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A high-order Implicit Large Eddy Sim ulations (ILES) metho d in 2D and 3D is used

to sim ulate the aero dynamics of a NA CA0012 airfoil o v er large angles of attac k at lo w

c hord Reynolds n um b ers ( Re = 5 ; 000� 50; 000). The 2D co de is found to ha v e go o d

agreemen t with lift and drag exp erimen tal data for pre-stall angles of attac k, while

the 3D co de is found to ha v e go o d agreemen t o v er all angles of attac k. The metho d

is able to accurately predict the magnitude and frequency con ten t of the lift and drag

forces on the airfoil throughout the range of Re considered in this study . F urther

comparisons to exp erimen tal data are made, including PIV v orticit y data as w ell as

dy e-injection data. As an extension of this application, a section of a constan t spinning

straigh t-bladed v ertical-axis wind turbine with t w o blades at a similar Re is sub ject to

v arious in�o w v elo cities in 2D and 3D. The pitc h angle of the blades w as also v aried

in order to tak e in to accoun t the uncertain ties in the moun ting angle of the blade in

the exp erimen tal studies. As found previously , a small to e-out angle can increase the

p o w er absorption of the turbine on the order of 10%. The computed tangen tial forces

as a function of the azim uthal angle agree m uc h b etter to the exp erimen tal data at

high tip-sp eed ratios as compared to other, lo w er-�delit y analytical turbine co des.
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Nomenclature

R oman Char acters

A v Sw ept area of V A WT

c Chord length of V A WT blade

c0 Distance from LE along c hord line of moun t p oin t

CD Sectional airfoil drag co e�cien t, 2FD =(�U 2
1 c)

CL Sectional airfoil lift co e�cien t, 2FL =(�U 2
1 c)

Cp Sectional p o w er co e�cien t of turbine, 2P=(�U 3
1 A v )

CT Sectional V A WT tangen tial force co e�cien t, 2FT =(�U 2
1 c)

H V ertical heigh t of V A WT blade

Nb Num b er of V A WT blades

R V A WT radius at equator

Re Chord Reynolds n um b er, �U 1 c/ �

t �
Normalized time, tU / c

U1 F ree-stream horizon tal �uid v elo cit y

Gr e ek Symb ols

� Angle of attac k of airfoil

� 0 Preset pitc h angle of airfoil

� Tip-sp eed ratio of V A WT, R ! / U1

! Angular v elo cit y of V A WT rotor

I. In tro duction

Throughout the 1970s and in to the 1980s, Sandia National Lab oratories conducted researc h in to

the design and testing of v ertical-axis wind turbines (V A WT s). A t that time, the nascen t wind energy

industry had not con v erged on a single optimal design, suc h as the three-bladed up wind horizon tal-

axis seen widely to da y . Recen tly , ho w ev er, there has b een renew ed in terest in commercializing

V A WT s, esp ecially in an o�shore setting. Due to their lo w er cen ter of gra vit y and more accessible

electromec hanical comp onen ts, V A WT s could b e a sup erior tec hnology o v er HA WT s on a �oating
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platform. Their use in a �oating en vironmen t could result in lo w er capital costs (due to the smaller

platform) as w ell as op erational and main tenance costs. Though only a few large-scale protot yp es

of �oating wind turbines exist to da y (see, for instance [ 1 ]), man y dev elop ed coun tries ha v e a large

un tapp ed o�shore wind resource in deep w ater (usually de�ned as greater than 50m w ater depth),

suc h as the U.S., U.K., China, Japan, and man y others. Ho w ev er, the design, man ufacture, and

main tenance of ev en a large-scale onshor e V A WT has pro v en to b e di�cult due to the lac k of

a v ailable accurate data (n umerical or exp erimen tal) on the magnitude and frequency con ten t of the

instan taneous aero dynamic forces on the blades [ 2 ]. F urther, nearly all analytical mo dels used to

mo del V A WT s require some exp erimen tal data in their analysis.

One c hallenge to predicting forces on a V A WT blade is the large v ariation in angle of attac k

of the airfoil as it circumna vigates the cen tral column. A t certain tip-sp eed ratios, namely � � 5,

the angle of attac k do es not exceed 12

�
, as depicted in Fig. 10 . Previous researc hers [ 3 � 5 ] ha v e

found that three-dimensional Large Eddy Sim ulation (LES) [ 6 ] is necessary to accurately predict

the lift and drag of a stalled airfoil. A t the lo w est TSR ( � � 1), Li et al [ 5 ] sho w ed that 3D LES

(this form of LES is sometimes called 2.5D LES) could accurately predict the tangen tial force of

a straigh t-bladed V A WT at Re = 105
. Ho w ev er at higher TSR ( 1:4 � � � 2, the 3D LES mo del

could not accurately predict the forces, esp ecially in the do wn wind section. F or all � studied in [ 5 ],

the maxim um tangen tial forces computed b y the 3D URANS sim ulations w ere nearly a factor of 2

ab o v e the exp erimen ts. Though 3D large-eddy sim ulations (LES) will alw a ys exhibit higher �delit y

than 2D sim ulations, the computational cost of suc h a sim ulation ma y b e prohibitiv e. F or � � 5,

ho w ev er, it remains to b e determined whether a 2D sim ulation of a V A WT can accurately predict

the forces.

