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The aerodynamics of a wind turbine is governed by the flow around tk rotor. Prediction of the velocity
field, both upstream and downstream, is one of the challenges forimd turbine performance in terms of the
aerodynamic loads and the generated power at different operatiwal conditions. For simplicity, the wind ve-
locity at the rotor plane is assumed to be equal to far upstream flowvhere the interaction of the rotor blades
with upstream flow, close to the rotor plane, is not taken into accont. This paper aims to study the effect of
the rotor blade azimuthal position and the trailing wake, on upstrean and downstream flow near to the rotor
plane. For this purpose, an in-house Vortex Lattice Free Wake (VEW) code, based on the potential, inviscid
and irrotational flow, is developed. The results are compared with te MEXICO wind tunnel measurements.
They show that the wind speed decreases in the axial direction upsam the rotor plane because of the in-
duced velocity field by the rotor blades and the trailing wake vortices This leads to a power reduction of the
wind turbine. Furthermore, contrary to the traditional actuato r disk model, the VLFW simulations predicts
a tangential velocity component upstream the rotor due to the blde rotation which is in agreement with the
measurement data. Finally, it is found that the flow field downstreamand upstream the rotor blades depends
on the blade azimuthal direction.

Nomenclature

BEM Blade Element Momentum
CFD Computational Fluid Dynamics
Circulation, n¥/s

Velocity vector, m/s
Rotational velocity, rad/s
Position vector, m
Vorticity distribution per length, m/s
time, s

« free stream velocity vector, m/s
Velocity component in the direction, m/s
Velocity component in thg direction, m/s
Velocity component in the direction, m/s

Subscript

i Panel index

i Panel index

T.E. Trailing edge

ind Induced
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[. Introduction

Among renewable clean energy sources, wind is regardedeagdit destructive to the environment. The ex-
ponential growth of wind turbines all around the world, iengral acceptance among people, the demand and its
worthwhileness makes it apt for research, especially t@aeod its performance. According to data provided by the
Renewables Global Status Report in 2013, wind capacitgased globally by 19%, the increase being 45 GW, and it
reached to 283 GW.

There are different methods for modelling the aerodynawifigswind turbine depending on levels of complexity
and accuracy, such as the Blade Element Momentum (BEM) ytheod solving the Navier-Stokes equations us-
ing Computational fluid Dynamics (CFD). Today, the BEM maetli® used extensively to analyze the aerodynamic
performance of a wind turbine. The BEM model is based on adgtaad homogeneous flow assumption and that
aerodynamic loads act on an actuator disc instead of a finiteber of blades. The BEM method is computationally
fast and is easily implemented, but it is acceptable onlafeertain range of flow conditiodsA number of empirical
and semi-empirical correction factors have been addede®®#M in order to increase its application range, such
as yaw misalignment, dynamic inflow, finite number of bladed blade cone anglebut they are not relevant to all
operating conditions and are often incorrect at high tigespatios where wake distortion is significant.

In the BEM theory, the rotor blades are modeled as a 1D idéai disc which acts as a drag device (there is no
rotational velocity component in the wake). According te ttD ideal rotor model, the rotor disc makes the wind
speed to gradually decrease fran far upstream of the rotor téqor at the rotor plane and tdae in the waket
The fractional wind velocity reduction between far upstneand the rotor plane is called the axial induction factor. In
other words, the axial velocity deficit due to the rotor biaigereferred to as the axially induced velocity at the rétor,
and it is expressed by the axial induction factor. Thereftire 1D ideal rotor model assumes that the velocity field
around the rotor blades consists of only free stream andhtheced velocities in which half of the flow reduction due
to the axially induced velocity occurs at the rotor plana] #re rest occurs far downstream the rotor. However, in
calculations based on the BEM method, it is assumed that it welocity close to the rotor plane is equal to the far
upstream. Therefore, the gradual reduction of wind veyda#tween the far upstream and close to the rotor plane is
not taken into account.

The 1D ideal disk theory was extended for the rotating diskhenbasis of the ideal horizontal axis wind turbine
with wake rotation. According to the ideal horizontal axigwd/turbine with wake rotation, the angular momentum
which is added to the air flow due to the blade rotation, makeglow downstream of the rotor to rotate contrary to
the rotating direction of the blades. As a consequence atagional velocity of the air increases when it passes over
the rotor plane compared with the rotor angular velocityisEmall rise in the air angular velocity at the rotor plane
is called tangential induction factfr.

Combination of the 1D ideal disk theory and the ideal horiabaxis wind turbine with wake rotation leads to
the fact that the induced velocity across the rotor incluateh the axial and the tangential components. However, it
cannot give any information about the flow field upstream tterr especially close to the rotor plane. Furthermore,
the effect of the rotor blade position in the azimuthal diat and the trailing wake on the flow field upstream and
downstream of the rotor blade is not taken into account.

Apart from the BEM and the CFD methods, the vortex method lviiécbased on the potential, inviscid and
irrotational flow can be used to predict the aerodynamicquarance of wind turbines. It has been widely used for
aerodynamic analysis of airfoils and aircrafts. Comparét the BEM method, the vortex method is able to provide
more physical solutions for attached flow conditions witluhdary layer corrections, and it is also valid over a wider
range of turbine operating conditions. Although it is cortapionally more expensive than the BEM method, it is still
feasible as an engineering method.

