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Abstract—This paper presents a model for the evaluation
energy performance and aerodynamic forces acting thinee-bladed
small vertical axis Darrieus wind turbine dependergblade chord
curvature with respect to rotor axis.

The adopted survey methodology is based on an taalgode
coupled to a solid modeling software, capable ofiegating the
desired blade geometry depending on the blade mieggmetric
parameters, which is linked to a finite volume CEb&de for the
calculation of rotor performance.

After describing and validating the model with esipental data,
the results of numerical simulations are proposethe bases of two
different blade profile architectures, which arespectively
characterized by a straight chord and by a curved baving a chord
radius equal to rotor external circumference. A C&inpaign of
analysis is completed for three blade-candidafeibgections, that is
the recently-developed DU 06-W-200 cambered bladdilg, a
classical symmetrical NACA 0021 and its derived bamad airfoil,
characterized by a curved chord, having a choriisaefjual to rotor
external circumference.

The effects of blade chord curvature on angle tdcit blade
tangential and normal forces are first investigated! then the
overall rotor torque and power are analyzed asnatiion of blade
azimuthal position, achieving a numerical quardificn of the
influence of blade camber on overall rotor perfanoea

Keywords—VAWT, NACA 0021, DU 06-W-200, cambered
airfoil

|. INTRODUCTIONAND BACKGROUND

THE vertical axis wind turbine has an inherently 'nonproduction |ife_cyc|es is Continuous|y rising_

dbw computation times, are nevertheless limited te
availability of extended airfoil databases (up ®0%) which
should also refer to rather low local Reynolds narsb(close
to Re = 16), which are typical of vertical axis wind turbines
operation. The airfoil section data requirementsafgplication
to vertical axis wind turbines are in fact broatrescope than
are those the aircraft industry usually concersefitvith.

Since most airfoil databases which are availablethia
literature are derived from aeronautical applicagiohardly
extending beyond stall and also referring to reddyi high
Reynolds numbers (above Re =10t has been recognized
that there is a paucity of accurate airfoil datedes to
describe the aerodynamics of wind turbine bladéds Timits
vertical axis wind turbine classical analysis tonarrow
number of blade profiles, substantially some NACdries
symmetrical airfoil, for which low Reynolds numbexstended
databases are available in technical literature [1]

Until now high quality wind tunnel data is requiredverify
the aerodynamic design of a rotor, in order to iobthe
operating torque curves for the implementationhaf tontrol
system. Advanced computational methods could neekss
provide a highly efficient means of maturing init@oncept
studies into effective aerodynamic designs that tnemyet
operational objectives. Nevertheless, ComputatioRalid
Dynamics (CFD) can nowadays be considered as arfidwe
design tool, whose integration into industrial depenent and
In FO

stationary aerodynamic behavior, mainly due to thgimulations, the computer essentially replaces phgsical

continuous variation of the blade angle of attackindy the
rotation of the machine: this peculiarity involvethe
continuous variation both of the relative veloaitith respect
to the blade profile and - although to a lesseemixt of the
corresponding Reynolds number. This phenomenoiralypf
slow rotating machines, has a significant effecthbon the
dynamic loads acting on the rotor and on the géednaower
and, therefore, on performance.

Classical aerodynamic tools such as the theory ladieb
elements (BE-M), while presenting the certain adzge of
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simulation in the wind tunnel. CFD methods involsy large
amounts of computation even for relatively simpteljems
and their accuracy is often difficult to assessnvapplied to a
new problem where prior experimental validation hasbeen
done [2]. Anyway, performing CFD calculations pmbi
knowledge about the flow in all its details, suchvelocities,
pressure, temperature, etc. Further, all types séful
graphical presentations, such as flow lines, cantioes and
iso-lines are readily available. This stage carctapared to
having completed a wind-tunnel study or an elalofatl-

scale measurement campaign [3].

