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Numerical Analysis of the Performance of the
DU91-W2-250 Airfoil for Straight-Bladed
Vertical-Axis Wind Turbine Application
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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 verticad-axind turbine dedicated airfoils, developed by Delft Universityf o
based on the DU91-W2-250 airfoil. A complete campaof 2-D  Technology and is typically employed for horizordals wind
simulations, performed for several values of tipespratio and based tyrhine applications [5] [6] [7]. In the presentrkpthe DU91-
on RANS unsteady calculations, has been perforroedbtain the \vo_o50 airfoil has been applied to a three-bladedribus
rotor torque and power curves. Rotor performancesehbeen vertical-axis rotor.

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

coefficient have been determined as a functiorheftip speed ratio. VAWTS! in fact, some of the most complex phenominthe
The flow field around rotor blades has also beeadyaed. As a final  field of Computational Fluid Dynamics (CFD) are @siated
result, the performance of the DU airfoil basecraippears to be with the simulation of the flow past rotating blagddesides,
lower than the one based on the NACA 0021 bladéiosecThis the aerodynamics of the Darrieus turbine is deegflyenced
behavior could be due to the higher stall charettes of the NACA by the phenomenon of dynamic stall [8].
profile, being th_e separation zone at the trailboige 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, experlmenta[ measurementsls 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 investigatafnthe

phenomenon of deep dynamic stall for a low Reynalgsber

THE need of renewable energy sources, which charaeterizgioy over a NACA0012, comparing tHew SST model with
! the last decades, has became relevant thanks 8Irdv®g |4,y Reynolds number correction and tef model, finding
will of the European countries to cut carbon enoissiby 20% 4t RANS approach is good for fast design or neteaf low
and generate 34% of the total electricity consuompfrom  Reynolds number airfoils, thanks to its capabitifycapturing
renewables by 2020, with wind energy accountingléo [1]. 5 significant part of the flow dynamics.

In this scenario, the development of wind turbieehnologies Kumar et al. [11] proposed a low Reynolds numbakr

has allowed wind energy to perform a relevant seward  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 residgrieas, has  Raciti Castelli et al. [12] [13] presented a mod the
led to a renewed interest in vertical axis windbines gy4jyation of energy performance and aerodynamiefoon a
(VAWTs) for small-scale power generation [2] [3]nd main  gingje-pladed helical VAWT and also performed adation
advantage of this particular rotor architecture ststs in its campaign of a CFD code for a Darrieus micro-VAWTotigh
omn_i-directionality: i_n fa_ct, a \_/AWT can p.perateings_wind a comparison with wind tunnel experimental data.
coming from any Q|rect|on, WIthOU.t requiring tq peinted; Again, Raciti Castelli and Benini [14] presentediveo-
moreover, the maintenance of this type of wind gaes yimensional CFD analysis of the influence of alrfbickness
appears to be less expansive with respect to ca#ssig, 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 rotorvior different
blade profiles: NACA 0012 and NACA 0021. For eathde
configuration, flow field characteristics were istigated and
Marco Raciti Castelli is a Research Associate @ Department of finally the rotor torque and power curves were cared for
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campaign of simulations based on RANS unsteadyilzions
for eight different values of rotor tip speed ratiefined as:

A = 0 Rootod Vo (1)

The purpose of the present work is to obtain rodoque
and power curves for the proposed blade sectionatsualto
compare the overall rotor efficiency with the claas NACA
0021 airfoil-based architecture investigated by iR&astelli
et al. [15].

Il. MODEL GEOMETRY

The main objective of this work is the numericahigation
of the aerodynamic behavior of a three-bladed Dasre
vertical axis wind turbine characterized by the wudethe
DU91-W2-250 airfoil. Eight different angular velties have
been analyzed, while the unperturbed wind speed
computational domain entrance has been kept cahstqual
to 9 m/s. Table | displays the geometrical and riatc
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)
o [rad/s] 25.1+57.6

Blade section DU91-W2-250

¢ [mm] 85.8

N [] 3

o [-] 0.5

TABLE Il
MAIN CHARACTERISTICS OF THE SIMULATED FLOW FIELD

Denomination Value

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

8 Blade No1

WIND DIRECTION

©:0 }

. /

. P
s

\_‘___J//

Fig. 1 Azimuthal coordinate of blade No. 1 centf@m@ssure

The solidity parameter was defined as:
c= N'C/Rmtor (2)

where Ry, is rotor radius, as suggested by Strickland [16].

Rotor azimuthal position was identified by the walag
coordinate of the pressure center of blade No.lseaition
(usually at 25% of the chord length), starting testw the 2
and 3 Cartesian plane octants, as can be seenFigrh.

