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Numerical Analysis of the Performance of the
DU91-W2-250 Airfoil for Straight-Bladed
Vertical-Axis Wind Turbine Application

M. Raciti Castelli, G. Grandi and E. Benini

Abstract—This paper presents a numerical analysis of the The DU91-W2-250 airfoil belongs to a class of wintbine
performance of a three-bladed Darrieus verticat-axind turbine dedicated airfoils, developed by Delft Universityf o
based on the DU91-W2-250 airfoil. A complete campadf 2-D  Technology and is typically employed for horizoraals wind
simulations, performed for several values of tipepratio and based trhine applications [5] [6] [7]. In the presentrkpthe DU91-
on RANS unsteady calculations, has been perforraedbtain the \yo_ 250 airfoil has been applied to a three-bladedribus
rotor torque and power curves. Rotor performancase hbeen vertical-axis rotor

compared with the results of a previous work basethe use of the . .
NACA 0021 airfoil. Both the power coefficient andhet torque Several authors focused their works on the aeries of

coefficient have been determined as a functiorheftip speed ratio. VAWTS: in fact, some of the most complex phenomiente
The flow field around rotor blades has also beealyard. As a final field of Computational Fluid Dynamics (CFD) are @sated
result, the performance of the DU airfoil basecbraippears to be with the simulation of the flow past rotating bladéesides,

lower than the one based on the NACA 0021 bladéosecThis the aerodynamics of the Darrieus turbine is deéaglyenced
behavior could be due to the higher stall charesties of the NACA by the phenomenon of dynamic stall [8].

profile, being th_e separation zone at the traitidge more extended  Egrreira et al. [9] focused on the numerical satiah of a
for the DU airfoil. single-bladed VAWT through the comparison with
Keywords—CFD, vertical axis wind turbine, DU91-W2-250, experimental. measurement; and PIV data, demomgrﬂtat

NACA 0021 DES model is able to provide a good representatiorthef
development of dynamic stall. Also Wang and Tao][10
performed a two-dimensional numerical investigat@nthe

. . phenomenon of deep dynamic stall for a low Reynaldsber
THE need of renewable energy sources, which charaeterizgow over a NACA0012, comparing thew SST model with

I the last decades, has became relevant thanks &irt/® |, Reynolds number correction and tifef model, finding
will of the European countries to cut carbon enoissiby 20%  hat RANS approach is good for fast design or neteaf low

and generate 34% of the total electricity consuampfrom  peynolds number airfoils, thanks to its capabitifycapturing
renewables by 2020, with wind energy accountingl#o [1]. 5 significant part of the flow dynamics.

In this scenario, the development of wind turbieehhologies Kumar et al. [11] proposed a low Reynolds numbat\r

has allowed wind energy to perform a relevant stepard  gesign and optimization procedure based on both GR®
and the local production of clean electric poweside the gE_M calculations.

built environment, such as industrial and residgraieas, has  Raciti Castelli et al. [12] [13] presented a modi@ the
led to a renewed interest in vertlcal_ axis wmdbine_s evaluation of energy performance and aerodynamie®on a
(VAWTS) for small-scale power generation [2] [S]nd main  gingle-bladed helical VAWT and also performed adation
advantage of this particular rotor architecture sists in its campaign of a CFD code for a Darrieus micro-VAWTotigh
omni-directionality: in fact, a VAWT can operateingwind 5 comparison with wind tunnel experimental data.
coming from any thecuon, wnhou; requiring tq peinted,; Again, Raciti Castelli and Benini [14] presentedtveo-
moreover, the maintenance of this type of wind g&0es yimensional CFD analysis of the influence of alrthickness
appears to be less expansive with respect to c&#ssion 5 straight-bladed Darrieus-type VAWT, performiag
architectures, due to the possibility of collapsthg turbine complete campaign of simulations based on full RANS
mast [4]. unsteady calculations on a three-bladed rotonfor different
blade profiles: NACA 0012 and NACA 0021. For eadade
configuration, flow field characteristics were istigated and

Marco Raciti Castelli is a Research Associate & Bepartment of finally the rotor torque and power curves were cared for
Industrial Engineering of the University of Padiéa Venezia 1, 35131 the two architectures, achieving a quantificatidrthe effect
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campaign of simulations based on RANS unsteadyiltzdions

for eight different values of rotor tip speed ratiefined as:

L =0 Rl Ve (1)
The purpose of the present work is to obtain retogque

and power curves for the proposed blade sectionatsalto

compare the overall rotor efficiency with the claasNACA

0021 airfoil-based architecture investigated by itR&astelli
et al. [15].

