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Abstract

The present work focuses on the numerical simulation of Vertical Axis Wind Turbines by means of an “in-house” BEM-based
User Defined Function to be used 39ith the CFD code ANSYS Fluent. Typical VAWT unsteady and 3D phenomena, such as
dynamic stall, flow curvature and tip losses, are taken into account by original and literature-based sub-models. The presence of
the blades is mimicked by replacing them with suitable momentum sources.

For the present work, the Actuator Cylinder Model has been employed. 3D analysis, of a SANDIA rotor, are carried out in
order to assess the accuracy of our model against numerical simulations and experimental data. The current User Defined Function
is able to give a satisfactory agreement with the reference cases especially from a qualitative point of view, with a significant
computational time reduction to a factor of 10 compared to the case with the moving bodies. A typical wake behavior can be
noticed in our simulations even though its recovery is strongly influenced by the lack of turbulence inherent to the chosen actuator
model. The torque and the power coefficient of the turbines are also analyzed and compared against the reference cases, finding a
remarkable agreement.

The model has been successfully applied to predict the transient aerodynamic loads of an offshore SMW troposkein turbine sub-
jected to the pitching motion of its platform. The operating conditions have been chosen in order to allow a qualitative comparison
with a floating SMW horizontal axis turbine which performance under pitching motion is available in literature.

© 2018 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)

Selection and peer-review under responsibility of the scientific committee of the 73rd Conference of the Italian Thermal Machines
Engineering Association (ATI 2018).

Keywords: VAWT; Actuator Disk Model; Dynamic Stall; Flow curvature; Wake analysis.

*Corresponding author. Tel.: +39-050-2217286
E-mail address: benedetto.rocchio@ing.unipi.it

1876-6102 © 2018 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0/)

Selection and peer-review under responsibility of the scientific committee of the 73rd Conference of the Italian Thermal Machines
Engineering Association (ATI 2018).

10.1016/j.egypro.2018.08.060


http://crossmark.crossref.org/dialog/?doi=10.1016/j.egypro.2018.08.060&domain=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/

B. Rocchio et al. / Energy Procedia 148 (2018) 1010-1017 1011

1. Introduction

Vertical Axis Wind Turbines (VAWTs) are based upon the design patented in France in 1925 and in the US in
1931 by aeronautical French engineer G. J. M. Darrieus [1]. Historically, Horizontal Axis Wind Turbines (HAWTSs)
have been preferred for power generation mainly because of their higher efficiency and less fatigue-related issues.
Nonetheless, in recent years VAWTs have proved to be more suitable than HAWTs for small-scale urban applications,
thanks to lower noise and vibration levels, ability to work with skewed flows [2, 3, 4, 5, 6, 7], insensitivity to the wind
direction and, therefore, absence of any yaw device. In addition, VAWTs are gaining growing interest for large-scale
offshore floating applications because of their higher position stability that can help reduce the platform costs and
more easily accessible drive train and generator [8]. Therefore, the investigation of the aerodynamic performances of
VAWTs is crucial to completely understand this application.

To the authors knowledge, up to now the only 3D CFD studies concerning the aerodynamics of VAWTS on floating
platforms are those recently carried out by Lei and co-workers on the effects of periodic pitching [9] and surge [10]
motions on the performance of a H-rotor with a diameter of 2m. Their results indicate both pitching and surge can
widen the variation ranges of the aerodynamics forces and change the flow field around the rotor with respect to
a fixed turbine. In particular, pitching can improve the power output, while surge is able to keep the floating wind
turbines steadier. To the author knowledge, the only tool specifically proposed for floating VAWTs is the one recently
implemented by Cheng and co-workers [11].

