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A high-order Impli it Large Eddy Simulations (ILES) method in 2D and 3D is used
to simulate the aerodynami s of a NACA0012 airfoil over large angles of atta k at low
hord Reynolds numbers (Re

= 5, 000 − 50, 000).

The 2D ode is found to have good

agreement with lift and drag experimental data for pre-stall angles of atta k, while
the 3D ode is found to have good agreement over all angles of atta k. The method
is able to a urately predi t the magnitude and frequen y ontent of the lift and drag
for es on the airfoil throughout the range of

Re

onsidered in this study. Further

omparisons to experimental data are made, in luding PIV vorti ity data as well as
dye-inje tion data. As an extension of this appli ation, a se tion of a onstant spinning
straight-bladed verti al-axis wind turbine with two blades at a similar Re is subje t to
various inow velo ities in 2D and 3D. The pit h angle of the blades was also varied
in order to take into a ount the un ertainties in the mounting angle of the blade in
the experimental studies. As found previously, a small toe-out angle an in rease the
power absorption of the turbine on the order of 10%. The omputed tangential for es
as a fun tion of the azimuthal angle agree mu h better to the experimental data at
high tip-speed ratios as ompared to other, lower-delity analyti al turbine odes.
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Nomen lature

Roman Chara ters
Av

Swept area of VAWT

c

Chord length of VAWT blade

c0

Distan e from LE along hord line of mount point

CD

2
Se tional airfoil drag oe ient, 2FD /(ρU∞
c)

CL

2
Se tional airfoil lift oe ient, 2FL /(ρU∞
c)

Cp

3
Se tional power oe ient of turbine, 2P/(ρU∞
Av )

CT

2
Se tional VAWT tangential for e oe ient, 2FT /(ρU∞
c)

H

Verti al height of VAWT blade

Nb

Number of VAWT blades

R

VAWT radius at equator

Re

Chord Reynolds number, ρU∞ c/µ

t∗

Normalized time, tU /c

U∞

Free-stream horizontal uid velo ity

Greek Symbols
α

Angle of atta k of airfoil

α0

Preset pit h angle of airfoil

λ

Tip-speed ratio of VAWT, Rω /U∞

ω

Angular velo ity of VAWT rotor

I.