Il. MODEL GEOMETRY

The main objective of this work is the numericahgation
of the aerodynamic behavior of a three-bladed Dasre
vertical axis wind turbine characterized by the udethe
DU91-W2-250 airfoil. Eight different angular veltiels have
been analyzed, while the unperturbed wind speed
computational domain entrance has been kept cahstqual
to 9 m/s. Table | displays the geometrical and rkiagc
features of the tested rotor, while in Table Il thain flow
field characteristics are illustrated.

TABLE |
MAIN GEOMETRICAL FEATURES OF THE ANALYZED ROTOR

Denomination Value

Drotor [mm] 1030

Hrotor [MM] 1 (2D simulation)
® [rad/s] 25.1+57.6

Blade section DU91-W2-250

¢ [mm] 85.8

N [] 3

c[-] 0.5

TABLE Il
MAIN CHARACTERISTICS OF THE SIMULATED FLOW FIELD

Denomination Value

p [Pa] 101325
p [ka/m3] 1.225
V., [m/s] 9

8 __——— BladeNo 1

WIND DIRECTION /

Q:0)

Fig. 1 Azimuthal coordinate of blade No. 1 centf@m@ssure
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The solidity parameter was defined as:

6 = N-¢/Rigtor (2
where Ry is rotor radius, as suggested by Strickland [16].

Rotor azimuthal position was identified by the alag
coordinate of the pressure center of blade No.lseaiion
(usually at 25% of the chord length), starting testw the
and ¥ Cartesian plane octants, as can be seenFigrh.

Ill.  DESCRIPTION OF THENUMERICAL FLOW FIELD

The proposed numerical simulations aim to represen
turbine operating in open field conditions, hertde necessary
to consider a huge domain, essential to avoid daibdkage.
The imposed conditions on the computational donaainthe
same which characterized all the previous work$opeed on
sitilar rotor architectures [14] [15]. Fig. 2 diags the main
geometrical features and dimensions of the comipntat
domain, defined adfnd Tunnel sub-grid.
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Fig. 2 Geometrical features and main dimensions][ofrthe
computational domain
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Fig. 3 Scheme of rotor sub-grid area [mm]

1SN1:0000000091950263



Open Science Index, Aerospace and Mechanical Engineering Vol:6, No:3, 2012 publications.waset.org/8343.pdf

World Academy of Science, Engineering and Technology
International Journal of Aerospace and Mechanical Engineering
Vol:6, No:3, 2012

Inlet and outlet boundary conditions have respebtibeen
placed 37 rotor diameters upwind and 60 rotor diarse
downwind with respect to the rotor test sectionletl has been
set as aelocity inlet, with a constant wind velocity profile of 9
m/s, while outlet has been set aspressure outlet. Two
symmetry boundary conditions have been used for the twe sid
walls. To ensure the continuity of the flow fieldhe
circumference around the circular opening, centevadthe
turbine rotational axis, was set asiaterface.

The inner zone of the flow field, nam&dtor sub-grid, is
exactly the area corresponding to the circular opemside
the Wind Tunnel sub-grid. This is the fluid area simulating the
revolution of the wind turbine and is therefore rettaerized by
a moving mesh, revolving at the same angular viiaxfi the
rotor. Fig. 3 shows the main dimensions and thentdary
conditions of thérotor sub-grid area.

All the blade profiles inside thRotor sub-grid area have
been enclosed in a control circle of 400 mm diamérais
control area has no physical significance, beis@itrpose just
to allow a precise dimensional control of the ggldments in
the zone close to rotor blades. The mesh has beinbly
adopting a first size function operating from tHade profile
to the control circle, and a second size functiperating from
the control circle to the whol®otor sub-grid area, ending
with grid elements of the same size of the corradpgWind R
Tunnel sub-grid cells. Aninterior boundary condition was o g' e
used for control circle borders, thus ensuringdbetinuity of
the flow field on both sides of the grid.
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Fig. 7 Detail of the grid at the trailing edge bé&tDU91-W2-250

airfoil

An isotropic unstructured mesh has been chosenfaigbe
Rotor sub-grid, in order to guarantee the same accuracy in the
prediction of rotor performance during the revauat{17], and
also in order to test the prediction capabilityaofery simple
Fig. 4 Rotor sub-grid mesh for a three-bladed VAWT grid. Considering their features of flexibility aradaption
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capability, unstructured meshes are in fact vesy ¢a obtain,
for complex geometries too, and often represent “finst
attempt” in order to get a quick response from @D in

In order to allow a comparison between the testedeb
geometry and the reference NACA 0021 airfoil, Filgem 6
to 9 show some features of the grids close towleprofiles,

engineering work. Th&otor sub-grid mesh is reproduced in evidencing also some features of the spatial domain

Fig. 4.

