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The purpose of this paper is to explore and define an adequate numerical setting
for the computation of aerodynamic performances of wind turbines of various
shapes and sizes, which offers the possibility of choosing a suitable approach of
minimal complexity for the future research. Here, mechanical power, thrust,
power coefficient, thrust coefficient, pressure coefficient, pressure distribution
along the blade, relative velocity contoure, at different wind speeds and stream-
lines were considered by two different methods: the blade element momentum
and CFD, within which three different turbulence models were analyzed. The es-
timation of the mentioned aerodynamic performances was carried out on two dif-
ferent wind turbine blades. The obtained solutions were compared with the ex-
perimental and nominal (up-scaled) values, available in the literature. Although
the flow was considered as steady, a satisfactory correlation between numerical
and experimental results was achieved. The comparison between results also
showed, the significance of selection, regarding the complexity and geometry of
the analyzed wind turbine blade, the most appropriate numerical approach for
computation of aerodynamic performances.
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Introduction

Efficiency, cost, and calculation time are highly important in the design and manu-
facturing of wind turbine blades. Many companies tend to engage in computational analysis
using different numerical models because the usage of high performance computational hard-
ware helps overcoming expensive experiments in a faster and more accurate way [1].

Considering the aforementioned, significant papers have been published with the
purpose of comparing different numerical methods for obtaining aerodynamic loads. The in-
crease in the diameter of the wind turbine blade in order to enhance the power generation ca-
pacity leads to various aerodynamic phenomena which is important for the blade design. De-
tail information of flow separation, aerodynamic loads and wake development are important
for the wind turbine designers to optimize the blade design. On the other hand, the calculation
time and efficiency during design phase of the blade is essential. Considering these facts, var-
ious numerical studies have been formulated and improved [2-10].
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Generally, four types of aerodynamic models are employed in the previously men-
tioned references: blade element momentu (BEM), vortex, actuator type, and CFD. The main
characteristics of the aerodynamic model comparison are accuracy, computational speed, the
requirement of air-foil aerodynamic data, and the inclusion of viscous effects. Numerical
models not only allow design engineers to gain the aerodynamic characteristic of the wind
turbine blades, but they also facilitate this in a more efficient and convenient way using the
main characteristics of the aerodynamic models. Using different numerical models, the pa-
rameters of wind turbine blade can be estimated or underestimated depending on the aerody-
namic model that is used. Combining these numerical methods, design engineers have the
possibility to model the turbulence in a better way.

In order to predict aerodynamic performance and flow field around the wind turbine
blade in this study two approaches BEM and CFD are considered.

For these reasons, two blades for offshore and onshore wind turbines of significantly
different rotor sizes have been investigated. Comparative analyses of aerodynamic perfor-
mances of the wind turbine rotors named DTU 10 MW RWT (Denmark Technical University
10 MW Reference Wind Turbine) blade and MEXICO blade were performed [11, 12]. For
both blades, one-equation Spalart-Allmaras (SA), two-equation k- SST, and four-equation
transition SST turbulence models were employed. The aim of this paper is to list and compare
possible numerical approaches for aerodynamic computation of the wind turbines of different
sizes functioning in different conditions. By choosing an adequate model, satisfactory estima-
tions of mechanical power, thrust, power coefficient, thrust coefficient, pressure distribution
along the blades, relative velocity contoure at different wind speeds, as well as their compari-
son with the experimental and reference data can be attained.

The main contributions and novelties of this study are the examination, validation,
comparison and definition of the limitations of commercially available software suitable for
the wind turbine aerodynamic analysis. Many research papers investigate only one of these
blades [13-17] without performing a comparative analysis that accounts for the differences in
small and large-scale blades. This paper clearly lists both the advantages and disadvantages of
the two computational approaches, as well as the estimation of the possible accuracy of re-
sults, thus enabling engineers to choose a computational model of minimal complexity neces-
sary for their own research. The value of the paper is also reflected in the investigation of
non-optimal working conditions (i.e. at low or high wind speeds) on two very different geom-
etries. Due to the enormous differences in size, the applicability of the two tested approaches
to a wider range of Reynolds numbers has also been examined.