In the vortex methods, the trailing and shed vortices areateatdby either vortex particles or vortex filaments
moving either freely, known as free wake, or restrictedly by imposing the wake geometry known as pilesd
wakel® 1l The free wake model, which is the most computationally espenvortex method, is able to predict
the wake geometry and loads more accurately than the pvesgcviake. In addition, it can be applied for both
axisymmetric and asymmetric upstream flow conditions. Heweits application is limited to attached flow and it
must be linked to tabulated airfoil data to predict air loadihe presence of drag and flow separation.
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In addition to the axially and tangentially induced velast there is a radially induced velocity component which
cannot be estimated on the basis of the ideal horizontalveixid turbine with wake rotation and the 1D ideal rotor
disc theories. Moreover, both of these theories only esénie axially and the tangentially induced velocities at th
rotor plane, and they cannot predict the induced velocity fipstream the rotor plane, particularlly close to theroto
plane.

The time-marching vortex lattice free wake is used to stingyeffect of the rotating blades and the trailing wake
vortices on the upstream and the downstream flow field arotwdzontal axis wind turbine. The results are compared
with the Mexico project experimental data.The MEXICO wind turbine measurements were carried out in6260
the Large Scale Low Speed Facility (LLF) of the German Dutdhd\Munnels (DNW).

II. Model

IILA.  Assumptions

In this study, the upstream flow is set to be uniform, bothrimetiand space, and is perpendicular to the rotor plane
(parallel to the rotating axis). However, it can be eitheifamm or non-uniform (varying both in time and space).
The blades are assumed to be rigid. Therefore, the elagtict®bf the blades are neglected. Moreover, because of

Trailing edge
Trailing vortice: |

Figure 1. Schematic of vortex lattice free wake
the large circulation gradientd[ /dr) near the tip and the root of the rotor blade, the cosine riétfe blade radial
segmentatiohis used where the blade elements are distributed at eqig-ammements in the spanwise direction.
Blade surface

e GeenEe

Bound vortex filament ;
Leading edge  Bound vortex Camber lin
AN

Camber line

Trailing edge

Figure 2. Lifting surface and vortex panels construction

[I.B. Vortex Lattice Free Wake (VLFW)

The vortex lattice method is based on the thin lifting sueftlteory of vortex ring elements,in which the blade
surface is replaced by vortex panels that are constructeeidoan the airfoil camber line of each blade section (see
figure 2). To take the blade surface curvature into accobatlifting surface is divided into a number of panels, both
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in the chordwise and spanwise directions, where each pangias the vortex ring with strengfh; in whichi andj
indicate panel indices in the chordwise and spanwise direstrespectively. The strength of each blade bound vortex
ring element,[; j, is assumed to be constant, and the positive circulatiorfined on the basis of the right-hand
rotation rule.

Leading edge

’ I | Vortex ring

N

i |
Camber line i+2 <
)

Figure 3. Numbering procedure

In the vortex lattice free wake model, a finite number of voreake elements move freely based on the local
velocity field, and contrary to the prescribed wake modébwahg wake expansion as well. Each vortex filament
contains two points; one at the head (A) and another at théBpiThey are known as Lagrangian markers, where
the induced velocity components are calculated using tloe-8avart law; their movements give rise to the wake
deformation. The vortex flow theory assumes that the tiiéind shed wake vortices extend to infinity. However,
since the effect of the induced velocity field by the far wakernall on the rotor blade, the wake in the present study
extends only four diameters downstream of the wind turbatermplane.

In order to fulfill the 2D Kutta condition (which can be expsesd as/ e. = 0 in terms of the strength of the vortex
sheet where th&.E. subscripts denotes the trailing edge) the leading segnientvortex ring is located at the/4
panel length (see figure 3). The control point of each pankldated at 34 of the panel length meaning that the
control point is placed at the center of the panel’s vorteg.ri

The wake elements which induce a velocity field around thdebkre modeled as vortex ring elements, and they
are trailed and shed based on a time-marching method. &iystie 3D trailing edge condition for each spanwise
section, the strength of the trailing vortex wake rings mstequal to the last vortex ring row in the chordwise
direction (_T.E. = FWake).

The flow tangency condition at each blade’s control pointtrhaspecified to find the blade bound vortices strength
(Ti,j) at each time step. The velocity components at each bladetsat point include the free streafW ), rotational
(Qr), blade vortex rings self-inducé®ng bound) and wake induce@Ving wake) vVelocities where/ ., Qr andVing wake
are known at each time step.

The blade is assumed to be rigid, hence the blade self-iddoomponents, called influence coefficients, are
constant at each time step, and they are computed only ormeevdr, if the blade would be modeled as a flexible
blade, they would need to be calculated at each time step.