AV AVAY LY v AIVAYAYa(E VAV "N AK
1%‘5%'5%&%5'5‘4“1‘ RIIRA :A%Xéé
SR O 150 Y4y
V¥l T v AT ) SATATAYAY AVAVAVY
LR o '.‘v.ggaa;.:a‘&muﬁ%;

KT

il

Yavavy
K

N

Va)
oL

YAVAV
VA4
2
N

V4
VAVA%

o
S VAVAVAVAVAY

o)
B

YAV
Ay

A VAYAY)
A

VAVAVAV
gévev
TAVAYAVAV
SRS
) “"

e
v
)
s

VA%AVAVAV

VAN
X
%
v
=
<
YAV,

%)
XA

Tav,y, STOATAVAVAYyy &
xexgmaewmmw.';

i
o
Vavy
X

AVAVa

£
i
Vv

aris

00

vy

Cageas
i

iy
s
Farlss

2

Ya
a4y

)
R
SIS
AP 2 1%”:"; ’AW‘
ATayy v at AN e AV
"4y AFAYAY NN AAF I
;ﬁgﬁ;ﬁ;ﬁéﬁé Al 4’%%;:%%
L JAVAYA! VaNit o)
QOSSR R S

0
TAVaVs
o
NAAK
Vo
v WAV
VAVAYAvay

LN

4
Vav,

I
Db

%
Ak
A%
%y,

graveiL

O

PALSrs

Rt
OO

AR
Vv i TN

o
vay

VaVars

RYAY
vy
LAYy,
VAVAY
PAYA
Vi
AV

\7

A7
V4
VAV

Vi
08

vavie

5%
%)
Vv

YAV

i

L
A%

S
SN
)

Vav

&

11

o

yVi

R

7N
gﬂﬂﬂﬁﬂ"ﬂ

NS ATNZ
b‘%‘;ﬁﬁﬂﬁﬂl‘ﬁﬁ'éh TNy Vi
RIS OL
I AVAVAVY

WA
e
‘%ym}u

AVSOLVAVAY

Y, WErAAATAAR
e

RO 1%%“'%%%3 g

7
D

iy
<
2VAY
AYi
KIS
RS

5
i
ay

5
iV

Tava
Sl

3
o
5
ReL
5
&
it
=5
%)
B
g
5
]
=
£

AV
o
1A
5
"
|
T
5
1
K]
I
S

e
RSEEAK
o

it

vy
o

S
S

1

KK
ety

%)

5
WAy
ata

T

<t
]

NN
BEREEEY
e e e i e AV
et AT SETATATE g VAW
AN Aviy, vy vS T SOAVAVAYAN
SV
Fig. 9 Grid spacing at the trailing edge of the N\A@21 airfoil

Being the area close to the blade profiles, gri#ahtion has
been placed in the control circle. The computalignads have
been constructed from lower topologies to highereson
adopting appropriate size functions, in order toswr grid
points near the leading edge and the trailing exddgbe blade

profile, so as to improve the CFD code -capability o

determining lift, drag and the separation of trenflfrom the
blade itself. Table Ill summarizes the main featudd the
mesh close to rotor blade. Fig. 5 represents tliadpgrid
distribution inside the control circle.

TABLE Ill
MAIN FEATURES OF THE MESH CLOSE TO ROTOR BLADE

Denomination Value

Number of grid points on airfoil

3600
upper/lower surface [-]
Minimum grid spacing on airfoil
. 0.015
leading edge [mm]
Mln!mum grid spacing on airfoil 0.025
trailing edge [mm
Growth factor from leading edge to
AP 1.005
airfoil trailing edgt
Growth factor from airfoil surface 11

to Rotor sub-grid area [-]

discretization close to the trailing edge.

V.CHARACTERISTICS OF THENUMERICAL SIMULATIONS

The tip speed ratio has been varied from a value=f44,
(which corresponds to an angular velocitywsf25.1 rad/s) to
A=3.3 (corresponding to an angular velocityuwsf57.6 rad/s).
These conditions determine a range of Reynolds etsrfboom
3.210" to 7.410". As can be clearly seen, all of the presented
computations concern low Reynolds number regimes.

VI. NUMERICAL SOLUTION

The adopted commercial CFD solver is ANSYS
FLUENT®, that implements 2-D Reynolds-averaged Mavi
Stokes equations using a finite volume based solvee fluid
has been assumed to be incompressible, being Hudtanat
maximum velocity in the order of 60 m/s. The tengbor
discretization has been achieved by imposing aipalyme
step equal to the lapse of time the rotor takend&e a 1 deg
rotation. An improved temporal-discretization siation did
not show any significant variation [13]. As a glbba
convergence criterion, each simulation has been umniil
instantaneous torque coefficient values have showed
deviation of less than 1% compared with the redatiglues of
the previous period, corresponding to a rotatiod2®°, due
to rotor three-bladed geometry.

