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A Comparison between Hybrid and Experimental
Extended Polars for the Numerical Prediction of
Vertical-Axis Wind Turbine Performance using
Blade Element-Momentum Algorithm

Gabriele Bedon, Marco Raciti Castelli, Ernesto Benini

Abstract—A dynamic stall-corrected Blade Element-Momentum
algorithm based on a hybrid polar is validated through the comparison
with Sandia experimental measurements on a 5-m diameter wind
turbine of Troposkien shape. Different dynamic stall models are
evaluated. The numerical predictions obtained using the extended
aerodynamic coefficients provided by both Sheldal and Klimas and
Raciti Castelli et al. are compared to experimental data, determining
the potential of the hybrid database for the numerical prediction of
vertical-axis wind turbine performances.
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I. INTRODUCTION

HE aerodynamic design of the vertical-axis wind turbine

(VAWT) is still object of debate. The complexity of
the unsteady air-blade interaction during a full revolution
of the machine has induced several authors to propose
different methods in order to predict rotor performances. Two
main approaches are generally adopted, leading to different
aerodynamic prediction tools:

o Computational Fluid Dynamics (CFD) codes, which offer
a very deep understanding of the air dynamics inside the
rotor. On the other hand, a great computational effort
is requested, due to the long time needed to perform
transient simulations.

« Blade Element - Momentum (BE-M) Theory based
algorithms, which are very fast to compute a reliable
global performance value, but are dependent on the
availability of a complete aerodynamic database of the
adopted rotor blade section.

Both the approaches have been highly developed and
improved.

Carrigan et al. [1] introduced a fully automated process for
optimizing the airfoil cross-section of a VAWT, maximizing
the torque while enforcing some typical wind turbine design
constraints, such as tip speed ratio, solidity and blade
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profile. The design system required to maximize rotor torque
incorporated both rapid geometry generation and automated
hybrid mesh generation tools with viscous, unsteady CFD
simulation software.

Sabaeifard et al. [2] performed both experimental and
CFD analyses of small scale Darrieus-type straight-bladed
VAWTSs, describing the effect of some design parameters,
including blade number, airfoil type and turbine solidity on
rotor performance.

Ferreira et al. [3] [4] presented a systematic CFD analysis
of a two-dimensional single bladed rotor configuration,
investigating the effect of dynamic stall on VAWT performance
and analyzing the influence of the turbulence model in the
simulation of the vortical structures spread from the rotor
blade.

Raciti Castelli et al. [5] [6] proposed a new CFD based
methodology in order to obtain an estimation of both turbine
aerodynamic performance and local blade angles of attack,
allowing the investigation of any blade profile shape and
providing a deep understanding of the flow mechanisms inside
the rotor.

Performance prediction tools based on the Blade Element -
Momentum (BE-M) Theory have been considered by several
authors, thanks to their lower computational requirements [7]
[8] [9] [10] [11] [12]. All the BE-M algorithms rely on the
knowledge of the machine operative conditions, as well as the
aerodynamic characteristics of the blade profile, as discussed
by Bak et al. [13].

The most adopted aerodynamic database was provided by
Sheldahl and Klimas [14], who performed a series of wind
tunnel tests in order to evaluate the lift and drag coefficients
over 180° angles of attack for NACA -0009, -0012 and -0015
airfoils and for some Reynolds numbers typical of VAWT
blades during operation. These results were successively
extended by numerical methods to NACA-0018, -0021 and
-0025 and also to a wider range of Reynolds numbers.
The availability of such extended databases is one of the
main drawbacks of this method: since aeronautical databases
(extending up to a limited range of angles of attack) are
easily available in literature, several authors investigated the
feasibility of their extension by means of numerical methods.

Bak et al. [13] analyzed several methods (based on
Inverse Momentum Theory, Actuator Disc Theory, numerical
optimization and quasi-3D CFD computations) for the
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derivation of airfoil aerodynamic characteristics, to be used
in wind turbine applications.