Although the ILES metho dology used in the presen t study only exhibits adequate stabilit y

and robustness prop erties for Re < 105
, this metho dology can still accurately b e applied to the

unsteady aero dynamics of airfoils with conditions applicable to micro-air v ehicles [ 7 ] as w ell as some

mo del-scale V A WT s. F or instance, the Reynolds n um b er of the mo del turbine tested at the Sandia

National Labs to w tank is � 50 � 103
[ 8 ]. Ho w ev er, as Lissaman p oin ts out in [ 9 ], lo w er Reynolds

exp erimen ts (de�ned usually as 103 � Re � 105
) ev en for single airfoils are di�cult to p erform and
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rep eat. Carmic hael [ 10 ] also reexamined man y lo w Re wind tunnel airfoil data and found only a

few to b e reliable. Most wind tunnels ha v e to deal with turbulence e�ects, w all e�ects and a wide

range of forces presen t in the exp erimen ts whic h all lead to discrepancies in rep orted v alues for

similar tests. Th us, man y researc hers ha v e turned to increasingly higher �delit y n umerical metho ds

in order to fully understand the �o w features past airfoils or V A WT blades.

The computational e�ciency and accuracy of computational �uid dynamics (CFD) sim ulations

ha v e increased dramatically o v er the past decades. The most common t yp es of sim ulations, includ-

ing those found in Op enF O AM, a p opular op en-source CFD soft w are, are 2D unsteady Reynolds-

a v eraged n umerical sim ulations (URANS). Ho w ev er, these sim ulations ha v e b een found to o v eres-

timate the p o w er co e�cien ts of V A WT s due to their dela y of the onset of dynamic stall and the

o v erprediction of the tangen tial force in the up wind zones [ 5 ]. In this study , w e prop ose using a

high-order ILES metho d, dev elop ed in [ 11 ] for a straigh t-bladed V A WT. T o our kno wledge, this

is the �rst study of a high-order ILES co de b eing applied to a V A WT either in 2D or 3D. This

metho dology can con v ect the v ortices that are created b y the V A WT blade in the up wind zone in to

the do wn wind zone and accurately sim ulate the e�ect of these v ortices on a mo ving blade. Though

the presen t study fo cuses on V A WT s, these lo w er-Reynolds results can b e used for a v ariet y of new

applications, suc h as unmanned-air v ehicles, micro-air v ehicles, and the sim ulation of a vian and

insect �igh t.

The pap er is organized as follo ws. First, w e sim ulate the �o w �eld ab out a single static

NA CA0012 airfoil o v er a large v ariation in angle of attac k in 2D and 3D. By comparing these

sim ulations to recen t exp erimen tal data, w e determine the range of angle of attac k the 2D sim ula-

tions are v alid. W e also sim ulate these airfoils in 3D and compare the frequency con ten t of the forces

to exp erimen tal data. Then, w e n umerically recreate the 2-bladed V A WT tested b y Stric kland in [ 8 ]

to compare the tangen tial forces on the V A WT blades in 2D and 3D. Lik e Li in [ 5 ], w e found that

although 2D LES drastically o v erpredicted the lift and drag co e�cien ts at p ost-stall angle of attac ks,

the �delit y of the V A WT sim ulation did not su�er o v er a range of TSR. Indeed, w e w ere able to

accurately sim ulate the forces on the V A WT blade in the up wind and do wn wind zones. F urther, w e

found that the 2D results generally agreed with the 3D results, esp ecially at high tip-sp eed-ratios.
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I I. Go v erning Equations and High-Order Discon tin uous Galerkin Discretization

Our sim ulations are based on the Na vier-Stok es equations, and w e use an arti�cial compressibil-

it y metho d based on an isen tropic form ulation [ 12 ] to appro ximate the nearly incompressible �o ws

that w e are mo deling. This results in a system of equations in the conserv ed v ariables � (densit y)

and � u (momen tum). W e imp ose t w o t yp es of b oundary conditions, free-stream �o w (far �eld) and

zero v elo cit y (w all).

The equations are discretized using a high-order Discon tin uous Galerkin (DG) form ulation.

While not used routinely for CFD sim ulations, high order metho ds ha v e b een sho wn to b e adv an ta-

geous for applications requiring lo w n umerical disp ersion and high time accuracy [ 13 ]. In particular,

they are b eliev ed to pro duce reliable results already on coarse grids for LES sim ulations with highly

separated �o ws [ 11 ].

W e use an in-house dev elop ed co de for the sim ulations, whic h uses high-order DG metho ds

on fully unstructured meshes of tetrahedral elemen ts and no dal basis functions [ 14 , 15 ]. The DG

metho d pro duces stable discretizations of the con v ectiv e op erator for an y order discretization, th us

a v oiding the need for additional stabilization or �ltering. Here, w e use p olynomial degrees p = 3 for

all the sim ulations, whic h is commonly considered a go o d compromise b et w een high order accuracy

and increased solv er cost. The viscous terms are discretized using the Compact Discon tin uous

Galerkin (CDG) metho d [ 16 ] whic h leads to optimal order accuracy , is compact, and generates

sparser matrices than the alternativ e existing metho ds. F or the time-in tegration, w e use a 3-stage,

3rd order accurate Diagonally Implicit Runge-Kutta (DIRK) metho d.

F or the turbine sim ulations, w e accoun t for the mo ving and deforming domains b y the mapping

based Arbitrary Lagrangian-Eulerian (ALE) form ulation prop osed in [ 14 ]. It is accurate to arbitrary

orders in b oth space and time. The so-called Geometric Conserv ation La w (GCL) is satis�ed using

an additional equation that is used to comp ensate for n umerical in tegration errors. The form ulation

requires that the deformations are prescrib ed either explicitly or indirectly as a mapping x = x(X; t )

b et w een the reference and the ph ysical space. In our case, w e can simply use a rotating framew ork

to mo del the spinning turbine. W e can then analytically compute the deformation gradien t @x=@X

and the grid v elo cit y @x=@t, and form ulate the ALE equations directly in the reference domain. F or
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details on this pro cedure, see [ 14 ].

