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Abstract

In the present paper, the authors describe the strategy to develop a 2D CFD model of H-Darrieus Wind Turbines. The model was
implemented in ANSY'S Fluent solver to predict wind turbines performance and optimize its geometry. As the RANS Turbulence
Modeling plays a strategic role for the prediction of the flowfield around wind turbines, different Turbulence Models were tested.
The results demonstrate the good capabilities of the Transition SST turbulence model compared to the classical fully turbulent
models. The SST Transition model was calibrated modifying the local correlation parameters through a series of CFD tests on
aerodynamic coefficients of wind turbines airfoils. The results of the tests were implemented in the 2D model of the wind turbine.
The computational domain was structured with a rotating ring mesh and the unsteady solver was used to capture the dynamic stall
phenomena and unsteady rotational effects. Both grid and time step were optimized to reach independent solutions. Particularly a
high quality 2D mesh was obtained using the ANSYS Meshing tool while a Sliding Mesh Model was used to simulate rotation.
Spatial discretization algorithm, interpolation scheme, pressure - velocity coupling and turbulence boundary condition were
optimized also.

The 2D CFD model was calibrated and validated comparing the numerical results with two different type of H-Darrieus
experimental data, available in scientific literature. A good agreement between numerical and experimental data was found.

The present work represents the basis to develop an accurate 3D CFD unsteady model and may be used to validate the simplest
1D models and support wind tunnel experiments.
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Nomenclature
Cy Mean Power Coefficient [-] A Tip Speed Ratio [-]
T, Mean Torque per unit length [N] C Lift Coefficient [-]
y* Dimensionless wall distance [-] Cq Drag Coefficient [-]
Tu Turbulent Intensity [%] Cn Moment Coefficient per unit length [m™]
Re Reynolds Number [-] L Blade length [m]
c Chord [m] R Rotor Radius [m]
n Rotational speed [r/min] Vy Wind Speed [m/s]
Y Intermittency [-] An Angular Step [deg]
Rey Transition Reynolds Number [-] At Time step [s]
1 Fluent unit length [m] Fiengin Transition region length parameter [-]
S Fluent unit surface [m?] Reye Critical Transition Reynolds Number [-]

1. Introduction

Vertical Axis Wind Turbines (VAWTSs) are becoming ever more important in wind power generation thanks to its
compactness and adaptability for domestic installations. However, it is well known that VAWTs have lower
efficiency, above all if compared to HAWTs. To improve VAWTs performance, industries and researchers are trying
to optimize the design of the rotors. Some numerical codes like Vortex Method or Multiple Streamtube Model [1-8]
have been developed to predict VAWTSs performance and optimize efficiency but these codes are based on 1D
simplified equations and they need accurate experimental data for aerodynamic coefficients of the airfoils.
Furthermore they do not provide information on the wakes and they use semi empirical equations to predict effects
like tip vortex and dynamic stall. These codes are so mainly used to do a first attempt design and the results have to
be validated using wind tunnel experiments. However, as the wind tunnel experiments are expensive in terms of both
costs and time, another way to study aerodynamic behavior of the rotors is to use CFD.

As it is known, CFD resolves the fluid dynamic equations and it is certainly more realistic than the 1D models but
there are many other problematic issues like stall and turbulence modeling, unsteady rotational effects and long
computation time. Some works were found in scientific literature [9-14] regarding the application of CFD modeling
on VAWTs. The problem in general was the power overestimation due to the arduous prediction of stall phenomena
using fully turbulent RANS models for low Reynolds numbers.

In this paper the authors present the strategy of generating a 2D CFD model to predict H-Darrieus rotors
performance and solve such issues.

Particularly, the CFD model was developed using ANSYS Workbench 14.5 multi-physics platform. Two different
type of experimental rotors were simulated to calibrate and validate the model. The first of which is a 3 blades rotor
with NACA 0015 symmetrical airfoil while the second is a 3 blades rotor with NACA 4518 asymmetrical airfoil in
order to validate the model for different airfoils [15,16].