Introdu tion

Throughout the 1970s and into the 1980s, Sandia National Laboratories ondu ted resear h into
the design and testing of verti al-axis wind turbines (VAWTs). At that time, the nas ent wind energy
industry had not onverged on a single optimal design, su h as the three-bladed upwind horizontalaxis seen widely today. Re ently, however, there has been renewed interest in ommer ializing
VAWTs, espe ially in an oshore setting. Due to their lower enter of gravity and more a essible
ele trome hani al omponents, VAWTs ould be a superior te hnology over HAWTs on a oating
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platform. Their use in a oating environment ould result in lower apital osts (due to the smaller
platform) as well as operational and maintenan e osts. Though only a few large-s ale prototypes
of oating wind turbines exist today (see, for instan e [1℄), many developed ountries have a large
untapped oshore wind resour e in deep water (usually dened as greater than 50m water depth),
su h as the U.S., U.K., China, Japan, and many others. However, the design, manufa ture, and
maintenan e of even a large-s ale onshore VAWT has proven to be di ult due to the la k of
available a urate data (numeri al or experimental) on the magnitude and frequen y ontent of the
instantaneous aerodynami for es on the blades [2℄. Further, nearly all analyti al models used to
model VAWTs require some experimental data in their analysis.
One hallenge to predi ting for es on a VAWT blade is the large variation in angle of atta k
of the airfoil as it ir umnavigates the entral olumn. At ertain tip-speed ratios, namely λ ≥ 5,
the angle of atta k does not ex eed 12◦ , as depi ted in Fig. 10. Previous resear hers [35℄ have
found that three-dimensional Large Eddy Simulation (LES) [6℄ is ne essary to a urately predi t
the lift and drag of a stalled airfoil. At the lowest TSR (λ ≤ 1), Li et al [5℄ showed that 3D LES
(this form of LES is sometimes alled 2.5D LES) ould a urately predi t the tangential for e of
a straight-bladed VAWT at Re = 105 . However at higher TSR (1.4 ≤ λ ≤ 2, the 3D LES model
ould not a urately predi t the for es, espe ially in the downwind se tion. For all λ studied in [5℄,
the maximum tangential for es omputed by the 3D URANS simulations were nearly a fa tor of 2
above the experiments. Though 3D large-eddy simulations (LES) will always exhibit higher delity
than 2D simulations, the omputational ost of su h a simulation may be prohibitive. For λ ≥ 5,
however, it remains to be determined whether a 2D simulation of a VAWT an a urately predi t
the for es.
Although the ILES methodology used in the present study only exhibits adequate stability
and robustness properties for Re < 105 , this methodology an still a urately be applied to the
unsteady aerodynami s of airfoils with onditions appli able to mi ro-air vehi les [7℄ as well as some
model-s ale VAWTs. For instan e, the Reynolds number of the model turbine tested at the Sandia
National Labs tow tank is ≈ 50 · 103 [8℄. However, as Lissaman points out in [9℄, lower Reynolds
experiments (dened usually as 103 ≤ Re ≤ 105 ) even for single airfoils are di ult to perform and
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repeat. Carmi hael [10℄ also reexamined many low Re wind tunnel airfoil data and found only a
few to be reliable. Most wind tunnels have to deal with turbulen e ee ts, wall ee ts and a wide
range of for es present in the experiments whi h all lead to dis repan ies in reported values for
similar tests. Thus, many resear hers have turned to in reasingly higher delity numeri al methods
in order to fully understand the ow features past airfoils or VAWT blades.
The omputational e ien y and a ura y of omputational uid dynami s (CFD) simulations
have in reased dramati ally over the past de ades. The most ommon types of simulations, in luding those found in OpenFOAM, a popular open-sour e CFD software, are 2D unsteady Reynoldsaveraged numeri al simulations (URANS). However, these simulations have been found to overestimate the power oe ients of VAWTs due to their delay of the onset of dynami stall and the
overpredi tion of the tangential for e in the upwind zones [5℄. In this study, we propose using a
high-order ILES method, developed in [11℄ for a straight-bladed VAWT. To our knowledge, this
is the rst study of a high-order ILES ode being applied to a VAWT either in 2D or 3D. This
methodology an onve t the vorti es that are reated by the VAWT blade in the upwind zone into
the downwind zone and a urately simulate the ee t of these vorti es on a moving blade. Though
the present study fo uses on VAWTs, these lower-Reynolds results an be used for a variety of new
appli ations, su h as unmanned-air vehi les, mi ro-air vehi les, and the simulation of avian and
inse t ight.
The paper is organized as follows. First, we simulate the ow eld about a single stati
NACA0012 airfoil over a large variation in angle of atta k in 2D and 3D. By omparing these
simulations to re ent experimental data, we determine the range of angle of atta k the 2D simulations are valid. We also simulate these airfoils in 3D and ompare the frequen y ontent of the for es
to experimental data. Then, we numeri ally re reate the 2-bladed VAWT tested by Stri kland in [8℄
to ompare the tangential for es on the VAWT blades in 2D and 3D. Like Li in [5℄, we found that
although 2D LES drasti ally overpredi ted the lift and drag oe ients at post-stall angle of atta ks,
the delity of the VAWT simulation did not suer over a range of TSR. Indeed, we were able to
a urately simulate the for es on the VAWT blade in the upwind and downwind zones. Further, we
found that the 2D results generally agreed with the 3D results, espe ially at high tip-speed-ratios.
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II.

Governing Equations and High-Order Dis ontinuous Galerkin Dis retization

Our simulations are based on the Navier-Stokes equations, and we use an arti ial ompressibility method based on an isentropi formulation [12℄ to approximate the nearly in ompressible ows
that we are modeling. This results in a system of equations in the onserved variables ρ (density)
and ρu (momentum). We impose two types of boundary onditions, free-stream ow (far eld) and
zero velo ity (wall).
The equations are dis retized using a high-order Dis ontinuous Galerkin (DG) formulation.
While not used routinely for CFD simulations, high order methods have been shown to be advantageous for appli ations requiring low numeri al dispersion and high time a ura y [13℄. In parti ular,
they are believed to produ e reliable results already on oarse grids for LES simulations with highly
separated ows [11℄.
We use an in-house developed ode for the simulations, whi h uses high-order DG methods
on fully unstru tured meshes of tetrahedral elements and nodal basis fun tions [14, 15℄. The DG
method produ es stable dis retizations of the onve tive operator for any order dis retization, thus
avoiding the need for additional stabilization or ltering. Here, we use polynomial degrees p = 3 for
all the simulations, whi h is ommonly onsidered a good ompromise between high order a ura y
and in reased solver ost. The vis ous terms are dis retized using the Compa t Dis ontinuous
Galerkin (CDG) method [16℄ whi h leads to optimal order a ura y, is ompa t, and generates
sparser matri es than the alternative existing methods. For the time-integration, we use a 3-stage,
3rd order a urate Diagonally Impli it Runge-Kutta (DIRK) method.
For the turbine simulations, we a ount for the moving and deforming domains by the mapping
based Arbitrary Lagrangian-Eulerian (ALE) formulation proposed in [14℄. It is a urate to arbitrary
orders in both spa e and time. The so- alled Geometri Conservation Law (GCL) is satised using
an additional equation that is used to ompensate for numeri al integration errors. The formulation
requires that the deformations are pres ribed either expli itly or indire tly as a mapping x = x(X, t)
between the referen e and the physi al spa e. In our ase, we an simply use a rotating framework
to model the spinning turbine. We an then analyti ally ompute the deformation gradient ∂x/∂X
and the grid velo ity ∂x/∂t, and formulate the ALE equations dire tly in the referen e domain. For
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details on this pro edure, see [14℄.
All triangular and tetrahedral meshes we use are produ ed using the DistMesh mesh generator
[17℄. We use a stru tured approa h for the boundary layers around the airfoils, and the 3D meshes
are obtained by prismati extrusion of the triangular elements. In addition, high-order methods
require meshes with urved elements, whi h are parti ularly di ult to general for meshes with
boundary layers. We use the elasti ity-based approa h proposed in [18℄, whi h tends to produ e
well-shaped meshes with globally urved elements.