The limitations in low Reynolds number
aerodynamic databases can be overcame by the uSEDf
codes which can outflank the lack of airfoil ddtartks to their
inherent ability to determine the aerodynamic conguts of
actions through the integration of the Navier-Stkguations
in the neighborhood of the wind turbine blade peofi

accurate
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Up to now, blade camber effects on the performasice The aim of this work was to numerically analyze the
Darrieus model micro vertical axis wind turbinesvéaanot aerodynamic behavior of a 2D vertical-axis thresdield
been extensively investigated [4]. Some experimetgats Darrieus wind turbine characterized by three déferblade
have been conducted in the Eighties at Sandia haltio profile sections, which are summarized in Table 1.
Laboratories, showing some improvements of almbsbtor

performance characteristics [5]. Anyway, as regblig Saeed MAIN FEATURES OF THI;r"Ij“I-iBRLEEE ITESTED AIRFOIL SECTIONS
et al., scarcity of airfoil aerodynamic charactiéess data still Blade section ¢ [mm]
limit the choice of candidate airfoil sections tofew [6]. NACA 0021 858
Though the adoption of cambered airfoil sectionsrforeased cambered NACA 0C 858
performance has been suggested by several investigd|] DU 06-W-200 85.8

[8], the design choice of a cambered blade se@®a mean
of improving overall rotor performance remains ® forther
investigated.

In this paper, a CFD campaign of analysis was cetagl
for three blade-candidate airfoil sections:

The common features of the tested rotors are suinechin
Table II. The solidity parametes is defined as Nc/R, as
suggested by Strickland [9].

- the recently-developed DU 06-W-200 cambered blade TABLE Il
profile; COMMON FEATURES OF THE TESTED ROTORS
- a classical symmetrical NACA 0021; D [mm] 103(
- a cambered airfoil, derived from the NACA 0021 and H [mm] 1 (2D simulation)
characterized by a curved chord, having a chordusad N [] 3
equal to rotor external circumference for a rotavihg a Spoke-blade connectic 0.25¢
value of chord to radius ratio, defined as: c[-] 0.5
cr=c/R (1) Fig. 2 displays the analytical design process cambered
generic blade section having a chord radius egualotor
equal to 0.17. external circumference.
Il. MODEL GEOMETRY PI E-rc c— blade profile center of pressure

Fig. 1 shows a schema of the adopted survey melihgylo
consisting in the coupling of an analytical code aosolid
modeling software, capable of generating the desbiade
geometry depending on the desired design geomet
parameters, which is linked to a finite volume CE@e for PL
the calculation of rotor performance.

rotor external
circumference

Analytical Solid ]
Code Section Modeling | Ly
e — Coordinates | goftware ‘ |

1T —X
> | . i on””
i rotor center of revolution

y )/ Fig. 2 Analytical design process of a cambered geméade section.
Postprocessing = i\ The length of the segment LC is equal to that efdlrved segment
L'c

-

blade profiles centre of pressure

c ' Preprocessin
Finite Volume P 9
Solver DU 06-W-200

\

NACA 0021 J

Fig. 3 Comparison between the classical NACA 002atid section
(blue) and DU 06-W-200 blade section (red)

Figs. 3, 4 and 5 compare the geometries of thesickls
Fig. 1 Schema of the survey methodology NACA 0021 with the corresponding cambered geomatrg
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with DU 06-W-200 blade section. The chord radiysvith
respect to rotor axis was set equal to the roiusaR.

blade profiles centre of pressure

NACA 0021 J \— cambered NACA 0021

Fig. 4 Comparison between the classical NACA 002#ié section
(blue) and the corresponding cambered sectionrfyree

N
/ DU 06-W-200

cambered NACA 0021
Fig. 5 Comparison between cambered NACA 0021 béad&on
(green) and DU 06-W-200 blade section (red)

The blade azimuthal position was identified by #mgular
coordinate of the pressure centre of the blade entdm, as
can be seen in Fig. 6.
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Fig. 6 Blade azimuthal coordinate

Ill.  SPATIAL DOMAIN DISCRETIZATION

All the meshes which were adopted in the presemk \Wwad
common geometric features, except for the areasedo the
blade profiles.

e a rectangular outer zone, determining the overall
calculation domain, with a circular opening centeom
the turbine rotational axis, which was identifiesl \Wind
Tunnel sub-grid, fixed,;

 a circular inner zone, which was identified agdRsub-
grid, revolving with rotor angular velocity.

A.Wind Tunnel sub-grid

Fig. 7 shows the main dimensions and the boundary
conditions of the Wind Tunnel sub-grid area.
Fy
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Fig. 7 Main dimensions [mm] of the Wind Tunnel syitid area

Inlet and outlet boundary conditions were placed
respectively 37 rotor diameters upwind and 60 rdiameters
downwind with respect to the rotor, allowing a full
development of the wake, in accordance to whatestgg by
the work of Ferreira et al [10].