Raciti Castelli et al. [15] suggested a hybrid database
computation methodology. allowing the numerical prediction
of the aerodynamic coefficients of a symmetric NACA airfoil
characterized by a thickness comprised from 0.09 to 0.25 c.
The estimation was based on a combination of the results
of the Xfoil numerical code and on the averaged Sandia
coefficients (from: [14]), mixed up in order to minimize any
possible source of error. This database was validated by Bedon
et al. [16] with respect to the experimental results obtained by
Sheldahl [17] for a 2-m Darrieus wind turbine, adopting the
BE-M code developed by Raciti Castelli et al. [18].

In the present work, the hybrid database proposed by
Raciti Castelli et al. [15] is adopted in order to predict the
performances of the Sandia 5-meter Darrieus wind turbine
studied by Sheldahl and Klimas [19]. using a Double Disk
Multiple-Streamtube algorithm developed by Raciti Castelli
et al. [18]. This code includes a dynamic stall-correction
algorithm based on the works of Gormont [22], Strickland
et al. [23] and Berg [24].

II. BE-M THEORY

Several BE-M algorithms are available in literature. Some
of them include specific corrections to keep both the expansion
of the streamtubes and rotor blade dynamic stall into account
[25]. As a first operational step, a structured mesh of the rotor
- for a given number of vertical and azimuthal subdivisions -
is created, as shown in Fig. 1.
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Fig. 1: Schematic view of the mesh generation for a Troposkien VAWT

Fig. 2 shows the Double Disk BE-M model scheme,
reporting its six characteristic wind speeds and considering
also the expansion of the streamtube, due to rotor blade
absorption of kinetic energy in the upwind zone.

Considering the averaged streamwise momentum equation
in conjunction with Bernoulli’s equation, the non-dimensional
streamwise force can be written as:

F* _ ‘/blade,i 1— ‘/blade,i _ N - Fx
* Uso Uso 2-7-r-Ah-sin(f) - U2,
(D
being N the number of rotor blades, F, the streamwise force,
r the rotor radius relative to each considered blade element,
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Fig. 2: Plan view of rotor cross-section and visualization of the six
streamtube characteristic flow velocities for the adopted Double-Disk
Multiple-Streamtube configuration, considering also the correction for

streamtube expansion (from: [18])

Ah the height of each single streamtube, U, the unhindered
wind speed and 6 the azimuthal coordinate of the blade.

The resultant streamwise force acting on each blade section
is given by:

F, = —(F, sin(B) sin(#) + F; cos(6)) )

being (5 the blade element inclination with respect to the
horizontal plane, F; and Fj, respectively the aerodynamic
forces tangential and normal to the chord line.

Expressing the forces in terms of lift and drag coefficients,
the non-dimensional streamwise F; force can be also written
as:

. Nc (W 2 cos(0)
o = 5 (ﬁ) (CN ETO smw)) @

being c the rotor blade chord, W the relative velocity in the
cross-sectional plane of the considered blade element, Cr
and Cy respectively the blade element tangential and normal
aerodynamic coefficients, in formulas:

Cr = Cpsin(a) — Cp cos(a) )
Cn = Cf, cos(a) + Cp sin(«) 5)

with Cp, and Cp respectively the lift and drag aerodynamic
coefficients and « the angle of attack between each blade
element chord and the relative wind velocity.

Defining the axial induction factor as:

_ ‘/blade,i (6)
Uso

where Vyaqe,i is the flow velocity at each blade section (i can

be up or down, as shown in Fig. 2), the streamwise momentum

equation can be written as:

a=1
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forming the basis for an iterative solution.