Residuals convergence criterion for each phydioa step
has been set to 0 The selected solver is a 2D pressure
based, well suited to compute an incompressibie field.

0,45
0,40

0,35

—o—-NACA 0021

-=-DU91-W2-250
0,05
0,00
1,25 1,50 1,75 2,00 2,25 250 275 3,00 3,25 3,50
Al
Fig. 10 Power coefficient as a function of tip speatio for the two
considered blade sections

The Realizable k-¢ model has been adopted for viscous
computations. This model differs from tB&andard k-¢ in two
points: it contains a new formulation for the tudni viscosity
and a new transport equation for the dissipatibmeraas been
derived from an exact equation for the transporthef mean-
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square vorticity fluctuations. One of the benefii§ the

characteristics of the NACA 0021 with respect te thuU91-

Realizable k-¢ model is that it provides superior performance®V2-250 airfoil appear to be the main responsibidies of the
higher behavoir of the NACA-based blade architextur

for flows involving rotation, boundary layers undstrong
adverse pressure gradients, separation and reaticoul

VIl. RESULTS ANDDISCUSSION

Fig. 10 represents the evolution of the power fatient C,
defined as:

C,=P/ (¥pAV.,2) (3)

as a function of the tip speed ratio for the twosidered blade l

section architectures. It clearly appears how/duor values of
the tip speed ratio, the DU91-W2-250 based rotaahike to
perform slightly better than the NACA 0021 basee@,onhile

as A approaches the value of 2 (emphasized by the gregif

arrow), the DU-airfoil experiences a marked drop

/

g. 12 Absolute velocity contours [m/s] around M&CA 0021 or

in 92 deg azimuthal position;= 2.33

performance. The percentage decrease of the peakrpo

coefficient with respect to the reference NACA 002ade
section is equal to 5.98%.
Fig. 11 represents the torque coefficient, defiagd

Ci= T/(%2pAV."R) (4)
as a function of the azimuthal coordinéte
0,3
0,25 )
¢ L]
02 * .
o R, o Ct_NACA0021
on e
—_ 0,15 - O e ® Ct_DU91-W2-250
o -
u [
O 01 . e
o- l..
0,05 & -:, )
‘:- _J\
[ ™
0 L T T T \
¢ 100 200 300
-0,05

Azimuth [°]
Fig. 11 Torque coefficient as a function of thenazihal coordinat®
for the two considered blade sections

As can be clearly seen, the maximum values of dhgue
coefficient are registered for 92 deg angular coate, for
both analized blade sections. It can also be rbtthat the
DU91-W2-250 airfoil presents lower performancesimyithe
upwind portion of blade revolution. On the contratyis able
to surclass the NACA 0021 reference airfoil in thevnwind
positions. Nevertheless, the overall result is nfaveurable to
the NACA airfoil (+5.98%).

Figs. 12 and 13 compare the contours of absolutecite
for the two considered rotor blade sections, fotino@l tip

speed ratioX( = 2.33) and 92 deg azimuthal coordinate (peak [M’]

of torque coefficient). A larger recirculation zotevidenced

by the red circle) is clearly visible at the tragiedge of the Cp[-]

DU91-W2-250 airfoil, determining a descreased tdttrag
ratio and a consequent loss of energy.
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Improved! St®, g, [Mmm]

710

\

v

A

Fi. 13 Absolute velocity contours [m/s] around Bid91-W2-2
for 92 deg azimuthal position;= 2.33

/
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VIIl. CoNcLUSIONS ANDFUTURE WORKS

The behavior of a DU91-W2-250 based Darrieus rbts
been investigated by means of a campaign of CFDIlatians,
performed for several values of tip speed ratiomirical
predictions have been compared with previous rsult
obtained from a NACA 0021 based rotor. A significan
decrease of the peak power coefficient has beeisteegd:
only for low values of the tip speed ratio, the OJ&2-250
based rotor has proved able to perform slightlyeoghan the
NACA 0021 based one, while, for higher tip speetlora
values, the DU-airfoil has experienced a markedpdio
performance. This phenomenon is probably to be ected
with the lower stall characteristics of the DU91-\220
profile.

Further work should be done, in order to testeffect of
blade curvature on the performance of a DU91-W2{2&€ed
rotor.

NOMENCLATURE

rotor swept area

blade chord

wind turbine power coefficient
wind turbine torque coefficient
rotor diameter

¢ [mm]

Ci[]
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Hrotor [MM] rotor height

N [-] rotor blade number

p [Pa] air static pressure

P [W] wind turbine power output

Rrotor [MM] rotor radius

T [Nm] rotor torque

V., [m/s] unperturbed wind velocity

0 [deq] azimuthal coordinate

A tip speed ratio

p [kg/m? air density

o [] rotor solidity

o [rad/s] rotor angular velocity
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