Model description

The DTU 10 MW RWT, fig. 1(a), was designed by up-scaling the NREL 5 MW ref-
erence turbine at the Technical University of Denmark (DTU) to the rated power of 10 MW.

On the other hand, the MEXICO, fig. 2(b), wind turbine blade is experimental,
benchmark, pitch-regulated wind turbine that was designed within the EU under the project
MEXICO and thoroughly tested at the German-Dutch wind tunnel in the Netherlands.

The DTU 10 MW RWT

This turbine is a traditional, three-bladed, both pitch and speed regulated, upwind
wind turbine for offshore sitting. This work investigates the behavior of the DTU 10 MW
RWT blade in the range of wind speeds Vo = 5-25 m/s. For the DTU 10 MW RWT wind tur
bine mechanical power, thrust force, power coefficient, thrust coefficient, flow field, and



Peri¢, B. M., et al.: Comparative Analysis of Numerical Computational Techniques for ...

THERMAL SCIENCE: Year 2021, Vol. 25, No. 4A, pp. 2503-2515 2505
» -
%,
Z <
0.000 15.000 30.000 [m] 0.000 0.500 1.000 [m]
(a) = — (b) — —
7.500 22.500 0.250 0.750

Figure 1. The 3-D geometric models of wind turbine blades; (a) DTU 10 MW RWT blade and
(b) MEXICO wind turbine blade

blade pressure distribution were analyzed. The key parameters necessary for the turbine com-
putation are: rotor radius R = 89.15 m, minimum rotor rotational speed w = 6.0 rpm, maxi-
mum rotor rotational speed w = 9.6 rpm, pitch angle varying from 6y = 0° to 6y = 22.975°,
cut-in wind speed Vit = 4 m/s and cut-out wind speed Vou = 25 m/s. The blade geometry in-
cludes air-foils of FFA-W3 series, starting from the blade root with FFA-W3-600GF,
FFA-W3-480GF, FFA-W3-360, FFA-W3-301, FFA-W3-241 to the tip of the blade with
NACA 0015. Additional information for the DTU 10 MW RWT can be found in [11].

The MEXICO wind turbine

As well as for the DTU 10 MW RWT, for the MEXICO wind turbine mechanical
power, thrust force, power coefficient, thrust coefficient, flow field, and blade pressure distri-
bution were analyzed at different wind speeds in the range Vo = 10 m/s and 30 m/s and two
different rotor angular velocities: w = 324.5 rpm and @ = 424.5 rpm. The diameter of this
3-bladed, horizontal-axis wind turbine is D = 4.5 m. The details for the MEXICO wind tur-
bine can be found in [1, 12]. The blade includes three types of air-foils, DU91-W2-250,
RIS@-A1-21 and NACA 64-418. All of the simulations in this work are carried out with a
constant pitch angle of 6,= —2.3°, rotational speed of w = 324.5 rpm, constant air density of
p =1.225 kg/m? in the pure axial flow (no yaw).

Numerical methods

The computations of the aerodynamic performances of both MEXICO wind turbine
blade and DTU 10 MW RWT blade by BEM and FVM (finite volume method) are performed
using QBLADE software and ANSYS Fluent.

The BEM modeling

The QBLADE [18] is an open-source software for the simulation and design of both
vertical- and horizontal-axis wind turbines. This software includes the BEM method, double
multiple streamtube (DMS) and non-linear lifting line theory (LLT). To compute the wind tur-
bine blade aerodynamic characteristics using the BEM, QBLADE is coupled with XFOIL code
for air-foil import and analysis. The XFOIL code [19] is a standard analysis tool for air-foils
validated numerous times [20]. The QBLADE has modules for air-foil design and analysis, ex-
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trapolation of lift coefficient, C,, drag coefficient, Cq, and moment coefficient, Cm, to a = 360°
angle of attack (AoA), blade design and optimization and turbine definition and simulation.