All triangular and tetrahedral meshes w e use are pro duced using the DistMesh mesh generator

[ 17 ]. W e use a structured approac h for the b oundary la y ers around the airfoils, and the 3D meshes

are obtained b y prismatic extrusion of the triangular elemen ts. In addition, high-order metho ds

require meshes with curv ed elemen ts, whic h are particularly di�cult to general for meshes with

b oundary la y ers. W e use the elasticit y-based approac h prop osed in [ 18 ], whic h tends to pro duce

w ell-shap ed meshes with globally curv ed elemen ts.

I I I. ILES Sim ulation of NA CA0012 Airfoil

The air�o w o v er streamlined b o dies at lo w to mo derately lo w Re (i.e., 10

3 � Re � 10

5
) has b een

examined thoroughly b y means of exp erimen tal, analytical and computational tec hniques b y man y

researc hers in the mo dern era (see review pap ers, for instance, [ 7 , 9 , 10 , 19 ]). This Re range presen ts

unique c hallenges to researc hers who ha v e to deal with separated, highly unsteady transitional �o w.

Though early wind tunnel tests of the NA CA0012 w ere plagued b y inaccuracies [ 20 ], man y recen t

exp erimen tal studies ha v e used state-of-the-art pressure and force measuremen ts as w ell as �o w

visualization tec hniques (see, for instance, [ 21 � 25 ] ).

Ho w ev er, exp erimen tal studies will alw a ys b e limited b y the amoun t and t yp e of data that

can p ossibly b e collected from suc h tests. Recen t gro wth in computational p o w er and parallel

computing tec hniques has led to increasingly higher-�delit y computational analyses, suc h as large-

eddy sim ulation (LES) and direct n umerical sim ulation (DNS), (see [ 4 , 6 , 11 , 26 � 32 ]). While DNS

can solv e for the �o w �eld at K olmogoro v scales, it requires prohibitiv ely �ne meshes for the Reynolds

n um b ers considered, ev en for high-p erformance computers. Th us, researc hers are activ ely seeking

n umerical sc hemes that could mo del the �o w structures at a wide range of spatial and temp oral

scales and could accurately predict the magnitude and frequency of forces on the airfoil with lo w er

computational cost. In LES sim ulations, elemen t sizes are signi�can tly larger than the K olmogoro v

scale. This reduces the computational cost drastically , and the e�ect of the unresolv ed scales are

incorp orated through subgrid mo dels. In our w ork, w e use the so-called implicit LES (ILES) mo del

whic h assumes that this subgrid mo del is the inheren t dissipation of the n umerical sc heme. In
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most cases these �o w structures are inheren tly three-dimensional and require full 3D sim ulation

tec hniques, although in this w ork w e will compare the 3D results with corresp onding 2D sim ulations

to highligh t the di�erences.

A. Computational Domain

The airfoil is a standard NA CA0012 section, and w e use an outer b o x of size three c hord lengths

ab o v e, b elo w, and upstream from the airfoil, and �v e c hord lengths in the w ak e. Three di�eren t

meshes are generated for the sim ulations, t w o triangular 2D meshes and one tetrahedral 3D mesh,

see �gure 1 .

The 2D meshes ha v e 1,368 and 7,774 high-order elemen ts, resp ectiv ely , corresp onding to 13,680

and 77,740 high-order no des, or ab out 41,000 and 230,000 degrees of freedom. W e measure the

resolution length of the �rst la y er of elemen ts around the airfoil b y dividing the elemen t heigh t

b y the p olynomial degree, hmin =p, whic h is a natural c hoice for high-order metho ds. F or our t w o

meshes this quan tit y is 5 � 10� 4
and 5 � 10� 5

, resp ectiv ely .

F or the 3D domain, w e extrude the 2D airfoil section to a span length of 0.4 c hord lengths,

and use p erio dic conditions b et w een the t w o ends. This leads to a mesh with 151,392 high-order

tetrahedral elemen ts, or ab out 3 million high-order no des, whic h corresp ond to ab o v e 12 million

degrees of freedom. The �rst la y er of elemen ts has hmin =p = 2 :5 � 10� 4
.

B. Results And Discussion

The forces on a stationary NA CA0012 airfoil o v er a range of angles of attac k ( 0� � � �

55�
) w ere obtained and decomp osed in to the stream-wise and cross-stream directions ( FD and FL ,

resp ectiv ely). These results w ere compared to exp erimen tal and computational data from a v ariet y

of previous studies at similar Re. Only recen tly , as mo dern sensing tec hnology has adv anced, ha v e

exp erimen talists b een able to accurately describ e the frequency con ten t of the the measured force

signal. In the follo wing sections w e compare the magnitude as w ell as the fr e quency of the lift and

drag forces on the stationary airfoil.
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(a) Mesh 1, 2D (b) Mesh 2, 2D

(c) 3D Mesh

Fig. 1 Computational domain in 2D and 3D for the static NA CA0012 airfoil at a wide range

of angles of attac k.

1. Magnitude of F or c e

The lift co e�cien ts from a v ariet y of exp erimen ts and n umerical sim ulations at lo w Re (5,300

� Re � 20,700) are sho wn in Fig. 2 . The rectangular b o x is ampli�ed and sho wn in Fig. 2(b) . The

2D results from the presen t sim ulation are displa y ed with op en and �lled circles for Mesh 1 and Mesh
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2, resp ectiv ely (no appreciable di�erence at this lev el). Exp erimen tal data from Alam et al [ 23 ] are

sho wn in op en and �lled red diamonds, from Oh tak e [ 25 ] in blue squares and from Laitone [ 33 ]

in upside-do wn green triangles. Man y di�eren t high-qualit y exp erimen tal tests are sho wn in these

�gures due to the di�cult nature of obtaining reliable results at suc h Re. Results from the in viscid

linear-v orticit y panel metho d co de XF oil [ 34 ] are also plotted for comparison. A t this Reynolds

n um b er, the 2D ILES predicts the lift co e�cien t of the NA CA0012 fairly w ell up to ab out � =8

�
.