III.

ILES Simulation of NACA0012 Airfoil

The airow over streamlined bodies at low to moderately low Re (i.e., 103 ≤ Re ≤ 105 ) has been
examined thoroughly by means of experimental, analyti al and omputational te hniques by many
resear hers in the modern era (see review papers, for instan e, [7, 9, 10, 19℄). This Re range presents
unique hallenges to resear hers who have to deal with separated, highly unsteady transitional ow.
Though early wind tunnel tests of the NACA0012 were plagued by ina ura ies [20℄, many re ent
experimental studies have used state-of-the-art pressure and for e measurements as well as ow
visualization te hniques (see, for instan e, [2125℄ ).
However, experimental studies will always be limited by the amount and type of data that
an possibly be olle ted from su h tests. Re ent growth in omputational power and parallel
omputing te hniques has led to in reasingly higher-delity omputational analyses, su h as largeeddy simulation (LES) and dire t numeri al simulation (DNS), (see [4, 6, 11, 2632℄). While DNS
an solve for the ow eld at Kolmogorov s ales, it requires prohibitively ne meshes for the Reynolds
numbers onsidered, even for high-performan e omputers. Thus, resear hers are a tively seeking
numeri al s hemes that ould model the ow stru tures at a wide range of spatial and temporal
s ales and ould a urately predi t the magnitude and frequen y of for es on the airfoil with lower
omputational ost. In LES simulations, element sizes are signi antly larger than the Kolmogorov
s ale. This redu es the omputational ost drasti ally, and the ee t of the unresolved s ales are
in orporated through subgrid models. In our work, we use the so- alled impli it LES (ILES) model
whi h assumes that this subgrid model is the inherent dissipation of the numeri al s heme. In
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most ases these ow stru tures are inherently three-dimensional and require full 3D simulation
te hniques, although in this work we will ompare the 3D results with orresponding 2D simulations
to highlight the dieren es.

A.

Computational Domain

The airfoil is a standard NACA0012 se tion, and we use an outer box of size three hord lengths
above, below, and upstream from the airfoil, and ve hord lengths in the wake. Three dierent
meshes are generated for the simulations, two triangular 2D meshes and one tetrahedral 3D mesh,
see gure 1.
The 2D meshes have 1,368 and 7,774 high-order elements, respe tively, orresponding to 13,680
and 77,740 high-order nodes, or about 41,000 and 230,000 degrees of freedom. We measure the
resolution length of the rst layer of elements around the airfoil by dividing the element height
by the polynomial degree, hmin /p, whi h is a natural hoi e for high-order methods. For our two
meshes this quantity is 5 · 10−4 and 5 · 10−5 , respe tively.
For the 3D domain, we extrude the 2D airfoil se tion to a span length of 0.4 hord lengths,
and use periodi

onditions between the two ends. This leads to a mesh with 151,392 high-order

tetrahedral elements, or about 3 million high-order nodes, whi h orrespond to above 12 million
degrees of freedom. The rst layer of elements has hmin /p = 2.5 · 10−4 .

B.

Results And Dis ussion

The for es on a stationary NACA0012 airfoil over a range of angles of atta k (0◦ ≤ α ≤

55◦ ) were obtained and de omposed into the stream-wise and ross-stream dire tions (FD and FL ,
respe tively). These results were ompared to experimental and omputational data from a variety
of previous studies at similar Re. Only re ently, as modern sensing te hnology has advan ed, have
experimentalists been able to a urately des ribe the frequen y ontent of the the measured for e
signal. In the following se tions we ompare the magnitude as well as the frequen y of the lift and
drag for es on the stationary airfoil.
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(a) Mesh 1, 2D

(b) Mesh 2, 2D

( ) 3D Mesh
Fig. 1 Computational domain in 2D and 3D for the stati

NACA0012 airfoil at a wide range

of angles of atta k.

1.