Estimation of the aerodynamic performance of the DTU 10 MW RWT and MEXI-
CO blade using QBLADE started with the import of air-foils geometries. The aerodynamic
characteristics, C;, Cq, and Cm, for the local values of Reynolds numbers Re = 6-10°,
Re = 10-10%, and Re = 12-10° for the DTU 10 MW RWT blade and 0.29-10° < Re < 0.51-10°
for the MEXICO blade are calculated in the range of AoA from —32° to +32° by the panel
method and then extrapolated to the range from —180° to +180°. For both blades, constant air
density of p = 1.225 kg/m® was set, all air-foil polar Mach number M = 0 was assumed, i.e. the
compressibility effects were not considered. The aerodynamic calculations were performed for
the range of wind speeds Vo = 5-25 m/s for both blades. Rotor rotational speed varied from 6-
9.6 rpm and the pitch angle from 0°-22.975° for the DTU 10 MW RWT blade according to the
control strategy given by [11]. In this work, the simulations for the MEXICO blade are carried
out with a constant pitch angle of —2.3° and rotational speed of 324.5 rpm [12].

The obtained values of mechanical power, P, thrust force, T, power coefficient, Cp,
and thrust coefficient, Cr, are compared with the reference data for the DTU 10 MW RWT,
figs. 4-7. The same process is repeated for the MEXICO blade.

The BEM model represents a combination of the blade element theory and momen-
tum theory. Applying the BEM model involves dividing the blade into several independent
segments and computing the forces, acting on each segment i.e. requires aerodynamic air-foil
data. Each blade segment is represented by a suitable air-foil whose AoA dictates the values
of the local lift and drag coefficients. Summing the loads, i.e. normal and tangential forces, as
well as the forces of drag and lift for each segment produces the total load. In order to include
the finite number of blades of the real rotor similar to [21], a correction factor is defined.

In order to include the finite number of blades of the real rotor the correction factor
is defined. Since the pressure on the upper surface is lower than the pressure on the lower sur-
face, this leads to the reducing of the lift near the tip of the blade. There are numbers of meth-
ods for including the effect of the tip loss. Prandtl proposed a relatively simple method, mod-
elling the wake of the wind turbine as vortex sheets. In this paper, the correction factor is cal-
culated using QBLADE software in the simulation settings and Prandtl tip loss was used. The
correction factor, F, based on Prandtl's method is:

s
F =(chosl exp — 2\ R (1)
T Lsin(p
R

where B is the correction factor (always between 0 and 1) represents the function of a number
of blades, ¢ — the angle of relative wind, and r/R — the position on the blade. This tip loss cor-
rection factor characterizes the reduction in the forces at a radius, r, along the blade that is due
to the tip loss at the end of the blade.

Than the lift coefficient becomes:

(cosep — 4, sing)

C, =4Fsing -
o'(sing + 4, cose)

)

where o' is the local rotor solidity and Ar — the A:local speed ratio.The tip loss correction
factor affects the forces derived from momentum theory.
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The main shortcomings of the BEM maodel are: flow steadiness assumption, incapa-
bility of providing detailed information on the flow field, and only a partial consideration of
viscosity effect. On the other hand, the BEM model quickly provides sufficiently accurate re-
sults for working regimes close to nominal [22]. With respect to the mentioned advantages
and disadvantages, BEM is used for comparison and as a preliminary design tool in this study.

The CFD modeling

Given that the BEM cannot provide detailed information on the flow visualization
and wake modeling, CFD is also considered as an important and the most common approach
to the design and prediction of the aerodynamic performances of wind turbine blades. Due to
the fact that modern wind turbine blades have a complex geometry and numerous flow phe-
nomena being present, such as the dynamic stall, flow separation, etc., flow field is difficult to
simulate. One of the advantages of the CFD model is the ability to provide the results of high-
er levels of accuracy compared to the BEM, vortex, and actuator type model. The main disad-
vantages are that it requires a lot of time and resources for computation. Because of its in-
creased accuracy and possibility to obtain complete data on the flow surrounding the blades,
the CFD model was chosen as the second model for estimation of aerodynamic performances
of the blades. So, in order to provide wind turbine wake aerodynamics and appropriate visual-
ization around the blade with the possibility of using different viscous models the Navier-Sto-
kes equations have to be solved. The 3-D, time-dependent, RANS equations are discretized
using a finite volume approach.