The computational domain width was set aln8fstrotor
diameters so that the value of solid blockage, utaled
according to Mercker [11] was less than 0.32% armdilgv
cause an increase in the cube of the velocityeateht section
of less than 1% with respect to the value of unybed wind
velocity at computational domain entrance, in folasu

&sp = ¥4 (D H)/(Wiomairt Haomain 2

Viest sectior (1+€sp) Vo (3

Since the estimation of the correct value of whakekage
was rather difficult, and being the overall cal¢igla domain
oversized by imposing the requirement on the cubé¢he
velocity at the test section, the wake blockage wa$
considered in these calculations.

As the aim of the present work was to reproduce the Two symmetryboundary condition were used for the two

operation of a rotating machine, the use of mownbg-grids
was necessary. In particular, the discretization tbé
computational domain into macro-areas led to tvetintit sub-
grids:

side walls. The circumference around the circulpering
centered on the turbine rotational axis was setnasterface
thus ensuring the continuity of the flow field.
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An unstructured mesh was chosen for the Wind Tusulel the corresponding Wind tunnel sub-grid elements.irkerior
grid, in order to reduce engineering time to prepdwe CFD boundary condition was used for control circle eosd thus
simulations. ensuring the continuity of the cells on both sidéthe mesh.
A growth factor of 1.26 was set from the surfacehef control
circle to Rotor sub-grid, thus expanding grid sim@m 4 mm
to 10 mm, as shown in Fig. 9.

B.Rotor sub-grid

The Rotor sub-grid is the fluid area simulating tbéation
of the wind turbine and is therefore characterizgd moving
mesh, rotating at the same angular velocity ofttbine. Its
location coincides exactly with the circular opeaninside the
Wind Tunnel sub-grid area and centered on the rerbi
rotational axis.

Fig. 8 shows the main dimensions and the bounda
conditions of the Wind Tunnel sub-grid area.

interface

interior

2000

interior

interior ;
Fig. 9 Rotor sub-grid

Fig. 8 Main dimensions [mm] of the Rotor sub-grida

It is good engineering practice to provide that nhesh on
both sides of the interface (Rotor sub-grid and &Virunnel
sub-grid areas) has approximately the same chaistictecell
size in order to obtain faster convergence [12].

An isotropic unstructured mesh was chosen for th&eoiR
sub-grid, in order to guarantee the same accuracyhé
prediction of rotor's performance during the raiati —
according to the studies of Commings et al. [13jhd also in
order to test the prediction capability of a vemne grid.
Considering their features of flexibility and adapt
capability, unstructured meshes are in fact vesy éa obtain,
also for complex geometries, and often represeat “finst
attempt” in order to get a quick response from @D in
engineering work.

All blade profiles inside the Rotor sub-grid arelesed in a
control circle of 400 mm diameter. Unlike the ifiéee, it has
no physical significance: its aim is to allow a @se
dimensional control of the grid elements in theaactse to
rotor blades by adopting a first size function epieg from
the blade profile to the control circle itself aadsecond size

S

A

S

e

e

IV. THE CONTROCIRCLE

function operating from the control circle to théiale Rotor
sub-grid area, ending with grid elements of the esaime of

Being the area close to the blade profiles, mogntbn
was placed to the control circle. All the differescbetween
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various meshes adopted in the present work wereectrated started from the blade profile and influences thebe control
in this area. cylinder area, as described in the previous section

The trailing edge thickness was set to about 0.88 as
shown in figure 13.
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V.NUMERICAL CODE VALIDATION

Fig. 11 Control circle for DU 06-W-200 blade seatio Before analyzing the models described in the previo

Th tational arid ructed f | section, a complete validation work based on windnél
€ computational grids were —constructed from 1OWEf,q ¢, rements was conducted [13]. The experimeptaps
topologies to higher ones, adopting appropriate ginctions,

. d | id boi he leadi and th consisted in a classical vertical-bladed Darrieaterrmade of
N _T.r & ;O N u?tir gl:r)ll dpomtsf_Tear the eanlnge:h nCIt:De aluminum and carbon fibers, using a NACA 0021 bladile
trailing e ge”o the bla e_ r_)ro |_e, SO as to Imyar e. with a chord length of 85.8 mm, which was teste@avisa’'s
code capability of determining lift, drag and theparation of

low turbulence facility (Milan).
the flow from the blades itself. Two size functiomsre set y( )
inside the control circle, as shown in Fig. 12.