Magnitude of For e

The lift oe ients from a variety of experiments and numeri al simulations at low Re (5,300
≤ Re ≤ 20,700) are shown in Fig. 2. The re tangular box is amplied and shown in Fig. 2(b). The

2D results from the present simulation are displayed with open and lled ir les for Mesh 1 and Mesh
8

2, respe tively (no appre iable dieren e at this level). Experimental data from Alam et al [23℄ are
shown in open and lled red diamonds, from Ohtake [25℄ in blue squares and from Laitone [33℄
in upside-down green triangles. Many dierent high-quality experimental tests are shown in these
gures due to the di ult nature of obtaining reliable results at su h Re. Results from the invis id
linear-vorti ity panel method ode XFoil [34℄ are also plotted for omparison. At this Reynolds
number, the 2D ILES predi ts the lift oe ient of the NACA0012 fairly well up to about α=8◦ .
Above this α the 2D ILES drasti ally overpredi ts the lift for e. The XFoil ode, however, aptures
the relatively linear behavior of this airfoil over a larger range, though underpredi ts the lift from
3◦ ≤ α ≤ 12◦ as shown in Fig. 2(b). The 3D ILES simulations at α= 10◦ , 12◦ , 15◦ and 30◦ are

lose to the experimental data. Interestingly, the value at α= 10◦ is lose to the values obtained by
XFoil, though the omputational ost of obtaining su h a datum are orders of magnitude higher for
the CFD software ompared to the potential ow solver.
The lift oe ients for the NACA0012 at higher Re (40.0 · 103 ≤ Re ≤ 360 · 103 ) are shown
in Fig. 3 up to α=55◦ and up to α=12◦ in Fig. 3(b). The results show similar trends to the
ones des ribed in Fig. 2, with the 2D ILES simulations overpredi ting the lift values at α > 10◦ .
Experimental data from Huang & Lee [35℄ are shown with grey lled triangles while the data from
Sheldahl and Klimas' seminal airfoil testing [36℄ at large angle of atta ks are displayed with yan
triangles. The LES simulations performed by Lehmkuhl, do umented in [26℄ are shown with asterisks
in Fig. 3(b). Again, the XFoil ode, aptures the behavior of this airfoil fairly well. The 3D ILES
simulations at 30◦ and 50◦ are lose to the experimental data. The drag oe ients for NACA0012
at 5 · 103 ≤ Re ≤ 360 · 103 are shown in Fig. 4(a) for α ≤ 55◦ and for α ≤ 12◦ in Fig. 4(b). The
trend of in reasing Re oin iding with de reasing CD (α = 0) was shown experimentally in [36℄.
Both XFoil and the ILES simulations follow the experimental data well for α ≤ 12◦ . A similar
LES simulation was run for NACA0012 by Pagnutti [37℄ for α = 0, shown with a '+' marker. The
drag oe ient oin ides exa tly with the simulations performed in this study at CD = .55 and the
marker is partially obs ured in Fig. 4(b). The 3D simulations also provide a urate results under
post-stall onditions.
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(a) Lift oe ient at large angle of atta k.
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(b) Lift oe ient at small angle of atta k.

Fig. 2 Lift oe ient of NACA 0012 at 5,300 ≤ Re ≤ 20,700.
2.

Frequen y Content of For e

In order to analyze the frequen y ontent of the ILES simulations, a Fourier transform ould
be used to analyze the time history of the lift and drag for es. However, sin e the total simulation
time was never greater than 80 s due to time and storage onstraints, a desired frequen y resolution
of 0.01 Hz ould not be obtained. Thus, the peaks of the signals were obtained by nding the
zero-slope and the dominant frequen y of the lift for e was obtained through the averaging of these
periods. The data obtained from this pro edure are shown in Fig. 5. These results are ompared to
the dominant frequen ies in the lift signal experimentally determined by Alam in [23℄. They are also
ompared to dominant vortex shedding frequen ies found in the DNS simulations of a NACA0012
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(b) Lift oe ient at small angle of atta k.

Fig. 3 Lift oe ient of NACA 0012 at Re 40,000 and above.
at α = 9.25, 12 by Rodriguez in [32℄ as well as the dominant vortex shedding frequen ies found in
the experiments performed by Huang and reported in [22℄. In the literature, when the frequen y
of the vortex-shedding is dis ussed, the length s ale is generally related to the width of the wake.
However, these aforementioned authors use slightly dierent length s ales for the length parameter
of the Strouhal number. To simplify, we just use the hord length c. From the agreement in Fig. 5
over the large range of angles of atta k, it is evident that the os illations in the for e signal are due
to the shedding vorti es. The dominant frequen ies in the drag for e were similar to those of the
lift for e as experimentally determined in [23℄ and are not reprodu ed here.
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Fig. 4 Drag oe ient of NACA 0012 at 5 · 10

3

≤ Re ≤ 360 · 103

.

C. Flow Stru ture
To analyze the delity of the unsteady ow stru tures in the 3D ILES simulation, two omparisons with experimental data were performed: the rst was with a dye inje tion the se ond was with
interpolated PIV data.

1.