First step was to generate a simplified CAD and optimize the computational domain. Then a grid independent
solution study was done, refining the mesh till the results obtained with different grids were negligible [25,26]. The
most important part of the work was to optimize the SST Transition turbulence model, modifying the local
correlation parameters through a series of 2D CFD tests on wind turbine airfoils [17-24]. As the unsteady rotational
effects are very important in VAWTS, an unsteady Sliding Mesh Model with non conformal mesh was used. Time
step of the transient model was optimized also [25-26].

Simulations were performed on a Fujitsu Primergy TX200 S5 Server, with 2 Intel Quad Core Xeon X5570
processors (2.93 GHz) and 48 GB of RAM memory installed. A parallel computing technique was implemented in
ANSYS Fluent solver.

A comparison between fully turbulent SST k-o turbulence model and SST Transition model was done to
demonstrate the superior capability of the modified Transition model to predict VAWTs performance and underline
the important role of laminar to turbulent transition modeling.

The use of the URANS (Unsteady Reynolds Averaged Navier Stokes) Transition model leads to a good
prediction of trend of mechanical power and power coefficient with an overestimation of 6-8 % due to the well
known limits of the 2D models that do not take into account the 3D effects like tip vortex. This problem will be
investigated in a 3D CFD model that will be developed in the future.
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2. CFD numerical model

The process of generating the 2D CFD model was done inside the ANSYS Workbench multi-physics platform
where it is possible to develop a workflow, starting from CAD generation to post-processing of the results.
Particularly, the Finite Volume Fluent Solver was used in an Unsteady RANS (URANS) version to solve the Navier-
Stokes equations and capture the unsteadiness like the continuous change in the aerodynamic angle of the blade with
rotation.

The workflow of the model was as follow:

e  Generation of a simplified 2D CAD and computational domain;

e High quality meshing of the domain to meet the specifics of the turbulence models and reach grid
independent solutions;

e  Setting the Fluent Solver and calibrating the model;

e  Optimization of the Transition Turbulence model;

e  Post-processing results;

2.1. Experimental rotors features

Two different type of Straight-bladed VAWT rotors, founded in scientific literature [15-16], were used to develop
and validate the 2D CFD model. The features are listed in the table below (Tab. 1). For simplicity, the rotors will be
named as rotor A and rotor B:

Table 1. Experimental rotors features

Rotor type Rotor A Rotor B
Number of blades [-] 3 3

Blade Airfoil [-] NACA 0015 NACA 4518
Blade length (L) [m] 3 0.7

Blade chord (c) [m] 0.4 0.1

Radius (R) [m] 1.25 0.3
Rotational speed (n) [r/min] 20 - 150 100 - 625
Wind speed (V) [m/s] 6-16 6-18

Tip Speed Ratio (A) [-] 02-22 03-23

These rotors were chosen to generalize the CFD model for different geometrical dimensions and different airfoils.
As there are no provided information on the shaft, the CAD of the rotors were simplified eliminating the shaft and
representing only the blades. The experimental data were extrapolated in terms of C, versus A curves to correctly
compare numerical results with experimental one.

2.2. Computational domain generation and optimization

Generating the right computational domain for a Fluid Dynamic problem is an important task of the modeling
process. It is necessary to take into account different requirements [26,27].

First of all, the domain should not be too small to correctly reproduce the flow around the rotor and it should not
be too large to not uselessly increase cells number of the grid and hence computation time. Furthermore, the domain
has to be suitable for adequately reproduce the rotation. At last it has to be taken into account the requirements of the
meshing in terms of quality and first cell positioning near the blades. The advanced turbulence models used in this
work need a very fine mesh near the wall so that y* < 1 [19-23]. Also important is to define the correct boundary
condition for the physical problem to reproduce.