Given this rising importance, several mathematical models have been developed for VAWTs investigation based
on different approaches and implying very different computational costs. Simply and fast models, i.e. Blade Element
Momentum (BEM) theory, provide fast calculations when applied to the design of a conventional low-solidity and
low-loaded turbine. To analyze fluid dynamic interactions between turbines and the evolution of turbine wakes, more
sophisticated and computationally expensive model can be employed. Studies based on both Unsteady Reynolds
Averaged Navier-Stokes Simulations (URANS) [12, 13] and Large Eddy Simulations (LES) [14] were shown to
allow a deep insight in important physical mechanisms such as dynamic stall and tip losses, which govern the torque
generation and wake evolution of single VAWTs. The numerical representation of the blade geometry would lead to
simulation difficult to afford. Therefore, simplified models are need to avoid this obstacle without losing the solution
accuracy, in terms of power production and wake evolution.

To reduce the computational costs of these simulations, the Actuator Disk (AD) and Actuator Line (AL) models can
be employed, in which the blade action on the fluid is modeled by introducing distributed volume forces. Hence, the
solution of the boundary layer around the blades is avoided and simpler meshes with a significantly reduced number
of elements can be employed. When using a rotating actuator disk/cylinder model, the aerodynamic forces are spread
on the entire surface swept by the blades. Both RAD/AL URANS and LES models were successfully implemented
for analyzing wind and tidal farms of HAWTs. However, Actuator models for VAWTs imply some complications with
respect to HAWTS, i.e. the need for a more refined dynamic stall model, a flow curvature model, and the interaction
of the blade with the wake shed by itself or other blades[15, 16, 17, 18, 19].

It is therefore proposed a function for ANSYS Fluent which employs different sub-models for the description of
unsteady and 3D VAWT phenomena. A preliminary validation was carried out against a 3D URANS simulation of the
SANDIA 17m Darrieus turbine. Finally, the present model is applied for the prediction of a floating wind turbine.

2. Physical modeling

The flow around wind turbines is considered incompressible. A URANS approach to turbulence is used, together
with the k — w SST model to close the problem. The final goal of the present work is to develop a model, which is
able to reproduce the effect of the rotating blades. The aerodynamic blade forces calculation requires the development
of several sub-models, i.e. an “in-house” dynamic stall model and a virtual profile model for curved flow effects,
based on the work by Migliore [20]. To ensure the real physical trend of the forces along the blade span, the tip loss
coeflicient is also implemented [21, 22].
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2.1. Rotor model

To reduce the computational costs of the simulations, The idea proposed by Sgrensen [23] is to mimic the presence
of the blades by replacing the effect that they have on the flow-field. Thus, the following boundary condition on the
blades surface:

Vi =0 (D

is neglected and the body forces are considered in the URANS equations as source terms F;. The blade is numerically
discretized in finite elements and, for each, the forces are evaluated from the 2D airfoil coefficients.

To avoid numerical instabilities, the source term has to be spread among the several grid-points. The spreading
is done according to a Gaussian regularization kernel, whose standard deviation is the smoothing parameter. The
Actuator Disk model (ADM) has been employed for the present work. Hence, the total force F is spread on the whole
rotor area and on several cells in radial direction. The Gaussian kernel can be written as:

n = o) L5 2)

where R is the turbine radius, 6 gives the instantaneous azimuthal position of the blade, ¢, is the standard deviation of
the Gaussian kernel along the radial direction, N is the number of the blades and P = (r, 6) is a generic grid-point. The
spreading along the azimuthal direction depends on the number of turbine blades. Therefore, the forces are evaluated
as follows:

Fn
furz— 3
turb ffAndA (3)

where A is the annular ring over which the force is spread.