Ab o v e this � the 2D ILES drastically o v erpredicts the lift force. The XF oil co de, ho w ev er, captures

the relativ ely linear b eha vior of this airfoil o v er a larger range, though underpredicts the lift from

3� � � � 12�
as sho wn in Fig. 2(b) . The 3D ILES sim ulations at � = 10

�
, 12

�
, 15

�
and 30

�
are

close to the exp erimen tal data. In terestingly , the v alue at � = 10

�
is close to the v alues obtained b y

XF oil, though the computational cost of obtaining suc h a datum are orders of magnitude higher for

the CFD soft w are compared to the p oten tial �o w solv er.

The lift co e�cien ts for the NA CA0012 at higher Re ( 40:0 � 103 � Re � 360� 103
) are sho wn

in Fig. 3 up to � =55

�
and up to � =12

�
in Fig. 3(b) . The results sho w similar trends to the

ones describ ed in Fig. 2 , with the 2D ILES sim ulations o v erpredicting the lift v alues at � > 10�
.

Exp erimen tal data from Huang & Lee [ 35 ] are sho wn with grey �lled triangles while the data from

Sheldahl and Klimas' seminal airfoil testing [ 36 ] at large angle of attac ks are displa y ed with cy an

triangles. The LES sim ulations p erformed b y Lehmkuhl, do cumen ted in [ 26 ] are sho wn with asterisks

in Fig. 3(b) . Again, the XF oil co de, captures the b eha vior of this airfoil fairly w ell. The 3D ILES

sim ulations at 30

�
and 50

�
are close to the exp erimen tal data. The drag co e�cien ts for NA CA0012

at 5 � 103 � Re � 360� 103
are sho wn in Fig. 4(a) for � � 55�

and for � � 12�
in Fig. 4(b) . The

trend of increasing Re coinciding with decreasing CD (� = 0) w as sho wn exp erimen tally in [ 36 ].

Both XF oil and the ILES sim ulations follo w the exp erimen tal data w ell for � � 12�
. A similar

LES sim ulation w as run for NA CA0012 b y P agn utti [ 37 ] for � = 0 , sho wn with a '+' mark er. The

drag co e�cien t coincides exactly with the sim ulations p erformed in this study at CD = :55 and the

mark er is partially obscured in Fig. 4(b) . The 3D sim ulations also pro vide accurate results under

p ost-stall conditions.
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(a) Lift co e�cien t at large angle of attac k.
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= XFoil, Ref. 34, Re=10×103
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(b) Lift co e�cien t at small angle of attac k.

Fig. 2 Lift co e�cien t of NA CA 0012 at 5,300 � Re � 20,700.

2. F r e quency Content of F or c e

In order to analyze the frequency con ten t of the ILES sim ulations, a F ourier transform could

b e used to analyze the time history of the lift and drag forces. Ho w ev er, since the total sim ulation

time w as nev er greater than 80 s due to time and storage constrain ts, a desired frequency resolution

of 0.01 Hz could not b e obtained. Th us, the p eaks of the signals w ere obtained b y �nding the

zero-slop e and the dominan t frequency of the lift force w as obtained through the a v eraging of these

p erio ds. The data obtained from this pro cedure are sho wn in Fig. 5 . These results are compared to

the dominan t frequencies in the lift signal exp erimen tally determined b y Alam in [ 23 ]. They are also

compared to dominan t v ortex shedding frequencies found in the DNS sim ulations of a NA CA0012
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(a) Lift co e�cien t at large angle of attac k.
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(b) Lift co e�cien t at small angle of attac k.

Fig. 3 Lift co e�cien t of NA CA 0012 at Re 40,000 and ab o v e.

at � = 9 :25; 12 b y Ro driguez in [ 32 ] as w ell as the dominan t v ortex shedding frequencies found in

the exp erimen ts p erformed b y Huang and rep orted in [ 22 ]. In the literature, when the frequency

of the v ortex-shedding is discussed, the length scale is generally related to the width of the w ak e.

Ho w ev er, these aforemen tioned authors use sligh tly di�eren t length scales for the length parameter

of the Strouhal n um b er. T o simplify , w e just use the c hord length c. F rom the agreemen t in Fig. 5

o v er the large range of angles of attac k, it is eviden t that the oscillations in the force signal are due

to the shedding v ortices. The dominan t frequencies in the drag force w ere similar to those of the

lift force as exp erimen tally determined in [ 23 ] and are not repro duced here.
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(a) Drag co e�cien t at large angle of attac k.
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Fig. 4 Drag co e�cien t of NA CA 0012 at 5 � 103 � Re � 360� 103
.

C. Flo w Structure

T o analyze the �delit y of the unsteady �o w structures in the 3D ILES sim ulation, t w o compar-

isons with exp erimen tal data w ere p erformed: the �rst w as with a dy e injection the second w as with

in terp olated PIV data.