Some tests were performed to achieve the optimal compromise. The computational domain was generated using
the CAD interface ANSYS "Design Modeler". Different domains were meshed and then tested with the default
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parameters in Fluent. The best compromise was found in a box with a rotating ring that reproduces the rotation. The
dimensions of the domain were optimized for the rotor A and then the same criteria were applied to the rotor B
(Fig. 1). The domain has 3 separated sub-domains in order to use the Unsteady Sliding Mesh Model. Only the ring is
in motion while the box and the interior circle are stationary. The rotating ring has to be as small as possible in the
radial direction so that the mesh motion does not modify the real flow-field of the wake.

Boundary conditions (BCs) were defined also. A WALL type BC was used for blades; the line on the left of the
box was defined as a VELOCITY INLET type BC; the line on the right of the box was defined as a PRESSURE
OUTLET type BC; a SYMMETRY type BC was used for lateral lines of the box. The Symmetry BC is useful
because it allows the solver to consider the wall as part of a larger domain, like a ‘free shear slip wall’, avoiding in
this way the wall effects [18,25-26]. Finally it can substantially reduce the size of the box. Furthermore, an
INTERFACE type BC was used for the contact region between the 3 sub-domains (Fig. 1).

WALL

I SYMMETRY

0500 1500
Fig. 1 Computational domain and Boundary Conditions

The rotor was placed five radius from the inlet and eighteen radius from the outlet to correctly reproduce the
wake effect. The use of the symmetry BCs allow to reduce the distance from the lateral wall as the rotor was placed
only four radius from it. It was verified that using too great a domain would not leads to better results but only to an
increase in cell numbers and hence in computational time.

2.3. Mesh generation and optimization

To obtain high quality spatial discretization the three sub-domains were meshed separately but consistently in the
interface zone. First of all the attention was placed to mesh the rotating ring where all the most important flow
effects take place.

High quality non conformal unstructured mesh was generated for rotor A using ANSY'S Meshing advanced sizing
functions. Particularly an inflation tool was used to generate 20 levels of quadrangular cells (Fig. 2) in the boundary
layer of the blades so that y* < 1 as required by turbulence models [19-22] and with a growth rate of 1,1. Triangular
cells were used outside the boundary layer with the same growth rate up to the inside and outside interface. At the
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interfaces, triangular cells have the same dimensions for the three sub-domains to reduce interpolation errors of non-
conformal mesh.

The internal circle was meshed using triangular cells with the same dimensions of the interface that is without
coarsening (Fig. 2). This was done to keep the spatial discretization and correctly reproduce the interactions between
the wake and the blades. The box instead was meshed using triangular cells with a coarsened growth-rate of 1.2 up
to the external limits of the domain.

Different levels of grid refinements were tested in Fluent to reach y* < 1 for all the operative conditions of the
rotor and to obtain grid independent results. As the first cell positioning to obtain y* < 1 depends on Reynolds
number and hence on velocity, tests were performed at maximum wind speed and maximum rotational speed [18]. In
these conditions in fact, the relative velocity on the blade reaches the maximum and hence the distance of the first
cell from the wall has to become minimum.

The mesh obtained for rotor A has about 700,000 cells, with a skewness < 0.6. The same criteria were used to
generate grid for rotor B for which it was obtained a mesh with about 250,000 cells and near the same skewness
value.

.....

Fig. 2 Mesh around the rotor (left) and particular of the inflation layers near the trailing edge of a blade for rotor B (right)
2.4. Solver settings and calibration

To take into account the unsteady effects, particularly dynamic stall and interactions between blades motion and
wake, it was necessary to use the Fluent solver in a transient version. Furthermore, a parallel version of the solver
was performed. The grid was partitioned using a Metis auto partition method. In this way, the grid was divided into 8
parts each of which had the same computational weight. So, each of the 8 cores solve the Navier-Stokes equations of
their own part of the grid. Thus a 60/70% reduction in computational time was obtained.

The solver was set as pressure based with absolute velocity formulation. The boundary conditions to activate the
Sliding Mesh Model (SMM) were set for the rotating ring cell zone, defining interfaces and rotational speed. The
rotational speed was gradually increased from the lower value to the upper value for each rotor to make the
simulation process less "aggressive" and correctly develop the flow field.