2.2. Dynamic Stall model

This phenomenon is characterized by a huge increment of the lift coefficient, also after the static stall angle, @,
where « is the angle of attack. The reason behind this behavior is the growth of a concentrated vortex at the leading
edge of the airfoil, the so-called Leading Edge Vortex LEV. During the upstroke (&(t) > 0), the boundary layer
remains thin and attached when the angle of attack is lower than the static stall. By increasing the angle of attack the
flow starts to separate from the trailing edge; the separation point moves upstream until it reaches a certain distance
from the leading edge [24, 25, 26]. In this condition, a vortex forms at the leading edge. The suctions induced by the
LEV cause an increase of Cy, also if the boundary layer is massively separated. By further increasing the angle of
attack, the LEV starts to move downstream with an almost constant velocity [24, 27]. Due to the convection of the
vortex away from the airfoil, the Cy, drops. Sometimes, under particular flow and motion condition, multiple vortexes
may shed from the leading edge of the airfoil [28], leading to multiple peaks of C;. During the downstroke (&(¢) < 0),
the boundary layer remains separated until the angle of attack reaches a threshold value, which depends on the motion
conditions, under which the boundary layer starts to reattach.

Let us consider an airfoil under a pitching motion:

a(t) = ap + @ sin(wr) 4)
where f = w/2n is the frequency of the motion. In this work the final lift coefficient is written as a sum of four terms:

e
CLfin(t) =Cra+Cr(®)+ CLshedding + W )
where the first term is the dynamic lift coefficient, evaluated without the contribution of the leading-edge vortex, the
second term is the first leading edge vortex, the third is the contribution of the vortex shedding and the last one is the
unsteady effect [29]. All the terms are fully explained in [30]. The experimental data published by McCroskey in [28]
for a NACAOQO12 airfoil are used to calibrate and test our model.
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3. Model validation

In the following section, the present mode is now validated by comparing its results with the solution obtained by
Delafin [31] via ANSYS CEX and to the experimental data by Akins et Al. [32].

3.1. Computational setup

The 17m Darrieus turbine of the SANDIA National Laboratories was chosen because of the availability of data of
instantaneous torque (Akins et Al. [32]), which allow a detailed comparison of the aerodynamic models employed. The
shape of the blades approximates the Troposkein configuration through a central circular arc and straight extremities.
The rotor has N = 2 blades with a NACA 0015 airfoil as a cross-section with ¢ = 0.61m. The equatorial diameter
is D = 17m. The tower of the turbine has a diameter of 0.51m and is taken into account in the simulations. Figure 1
shows the domain size: the z = O plane is at 13.5m from the ground and corresponds to the equatorial plane of the
turbine. On this plane, the origin (0, 0,0) is placed at the center of the turbine tower. The inlet is at x = —500m,
the outlet at x = 500m, the lateral boundaries at y = +500m, while lower and upper boundaries at z = —13.5m and
z = 170.5m respectively.

Fig. 1. Computational domain for the 3D case.

As for boundary conditions, by following the computational set-up in [31], at the inlet a velocity profile has been
imposed (U(z) = Uw(2/zre5)*), where U, is the reference velocity, z.¢ is the mid height of the turbine and a =
0.1 [31]. At the lateral and upper boundaries symmetry is imposed, while no-slip condition is considered for the lower
boundary. The density of the air is imposed to be p = 1kg/m?® according to [31].

The computational grids are realized in ANSYS ICEM and they are made up of two separated parts, a cylindrical
inner grid including the turbine and an exterior grid for the rest of the domain, joined together with an interface
boundary condition. The overall grid has 1054880 cells: 536607 in the external zone and 518273 in the inner zone
while the volume swept by the rotor blades is made up of #n,;,, = 92 cells along the azimuthal direction and n, = 92
cells for the vertical direction. Structured multi-block grids have been generated for both parts of the computational
domain making an extensive use of the “O-grid” technique, where all the single blocks are structured (i.e. only made
by hexahedral cells). The region colored in blue is where the momentum source term (£, in Eq. 3) is placed.