1. Dye-Inje ction

In the exp erimen ts rep orted in [ 23 ], �o w visualization w as p erformed using a dy e-injection

tec hnique. The dy e w as injected with a 1 mm nozzle at three di�eren t sites along the midspan of

the airfoil: the nose of the airfoil and 0.1 c hord lengths from the nose on the suction and pressure
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Fig. 5 Comparison of dominan t non-dimensional frequencies, fc=U1 , of lift force or v ortex

shedding o v er a large range of angle of attac k at lo w Re.

sides of the airfoil. T o compare with the images from this study , a particle-tracing algorithm in

the P araView visualization soft w are [ 38 ] w as emplo y ed. In the particle-tracer sim ulation, only the

nose and suction side injection sites w ere c hosen to minimize computation time. One instan t of

this sim ulation ( t � = 4 :05) is sho wn for � = 10 �
and Re = 5 :3 � 103

in side view in Fig. 6 and

compared to the image sho wn in [ 23 ] for the same �o w parameters. Although the particle-tracer

T.E. Vortices
Separation Point Separation Vortices

Fig. 6 Comparison of dy e-injection visualization exp erimen t at � = 10 �
and Re = 5 :3 � 103

(from

[ 23 ]) and particle-tracer p ost-pro cessing from 3D ILES sim ulation.
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tec hnique neither includes the e�ect of the input v elo cit y of the dy e nor its di�usion prop erties, the

images sho w relativ ely go o d agreemen t. Although it is not p ossible to see the time ev olution of the

v ortical structures in this particle tracer sim ulation, the �o w structures are similar to the ones in

'Regime C' that Huang describ es in [ 21 ]. As the separation p oin t mo v es upstream, a surface v ortex

is formed in the separated b oundary la y er around the mid-c hord. As the coun ter-clo c kwise rotating

v ortex rolls do wn the suction side of the airfoil and is shed in to the surround �uid, a trailing-edge

v ortex (clo c kwise-rotating) rolls up from the pressure side to the suction side. Huang attributes this

e�ect to the lo w pressure region immediately b ehind the coun ter-clo c kwise rotating v ortex. The

v ortices are shed in an alternating fashion, with a coun ter-clo c kwise rotating one generated from

the trailing-edge and clo c kwise-rotating generated in the separated b oundary region and rolling

do wn the suction side of the airfoil.

2. V orticity PIV Data

In [ 21 ], Huang and colleagues impulsiv ely started a NA CA0012 airfoil at v arious angles of

attac k in a w ater tank. The PIV images w ere obtained from a CCD camera that w as moun ted

on a small mo ving carriage b elo w the tank (see Fig. 1 in [ 21 ] for exp erimen tal setup). The w ater

w as seeded with p oly amide particles to re�ect the laser ligh t and the airfoil w as to w ed suc h that

Re = 1 :2 � 103
. Once the original v elo cit y �eld w as calculated from the PIV data, the data w ere

enhanced b y in terp olating at p oin ts with a w eigh ting distance of 1/ r 2
. The v orticit y w as calculated

from a cen tral di�erence sc heme from this in terp olated data. These con tours with lab els sho wing the

magnitude of the v orticit y are sho wn in blac k in Fig. 7 . This data is sup erimp osed with the colored

�lled con tour data from the midspan of the 3D ILES sim ulations at Re = 5 :3� 103
. The results sho w

remark ably go o d agreemen t for the spatial and temp oral ev olution of the v ortical structures despite

the di�eren t �o w parameters ( Re = 1 :2 � 103
v ersus Re = 5 :3 � 103

). As Huang describ es in [ 21 ], at

this large angle of attac k, a starting v ortex is generated from the leading-edge ( t � < 1:0). As this

v ortex rolls do wn the suction side of the airfoil ( 1 < t � < 2:67), it induces a trailing-edge v ortex

in its stead (m uc h lik e the ev olution describ ed in Sec. I I I C 2 at lo w er � ). Ev en tually this leads to

alternativ e shedding of a surface v ortex and trailing-edge v ortex.
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Fig. 7 Comparison of v orticit y at v arious normalized time instances, at � = 30 �
from in terp o-

lated PIV data (Fig. 14 from [ 21 ]) at Re = 1 :2 � 103
in blac k con tours and lab els with the 3D

ILES sim ulations from this study at Re = 5 :3 � 103
in a jet colormap from blue to red.

After obtaining results sim ulating a single static NA CA0012 airfoil in 2D and 3D at Re �

50� 103
, under a range of � that matc hed a wide arra y of exp erimen tal data, w e surmised that this

metho dology could b e applied to a straigh t-bladed, lo w- Re V A WT.
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IV. ILES Sim ulation of lo w-Reynolds V A WT

The V A WT c hosen for this study w as the one built and tested b y Stric kland and rep orted in

[ 39 ] as w ell as in [ 8 ]. Since the mo del V A WT w as actually tested in a to w-tank, the a v erage c hord

Reynolds n um b er for turbine blades is appro ximately 40� 103
. A sc hematic of the exp erimen tal test

setup is sho wn in Fig. 8 . The width of the to w tank w as 5 m, so the e�ect of the side w alls on

the turbine blades is negligible. Ho w ev er, the b ottom of the blades w ere only appro ximately 35 cm

a w a y from the b ottom of the tank, so the pro ximit y of this b oundary on the blades could ha v e a

signi�can t e�ect on the �o w around the blades. The ph ysical parameters of the V A WT are sho wn

in T able 1 . The de�nitions of these parameters are sho wn in Fig. 9 where the 2-bladed V A WT is

sho wn in plan view. A plot of the v ariation of the angle of attac k as w ell as the c hord Reynolds

n um b er for v arious tip-sp eed ratios � is sho wn in Fig. 10 .

In [ 39 ], the authors do not explicitly rep ort the blade o�set distance c0 , whic h is the distance

from the leading edge of the airfoil to the blade moun ting p oin t, along the c hord line of the airfoil.