The BCs in inlet and outlet were defined fixing the wind speed in inlet at on-design value for each rotor [15,16]

so that the calculated torque is function of rotational speed only and thus it was simple to obtain a C, versus A
comparison. Following a precedent work of the authors and scientific literature [18-24] turbulent boundary
conditions were optimized also. Many values of Turbulent Intensity (Tu) and Turbulent Viscosity Ratio (TVR) were
tested during the turbulence model optimization. The best correlation with experimental data was found using
Tu=0.1 % and TVR = 10 both in inlet and outlet.
SIMPLE (Semi-Implicit Method for Pressure Linked Equations), PISO (Pressure-Implicit with Splitting of
Operators) AND COUPLED pressure-velocity coupling methods were evaluated on different operative conditions.
The best results were obtained using the PISO scheme, while SIMPLE scheme was inefficient above all at low tip
speed ratios and COUPLED scheme was unable to predict the flow behavior around the blades overestimating stall
effects.
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A Second Order Upwind spatial discretization algorithm was used for all the equations (pressure, momentum, and
turbulence) and a Least Squares Cell Based algorithm was used for gradients. A Second Order Implicit Formulation
was used for Transient algorithm. It is well known that these second order algorithms lead to best results because
they considerably reduce interpolation errors and false numerical diffusion [25,26].

At the beginning, every simulation was performed decreasing the Under-Relaxation Factors to facilitate the
convergence. To obtain final solutions, the Under-Relaxation Factors were gradually increased to the default values
[26].

Four control monitors of the iterative process were defined to check convergence: a monitor for the residuals of
the iterative process for the equations solved (momentum, continuity and turbulence); a monitor for the lift
coefficient on blades; a monitor for the dynamic pressure on the rotor and another monitor for the momentum
coefficient of the rotor. The simulation process was considered to be converged when the residuals decrease under a
value of 107 and, at the same time, other monitors present a constant oscillating trend typical for the transient
simulations. Particularly, to obtain a mean torque value and compare it with experimental data, after reaching
convergence, the momentum coefficients were sampled for two revolutions of the rotors. The mass flow balance
between inlet and outlet was verified also.

Because of the great variation of rotational speed and the complexity of the flow field, it was impossible to
establish a priori an optimal time step for the transient solver. Above all at high rotational speed and high wind speed
the time step should be very little to adequately simulate rotation and capture the little time scale of turbulence.
Moreover the time step influences the numerical iterative process of the solver, that means that too great a time step
leads to unphysical results, while too little a time step leads to great increase in computation time. Basing on these
considerations, time step was optimized performing several simulations at different rotational speed for both rotors.
A first attempt value was fixed considering the angular velocity. Establishing an angular step of 1° [9] it was
calculated the relative time step as follows:

For rotor A, being maximum rotational speed n = 150 r/min:

n=150r/min = 2.5r/s = 900°/s —» 1° = 107 3s )
So the first attempt time step value for rotor A was At=10"s.

For rotor B, being maximum rotational speed n = 600 r/min:

n=600r/min = 10r/s = 3,600°/s - 1° = 3 - 107*s 2)

So the first attempt time step value for rotor B was At=3 - 10™s.

As these time step values did not meet the convergence criteria and led to bad results compared to experimental
data, they were gradually decreased till the solution was converged and the results using two consecutive time steps
were negligible. Optimal time steps were At =15 - 10™ s for rotor A and At=1 - 10™* s for rotor B

2.5. Transition Turbulence model optimization

The most problematic issue using CFD for modeling airfoil behavior at low Reynolds number is to capture the
stall phenomena. This is a well known problem and it is mainly due to the inefficiency of RANS turbulence models
to capture the boundary layer separation caused by adverse pressure gradient. Above all at low Re, an important part
of the boundary layer is laminar so, the use of a classical fully turbulent model does not adequately predict the real
boundary layer behavior. Laminar boundary layer in fact is quite sensitive to adverse pressure gradient and this leads
to an earlier separation if compared to a turbulent boundary layer and, ultimately, in an unphysical simulation of the
incipient and deep stall. As the VAWTs work at low Re, stall phenomena are of crucial importance for their
modeling. For this reason, the use of a calibrated transition model should lead to a more realistic prediction of the
airfoils aerodynamic behavior [18-20,23] and consequently a better prediction of the VAWTs performance.