Once the streamwise momentum equation is solved, the
torque for each streamtube can be computed by means of the
following equation:
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where p is the air density.
Finally, the average power produced by the rotor can be
computed as:

_ Np Ny
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being w the angular speed of the rotor, Ny and Ny respectively
the number of horizontal and vertical mesh subdivisions. The
rotor power coefficient can be estimated by the formula:
P
Co=—~—===
0.5pU3. S
where S is the swept-area of the turbine.

Two different dynamic stall models, based on Gormont
works [22], are implemented: Gormont-Strickland [23] and
Gormont-Berg [24]. Furthermore, the finite aspect-ratio
correction from Viterna and Corrigan studies [26] is adopted.

(10)

III. CASE STUDY AND METHODOLOGY

The 5-m Darrieus wind turbine tested by Sheldahl and
Klimas [19] is adopted as a case study for the present
computations. The rotor is 5.1 m high, with a maximum radius
of 2.5 m. The blade shape is straight-circular-straight (SCS):
this is considered a good approximation of the Troposkien
architecture [27] but cheaper to manufacture. The main
geometrical characteristics of the turbine are reported in Table
I, while a picture of the described rotor installation in the
Sandia test site is shown in Fig. 3.

TABLE I: Main geometrical characteristics of the considered rotor (from:

119])
H 5.1 m
R 25 m
N 3
Blade profile NACA 0015
Blade Shape Straight-circular-straight (SCS)
2] 152.4 mm

The main performance parameter considered in the
proposed computations is the Power Coefficient C',, as defined
in (10). The numerical results are presented with respect to the
Tip Speed Ratio, defined as:
wR
E;'
where R is the maximum rotor radius.

Experimental measurements were conducted considering
five rotational speeds: 125, 137.5, 150, 162.5 and 175 rpm. A
wind speed ranging from 4 to 27 m/s was considered (the open
field tests were conducted in the Sandia foreground site: in the
present work, the same conditions are considered as inputs for
the BE-M algorithm). For the propose computations, the wind

A= (11)

Fig. 3: Sandia 5 m Darrieus wind turbine installation (from: [19])

is considered uniform over the turbine height since it was not
possible to collect information about the wind-shear at the test
site, while the effect of spokes is neglected.

As a first step, both Gormont-Strickland [23] and
Gormont-Berg [24] dynamic stall corrections are adopted in
combination with the Sandia coefficients from Sheldahl [14],
in order to understand which model is best describing the
rotor performance. The best model is successively adopted
in combination with the hybrid database provided by Raciti
Castelli et al. [15], in order to compare the performance
predictions computed on the basis of the two candidate
polars. The validity of the proposed hybrid database was
already observed by Raciti Castelli et al. [15] for a turbine
characterized by a height greater than 5 m and by Bedon et
al. [16] for a 2-m high rotor. The aim of the present work is
to extend the validity of the hybrid database also to a medium
size VAWT architecture.

IV. RESULTS AND DISCUSSION

A. Dynamic stall model comparison

Figs. from 4 to 8 show a comparison between measured and
computed rotor performances using both Gormont-Strickland
and Gormont-Berg models, for angular rotor velocities ranging
from 125 to 175 rpm and adopting the hybrid aerodynamic
database [14].

Differently from the conclusions drawn by Bedon et al. [16]
for the 2-m Darrieus turbine, both the Gormont-Strickland
and the Gormont-Berg models provide a good estimation of
the turbine performances. The reliability of the first model
was already assessed for small size VAWTs [16], whereas the
reliability of the second one was proved for bigger turbines
[15]: being a medium size turbine considered in this case,
both are reliable. Nevertheless, since the Gormont-Berg model
is providing a better estimation of the turbine performances
during the blade stall (for tip speed ratios lower than the
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Fig. 4: Rotor performance prediction considering Gormont-Strickland (GS)
and Gormont-Berg (GB) models and experimental results for a rotational
speed of 125 rpm
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Fig. 5: Rotor performance prediction considering Gormont-Strickland (GS)
and Gormont-Berg (GB) models and experimental results for a rotational
speed of 137.5 rpm
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Fig. 6: Rotor performance prediction considering Gormont-Strickland (GS)
and Gormont-Berg (GB) models and experimental results for a rotational
speed of 150 rpm

one corresponding to the peak power coefficient), this will
be considered for the successive computations.