Computational domain and boundary conditions

Since air-flow around the DTU 10 MW RWT blade and MEXICO blade are as-
sumed axisymmetric, the fluid domain is modeled as follows. In order to reduce the simula-
tion time, the computational domain was formed using a single blade in a 120° radial stream
tube domain segment, fig. 2(a). The hub and tower geometries were not considered at this
stage. Fluid domain is in the shape of a 1/3 rotational frustum. The smaller, top base with a 6R
radius is located 6R upstream from the blade, while the outlet, greater base with a 20R radius
is placed 20R downstream from the blade.
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Figure 2. Generated computational mesh of DTU 10 MW RWT blade; (a) whole domain and
(b) region around a cross-sectional air-foil

The boundary conditions are: velocity is assigned to the two (frontal and lateral, coni-
cal) inlet surfaces, pressure equal to the atmospheric is prescribed along the only outlet surface,
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the two longitudinal faces form a periodic interface, and the wind turbine blade surface is con-
sidered as a no-slip rotating wall. Frame motion is assigned to the whole computational domain.

Mesh

For both blades, fluid domain is meshed with unstructured hybrid mesh. Twenty
prismatic layers surround the blade surfaces for better calculation accuracy and resolution of
the boundary-layer, fig. 2(b). Non-dimensional wall distance for the DTU 10 MW RWT blade
is y* < 5 for all turbulence models. For the MEXICO blade non-dimensional wall distance is
y* < 1.5. The mesh is additionally refined in a spherical zone of 1.3R diameter encompassing
the both blades.

In order to validate the cell size at the DTU 10 MW RWT blade surfaces, the com-
puted power as a function of the total number of elements was investigated, fig. 3. In this
case, three parameters are set: wind speeds are Vo = 5, 11, and 25 m/s, rotor rotational speeds
are w = 6, 8.836, and 9.6 rpm and pitch angles are 6y = 1.966°, 0°, and 22.975°. Four cell face
sizes at the blade surfaces are investigated, i.e. 0.4, 0.2, 0.1, and 0.09 mm.

Figure 3 shows that power converges at the mesh size of 0.1 mm. Further refinement
of the mesh size to 0.09 mm only results in 2.14% relative difference, with the increase in the
total number of elements from 8.2 million to 10 million, which significantly increases the
computational time. For these reasons, the mesh
size of 0.1 mm is chosen as the appropriate cell

g .

ER S I face size at the blade surfaces.
g 10 ‘ Mesh validation of the MEXICO blade
¢ g T 2 was performed by using power as a function of
6 P ® 0.4 mm sizing the total number of elements on the similar way
. L ¢ 0.2 mm sizing as the DTU 10 MW RWT blade. Three wind
, .| :8;39@?;5229 speeds are set, Vo = 10, 15, and Vo = 24 m/s, ro-
X o tor rotational speed @ = 324.5 rpm and pitch
05 = 4 6 8 10 12 angle 6y = —2.3°. _Three_ cell fa}ce sizes at the
Number of elements x10° blade surfaces are investigated, i.e. 5, 8, and 10

) ) mm. The power converges with 2.7 million
Figure 3. Mesh convergence study with respect . .
to the computed mechanical power: cells using 8 mm mesh size at the blade surface

1 - convergence line V =5 m/s, 2 — convergence with 2.9% relative difference in Compal’ison
line V =11 m/s, 3 — convergence line V=25m/s  with expected results.

Turbulence models

In this study, three turbulence models are used: the one-equation SA, two-equation
k- SST, and four-equation transition SST model.

The SA model solves one transport equation for the eddy viscosity [23]. This model
gives reasonable results for a large variety of flow problems [24].

The k-w SST model is widely used for field-tests of the wind turbine blades. This
model represents an improvement of the baseline k- model and accounts for the turbulence
shear stress transport when computing turbulent viscosity [25, 26].

The transition SST model represents coupling of the k-« SST model transport equa-
tions with two additional transport equations governing the transitional region around the
blade [25]. Hence, it is particularly developed for flows including zones of both laminar and
turbulent flow.
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Numerical schemes and convergence criteria

Numerical simulations for both blades were performed in ANSYS FLUENT v16.2.
RANS equations were used with SA, k- SST and transition SST model. Air (fluid) was con-
sidered as incompressible gas of constant dynamic viscosity. The imposed zonal and bounda-
ry conditions are the rotational effects in the form of additional terms in the equations consid-
ered in the whole computational domain (steady frame of reference computational approach),
wind velocity and corresponding turbulent quantities assigned to the two inlet (frontal and
outer) surfaces, equaling of the atmospheric pressure defined along the outlet surface, two lat-
eral/longitudinal faces form a periodic interface and wind turbine blade surfaces considered as
a no-slip rotating wall.