Dye-Inje tion

In the experiments reported in [23℄, ow visualization was performed using a dye-inje tion
te hnique. The dye was inje ted with a 1 mm nozzle at three dierent sites along the midspan of
the airfoil: the nose of the airfoil and 0.1 hord lengths from the nose on the su tion and pressure
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Fig. 5 Comparison of dominant non-dimensional frequen ies, f c/U , of lift for e or vortex
shedding over a large range of angle of atta k at low Re.
∞

sides of the airfoil. To ompare with the images from this study, a parti le-tra ing algorithm in
the ParaView visualization software [38℄ was employed. In the parti le-tra er simulation, only the
nose and su tion side inje tion sites were hosen to minimize omputation time. One instant of
this simulation (t∗ = 4.05) is shown for α = 10◦ and Re = 5.3 · 103 in side view in Fig. 6 and
ompared to the image shown in [23℄ for the same ow parameters. Although the parti le-tra er

Separation Point

Separation Vortices
T.E. Vortices

Fig. 6 Comparison of dye-inje tion visualization experiment at α = 10 and Re = 5.3 · 10 (from
[23℄) and parti le-tra er post-pro essing from 3D ILES simulation.
◦
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3

te hnique neither in ludes the ee t of the input velo ity of the dye nor its diusion properties, the
images show relatively good agreement. Although it is not possible to see the time evolution of the
vorti al stru tures in this parti le tra er simulation, the ow stru tures are similar to the ones in
'Regime C' that Huang des ribes in [21℄. As the separation point moves upstream, a surfa e vortex
is formed in the separated boundary layer around the mid- hord. As the ounter- lo kwise rotating
vortex rolls down the su tion side of the airfoil and is shed into the surround uid, a trailing-edge
vortex ( lo kwise-rotating) rolls up from the pressure side to the su tion side. Huang attributes this
ee t to the low pressure region immediately behind the ounter- lo kwise rotating vortex. The
vorti es are shed in an alternating fashion, with a ounter- lo kwise rotating one generated from
the trailing-edge and lo kwise-rotating generated in the separated boundary region and rolling
down the su tion side of the airfoil.

2.

Vorti ity PIV Data

In [21℄, Huang and olleagues impulsively started a NACA0012 airfoil at various angles of
atta k in a water tank. The PIV images were obtained from a CCD amera that was mounted
on a small moving arriage below the tank (see Fig. 1 in [21℄ for experimental setup). The water
was seeded with polyamide parti les to ree t the laser light and the airfoil was towed su h that
Re = 1.2 · 103 . On e the original velo ity eld was al ulated from the PIV data, the data were

enhan ed by interpolating at points with a weighting distan e of 1/r2 . The vorti ity was al ulated
from a entral dieren e s heme from this interpolated data. These ontours with labels showing the
magnitude of the vorti ity are shown in bla k in Fig. 7. This data is superimposed with the olored
lled ontour data from the midspan of the 3D ILES simulations at Re = 5.3 · 103 . The results show
remarkably good agreement for the spatial and temporal evolution of the vorti al stru tures despite
the dierent ow parameters (Re = 1.2 · 103 versus Re = 5.3 · 103 ). As Huang des ribes in [21℄, at
this large angle of atta k, a starting vortex is generated from the leading-edge (t∗ < 1.0). As this
vortex rolls down the su tion side of the airfoil (1 < t∗ < 2.67), it indu es a trailing-edge vortex
in its stead (mu h like the evolution des ribed in Se . III C 2 at lower α). Eventually this leads to
alternative shedding of a surfa e vortex and trailing-edge vortex.
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Fig. 7 Comparison of vorti ity at various normalized time instan es, at α = 30◦ from interpolated PIV data (Fig. 14 from [21℄) at

Re = 1.2 · 103

in bla k ontours and labels with the 3D

ILES simulations from this study at Re = 5.3 · 103 in a jet olormap from blue to red.
After obtaining results simulating a single stati NACA0012 airfoil in 2D and 3D at Re ≤
50 · 103 , under a range of α that mat hed a wide array of experimental data, we surmised that this

methodology ould be applied to a straight-bladed, low-Re VAWT.
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IV. ILES Simulation of low-Reynolds VAWT
The VAWT hosen for this study was the one built and tested by Stri kland and reported in
[39℄ as well as in [8℄. Sin e the model VAWT was a tually tested in a tow-tank, the average hord
Reynolds number for turbine blades is approximately 40 · 103 . A s hemati of the experimental test
setup is shown in Fig. 8. The width of the tow tank was 5 m, so the ee t of the side walls on
the turbine blades is negligible. However, the bottom of the blades were only approximately 35 m
away from the bottom of the tank, so the proximity of this boundary on the blades ould have a
signi ant ee t on the ow around the blades. The physi al parameters of the VAWT are shown
in Table 1. The denitions of these parameters are shown in Fig. 9 where the 2-bladed VAWT is
shown in plan view. A plot of the variation of the angle of atta k as well as the hord Reynolds
number for various tip-speed ratios λ is shown in Fig. 10.
In [39℄, the authors do not expli itly report the blade oset distan e c0 , whi h is the distan e
from the leading edge of the airfoil to the blade mounting point, along the hord line of the airfoil.
However, from the dis ussion on pages 57 and 59 of [39℄ on the measurement of the moment about
the quarter- hord, we infer that c0 = c/4. From this se tion, we also infer that the intended blade
oset pit h angle α0 , as shown in Fig. 9, to be 0◦ . Yet, the authors report un ertainty in the
measurement of the azimuthal angle on the order of 1◦ . The determination of the a tual α0 used in
the experiments is dis ussed in Se . IV C. In the tow tank experiments the for es were averaged over
a parti ular time step, whi h orresponded to a hange of θ ≈ 15◦ . In their numeri al simulations,
they also en ountered a phase shift between the numeri al results and the experimental results. In
the present study, we found that if we shifted θ of the experimental results by -15◦ only for λ of
2.5 and 7.5 then we found the best agreement with our numeri al results. All of the following plots
in lude this oset in the azimuthal angle for λ of 2.5, 7.5. Unless otherwise noted, the data from the
ILES simulations are the averages over all of the passes of the simulations (usually 2 passes for the
3D simulations and 3-4 passes for the 2D simulations) for Blades 1 and 2 at ea h of the azimuthal
positions. In the following se tions the se tional tangential for e oe ient, CT is displayed as a
fun tion of azimuthal angle θ as dened in 9. The se tional tangential for e oe ient is usually
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Fig. 8 S hemati of tow tank experiment of low