In the present work, the SST Transition Turbulence model was used. This model is based on SST k-o transport
equations [24] coupled with two additional transport equations, one for intermittency y and one for the Transition
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Reynolds number Rey. These additional equations were implemented by Menter et al. [21] who used some
proprietary empirical correlations to allow proper closure of the model. The empirical correlations control boundary
layer transition from laminar to turbulent and were calibrated through experimental test cases on flat plates [22-23].

As the default model was not able to adequately predict the rotor’s performance, the idea was to calibrate the
local correlation parameters through a series of 2D CFD tests on wind turbine airfoils and to use these optimal
correlation parameters for the CFD model of VAWTs [18].

In order to calibrate the SST Transitional model for wind turbine applications, a long process of optimizing the
local correlation variables was carried out. Several simulations on typical wind turbine airfoils [17] (NACA 0012,
NACA 63415, etc.) were performed using Fluent. Inlet and outlet turbulence boundary conditions were also
optimized (Tu and TVR).

Lift coefficient comparison Re = 10° - NACA 0012 Drag coefficient comparison Re = 10° - NACA 0012

—_— 0.8

4 Experimental
—SST kw
—Transition S5T

sbperimental | %Pl
—SST k-w

Transition S5T
0.4

[ H 10 15 20 2 30 35 0 45 L b 10 o 0 ] =0 & L 4
AoA [deg] Aok [deg]

Fig. 3 Aerodynamic coefficients comparison for turbulence model optimization, C; (left), Cq (right)

In detail, the local correlation variables Ficngn, Rege, Reg, were modified through the use of a UDF (User Defined
Function), written in C language and interpreted by the Fluent solver. The correlation variables were modified until
the experimental data of the aerodynamic coefficients matched the numerical one for all angles of attack and for
different low Reynolds numbers. A C-type structured 2D mesh was built and optimized using ANSYS ICEM CFD.
Ay’ <1 was obtained.

In the charts above (Fig. 3) an example of the results of the calibration process is presented. A comparison with
fully turbulent SST k-o simulations is presented also to demonstrate the superior capabilities of the modified
Transition model. Charts refer to NACA 0012 airfoil.

The modified correlation parameters allowed the CFD model to adequately predict the trend of the C; and Cy4
aerodynamic coefficients with a relative error lower than 7% for all angles of attack, above all in incipient and deep
stall regions.

It is evident that the SST k- fully turbulent model, in general, over-predicts C, and under-predicts C, in the near-
stall region and considerably retards the stall angle, while the Transition model adequately predicts the trend of lift
and drag coefficients for a wide range of angles of attack.

3. Post - processing of the results

Once optimized and calibrated the 2D CFD model, several simulations were performed for both rotor A and rotor
B. In order to obtain an immediate comparison with experimental data, the wind speed was fixed to the on design
value and only rotational speed was varied gradually from the lower to the maximum value with different steps for
each rotor as in the experimental set up [15-16]. To demonstrate the validity of the calibrated Transition turbulence
model, all the simulations were performed using a fully turbulent SST k-® model also, keeping the same set up.

The basic informations on simulations are summarized in the table below (Tab. 2):
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Table 2. Simulations data

Rotor type Rotor A Rotor B
Wind speed (V) [m/s] 10 8
Initial rotational speed (n) [r/min] 20 100
Rotational speed step (An) [r/min] 6.5 50
Optimal time step (At) [s] 510" 1-10*
Total simulations [-] 20 12
Total cells number [-] 700,000 250,000
Mean time to convergence [hours] 22 8
Numerical - Experimental Power Coefficient comparison rotor A Numerical - Experimental Power Coefficient comparison rotor B