Fig. 14 Validation model, 3D computational domain

A computational domain of rectangular shape wasnbee
chosen, having the same wind tunnel external stheswall
boundary conditions of the model consisted in tateral
walls spaced 2000 mm apart from the wind tunneteréine
(the wind tunnel measured 4000 mm in width and 3®80in
height). The rotor axis was placed on the symmesition of
the wind tunnel section. 2D and 3D simulations were
performed, in order to take into account also thegdeffect
Fig. 12 Size functions applied to control circlerabnts induced by the spokes. Only half of the experimesgaip was
modeled, due to its vertical symmetry: in this casymmetry

Size function No. 1 started from the leading edgel a Poundary condition was used. Anyway, the geométrica

influences inner and outer blade profile. Size fiarcNo. 2 features of the model did not allow other simpdfions to be
performed. The effect of gravity on the rotor waoikicurves
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has not been contemplated, being considered roemifal for
the scope of this work.

Inlet and outlet
respectively 10 diameters upwind and 14 diametevendind
of the rotor, allowing a full development of the kea The
main features of the validation model are summdrineTable
3.

TABLE Il

VALIDATION MODEL MAIN FEATURES
Profile type NACA 0021
¢ [mm] 85.8
R [mm] 515
H [mm] 1456.4
Am? 1.236
c 0.25
Spoke-blade connection 0.5c
Wind tunnel dimensions [mm] 4000 x 3800

The correction due to wind tunnel blockage wasapgtlied,
in order to minimize any possible source of errae do a
wrong estimation of the blockage of the wind tunitsélf.
Furthermore, this choice has the significant adwget of
reducing the computational domain, allowing a sguiim the
total number of mesh elements. The correction efftlction
resistive torque due to the bearings was takenaotount.

In order to test the code sensitivity to the numbkegrid
points, three unstructured meshes were adoptethéoRotor
sub-grid, both for one-bladed and three-bladedigardtions,
while the Wind Tunnel sub-grid remained substalytitihe
same. Table 4 shows mesh main characteristic fur boe-
bladed and three-bladed configurations.

TABLE IV
TWO-DIMENSIONAL MESH MAIN CHARACTERISTICS(VALIDATION MODEL )

Maximum near-
Mesh ID Total mesh _ b_Iade .
elements grid dimension
[mm]
o 2D
= Mod 0' 9.1-105 0,050
2 | Mod A 7.7 - 105 0,075
Mod B' 6.3 - 105 0,100
@ 2D
S | Mod 0 1.3 - 106 0,050
8 Mod A' 1.1- 106 0,075
® ["Mod B 9.0 - 105 0,100

After some corrections to take into account spolagdthe
average torque values measured in the wind tuionel ® m/s
wind speed and different tip speed ratios, werepayed with
those obtained from CFD analysis for three differgrids
(characterized by different blade size functionuea) and
three different turbulence models(kSST, ke Realizable and
Spalart-Allmaras).

0
boundary conditions were placec L0l 8012

280
276
272
268

o
5196

60,
164.
168172176
180

18418819

Fig. 15 Validation model.Effect of grid resolution the
instantaneous torque for a single-bladed rotob(tience model: ks
SST). The difference between upwind and downwirdi®|

performances can be noted

- @ - k-Epsilon Realizable

g 4
2 " oas

356 352
30 82 5 sa0 —#— Spalart-Allmaras

- k-Omega SST

" 2002
196

L O — L——
168 172476 184 188192
180

Fig. 16 Validation model.Effect of turbulence modelthe
instantaneous torque for a three-bladed rotor

Figs. 15 and 16 show the evolution of the instagtas
torque coefficient, defined as:

CH0) =T®)/ (2p ARV, (4)
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A function of the azimuthal position for two diffamt meshes
and for the three adopted turbulence models.

In order to fully appreciate even small variatiafsairfoil
sections, a fine enough mesh to resolve the lansnbarlayer
was required for the boundary layer analysis sgtin

The optimal grid resolution was selected on thesbata
better distribution of the blade y+ parameter. Tgasameter is
a mesh-dependent dimensionless distance that Gesntie
degree of wall layer resolution, in formulas:

y =puy/p (5)
where p is air density, uis the friction velocity, y the cell
distance from the blade profile apds the dynamic viscosity.

Enhanced Wall Treatment&Realizable proved to be the
best turbulence model, mainly because of very geasitivity
to grid dimension.

The temporal discretization has been achieved Ippg&img
a time step equal to the lapse of time the rotkesao make a
1° rotation. An improved spatial-discretization slation did
not show any significant variation.