Re

VAWT performed by Stri kland in [39℄

and [8℄.

Upwind Zone
Downwind Zone

.0
&

= 0º
Blade 1
UR
.

c0 c

U∞
&5

U∞

R

Fig. 9 Plan view of 2-bladed VAWT with denitions of angle of atta k α, blade oset pit h
angle

α0 ,

hord length c, blade oset distan e

c0 ,

VAWT radius R, azimuthal angle θ, and

VAWT angular velo ity ω.
dened as,
CT =

FT
2 c
1/2ρU∞

(1)

where FT is the se tional tangential for e on the blade. For a straight-bladed VAWT, the power
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Parameter Value Unit

c

9.14

R

0.61

m

ω

1.56

rad/s

H

0.85

m

α0

-2

deg

c0

0.25c

m

m

Table 1 Geometry and turbine parameters for the VAWT simulated in this study.
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Fig. 10 Variation of angle of atta k and
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Re

45

9
90

of a straight-bladed VAWT as it

ompletes

one half rotation.

oe ient is a fun tion of the average of CT over one revolution, C̄T and other parameters, su h
that
C P = Nb

A.

ω
2π

R 2π

FT (θ)Rdθ
λC̄T c
0
= Nb
3 2R
1/2ρU∞
2 R

(2)

Computational Domain

The omputational domain for the VAWT is shown in Fig. 11. We use a boundary layer similar
to the one in the stati simulations, and a ner mesh resolution in the near-wake of the airfoils. The
3D mesh is again generation by extruding the 2D mesh, a span of 0.4 hord lengths. The resulting
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size of the 2D mesh is 11,630 elements, or 116,300 high-order nodes and about 350,000 degrees of
freedom. The size of the 3D mesh is 139,560 elements, or about 2.8 million high-order nodes and
about 11 million degrees of freedom.

B. Comparison of 2D and 3D ILES
Most of the parameterization study for the ILES simulations were performed in 2D due to the
high omputational ost of the 3D simulations. In this se tion, however, we show that the 3D
simulations generally follow their 2D ounterparts, espe ially for high TSR. In Fig. 12, the 2D and
3D simulations are ompared for α0 = −2◦ and λ = 5.0. Generally, the results of the 2D simulations
exhibit the same behavior as the results from 3D ases, albeit with some higher frequen y harmoni s.
In Fig. 13, the results from the 2D and 3D simulations for λ = 2.5, T = 25◦ are shown for dierent
α0 . Here, there are dis repan ies between the 2D and 3D simulations, espe ially for 0◦ ≤ θ ≤ 45◦

Thus, we an safely infer that the dominant features that appear in the upwind and downwind zones
in the 2D simulations will also appear in the 3D simulations. However, for low TSR, when α is in
a post-stall region, the 2D simulations will generally not losely follow their 3D ounterparts.

C. Parameterization Study: Pit h Angle Oset
In order to re reate the experiments performed in [8℄, parameterization studies were performed
for the experimental parameters that were not reported or reported with a ertain degree of un ertainty. The authors report that dis repan ies in the experimental data, "may be due to misalignment
errors in the blade mounting... on the order of 1◦ in the blade angle of atta k". In order to de-

termine the pit h angle oset of the experimental turbine, relatively low- ost 2D ILES simulations
were performed for −5◦ ≤ α0 ≤ +5◦ , in in rements of 1◦ for λ = 5.0 and T = 20◦ C . As mentioned
previously, the mounting point of the airfoil was taken to be a distan e of c/4 from the leading edge.
The blades were then rotated about this point by an angle of α0 . In these simulations, we found
that any toe-in angle (α0 > 0◦ ) of the airfoil de reased the e ien y of the turbine and led to a
high variability in blade for es. Thus, in Fig. 14, we only show the tangential for e oe ient of
the VAWT as a fun tion of the azimuthal angle for α0 ≥ 0◦ to improve readability. From Fig. 14,
it is lear that α0 = −3◦ , denoted by '+' markers, has the largest maximum value of any of the
19