+ExpCpBm/s
mEXpCpB m/s
ABXpCpI0m/s
—ExpCp 124 m/s
-Exp Cp 14,3 mfs
®ExpCp16m/s
—SSThew
—Transition SST

035 06 0.85 11 135 16 185 21 2.35
Al

Fig.4 Power Coefficient comparison for rotor A (left) and rotor B (right)
As Fluent 2D results were in terms of dimensionless moment coefficient per unit length, after reaching

convergence, the calculated torque was obtained sampling this coefficient for two revolutions and averaging it. In
detail, being T, the calculated torque per unit length:

Tl=

N |-

pCnViLS 3)

Where p is the air density (1.225 kg/m®); C,, is the average moment coefficient per unit length calculated by
Fluent; V,, is the fixed wind speed; / is the unit length; S is the unit surface. The total torque was obtained
multiplying 7; and the length of the blade L.

In this way a mean C, was obtained for each simulation and it was compared with experimental data as in the
charts above (Fig. 4). As can be seen, the fully turbulent SST k- model presents great inaccuracy with an important
overestimation and a different trend while the modified Transition SST model follows very well the trend of the
experimental data. The little overestimation of the Transition model is mainly due to the limits of a 2D modelization
that does not take into account 3D effects like tip vortex and irregular pressure distribution along a 3D blade [9-14].
This will be investigated in future research.

As the 2D CFD calculation results are in good agreement with experimental data the methodology for generating
and optimizing the 2D CFD model is considered to be a valid tool to investigate the VAWTs performance and it will
be used together with wind tunnel experiments to validate rotors design and as the basis to develop a more accurate
3D CFD model.

Some post-processing images are presented below (Figs. 5-6).
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Fig. 5 Contours of relative velocity (left) and pathlines (right) for rotor A

Fig. 6 Contours of Turbulent Kinetic Energy (left) and relative velocity near a blade (right) for rotor B

In Fig. 5 (left) it can be seen contours of relative velocity for rotor A. It is evident the good capability of the 2D
CFD model to predict stall and wake effects. The streamlines of Fig. 5 (right) show the development of vortex along
the wake and the different flow conditions for each blade.

In Fig. 6 (left) contours of Turbulence Kinetic Energy for rotor B are presented. Each blade generate different
level of turbulence, depending on its angular position and turbulence is then conveyed along the wake interfering
with the blade motion. Contours of relative velocity near a blade of rotor B are focused in Fig. 5 (right). It is clear
the development of the dynamic stall effects that are quite important in VAWTs modeling.

4. Conclusions and future works

In the present work an Unsteady 2D CFD model of H-Darrieus VAWT was developed to evaluate rotor
performance and support rotor design and wind tunnel experiments. Computational domain, mesh, solver settings
and Transition turbulence model local correlation parameters were optimized. To take into account the unsteady
rotational effects, a Sliding Mesh Model was used optimizing the time step of the transient solver. Grid and time step
independent solutions were reached after a long process of refinement.

Two different experimental rotors, founded in scientific literature, were used to validate the model. As it was
clear from scientific literature that the use of fully turbulent RANS models leads to an overestimation of the
generated power, it was demonstrated in this paper that the use of an optimized Transition turbulence model lead
instead to good agreement with experimental Power Coefficient data, thanks to its predictive capability of the flow
separation phenomena. The correlation parameters of the Transition model were optimized through a series of 2D
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CFD tests on typical wind turbine airfoils using a UDF written in C language. The optimal local variables were then
transferred in the CFD model of the rotor. The same simulations were performed using a fully turbulent SST k-®
model to demonstrate the superior predictive capabilities of the modified Transition model. Only a slight
overestimation was denoted for the Transition model and this is due to the limits of a 2D modelization that does not
take into account 3D effects (i.e. tip vortex). For this reason the authors will use this methodology to develop a 3D
CFD model in the future research and assesses whether improvements justify the great increase of calculation time.

However, considering the good predictive results of the 2D CFD model, this will be used in the future to support
experiments in the proprietary sub-sonic wind tunnel and to validate design optimization.
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