The pressure-based SIMPLEC scheme is used for the pressure-velocity coupling.
Gradients are estimated by the least squares cell-based method. Spatial discretization schemes
are of the second order. The computations were performed until reaching converged values of
power and thrust coefficients, usually between 1500 and 3000 iterations [27].

Results and discussion

Since models that differ in complexity and starting assumptions were compared,
there are also differences in the results they are able to provide. The simpler BEM model gen-
erally provides the values of global parameters, while the CFD approach provides insight into
the complete flow field around the blades.

During the calculations of aerodynamic performances, the computer with Intel Xeon
E5-1620 v3, 3.5 GHz (8 CPU) processor, Fujitsu, (CELSIUS M740) motherboard, NVIDIA
Quadro K620 graphic controller, 32 GB of RAM and 2TB hard disk was used for numerical
calculations.

The calculation time for the DTU 10 MW RWT blade according to the different tur-
bulent models was different for all models. For one-equation SA the calculation time was six
hours, for two-equation k-« SST 9 hours, and for four-equation transition SST 11 hours.

The calculation time for the MEXICO blade was different than for the DTU 10 MW
RWT blade due to a simpler blade geometry. The calculations were completed faster, specifi-
cally for one-equation SA the calculation time was five hours, for two-equation k-w SST sev-
en hours, and for four-equation transition SST nine hours. The times of eight hours are practi-
cally the same for both blades concerning the calculations done using BEM model.

Computed numerical results of the MEXICO and DTU 10 MW RWT blade are
compared to the available experimental and nominal (up-scaled) values. The mechanical
power and thrust curves as functions of wind speed for experimental and computed values
by BEM, SA, k-w SST, and transition SST turbulent models are shown in figs. 4 and 5. The
obtained power coefficient, Cp, as a function of tip speed ratio, A, thrust coefficient, Cr, as a
function of tip speed ratio, A, are shown in figs. 6 and 7. Flow field around and pressure dis-
tribution along the DTU 10 MW RWT and MEXICO blades for wind speeds: Vo = 5 m/s,
Vo =11 m/s, and Vo = 25 m/s and for wind speeds: Vo = 8, 12, and 24 m/s are illustrated in
fig. 8.

Considering the presented power and thrust curves, it can be concluded that the sim-
pler and computationally more efficient BEM model provides accurate results for lower wind
speeds, figs. 4 and 5. In the cases of the DTU 10 MW RWT and MEXICO blades the applica-
ble ranges of wind speeds are between 5-10 m/s and 5-13 m/s, respectively. Although the in-
vestigated geometries are different, somewhat reduced accuracy of the BEM when used for
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Figure 4. Comparison of computed mechanical power, P, as a function of wind speed for (a) DTU 10
MW RWT blade, 1 - DTU 10 MW RWT, 2 — transition SST, 3 — QBLADE, 4 — K-omega SST, 5 — SA
and (b) MEXICO blade, 1 — MEXICO rotor, 2 — SA, 3 — K-omega SST, 4 — QBLADE, 5 — transition SST
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Figure 5. Comparison of computed thrust force, T, as a function of wind speed for (a) DTU 10 MW
RWT blade, 1 - DTU 10 MW RWT, 2 — transition SST, 3 — QBLADE, 4 — K-omega SST, 5 — SA, and
(b) MEXICO blade, 1 — MEXICO rotor, 2 — SA, 3 — K-omega SST, 4 — QBLADE, 5 — transition SST

