® model. The Transition SST k - ® model has
been well tested and designed for low Reynolds number aerodynamic applications. The Transition SST
k - ® model was chosen over the other turbulence models because of its ability to accurately predict
boundary layer velocity and boundary layer separation. Low Reynolds number models are also necessary
for accurate pressure drop or drag calculations. The Reynolds numbers studied in this work are 300,000
and 400,000. Therefore, the inlet velocity is set at 7 m/s and 9.5 m/s respectively. For all simulations, the
solver was set up as a steady-state, pressure-based, ACOPLED algorithm scheme with an absolute
velocity formulation. The fluid is defined as air with density equal to 1.225 kg/m? and, dynamic viscosity

u=17894 x 10~° % The turbulence intensity (T1 = 0.1%) and turbulent viscosity ratio (TVR = 10)
were defined across the velocity boundary.

This lower TI corresponds to that of a typical low-turbulence wind tunnel and implies a natural
or separation-induced transition mechanism, according to Langtry and Menter (2005) and Langtry et al.
(2006a). A least-squares cell-based scheme was used for the spatial discretisation of the gradient, while
second-order upwind schemes were used for the pressure, momentum and turbulence equations. In the
steady-state coupling solver, the Courant number allows control of the sub-iteration time step. In other
words, even if the steady-state solver is used, a transient sub-iteration is performed and the time scale of
the simulation can be adapted to the flow time scale. In attached flow conditions, the Courant number
was set to 25. At AoAs > 10° the instability generated by stall and vortices was noted. Under these
conditions, the Courant number must be reduced to adapt the time scale so that an accurate average of
the lift and drag coefficients can be obtained. A convergence criterion of O(-4) on all residuals of the
dependent variables is accepted as adequate for the present airfoil simulation. To provide the local
correlation parameters Fiengcn Y Regc, a user-defined function (UFD) in C language was written and
interpreted.

Results and discussion

The behaviour of spherical tuber leading edge profiles is consistent with previous results (Aftab and
Ahmad, 2017; Johari et al., 2007). As anticipated, small tubercles perform more efficiently in general
than tubercles with larger amplitudes. The Al airfoil showed a minor improvement in lift-to-drag ratio
from AoA 0°-4° at a Reynolds number of 300,000 (Graph 1a). However, past AoA 4°, the improvements
become less noticeable and at AoA 6°, the aerodynamic performance starts to deteriorate. Airfoil A3
showed the greatest improvement at an angle of attack of 0°, with a 12.86 % increase in lift-to-drag ratio;
beyond this angle of attack, the airfoil suffers a significant deterioration in aerodynamic performance.
The A2 airfoil shows no significant improvement in lift-to-drag ratio and instead experiences an overall
decrease in aerodynamic performance for all angles of attack. Note that the tubercles anticipate the peak
of the lift-to-drag ratio and do not retard the stall angle in this case. The maximum lift-to-drag ratio point
for the unmodified airfoil is at AoA 8¢, while for Al the maximum lift-to-drag ratio is at AoA 6¢, and for
A2 and A3 at AoA 4.
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This is in good agreement with Johari et al. (2007) and Miklosovik et al. (2004) TLE airfoils have
lower stall angles and lower maximum lift coefficients than their unmodified versions. The Al airfoil
data follow a pattern and suggest that the non-intrusive tubercles have a small reduction in lift coefficient,
but a significant decrease in drag. Similar conclusions can be drawn when analysing the lift-drag ratio
when Re = 400,000 (Graph 1b).

Analysis of the static pressure and intermittency contours revealed that the type of drag that has
the most significant impact in this case is pressure drag. Observe Fig. 2 (al) and (a2), as the fluid passes
over the surface of the airfoil sphere A3, it initially accelerates and therefore the pressure decreases in
the direction of flow. Beyond a certain point, the flow begins to decelerate and therefore the pressure in
the direction of flow increases; this pressure increase is called the adverse pressure gradient and has a
significant effect on the flow near the wall. The turbulence produced by the tubercle promotes momentum
exchange between the boundary layers and that is why the A3 airfoil achieves a 3.31% increase in the
lift coefficient at AoA 0°. As the angle of attack increases, the pressure and drag induced become more
noticeable in Fig. 2 (b1) and (b2). If the pressure increase is large enough, the flow will reverse direction
and, since it cannot travel backwards, due to the approaching fluid, it detaches from the surface, resulting
in flow separation (Houghton et al., 2017). This explains why the A3 airfoil experiences such a dramatic
increase in drag beyond AoA 0°. Note in Fig. 2 (a2) that the laminar flow layer remains attached to the
upper surface of the airfoil, while at an angle of attack of 8° Fig. 2 (b2), the vortices produce so much
turbulence that they manage to break through the laminar flow layer, resulting in flow separation.

Graph 1 Lift-drag coefficient a) Re=300,000 and b) Re=400,000
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The tubercle in the Al airfoil distributes the pressure forces in such a way that it thickens the
laminar boundary layer of AoA 0° - 8°. However, this becomes less noticeable as the angle of attack
increases. Due to the turbulence produced by the tubercle, the laminar flow layer is broken and the flow
becomes unstable.

Graph 2 Pressure and intermittency contours for profile A3 a) AoA 0° and b) AoA 8°.
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Conclusions

This paper investigated the aerodynamic performance of airfoils with spherical tubercles at the leading
edges by numerical analysis of three different amplitudes and comparison with the unmodified airfoil.
The Reynolds numbers studied in this work are Re = 3 x 10°and Re = 4 x 10°. The Transition SST
Kk - o turbulence model was used to model the turbulence due to its ability to accurately predict the flow
separation in the low Reynolds number regime, and the local correlation parameters Fie,4¢n and Rege,
were defined with the polynomial functions given by the work of Mauro et al. (2017). Smaller amplitude
tubercles perform better overall than larger ones, but their overall efficiency does not exceed the
unmodified aerodynamic surface area. The improved lift-to-drag ratio is attributed to reduced surface
frictional drag. Static pressure contours, wall shear stress and intermittency contours suggest that the
reduction in surface friction drag is caused by a more favourable pressure distribution around the airfoil.
The correct pressure distribution allows for a thicker laminar boundary layer, which in turn helps to
reduce wall frictional drag. Our work clearly has some limitations, as only a part of the full tubercle
effect was studied in this paper. Despite this, our work could be the basis for developing methods to
optimise tuber shape and size by providing accurate databases of aerodynamic coefficients of 2D
aerodynamic surfaces with spherical tuber leading edges.
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