Ill.  DESCRIPTION OF THENUMERICAL FLOW FIELD

The proposed numerical simulations aim to repiesen
turbine operating in open field conditions, hertds hecessary
to consider a huge domain, essential to avoid ddbdkage.
The imposed conditions on the computational doraaénthe
same which characterized all the previous workfopeed on
sitmilar rotor architectures [14] [15]. Fig. 2 diapé the main
geometrical features and dimensions of the computat
domain, defined ad/ind Tunnel sub-grid.

4 I symmetry
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interface
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pressure outlet
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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]
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Inlet and outlet boundary conditions have respebtibeen
placed 37 rotor diameters upwind and 60 rotor dtarse
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 aspmessure 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, centeredthe
turbine rotational axis, was set asiaterface.

The inner zone of the flow field, nam&tor sub-grid, is
exactly the area corresponding to the circular epeimside

the Wind Tunnel sub-grid. This is the fluid area simulating the

revolution of the wind turbine and is therefore reltderized by
a moving mesh, revolving at the same angular viaxfi the
rotor. Fig. 3 shows the main dimensions and thenbary
conditions of theRotor sub-grid area.

All the blade profiles inside thBotor sub-grid area have
been enclosed in a control circle of 400 mm diameTais
control area has no physical significance, beisgiirpose 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 functiparating from
the control circle to the whol®otor sub-grid area, ending
with grid elements of the same size of the corredpm Wind
Tunnel sub-grid cells. Aninterior boundary condition was
used for control circle borders, thus ensuringdbetinuity of
the flow field on both sides of the grid.

IV. SPATIAL DOMAIN DISCRETIZATION

An unstructured grid has been chosen for the wh
computational domain, in order to reduce the ergging time
to prepare the CFD simulations. The mesh on baitassdf the
interface (Rotor sub-grid andWind Tunnel sub-grid areas) has
approximately the same characteristic cell sizegssto obtain
faster convergence.

Fig. 4 Rotor sub-grid mesh for a three-bladed VAWT

Fig. 5 Control circle grid for DU91-W2-250 bladecten
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Fig. 7 Detail of the grid at the trai
airfoil

ing edge b&tDU91-W2-250

An isotropic unstructured mesh has been choserfalsbe

Rotor sub-grid, in order to guarantee the same accuracy in the

prediction of rotor performance during the revaat{17], and
also in order to test the prediction capabilityaofery simple
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 “fist
attempt” in order to get a quick response from @D in
engineering work. Th&otor sub-grid mesh is reproduced in
Fig. 4.

o

vy

N RN P AN AT I va)
% o
I INRAROTISAT SDOGOO
S e OBHLIR NI
vy N RS S KRR KX RARTA
L e Ty
&

ivg

Vs

vy,

YAVAV
AV

AYAVAVAVY

Y

YAYAV

YAVAVAVA
ATavavy

AVA%XVAVAVA

£
X

AAYAYAS
AL

2
K
e
i
0

AAVAY
SATAYAY
VAVAVA
AN
Iy

vay

AVAVA%AV‘""

5
a9

TIVLTATAY

(AT
TAAVAVAR AT
A

T
FAVAY
i
o
s

RS
rrAYANAY
PAGAYAVAY)

LAY
i
AAVéV

2
visl

<
Tavay,

v

5
4
ORI
PR AR
R R RO SO
RSN IO
RO X K
AR PO

.
5
s

ol

<y
4

X0
P
o

REAVAVATATAY.Y,
V%)
pYAY
o

R

e
RS
ey

VARV v AVAViv e sy

n
-
Va¥
VAViva
SVA%

0

Y

0

Satan

oo
%]
¥

AVAY
VAVAVAVivivi
8

200
VaViw s
(vinzas

Iy
N
£
Vayy
Vv
vy
R

\
O
v

AY)
S
200
gvas
I

ERREESG
I 15@
K

T
AV
&)
var,
Vel
K

¥
W
7

Fig. 8 Close up of the grid around the NACA 002fcdli
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Fig. 9 Grid spacing at the trailing edge of the N\A@021 airfoil

Being the area close to the blade profiles, greahtion has
been placed in the control circle. The computatignids have
been constructed from lower topologies to highereson
adopting appropriate size functions, in order tostr grid
points near the leading edge and the trailing exfghe blade

profile, so as to improve the CFD code capability o

determining lift, drag and the separation of thawflifrom the
blade itself. Table Il summarizes the main featucé the
mesh close to rotor blade. Fig. 5 represents tlaiaspgrid
distribution inside the control circle.