The four analyzed models have kept some commontoir—

with the validation model, particularly as far dw tchord
length and the rotor radius are concerned. Theebspdke
connection point has been changed, since it had jpleeed in
the centre of pressure of the profile, correspanpdin25% of
the chord length behind the blade leading edgelewhithe
validation model it had been placed close to 50 dnalysis
of the impact of this variation on the parametersitowed no
significant effect, mainly due to the fact thatfast rotating
machines, the values of blade relative velocity determined
primarily by the angular velocity of the rotor ilsand to a
lesser extent by the speed of undisturbed air flow.

Also the external size of the computational domaes
changed: in the validation model the Wind Tunndb-gtid
had to reproduce the geometry of the wind tunmebrder to
avoid blockage effects due to the proximity to winhnel
walls, the computational domain for the five hdlicaodels
has been enlarged, as described in the previousorsec
allowing to analyze the behavior of the rotor inapen flow
field. This additional change from validation modefs
limited to the outer portions of the computatiodamain and
it was therefore considered negligible with respertthe
values of blade y+.

The commercial CFD package used was Fluent 6.3.26,
implements 3-D Reynolds-averaged Navier-Stoke

which
equations using a finite volume-finite element lohselver.
The fluid was assumed to be incompressible, belmg t
maximum fluid velocity on the order of 60 m/s.

As a global convergence criterion, each simulati@s run
until the difference between two following periodsf
revolution, corresponding to a rotation of 120° daerotor
three-bladed geometry, was lower than 1%.
convergence criterion for each single time step setdo 10.
The simulations, performed on a 8 processor, 2.82 Gock

frequency computer, have been run until the inatetus
torque values showed a deviation of less than 1ftpeoed
with the corresponding values of the previous peridotal
CPU time has been about 3 days for each simulation.

VI. RESULTS ANDDISCUSSION

Fig. 17 represents the average power coefficientstte
three analyzed models, defined as:
Co=P/(%pAV.Y (6)

for an incident wind speed of 9 m/s, as a functidrihe tip
speed ratio, defined as:

TSR =wR / V,, @)
0,45 u
® ’ ®NACA0021
0,40 a . W Cambered NACA 0021
+ DU 06-W-200
0,35 ‘
0,30
s .
[ ]

0,25 *
0,20

[ ]

*

0,15

1,00 1,50 2,00 2,50 3,00 3,50
T.S.R.[-]
Fig. 17 Power curves for the three analyzed rqjoss the

T.S.R.=2.33 value of cambered NACA 0021 was catedla

The following remarks can be drawn:

 the three examined blade profile configurationsve the
same position of optimum tip speed ratio, beings thi
parameter more connected with rotor solidity thathw
blade geometrical section;

* NACA 0021 rotor blade maximum value of Cp (0.429)

very close to DU 06-W-200 rotor blade corresponding

value (0.428). This is in contrast to the resuftRaciti
Castelli and Benini [15], who
performance for the DU 06-W-200 based rotor blaate f
a 2D numerical simulation of a turbine inside a dvin
tunnel. The reason of this discrepancy must benéurt

connected with the blockage effect generated byihd

tunnel;
» cambered NACA 0021 rotor blade maximum value pf C
(0.447) is much higher (4.2%) than NACA 0021

corresponding value.
Figs. 18, 19 and 20 show the distribution of instarous

ResidudRrque coefficient as a function of azimuthal posit of
NACA 0021, cambered NACA 0021 and DU 06-W-200 rotor

blade configuration, for a single rotor blade and dptimum
tip speed ratio (TSR = 2.33).

registered a better

investigated: nevertheless, it can be assumed to be
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Fig. 18 Evolution of torque coefficient and of amgif attack as a
function of blade azimuthal position for a singiar blade (NACA
0021)
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Fig. 19 Evolution of torque coefficient and of amgif attack as a
function of blade azimuthal position for a singh¢ar blade
(cambered NACA 0021)

Fig. 21 shows a comparison between the anglesaifiafor

NACA 0021, cambered NACA 0021 and DU 06-W-200 rotoi = arctg [U siy / (U cog — U)]

blade configuration as a function of azimuthal tiosj for
optimum tip speed ratio (TSR = 2.33).
Fig. 22 shows a comparison between the torqueiciaffs of

NACA 0021, cambered NACA 0021 and DU 06-W-200 rotoy =0 —&

blade configuration as a function of azimuthal tiosj for

optimum tip speed ratio (TSR = 2.33).