B. Hybrid database results

Figs. from 9 to 13 show a comparison between
measured and computed rotor performances using both
Gormont-Strickland and Gormont-Berg models, for angluar
rotor velocities ranging from 125 to 175 rpm and adopting both
the hybrid aerodynamic database [15] and the one provided by
Sandia [14].

It can be observed that, for low rotational speeds (up to
150 rpm), the hybrid database is providing better results
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Fig. 7: Rotor performance prediction considering Gormont-Strickland (GS)
and Gormont-Berg (GB) models and experimental results for a rotational
speed of 162.5 rpm
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Fig. 8: Rotor performance prediction considering Gormont-Strickland (GS)
and Gormont-Berg (GB) models and experimental results for a rotational
speed of 175 rpm

035
——Sandia Exp

| - Sandia Be-H
—s=Hybrid Be-1

0,25

0,2 1

C.l-

0,15

01+

0,05 +

5 8% 6 65 7 75 & 85

45
Al

Fig. 9: Rotor performance prediction considering Gormont-Berg model,
using both the Sandia database (Sandia BE-M) and the hybrid database
(Hybrid BE-M), as well as experimental results for a rotational speed of 125

rpm

than the Sandia database. For higher rotational speeds, the
hybrid database tends to overestimate rotor performance up
to the peak power coefficient, while the performances for
higher values of the tip speed ratio result underpredicted. This
tendency is also followed by the computations based on the
Sandia polars: these limitations can be therefore related to the
adopted BE-M algorithm.

V. CONCLUSIONS

The 5-m Darrieus wind turbine manufactured and tested
by Sandia has been considered as a case study for the
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Fig. 10: Rotor performance prediction considering Gormont-Berg model,

using both the Sandia database (Sandia BE-M) and the hybrid database

(Hybrid BE-M). as well as experimental results for a rotational speed of
137.5 rpm
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Fig. 11: Rotor performance prediction considering Gormont-Berg model,
using both the Sandia database (Sandia BE-M) and the hybrid database
(Hybrid BE-M), as well as experimental results for a rotational speed of 150
pm
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Fig. 12: Rotor performance prediction considering Gormont-Berg model,

using both the Sandia database (Sandia BE-M) and the hybrid database

(Hybrid BE-M), as well as experimental results for a rotational speed of
162.5 rpm

evaluation of a hybrid database to be used in small-scale
VAWT performance prediction codes. Different dynamic stall
models have been evaluated using the Sandia aerodynamic
coefficients from [14]. Both the Gormont-Strickland and
Gormont-Berg models have provided reliable results for the
considered rotational speeds.

The Gormont-Berg model has been chosen to be used in
combination with the hybrid database from [15]. The hybrid
database has provided good results for rotational speeds lower
than 150 rpm. For higher rotational speed, the tip speed ratio
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Fig. 13: Rotor performance prediction considering Gormont-Berg model,
using both the Sandia database (Sandia BE-M) and the hybrid database
(Hybrid BE-M), as well as experimental results for a rotational speed of 175
rpm

of maximum power coefficient has moved towards higher wind
speeds. This behavior has been observed using both the Sandia
and the hybrid database, leading to the conclusion that the
described effect is to be related to the BE-M code.

Further numerical simulations should be performed by
considering several blade and rotor architectures, in order
to establish the reliability of the hybrid database even for
different NACA profiles and rotor blade geometries.