The k — w SST model is employed to close the problem. The inflow turbulent features have been set according
to [31]: turbulent intensity 10%, turbulence viscosity ratio u,/u = 100. The SIMPLEC velocity-pressure coupling
algorithm is used. The spatial discretization is set to Green-Gauss node-based for gradient. Second order schemes
are used for pressure, momentum, turbulent kinetic energy (k) and specific dissipation rate (w) formulations. Second
order implicit scheme is also adopted for the temporal discretization.

3.2. Results

The results for the optimal Tip Speed Ratio (T'SR = 4.6) are now discussed. Figure 3a shows the color contours
of the spread lift coefficient on the blades region. In Figure 3b the time-averaged stream-wise velocity is shown for
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Fig. 2. Computational grid: (a) vertical cut-plane; (b) equatorial and vertical cut-planes. Cells belonging to the volume swept by the blades are
colored in blue.

a vertical plane, i.e. x — z, which contains the turbine rotational axis. In this simulation the shaft of the turbine is
taken into account and its presence modifies the aerodynamic loads of the blades. The recovery of the turbine wake is
visible; in fact, the size of the wake decreases along the stream-wise direction, i.e. the x-direction, due to the turbulence
produced by the rotation of the turbine. Indeed, the wake is turbulent, so the fluid particles inside of the wake may
move outside of it and vice versa. The fluid particles outside of the wake have a higher velocity than the ones inside
and the mixing induced by the turbulence cause recovery of the wake. Moreover, by increasing the turbulence intensity
the wake recovery is found closer to the rotor.

— i Wﬂﬂi‘“““

Fig. 3. (a) Lift color contourns [N] for the SANDIA-17m Troposkien turbine; (b) Time-averaged stream-wise velocity color contourns [m/s].

Figure 4a shows the one-blade torque variation with respect to the azimuthal position of the blade and Figure 4b
shows the total turbine torque. The red line is the reference URANS carried out by Delafin [31], while the black
triangles are the experimental data published in [32].
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Fig. 4. Torque behavior for TSR = 4.6: (a) One-blade Torque: UDF (—), CFX by Delagin et Al. (—); (b) Turbine Torque: UDF (—), CFX by
Delagin et Al. (—), experimental data By Akins et Al. (4).
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This case appears satisfactorily described; the global trend of the torque curve is in agreement with the reference
one. During the upwind the present model anticipates the maximum torque value with a difference of S00Nm respect
the reference solution. In downwind the torque deficit due to the presence of the shaft is visible. When the blade
passes through the shaft wake, the incoming velocity seen by each section of the blade decreases and the blade
reaches a higher angle of attack. The blade works in off-design condition and the torque decreases. The trend of the
curve described by our model is slightly different from the one obtained by Delafin and this is plausibly due to all the
assumptions made in modeling the blades. In particular, the dynamic stall model affects a lot the general trend of the
Torque curve, especially the position of the maximum Torque. Despite the differences, the mean integral quadratic
error between the two curves is about 0.013.

The trend described above can be recognized also in the total torque curve, see Figure 4b. Again, from a qualitative
point of view the matching is satisfactory. Compared to the experimental data [32] our curve is almost shifted at high
value of azimuthal position. The maximum value of the total torque agrees with the data given by Akins et al [32]. We
believe that a finer tuning of the free parameters employed in our code might results in a better quantitative description
of the torque produced.
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Fig. 5. Power coeflicient of the turbine for different TSR. UDF results (-e-), CEX by Delafin et Al. (M), experimental data By Akins et Al. (A).

In [31] is also reported the (Cp — T'SR) curve. Thus, to complete our analysis other simulations are carried out
for different TSRs. Figure 5 shows how the power production changes with respect of the turbine TSR. The greatest
disagreements are at low TSR values where the effects of the dynamic stall are predominant.