0
164 ]
166172 75
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154
188172 475

& = arctg (Y/Uy)

- 20

L 1986
184188192

180

—4—AOA [rad]
] =
T~ 3 ——Positive stall angle [rad]

— Negative stall angle [rad]

204
0

Fig. 20 Evolution of torque coefficient and of amgif attack as a
function of blade azimuthal position for a singh¢ar blade (DU 06-

W-200)
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—— ADA.- cambered NACA 0021

—+—ADA.- DU 06-W-200

Fig. 21 Comparison between instantaneous anglaaifk as a
function of azimuthal position for the three analgznodels

The angle between the relative velocity and thgeanto

the blade trajectory at each azimuthal position vedso
determined as:

(8)

9)

(10)

as proposed by Raciti Castelli et al. [16]. For tHar
information on the adopted performance analysisethaipon
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a simplified aerodynamic model, consisting in timalgsis of
kinematic and dynamic quantities every 4° rotormaghal

position along blades trajectory, see [16].

s 4
2 e

2 16

0164 ; -
168172 17
180

36352348
T™7 3

200
184228 1527%

204

—— Ct-NACA 0021

—— Ct-cambered NACA 0021

—— Ct-DU05-W-200

312
308
304
200
296

Fig. 22 Comparison between instantaneous torquificiert as a
function of azimuthal position for the three anaiganodels

behavior of a DU 06-W-200 based rotor for wind-tehand
open-field conditions should be further investigateorder to

assess the validity of wind tunnel tests for VAWArformance

prediction.

A[m?

¢ [mm]
Col]

cr [-]
CGr(0) [1]
D [mm]
H [mm]
Hdomain [mm]
N []

P [W]

R [mm]
Ry [mm]
u, [m/s]
V [m/s]
V., [m/s]

Vtest section[m/ S]
V., [m/s]

Once more, it can be clearly seen that torque saluq(e) [Nm]
generated by cambered NACA 0021 blade profile dghen 1 g R [
than those obtained from NACA 0021 and DU 06-W-20r

blade configurations, being these values the agetsum of
each single blade contribution. It can be alsoceatithat, for
cambered 0021

upwind azimuthal

positions

U [m/s]
U [m/s]
Uy, [M/s]

NACA

performance is slightly lower if compared to théest two Uy [m/s]
candidate airfoils, but for downwind azimuthal pimsi the
situation is quite the opposite and the overalhbe¢ is thus in Woomain[Mm]
favor of the cambered blade section.

VII. CONCLUSIONSAND FUTURE WORK

y [m]
y [
a[°]

In this paper a model for the evaluation of energy,[-]
performance and aerodynamic forces acting on al stnaight
bladed Darrieus type vertical axis wind turbine elegting on
blade geometrical section has been developed, basesh
analytical code coupled to a solid modeling sofevarhich
was linked to a finite volume CFD code for the cédtion of

rotor performance.

The obtained results, based on three candidate Iskaction

architectures, which are characterized by a conmwemlt
NACA 0021 blade profile and a newly developed DUW6
200 non-symmetric profile and a cambered NACA 0024 [-]
airfoil, demonstrate the better performance of ltiteer. The o [rad/s]
aerodynamic
performance (up to nearly 4% with respect to tHeeotwo
candidate airfoils) is due to an increased bladéopaance

higher

during downwind operation.

cambered NACA 0021

overall

Further work should be performed in order to conmptae
power curve for the cambered NACA airfoil. Also tiferent
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NOMENCLATURE

rotor swept area

blade chord

rotor power coefficient
chord to radius ratio

rotor instantaneous torque coefficient
rotor diameter

rotor height

wind tunnel height

number of blades

rotor power

rotor radius

chord radius with respect to rotor axis
tangential wall velocity

wind velocity at test section
unperturbed wind velocity
computational domain entrance

wind velocity at rotor test section
wind velocity at computational domain
entrance

rotor instantaneous torque

tip speed ratio

absolute wind velocity at blade positio
blade tangential speed at blade position
absolute wind velocity at blade position,
component along x axis

absolute wind velocity at blade position
component along y axis

computational domain width
wall-grid centroid distance
blade y-plus
blade angle of attack
solid blockage
angle between absolute wind velocity at
blade position and unperturbed wind
direction
angle between absolute wind velocity at
blade position and blade translational
speed at blade position

blade azimuthal coordinate

air dynamic viscosity

unperturbed air density (assumed 1.225)
rotor solidity

rotor angular velocity

at
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