(a) 2D Mesh

(b) 3D Mesh

Fig. 11 The two high-order omputational meshes used for 2D and the 3D simulations of the
low

Re

VAWT onsidered in this study. Polynomial degrees of

element.
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p = 3
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Fig. 12 Tangential for e of a VAWT blade as a fun tion of azimuthal position for simulations
in 2D and 3D α0 = −2◦ at λ = 5.0 for various temperatures.
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Fig. 13 Tangential for e of a VAWT blade as a fun tion of azimuthal position for simulations
in 2D and 3D α0 = 0, −2◦ at λ = 2.5.
simulations. However, α0 = −2◦ , shown with open squares, has the largest power oe ient of the
simulations (Cp = 0.27). This nding agrees very well with the data olle ted by Klimas and olleagues for the 5 m VAWT also built and tested by Sandia National Labs [40℄. In these tests, whi h
were performed at various λ, the overall maximum power oe ient was a hieved for α0 = −2◦ ,
(Cp = 0.32). Further, this pit h angle oset had the largest Cp for 3.5 ≤ λ ≤ 6.0.
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Fig. 14 Tangential for e of a VAWT blade as a fun tion of azimuthal position for various
at

α0

T = 20◦ , λ = 5.0

1.

Parameterization Study: Temperature of Fluid

After analyzing the ILES simulations of the single NACA airfoil, it be ame lear that the
dynami uid stru tures around the airfoil at high angle of atta k were sensitive to the lo al Re
number of the airfoil. Further, the experiments were undertaken at a tow tank at Texas Te h
University in Lubbo k, Texas, we where the temperature of the uid ould realisti ally vary by 5-10◦
depending on the building, insulation, season, et . We varied the temperature on the order of 5◦ C ,
to slightly hange the Re of the ow and examined the numeri al results. Though the simulations
mat hed most losely for higher Re ( orresponding to higher temperatures), we only thought it was
reasonable to assume water temperature of at most 25◦ C . The data for the kinemati vis osity
of water as fun tion of the temperature was found in [41℄. Figure 15 shows the tangential for e
oe ient as a fun tion of azimuthal angle at λ = 5.0 and α0 = −2◦ for various uid temperatures
(20, 25, 30◦ C ). Clearly, there is not a large hange in the trend of the for e as the temperature
hanges by 5◦ or 10◦ . However, for these small temperature hanges, we were not expe ting su h
a large hange in the turbine power oe ient, Cp . Figure 15 shows that a 5◦ in rease in the
temperature, whi h orresponds to a 10% in rease in the Re number (due to the hange in the
kinemati vis osity of water), yields a 5% in rease in power produ tion. However, this in rease is
within the margin of variation of the torque variation from various passes of the turbine of blade.
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Fig. 15 Tangential for e of a VAWT blade as a fun tion of azimuthal position for various

α0 = −2◦

and

T

at

λ = 5.0

The 2D results, presented in Fig. 13 show a similar trend but to even a higher degree.
For a wind turbine exposed to environmental onditions the temperature of the uid annot be
modied. However, this analysis shows that it is riti al for resear hers to report the temperature
of the working uid in ontrolled model tests (espe ially if they are performed in water) so that the
onditions an be re reated in su h numeri al simulations.

D.

Comparison with VAWT Analyti al Models

Besides simulating the VAWT with ILES methods, two analyti al odes were used to estimate
the aerodynami torque on the blades for omparison. A blade-element methodology alled the
Double Multiple Streamtube Method des ribed in [42℄ was used along with a dynami stall model
of Berg [43℄. This formulation uses a momentum method to model the streamwise wake de it
both in the 'upwind zone' and 'downwind zone' of the rotor (see Fig. 9 for depi tion of zones)
by iteratively solving for an indu tion fa tor. On e this fa tor is known in the upwind zone for
all azimuthal angles, the for e on the blades in the downwind zone an be determined. Also, a
vortex method developed at Sandia National Laboratories alled Code for Axial and Cross-ow
TUrbine Simulation (CACTUS) [44℄ was used to simulate the aerodynami torque. As of 2013,
this numeri al method was made available to publi as an open-sour e software [46℄. In this model,
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the data from the twentieth revolution of the turbine was used in order to allow the ode to rea h
a steady-state solution. After orresponding with the authors of the ode, the number of blade
elements was in reased to 10, whi h slightly improved the a ura y of the ode. The se tional lift
and drag oe ients for both of the odes ame from the experimental data of [23℄ and [25℄. For
these odes, the angle of atta k was al ulated at the mid- hord, as re ommended in [8℄.
The experimental data of the tangential for e oe ient shown as triangles in Figs. 16, 17 and
18 was taken as a blade swept over the rst half of its fourth revolution (the only tabular data
provided in [8℄). Due to the omputational intensity of the ILES, the data from the ILES 2D and
3D simulations were taken from the for es on 'Blade 2' as it made its rst pass from −90◦ ≤ θ ≤ 270◦
after starting from θ(t = 0) = −270◦ . However, subsequent revolutions exhibited similar behavior,
whi h was in agreement with the experimental data. The data from CACTUS was taken at 32
instan es on the twentieth revolution of the simulation. The DMST only estimates the torque on
the blades as an average for a single revolution (no unsteady ee ts) but the resolution an be
in reased by in reasing the number of streamtubes.
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Fig. 16 Tangential for e of a VAWT blade as a fun tion of azimuthal position