computation of tangential force (and hence power) acting on the DTU 10 MW RWT blade
can also be explained by much higher values of Reynolds numbers and the inability of the
computational model to adequately include these effects. More precisely, the observed diver-
gence in the results is probably a consequence of the assumed air-foil characteristics. It must
be noted that the greatest part of the DTU 10 MW RWT blade operates under 8-16 MRe,
while the MEXICO blade undergoes 0.4-0.5 MRe, meaning that the values of Reynolds num-
ber for the DTU 10 MW RWT are approximately 20-30 times higher than for the MEXICO
blade. At higher wind speeds, the obtained values of power and thrust deviate even more from
the nominal/experimental values. This is particularly obvious for the MEXICO blade that
does not change its collective pitch with wind speed in the course of the experiment. In the
case of the DTU 10 MW RWT blade that is both pitch and speed-controlled, the differences
between computed and nominal values are less significant and curve trends are reproduced
better. All these findings confirm previously known presumptions that the applicability of the
BEM model is limited to nice (nominal) flow cases that do not include any kind of flow phe-
nomena (e.g. flow separation).
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Figure 6. Comparison of computed power coefficient, Cp, as a function of tip speed ratio, 4, for

(2) DTU 10 MW RWT blade, 1 — DTU 10 MW RWT, 2 — transition SST, 3 — QBLADE, 4 — K-omega SST,
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Figure 7. Comparison of computed thrust coefficient, Ct, as a function of tip speed ratio, 4, for (a) DTU
10 MW RWT blade, 1 — DTU 10 MW RWT, 2 — transition SST, 3 — QBLADE, 4 — K-omega SST, 5 — SA, and
(b) MEXICO blade, 1 — MEXICO rotor, 2 — SA, 3 — K-omega SST, 4 — QBLADE, 5 — transition SST

As expected, the RANS approach provides values, which better match the nomi-
nal/experimental results obtained for both of the considered blades. The observed inconsisten-
cies are partially the consequence of neglecting all other elements except the blades in the
simulations as well as the adopted single-frame-of-reference approach that assumes a fictional
rotation of the complete domain (this is the simplest, steady computational technique applica-
ble to rotating flows). From the three studied turbulence models used for the closure of flow
equations, the SA seems the least accurate for these kinds of rotational flows, while the k-w
SST and transition SST provide very similar results implying that the investigated flows are
predominantly turbulent and that there is no particular need to use the much more computa-
tionally expensive transition model.

Taking into account the significantly increased computational time and effort, the
greatest advantage of the RANS approach used with the k- SST model over the BEM ap-
proach is the widened range of wind speeds at which the rotor flow can be simulated. In this
case, wind speeds up to 20 m/s (which correspond to approximately 80% of the possible oper-
ational regimes) can be considered with satisfactory accuracy. This means that by using CFD
in blade design, more efficient and improved rotors can be achieved.
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Figure 8. Flow field around and pressure distribution along the blade for different wind speeds for
() DTU 10 MW RWT blade and (b) MEXICO blade (for color image see journal web site)

In order to compare rotors of different scales and draw general conclusions on the
applicability of considered computational approaches, it is also convenient to illustrate power
and thrust coefficient curves with the respect to tip-speed-ratio, 4, figs. 6 and 7. Optimal tip-
speed-ratio for both rotors is around 7. All tested numerical models reproduce well the
trends/shapes of the coefficient curves.

However, considering the DTU 10 MW RWT blade, it is now more evident that all
three turbulence models provide quite similar non-dimensional results. When these enormous
wind turbine scales are in question, any of them can be used to achieve accuracy of 15%
(compared to the nominal power coefficient), while both computational approaches provide
underestimated prediction of power coefficient. On the other hand, the thrust coefficient val-
ues computed by both BEM and CFD models show better agreement to the nominal values.

For the MEXICO blade, outcome is slightly different. Although all computational
models overestimate the power coefficient, the k- SST seems to be able to provide the re-
sults of 5% accuracy in the range of wind speeds between 8-18 m/s which corresponds to tip-
speed-ratio in bounds [4-9]. Also, all computational models underestimate thrust force coeffi-
cient with the discrepancy from experimental values reaching approximately 20%. The values
of tip speed ratio for the DTU 10 MW RWT blade for all numerical models show good
matching with the referent values. For the MEXICO blade, discrepancy of the thrust force co-
efficient during the comparison to the experimental data shows significant difference for
higher values of tip speed ratio. Another way of testing is the comparison of distributions of
normal force along the blade. The diagrams of distributions of normal force for this blade, as
well as the above-mentioned discrepancy in the thrust force coefficient using different models
can be found in the paper [28].
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In order to visualize the flow fields around the blades the CFD model is employed.
Five different cross sections located along the blades at relative longitudinal co-ordinate
y/R =[0.1, 0.3, 0.5, 0.7, 0.9] for the DTU 10 MW RWT blade and y/R = [0.2, 0.4, 0.6, 0.8,
0.9] for the MEXICO blade are chosen for streamline illustration while the surface of the
blade is colored according to the pressure distribution computed by the k-« SST model. For
comparison of the flow fields at different operational regimes roughly corresponding to cut-in,
optimal and cut-out cases, three wind speeds are chosen for both blades and investigated in
more detail. Flow fields around the DTU 10 MW RWT blade at Vo = 5, 11, and 25 m/s and
flow fields around the MEXICO blade at Vo = 8, 12, and 24 m/s are plotted in fig. 8.