NOMENCLATURE
a [—] Axial induction factor
¢ [m] Airfoil chord
Cp [-] Airfoil drag coefficient
Cr [-] Airfoil lift coefficient
Cn [-] Blade element normal coefficient
Cp -] Rotor power coefficient
Cr [-] Blade element tangential coefficient
F, [N] Blade force normal to chord line
F; [N] Blade force tangential to chord line
F, [N] Resultant streamwise force
Er [N] Streamwise force exerted by the
blade element as it passes through
the streamtube
Ah [m)| Streamtube height
H [m)] Rotor total height
N [-] Number of blades
Ny [-] Number of horizontal mesh subdivisions
N, [-] Number of vertical mesh subdivisions
P W] Power produced by the turbine
r [m] Rotor radius relative to a blade element
R [m] Wind turbine maximum radius
Ts [Nm] Blade element torque for each streamtube
S [m?] Rotor swept area
Us [m/s]  Unhindered wind speed

Vilade,ilm/s] Flow velocity at a blade section, i can be
up or down

Relative velocity at a blade element
cross-sectional plane

W [m/s]
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« [rad] Blade relative angle of attack (between
airfoil chord line and relative wind
velocity)

B [rad] Blade element inclination with respect to
the horizontal plane

A=) Tip speed ratio

p [kg/m?3  Air density (assumed 1 [kg/m?])

6 [°] Blade azimuthal coordinate

w [rad/s]  Rotor angular velocity

REFERENCES

[1] T.J. Carrigan, B. H. Dennis, Z. X. Han, B. P. Wang, ”Aerodynamic
Shape Optimization of a Vertical-AxisWind Turbine Using Differential
Evolution”, ISRN Renewable Energy, Vol. 2012 (2012), ID 528418

[2] P. Sabaeifard, H. Razzaghi, A. Forouzandeh, “Determination of Vertical
Axis Wind Turbines Optimal Configuration through CFD Simulations”,
IPCBEE, Vol. 28, 2012

[3] C.J. Simao Ferreira, H. Bijl, G. Van Bussel, G. Van Kuik, ”Simulating
Dynamic Stall in a 2D VAWT: Modeling Strategy, Verification and
Validation with Particle Image Velocimetry Data”, Journal of Physics:
Conference Series 75 (2007)

[4] C. J. Simao Ferreira, G. van Kuik, G. van Bussel, F. Scarano,
”Visualization by PIV of Dynamic Stall on a Vertical Axis Wind Turbine”,
Experiments in Fluids, Vol. 46, No. 1 (2009), pp. 97-108

[5] M. Raciti Castelli, G. Pavesi, L. Battisti, E. Benini, G. Ardizzon,
”Modeling Strategy and Numerical Validation for a Darrieus Vertical Axis
Micro-Wind Turbine”, ASME 2010 International Mechanical Engineering
Congress & Exposition, November 12-18, 2010, Vancouver, British
Columbia, Canada, IMECE2010-39548.

[6] M. Raciti Castelli, A. Englaro, E. Benini, ”The Darrieus wind turbine:
Proposal for a new performance prediction model based on CFD”, Energy
36 (2011) 4919-4934.

[71 H. Glauert, “Airplane Propellers”, Aerodynamic Theory, Dover
Publication Inc, New York, 1963, Vol. 4, Division L, 169-360.

[8] R. J. Templin, ”Aerodynamic Theory for the NRC Vertical-Axis Wind
Turbine”, NRC of Canada TR LTR-LA-160, 1974.

[9]1 J. H. Strickland, "The Darrieus Turbine: A Performance Prediction Model
Using Multiple Streamtube”, SAND75-0431.

[10] S. Read, D. J. Sharpe, "An Extended Multiple Streamtube Theory for
Vertical Axis Wind Turbines”, Department of M.A.P. Engineering Report,
Kingston Polytechnic, Kingston upon Times, United Kingdom, 1980.

[11] I Paraschivoiu, "Double-Multiple Streamtube Model for Darrieus Wind
Turbines”, NASA Conference Publication 2185, May 1981.