λ=2.5

Figures 16, 17 and 18 show that the ILES simulation an approximate the experimental data
very well at high TSR, espe ially in the downwind se tion. At λ=2.5, the CACTUS model utilizing
the Leishman-Beddos dynami stall model (des ribed in [45℄) re reates the experimental data the
best. However, at higher TSR the a ura y of the analyti al models drops drasti ally resulting in
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Fig. 17 Tangential for e of a VAWT blade on a straight-bladed turbine as a fun tion of
azimuthal position for

λ=5.0
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Fig. 18 Tangential for e of a VAWT blade as a fun tion of azimuthal position for

λ=7.5

highly ina urate predi tions for the power oe ients.

E.

Flow Stru ture

Iso-surfa es of the q- riterion are frequently used to visualize the unsteady 3D ow stru tures
in the uid domain. The q - riterion physi ally represents areas where rotation dominates the strain
of the ow. In the ore of a olumnar vortex, q > 0 sin e vorti ity in reases as the radial distan e to
the ore de reases [11℄. In Fig. 19, iso-surfa es of the q - riterion, where q = 100, are shown in 3D for
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various azimuthal angles of Blade 1 when λ = 2.5. As shown in the top row of Fig. 19, the azimuthal
angle θ is 0◦ and olumnar vorti es are present in the downwind zone of the turbine. These vorti es
were shed in the wake of Blade 2 from its previous pass and then onve ted downstream due to the
in ident wind. The image to the right is a more detailed depi tion of the iso-surfa es formed around
Blade 1. At this instant in time, the angle of atta k α is greater than 20◦ , ex luding dynami
ee ts (see Fig. 10). Clearly, there are instantaneous vorti al stru tures forming on the su tion
side of the airfoil. At θ = 60◦ these disturban es have formed into a more oherent stru ture,
labeled 'Vortex A'. The lo ation of Vortex A moves from the upwind zone into the downwind zone
due to the inuen e of the in ident wind throughout the time instan es in Fig. 19. Interestingly,
the vorti es are onve ted too slowly to dire tly interfere with the ow eld around Blade 1 when
120◦ ≤ θ ≤ 180◦ .

V.

Con lusions

ILES simulations of a single NACA0012 airfoil at large angles of atta k as well as a rotating
VAWT at a range of TSRs were performed. The results of the single airfoil showed that at pre-stall
angles of atta k, 2D simulations predi ted the lift and drag for e well. However, at post-stall angles
of atta k 3D simulations were ne essary as the transverse ow be ame more important. Further, 3D
ow stru tures in the simulations mat hed well to PIV and dye-inje tion experiments. The results
from the VAWT simulations showed that the 2D simulations were a urate at high TSR (≥ 5.0).
At these TSRs, the maximum angle of atta k an ex eed 12◦ , whi h orresponds to the post-stall
regime. Yet, these 2D simulations, whi h failed to a urately predi t the for es for a stati airfoil
at these angles of atta k, an simulate the for es for the entire turbine fairly a urately. However,
these 2D results had high frequen y omponents that were not present in the results from the 3D
simulations. From this, we infer that the span-wise length of the airfoil has an averaging ee t on
the tangential for e on the blade. We also onrmed the results of previous resear hers that a small
toe-out angle an in rease the e ien y of the VAWT by nearly 10%. Further, small hanges in the
vis osity (or temperature) of the uid an have an inuen e on the for es on the turbine blades.
In the future, we hope to generate longer runs of the 3D VAWT simulations in order to perform
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θ = 0◦
θ = 60◦
θ = 120◦
θ = 180◦

Fig. 19 Iso-surfa es of the q- riterion for
λ = 2.5.

q = 100

at various azimuthal angles of Blade 1 at

Images on right are magnied views of Blade 1. The time evolution of 'Vortex A' is

dis ussed in the text. The isosurfa es are olored a ording to the magnitude of the velo ity,
as indi ated by the olorbar at the bottom of the gure.
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a spe tral analysis on the tangential for e data. From this analysis, we should be able to estimate
the dominant frequen ies of the for e (of ourse, 1P and 2P) and at whi h azimuthal angles they
generally o ur. Further, we hope to push the Re number of the simulations higher through the use
of Deta hed Eddy simulation (DES) te hniques.
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