While relative velocity increases along the blade, maximum tip-speeds for the DTU
10 MW RWT and MEXICO blades are 90 m/s and 76 m/s, respectively. Considering the DTU
10 MW RWT blade, although the pressure distribution becomes more emphasized with an in-
creased wind speed (observe the expansion of the under-pressure zone along the leading edge
of the upper blade surface colored in blue), the flow remains attached along the operational,
streamlined part of the blade due to the good congruence of blade pitch and angular velocity.
Flow separation can only be observed in the first cross-section around a circular root shape
and its wake increases at higher wind speeds.

Again, for the MEXICO blade, results are somewhat different. While at lower and
optimal wind speeds the flow remains attached, a significant flow instability along the whole
surface of the blade can be observed at the high wind speed of 24 m/s, which explains the
considerable deviation of the numerical results from the experimental values at this particular
flow regime.

Conclusions

This paper summarizes the findings of comparative computational studies of the
wind turbine blade aerodynamic performances. Two, different approaches, the BEM and
RANS equations used by three turbulence models, have been implemented and the obtained
results compared to the available reference or experimental data. The simulations are per-
formed on the two blades primarily different in size and also in the blade shape and turbine
control strategy.

As generally recognized, the frame of reference approach has the advantage of a
much shorter computational time. The results show a very good matching with nominal and
experimental values of the blades. The presented methodology could be used for initial per-
formance estimation. The k-w SST turbulence model employed in this numerical approach is
important for an accurate prediction of the aerodynamic performances of the wind turbine
blade as it matches satisfactorily to the nominal values. Rated wind speed, around 11 m/s, ob-
tained by computation corresponds to the reference value.

It is demonstrated that both approaches can be used in preliminary design phases
since they can provide results of 15% accuracy compared to the referent values of the 10 MW
RWT blade and 6% accuracy compared to the MEXICO blade experiment values. Regardless
of the blade scales and Reynolds numbers, the BEM model is limited to lower wind speeds,
approximately up to 10, 12 m/s, while the CFD approach enables performing simulations of
the improved precision for an extended range of wind speeds, up to 20 m/s. Furthermore,
solving the complete flow field permits deeper analyses of local flow features, especially at
non-nominal operating conditions, thus enabling the design of a more efficient wind turbine
blade. For these purposes, a quasi-steady approach used by the k- SST turbulence model
presents a satisfactory tool.
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Nomenclature

Ci —lift coefficient, [~] Vout — cut-out wind speed, [ms?]

Cd - drag coefficient, [-] v —velocity, [ms™]

Cp — power coefficient, [—] y/IR —relative longitudinal coordinate, [—]
Cr - thrust coefficient, [—] y  —nearest wall distance, [m]

Cm — moment coefficient, [—] y* —non-dimensional wall distance

D - rotor diameter, [m] (= uyv)uxylv), [-]

k  —turbulence kinetic energy, [m?s?]

M — Mach number (= via), [-] Greek symbols

P —mechanical power, [W] a  —angle of attack, [°]

R —rotor radius, [m] U —dynamic viscosity, [kgms1]

Re — Reynolds number (= pvclu) 6o - pitch angle, [°]

T  —thrust force, [W] v — local kinematic viscosity, [m?s!]
u~ux— friction velocity, [ms™] p  —density, [kgm=]

Vo —wind speed, [ms™] @ - rotor rotational speed, [rpm]

Veut — cut-in wind speed, [ms™]
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