Ho w ev er, from the discussion on pages 57 and 59 of [ 39 ] on the measuremen t of the momen t ab out

the quarter-c hord, w e infer that c0 = c=4. F rom this section, w e also infer that the in tended blade

o�set pitc h angle � 0 , as sho wn in Fig. 9 , to b e 0�
. Y et, the authors rep ort uncertain t y in the

measuremen t of the azim uthal angle on the order of 1�
. The determination of the actual � 0 used in

the exp erimen ts is discussed in Sec. IV C . In the to w tank exp erimen ts the forces w ere a v eraged o v er

a particular time step, whic h corresp onded to a c hange of � � 15

�
. In their n umerical sim ulations,

they also encoun tered a phase shift b et w een the n umerical results and the exp erimen tal results. In

the presen t study , w e found that if w e shifted � of the exp erimen tal results b y -15

�
only for � of

2.5 and 7.5 then w e found the b est agreemen t with our n umerical results. All of the follo wing plots

include this o�set in the azim uthal angle for � of 2.5, 7.5. Unless otherwise noted, the data from the

ILES sim ulations are the a v erages o v er all of the passes of the sim ulations (usually 2 passes for the

3D sim ulations and 3-4 passes for the 2D sim ulations) for Blades 1 and 2 at eac h of the azim uthal

p ositions. In the follo wing sections the sectional tangen tial force co e�cien t, CT is displa y ed as a

function of azim uthal angle � as de�ned in 9 . The sectional tangen tial force co e�cien t is usually
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Fig. 8 Sc hematic of to w tank exp erimen t of lo w Re V A WT p erformed b y Stric kland in [ 39 ]

and [ 8 ].

U�

R

Blade 1

� �& �  = 0º

Upwind Zone

Downwind Zone

U
R

�&5

�.
0

c
.

U�

c
0

Fig. 9 Plan view of 2-bladed V A WT with de�nitions of angle of attac k � , blade o�set pitc h

angle � 0 , c hord length c, blade o�set distance c0 , V A WT radius R , azim uthal angle � , and

V A WT angular v elo cit y ! .

de�ned as,

CT =
FT

1=2�U 2
1 c

(1)

where FT is the sectional tangen tial force on the blade. F or a straigh t-bladed V A WT, the p o w er
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P arameter V alue Unit

c 9.14 cm

R 0.61 m

! 1.56 rad/s

H 0.85 m

� 0 -2 deg

c0 0.25 c m

T able 1 Geometry and turbine parameters for the V A WT sim ulated in this study .
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Fig. 10 V ariation of angle of attac k and c hord Re of a straigh t-bladed V A WT as it completes

one half rotation.

co e�cien t is a function of the a v erage of CT o v er one rev olution,

�CT and other parameters, suc h

that

CP = Nb

!
2�

R2�
0 FT (� )Rd�

1=2�U 3
1 2R

= Nb
� �CT

2
c
R

(2)

A. Computational Domain

The computational domain for the V A WT is sho wn in Fig. 11 . W e use a b oundary la y er similar

to the one in the static sim ulations, and a �ner mesh resolution in the near-w ak e of the airfoils. The

3D mesh is again generation b y extruding the 2D mesh, a span of 0.4 c hord lengths. The resulting
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size of the 2D mesh is 11,630 elemen ts, or 116,300 high-order no des and ab out 350,000 degrees of

freedom. The size of the 3D mesh is 139,560 elemen ts, or ab out 2.8 million high-order no des and

ab out 11 million degrees of freedom.

B. Comparison of 2D and 3D ILES

Most of the parameterization study for the ILES sim ulations w ere p erformed in 2D due to the

high computational cost of the 3D sim ulations. In this section, ho w ev er, w e sho w that the 3D

sim ulations generally follo w their 2D coun terparts, esp ecially for high TSR. In Fig. 12 , the 2D and

3D sim ulations are compared for � 0 = � 2�
and � = 5 :0. Generally , the results of the 2D sim ulations

exhibit the same b eha vior as the results from 3D cases, alb eit with some higher frequency harmonics.

In Fig. 13 , the results from the 2D and 3D sim ulations for � = 2 :5, T = 25 �
are sho wn for di�eren t

� 0 . Here, there are discrepancies b et w een the 2D and 3D sim ulations, esp ecially for 0� � � � 45�

Th us, w e can safely infer that the dominan t features that app ear in the up wind and do wn wind zones

in the 2D sim ulations will also app ear in the 3D sim ulations. Ho w ev er, for lo w TSR, when � is in

a p ost-stall region, the 2D sim ulations will generally not closely follo w their 3D coun terparts.

C. P arameterization Study: Pitc h Angle O�set

In order to recreate the exp erimen ts p erformed in [ 8 ], parameterization studies w ere p erformed

for the exp erimen tal parameters that w ere not rep orted or rep orted with a certain degree of uncer-

tain t y . The authors rep ort that discrepancies in the exp erimen tal data, "may b e due to misalignment

err ors in the blade mounting... on the or der of 1�
in the blade angle of attack" . In order to de-

termine the pitc h angle o�set of the exp erimen tal turbine, relativ ely lo w-cost 2D ILES sim ulations

w ere p erformed for � 5� � � 0 � +5 �
, in incremen ts of 1�

for � = 5 :0 and T = 20 � C . As men tioned

previously , the moun ting p oin t of the airfoil w as tak en to b e a distance of c=4 from the leading edge.