4. Practical Application: floating platform

In recent years detailed CFD analysis have been performed by researchers from different countries to predict the
aerodynamic effects of the platform motion for the NREL SMW baseline HAWT. Our goal is to compare the effect
of different pitch amplitudes on the performances of the VAWTs and HAWTs of the same size (SMW). Inside the
danish project Future Deep Sea Wind Turbine Technologies or Deep Wind, a new wind wind turbine was studied and
tested. The geometry of this machine is reported in [33] with a NACAQO018 as cross-section of the blades. For the sake
simplicity the turbine shaft is no more modeled.

Before analyzing the effect of the pitch motion on the power production, a preliminary analysis is carried out in
order to verify the reliability of our model. For the purpose, different velocities are considered and the results are
compared to the ones obtained in [33] with the DMST model. The first analyzed velocity is 9m/s corresponding to
the rated wind velocity and to the maximum power coefficient. By increasing the incoming velocity, the turbine rotor
is regulated by stall, so the rotor angular speed is fixed and the maximum power production is reached for 14m/s,
when the blades are stalled. The last condition is 11m/s, because is the one used for the case with a pitch motion.
The nominal angular speed for this turbine is set to be 5.26rpm. From Table 1, it can be seen that our model is in
agreement with the results of DMST, especially if the case of the optimal TSR is considered.

A pitch motion in the vertical plane (y — z plane) respect to the lower tip of the blades is then considered. The
incoming velocity is 11m/s while the pitch amplitude and frequency are, respectively, 4° and 0.1Hz, which are the
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Table 1. Studied conditions without pitch

Condition prodel [ ) Cppodel Pt MW cy! difference(%)
9m/s 1.694 35.26 1.70 35.58 0.89
1m/s 2.824 3225 3.00 3425 5.84
14m/ s 4574 2531 475 26.30 3.76

same conditions for the NREL turbine in [34]. It must pointed out that this frequency is close to the DeepWind one,
0.088Hz. To evaluate the effect of a different amplitude on turbine performances an amplitude of 8° is also simulated.
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Fig. 6. Comparison between the istantenous power production for different pitch amplitude: no pitch (—), A = 4deg.(—), A = 8deg(—).

The initial position of the blades is assumed to be 0° and 180°, while the rotor starts its sinusoidal motion from the
vertical position. Figure 6 shows that the platform pitching leads to a slight increase and decrease of the instantaneous
production. Since the pitching period is different from the revolution one, the unsteady trend of the power can be
observed. Due to this difference, after two pitching period the turbine has done 1.75 revolutions. Thus, at the beginning
of the third pitching period the blades are at 90° (heavily loaded) and 270°, while the shaft has its higher velocity value
(i.e. vertical position). This is the condition that has to be analyzed to check the effect of the pitching motion on the
turbine performances. The reference case (i.e. no pitch) gives a mean power output of 0.322. For the case of 4°
the mean power production reaches 0.329, while by increasing again the pitch amplitude up tp 8° the mean power
production is almost 0.324. The power ripple for the reference case is about 2.5 and it increase by introducing the
oscillations. In particular, we obtain and increment of 2.96% for 4° and 4.63% for 8°. From [34], the mean power
coefficient for the NREL turbine is around 0.48. Without the pitch motion the HAWT power output is constant and it
start to oscillate by moving the turbine. Therefore, for and oscillation of 4° the power ripple passes from O to 1.88.

5. Conclusion

A momentum source function which is able to represent the behavior of a real vertical axis wind turbine is pre-
sented. All the classical aerodynamic phenomena are taken into account (i.e. the dynamic stall, the tip loss correction,
the virtual camber effect). Our source function is able to well predict the power production of VAWTs when they work
in design condition, while differences are found at low speed ratio numbers due to the importance of the dynamic stall
model. Also, the virtual camber model must be improved in order to obtain a better prediction for high TSR numbers.
At this step of the development of this complete tool practical applications are possible with acceptable results. This
source function implies a low computational cost and it can be used for practical applications. It has been success-
fully applied to an off-shore wind turbine under pitching conditions which appears to be less sensible to oscillation
amplitude variations compared to a HAWT of the same size.
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