[12] I. Paraschivoiu, F. Delclaux, "Double Multiple Streamtube Model with
Recent Improvements”, Journal of Energy, 7(3), 1983, pp. 250-255.
[13] C. Bak, P. Fuglsang, N. N. Sgrensen, H. A. Madsen, W. Z. Shen, J. N.
Serensen, ”Airfoil Characteristics for Wind Turbines”, Risg-R-1065(EN),

Risg National Laboratory, Roskilde, March 1999.

[14] R. E. Sheldahl, P. C. Klimas, ”Aerodynamic Characteristics of Seven
Symmetrical Airfoil Sections Through 180-Degree Angle of Attack
for Use in Aerodynamic Analysis of Vertical Axis Wind Turbines”,
SANDS80-2114, Unlimited Release, UC-60.

[15] M. Raciti Castelli, G. Bedon, E. Benini, "A Proposal for a new
XFoil-Based Hybrid Extended Polar for Wind Turbine Applications”,
submitted for publication to Journal of Scientific Computing.

[16] G. Bedon, M. Raciti Castelli, E. Benini, "Numerical Validation of a
Blade ElementMomentum Algorithm based on Hybrid Airfoil Polars
for a 2-m Darrieus Wind Turbine”, accepted for publication by the
International Journal of Pure and Applied Sciences and Technology.

[17] R. E. Sheldahl, "Comparison of Field and Wind Tunnel Darrieus Wind
Turbine Data”, SAND80-2469.

[18] M. Raciti Castelli, A. Fedrigo, E. Benini, “Effect of Dynamic Stall,
Finite Aspect Ratio and Streamtube Expansion on VAWT Performance
Prediction using the BE-M Model”, International Journal of Mechanical
and Aerospace Engineering, Issue 6 2012, pp. 468-480.

[19] R. E. Sheldahl, P. C. Klimas, L. V. Feltz, ”Aerodynamic Performance
of a 5-Metre-Diameter Darrieus Turbine with Extruded Aluminum
NACA-0015 Blades”, SANDS80-0179.

[20] H. Mc Coy, J. L. Loth, "Up- and Downwind Rotor Half Interference
Model for VAWT”, AIAA 2nd Terrestrial Energy Systems Conference,
Colorado Springs, CO, December 1-3, 1981.

[21] H. Mc Coy, J. L. Loth, "Optimization of darrieus Turbines with an
Upwind and Downwind Momentum Model”, Journal of Energy, 7(4),
1983, pp. 313-318.

[22] R. E. Gormont, "An Analytical Model of Unsteady Aerodynamics
and Radial Flow for Application to Helicopter Rotors”, U.S. Army Air
Mobility Research and Development Laboratory Technical Report, pp.
72-67, 1973.

[23] J. H. Strickland, B. T. Webster, T. Nguyen, A Vortex Model of the
Darrieus Turbine: an Analytical and Experimental Study”, SAND79-7058.

[24] D. E. Berg, "An Improved Double-Multiple Streamtube Model for the
Darrieus-Type Vertical Axis Wind Turbine”, Sixth Biennal Wind Energy
Conference and Workshop, pp. 231-233.

[25] C. Masson, C. Leclerc, 1. Paraschivoiu, ”Appropriate Dynamic-Stall
Models for Performance Predictions of VAWTSs with NLF Blades”,
International Journal of Rotating Machinery, vol. 4, no. 2, pp. 129-139,
1998. doi:10.1155/S1023621X98000116.

[26] L. A. Viterna, R.D. Corrigan, “Fixed Pitch Rotor Performance of
Large Horizontal Axis Wind Turbines”, DOE/NASA Workshop on Large
Horizontal Axis Wind Turbines, 2830 July 1981, Cleveland, OH.

[27] G. E. Reis, B. F. Blackwell, Practical Approximations to a Troposkien
by Straight-Line and Circular-Arc Segments”, SAND74-0100.

2301