The blades w ere then rotated ab out this p oin t b y an angle of � 0 . In these sim ulations, w e found

that an y to e-in angle ( � 0 > 0�
) of the airfoil decreased the e�ciency of the turbine and led to a

high v ariabilit y in blade forces. Th us, in Fig. 14 , w e only sho w the tangen tial force co e�cien t of

the V A WT as a function of the azim uthal angle for � 0 � 0�
to impro v e readabilit y . F rom Fig. 14 ,

it is clear that � 0 = � 3�
, denoted b y '+' mark ers, has the largest maxim um v alue of an y of the
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(a) 2D Mesh

(b) 3D Mesh

Fig. 11 The t w o high-order computational meshes used for 2D and the 3D sim ulations of the

lo w Re V A WT considered in this study . P olynomial degrees of p = 3 are used within eac h

elemen t.
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Fig. 12 T angen tial force of a V A WT blade as a function of azim uthal p osition for sim ulations

in 2D and 3D � 0 = � 2�
at � = 5 :0 for v arious temp eratures.
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Fig. 13 T angen tial force of a V A WT blade as a function of azim uthal p osition for sim ulations

in 2D and 3D � 0 = 0 ; � 2�
at � = 2 :5.

sim ulations. Ho w ev er, � 0 = � 2�
, sho wn with op en squares, has the largest p o w er co e�cien t of the

sim ulations ( Cp = 0.27). This �nding agrees v ery w ell with the data collected b y Klimas and col-

leagues for the 5 m V A WT also built and tested b y Sandia National Labs [ 40 ]. In these tests, whic h

w ere p erformed at v arious � , the o v erall maxim um p o w er co e�cien t w as ac hiev ed for � 0 = � 2�
,

( Cp = 0.32). F urther, this pitc h angle o�set had the largest Cp for 3:5 � � � 6:0.
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Fig. 14 T angen tial force of a V A WT blade as a function of azim uthal p osition for v arious � 0

at T = 20 �
, � = 5 :0

1. Par ameterization Study: T emp er atur e of Fluid

After analyzing the ILES sim ulations of the single NA CA airfoil, it b ecame clear that the

dynamic �uid structures around the airfoil at high angle of attac k w ere sensitiv e to the lo cal Re

n um b er of the airfoil. F urther, the exp erimen ts w ere undertak en at a to w tank at T exas T ec h

Univ ersit y in Lubb o c k, T exas, w e where the temp erature of the �uid could realistically v ary b y 5-10

�

dep ending on the building, insulation, season, etc. W e v aried the temp erature on the order of 5� C ,

to sligh tly c hange the Re of the �o w and examined the n umerical results. Though the sim ulations

matc hed most closely for higher Re (corresp onding to higher temp eratures), w e only though t it w as

reasonable to assume w ater temp erature of at most 25

� C . The data for the kinematic viscosit y

of w ater as function of the temp erature w as found in [ 41 ]. Figure 15 sho ws the tangen tial force

co e�cien t as a function of azim uthal angle at � = 5 :0 and � 0 = � 2�
for v arious �uid temp eratures

( 20; 25; 30� C ). Clearly , there is not a large c hange in the trend of the force as the temp erature

c hanges b y 5

�
or 10

�
. Ho w ev er, for these small temp erature c hanges, w e w ere not exp ecting suc h

a large c hange in the turbine p o w er co e�cien t, Cp . Figure 15 sho ws that a 5�
increase in the

temp erature, whic h corresp onds to a 10% increase in the Re n um b er (due to the c hange in the

kinematic viscosit y of w ater), yields a 5% increase in p o w er pro duction. Ho w ev er, this increase is

within the margin of v ariation of the torque v ariation from v arious passes of the turbine of blade.
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Fig. 15 T angen tial force of a V A WT blade as a function of azim uthal p osition for v arious T at

� 0 = � 2�
and � = 5 :0

The 2D results, presen ted in Fig. 13 sho w a similar trend but to ev en a higher degree.

F or a wind turbine exp osed to en vironmen tal conditions the temp erature of the �uid cannot b e

mo di�ed. Ho w ev er, this analysis sho ws that it is critical for researc hers to rep ort the temp erature

of the w orking �uid in con trolled mo del tests (esp ecially if they are p erformed in w ater) so that the

conditions can b e recreated in suc h n umerical sim ulations.

D. Comparison with V A WT Analytical Mo dels

Besides sim ulating the V A WT with ILES metho ds, t w o analytical co des w ere used to estimate

the aero dynamic torque on the blades for comparison. A blade-elemen t metho dology called the

Double Multiple Stream tub e Metho d describ ed in [ 42 ] w as used along with a dynamic stall mo del

of Berg [ 43 ]. This form ulation uses a momen tum metho d to mo del the stream wise w ak e de�cit

b oth in the 'up wind zone' and 'do wn wind zone' of the rotor (see Fig. 9 for depiction of zones)

b y iterativ ely solving for an induction factor. Once this factor is kno wn in the up wind zone for

all azim uthal angles, the force on the blades in the do wn wind zone can b e determined. Also, a

v ortex metho d dev elop ed at Sandia National Lab oratories called Co de for Axial and Cross-�o w

TUrbine Sim ulation (CA CTUS) [ 44 ] w as used to sim ulate the aero dynamic torque. As of 2013,

this n umerical metho d w as made a v ailable to public as an op en-source soft w are [ 46 ]. In this mo del,
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the data from the t w en tieth rev olution of the turbine w as used in order to allo w the co de to reac h

a steady-state solution. After corresp onding with the authors of the co de, the n um b er of blade

elemen ts w as increased to 10, whic h sligh tly impro v ed the accuracy of the co de. The sectional lift

and drag co e�cien ts for b oth of the co des came from the exp erimen tal data of [ 23 ] and [ 25 ]. F or

these co des, the angle of attac k w as calculated at the mid-c hord, as recommended in [ 8 ].