TABLE Il
MAIN FEATURES OF THE MESH CLOSE TO ROTOR BLADE
Denomination Value
Number of grid points on airfolil
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 [-]

In order to allow a comparison between the testedeb

geometry and the reference NACA 0021 airfoil, Fifgem 6
to 9 show some features of the grids close towheprofiles,
evidencing also some features of the spatial
discretization close to the trailing edge.

domain

V.CHARACTERISTICS OF THENUMERICAL SIMULATIONS
The tip speed ratio has been varied from a value=bf44,

(which corresponds to an angular velocitywef25.1 rad/s) to
2=3.3 (corresponding to an angular velocitywsf57.6 rad/s).
These conditions determine a range of Reynolds etsrioom
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 Havi
Stokes equations using a finite volume based solvez 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 aipalyime
step equal to the lapse of time the rotor takenake a 1 deg
rotation. An improved temporal-discretization siatidn did
not show any significant variation [13].
convergence criterion, each simulation has been unitil
instantaneous torque coefficient values have showed
deviation of less than 1% compared with the retatiglues of
the previous period, corresponding to a rotatiodl2®°, due
to rotor three-bladed geometry.

As a globa

Residuals convergence criterion for each physio# step

has been set to T0 The selected solver is a 2D pressure
based, well suited to compute an incompressibie field.

0,45

—o—NACA 0021

—#-DU91-W2-250

1,25 1,50 1,75 2,00 2,25 250 2,75 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 DU91-
Realizable k-¢ model is that it provides superior performance8V2-250 airfoil appear to be the main responsibbtdis of the
for flows involving rotation, boundary layers undstrong higher behavoir of the NACA-based blade architetur
adverse pressure gradients, separation and reaticoul

VII. RESULTS ANDDISCUSSION

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

C,=P/(¥pAV.D) (3)

as a function of the tip speed ratio for the twasidered blade l
section architectures. It clearly appears how)dar values of |
the tip speed ratio, the DU91-W2-250 based rotaahbie to
perform slightly better than the NACA 0021 base@,omhile ‘
as 1. approaches the yalue Of_ 2 (emphasized by the gr Fi§. 12 Absolute velocity contours [m/s] around M&CA 0021 for
arrow), the DU-airfoil experiences a marked drop in 92 deg azimuthal position;= 2.33
performance. The percentage decrease of the peaferpo

coefficient with respect to the reference NACA 0Q@&de
section is equal to 5.98%.

Fig. 11 represents the torque coefficient, defiagd

C= TI(¥2p-AV,*R) 4)

as a function of the azimuthal coordinéte

0,3 \l

\
\

0,25 s
.0 ° \\. y
0.2 1 o '_'. e Ct_NACA0021 ) Fig. 13 Absolute velocity contours [m/s] around Big91-W2-250
on H Y —
015 o= Ey o mCt DU9L-W2-250 for 92 deg azimuthal position;= 2.33

VIl. CONCLUSIONS ANDFUTURE WORKS

The behavior of a DU91-W2-250 based Darrieus rbes
been investigated by means of a campaign of CFDlations,
performed for several values of tip speed ratiomirical
predictions have been compared with previous rgsult
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 D@&2-250
based rotor has proved able to perform slightlydoehan the
NACA 0021 based one, while, for higher tip speetora
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 testdffect of
blade curvature on the performance of a DU91-W242&8ed

0,05

-0,05

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

As can be clearly seen, the maximum values of dngue
coefficient are registered for 92 deg angular civate, for
both analized blade sections. It can also be rmbttbat the
DU91-W2-250 airfoil presents lower performancesimythe
upwind portion of blade revolution. On the contratyis able
to surclass the NACA 0021 reference airfoil in t@vnwind
positions. Nevertheless, the overall result is nfaveurable to

the NACA airfoil (+5.98%). rotor.
Figs. 12 and 13 compare the contours of absolutEie
for the two considered rotor blade sections, fotinoal tip NOMENCLATURE
speed ratioX( = 2.33) and 92 deg azimuthal coordinate (peak [M’] rotor swept area
of torque coefficient). A larger recirculation zofevidenced ¢ [mm] blade chord
by the red circle) is clearly visible at the tragi edge of the Cp[-] wind turbine power coefficient
DU91-W2-250 airfoil, determining a descreased tiifttrag Ci[-] wind turbine torque coefficient
ratio and a consequent loss of energy. Improved St®,q, [mm] rotor diameter
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Hotor [MM] rotor height

N [-] rotor blade number

p [Pa] air static pressure

P [W] wind turbine power output

Riotor [MM] rotor radius

T [Nm] rotor torque

V., [m/s] unperturbed wind velocity

0 [deg] azimuthal coordinate

A tip speed ratio

p [kg/m’] air density

o [] rotor solidity

o [rad/s] rotor angular velocity
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