The exp erimen tal data of the tangen tial force co e�cien t sho wn as triangles in Figs. 16 , 17 and

18 w as tak en as a blade sw ept o v er the �rst half of its fourth rev olution (the only tabular data

pro vided in [ 8 ]). Due to the computational in tensit y of the ILES, the data from the ILES 2D and

3D sim ulations w ere tak en from the forces on 'Blade 2' as it made its �rst pass from � 90� � � � 270�

after starting from � (t = 0) = � 270�
. Ho w ev er, subsequen t rev olutions exhibited similar b eha vior,

whic h w as in agreemen t with the exp erimen tal data. The data from CA CTUS w as tak en at 32

instances on the t w en tieth rev olution of the sim ulation. The DMST only estimates the torque on

the blades as an a v erage for a single rev olution (no unsteady e�ects) but the resolution can b e

increased b y increasing the n um b er of stream tub es.
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Fig. 16 T angen tial force of a V A WT blade as a function of azim uthal p osition � =2.5

Figures 16 , 17 and 18 sho w that the ILES sim ulation can appro ximate the exp erimen tal data

v ery w ell at high TSR, esp ecially in the do wn wind section. A t � =2.5, the CA CTUS mo del utilizing

the Leishman-Beddos dynamic stall mo del (describ ed in [ 45 ]) recreates the exp erimen tal data the

b est. Ho w ev er, at higher TSR the accuracy of the analytical mo dels drops drastically resulting in
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Fig. 17 T angen tial force of a V A WT blade on a straigh t-bladed turbine as a function of

azim uthal p osition for � =5.0
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Fig. 18 T angen tial force of a V A WT blade as a function of azim uthal p osition for � =7.5

highly inaccurate predictions for the p o w er co e�cien ts.

E. Flo w Structure

Iso-surfaces of the q-criterion are frequen tly used to visualize the unsteady 3D �o w structures

in the �uid domain. The q-criterion ph ysically represen ts areas where rotation dominates the strain

of the �o w. In the core of a columnar v ortex, q > 0 since v orticit y increases as the radial distance to

the core decreases [ 11 ]. In Fig. 19 , iso-surfaces of the q-criterion, where q = 100 , are sho wn in 3D for
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v arious azim uthal angles of Blade 1 when � = 2 :5. As sho wn in the top ro w of Fig. 19 , the azim uthal

angle � is 0�
and columnar v ortices are presen t in the do wn wind zone of the turbine. These v ortices

w ere shed in the w ak e of Blade 2 from its previous pass and then con v ected do wnstream due to the

inciden t wind. The image to the righ t is a more detailed depiction of the iso-surfaces formed around

Blade 1. A t this instan t in time, the angle of attac k � is greater than 20�
, excluding dynamic

e�ects (see Fig. 10 ). Clearly , there are instan taneous v ortical structures forming on the suction

side of the airfoil. A t � = 60 �
these disturbances ha v e formed in to a more coheren t structure,

lab eled 'V ortex A'. The lo cation of V ortex A mo v es from the up wind zone in to the do wn wind zone

due to the in�uence of the inciden t wind throughout the time instances in Fig. 19 . In terestingly ,

the v ortices are con v ected to o slo wly to directly in terfere with the �o w �eld around Blade 1 when

120� � � � 180�
.

V. Conclusions

ILES sim ulations of a single NA CA0012 airfoil at large angles of attac k as w ell as a rotating

V A WT at a range of TSRs w ere p erformed. The results of the single airfoil sho w ed that at pre-stall

angles of attac k, 2D sim ulations predicted the lift and drag force w ell. Ho w ev er, at p ost-stall angles

of attac k 3D sim ulations w ere necessary as the transv erse �o w b ecame more imp ortan t. F urther, 3D

�o w structures in the sim ulations matc hed w ell to PIV and dy e-injection exp erimen ts. The results

from the V A WT sim ulations sho w ed that the 2D sim ulations w ere accurate at high TSR ( � 5.0).

A t these TSRs, the maxim um angle of attac k can exceed 12�
, whic h corresp onds to the p ost-stall

regime. Y et, these 2D sim ulations, whic h failed to accurately predict the forces for a static airfoil

at these angles of attac k, can sim ulate the forces for the en tire turbine fairly accurately . Ho w ev er,

these 2D results had high frequency comp onen ts that w ere not presen t in the results from the 3D

sim ulations. F rom this, w e infer that the span-wise length of the airfoil has an a v eraging e�ect on

the tangen tial force on the blade. W e also con�rmed the results of previous researc hers that a small

to e-out angle can increase the e�ciency of the V A WT b y nearly 10%. F urther, small c hanges in the

viscosit y (or temp erature) of the �uid can ha v e an in�uence on the forces on the turbine blades.

In the future, w e hop e to generate longer runs of the 3D V A WT sim ulations in order to p erform

26



�
=

0
�

�
=

60
�

�
=

12
0

�
�

=
18

0
�

Fig. 19 Iso-surfaces of the q-criterion for q = 100 at v arious azim uthal angles of Blade 1 at

� = 2 :5. Images on righ t are magni�ed views of Blade 1. The time ev olution of 'V ortex A' is

discussed in the text. The isosurfaces are colored according to the magnitude of the v elo cit y ,

as indicated b y the colorbar at the b ottom of the �gure.
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a sp ectral analysis on the tangen tial force data. F rom this analysis, w e should b e able to estimate

the dominan t frequencies of the force (of course, 1P and 2P) and at whic h azim uthal angles they

generally o ccur. F urther, w e hop e to push the Re n um b er of the sim ulations higher through the use

of Detac hed Eddy sim ulation (DES) tec hniques.
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