At the first time step (see figure 4), there are no free wake eésn At the second time step (see figure 5), when
the blade is rotating, the first wake panels are shed. Threingth is equal to the bound vortex circulation of the last
row of the blade vortex ring elements (Kutta condition) lkechat the trailing edge at the previous time step, which
means that'\M2 =Tl1Ee. 1, where thew andT.E. subscripts represent the wake and the trailing edge, resggc
At the second time step, the strength of the blade boundwairigs is calculated by specifying the flow tangency
boundary condition where, in addition to the blade vortexy lements, the contribution of the first row of the wake
panels is considered. The vortex wake elements are trailédlaed at each time step, where their strengths remain
constant (Kelvin theorem), and their corner points are rdda@sed on the governing equation (Eq.(1)) by the local
velocity field, including the wind velocity and the induceelacity by all blade and wake vortex rings (see figures 4
and 5). The governing equation for the wake geometry is

—
%:7(?’,0 Tt=0=Tg 1)
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Figure 4. Schematic of wake evolution at the first time step
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Figure 5. Schematic of wake evolution at the second time step
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where T, V andt denote the position vector of a Lagrangian marker, the tahicity field and time. The total
velocity field, expressed in the rotating reference frame\.; = 0, can be written as

— — — —
Vit = V o+ Vindblade+ Vindwake (2

Different numerical schemes may be used for[Eq.(1) such eextplicit Euler method, the implicit method,
Adams-Bashforth method and the Predictor-Corrector neethibe numerical integration scheme must be considered
in terms of the accuracy, stability and computational edficy. Here, the first-order Euler explicit method is used as

_
Ti1=Ti+ Via (T A (3

whereV is taken at the old time step.

l1l. Results

The 3-bladed MEXICO wind turbiré is used in the simulation. The operating conditions at witehmeasure-
ment has been dofeare: Viynna = 10.01m/s, Q = 44.45rad/s, p = 1.245kg/m3 whereV, Q andp denote the free
stream velocity, rotational velocity and the air densiggpectively. Moreover, the rotor diameter, the blade lkeagt
the blade pitch angle are5n, 2.04m and —2.3degrees, respectively? In the vortex method simulations made with

2.25m
- o
2.04m
0.21'm
0.35
0.57 0.79 1.00
— 120 38
H i H 1 155 169 4g;
Py T e ¥
! Vool ! | ! R Tip chort
I i : A Pl liieos
| + : : - 1 - : 1| - I 1 :' 0'11 m
24 0.46 0.68 0.90 1.10 1.29 1.47 1.62 1.75 1.86 1.952.00
Root chord DU91-W2-250 Transition Transition NACA 63-418
0.24 m airfoils Risg A1-21 airfoils

airfoils

Figure 6. Radial distribution of blade elements

VLFW, the blade is discretized with 24 spanwise section# fiiite tip resolution (see figure 6) and 10 equally spaced
chordwise sections. 10 degrees in the azimuthal direcsi@miployed for the wake segmentatidriThe wake length

is truncated after 4 rotor diameters which is based on agpitsitivity study according to Ref. 14. It is assumed that
the wake vortex filament core radius is constant and is equalin. The free stream is assumed to be uniform, steady
and perpendicular to the rotor plane similar to the measen¢@ondition. Figures (7) and (8) show the schematic of
PIV measurements on the MEXICO turbine wind turbine doneddlial traverse in the horizontal plane at different
clock positions.

For the radial traverses, the velocity field is measured bp#tream and downstream of the rotor at different blade
positions (see figure 7). The horizontal plane at the 9 olclogsition extends fronz = —0.30m, upstream of the
rotor, toz= +0.30m, downstream of the rotor where= 0 is in the rotor plane. In addition, the horizontal planehat t
9 o'clock position (see figurel 8) extends fram= 1.15mto r = 2.75m (line AB andCD) wherer = 0 is in the rotor
centre!? Different velocity components are measured al&dyandCD. There are two azimuthal angles, 20 and 40
degrees, where the rotor blade passes through the measugaree (see figure 7).

As described in the first paragraph of this section, the coismaof the velocity field, between the simulation and
the experimental data, has been done for the upstream awied€ual to 1én/s. However, the presented experimental
data show that the upstream flow which hits and passes thithegiotor blades is less thanrfs (around 9n/s).
According to Ref. 15, one of the reason for this deficiency mapecause of the streamwise velocity which is reduced
in open type wind tunnel employed in the experimental irigasion.

According to figure§ |9, 10 aid 11, there is a good agreemeweketthe simulation and experimental data. As
can be seen, the simulation overestimates the axial vgloompared with measurements for both upstream and
downstream of the PIV sheet. However, there is a constaf@relifce between the calculated axial velocity profile
by simulation and the measurement data which may be due tope wind tunnel as mentioned in the previous
paragraph.
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Figure 7. Position of bladel at different angles

Figure 8. PIV measurement sheet at radial traverses

7 of(12

American Institute of Aeronautics and Astronautics



—+0.3 Exp —+0.3 Exp -
10H - - - +0.3 Sim /"'T 10H = = = +0.3 Sim
—-0.3 Exp J, —-0.3 Exp
----0.3Sim 2 v 8 ----0.3Sim .
v | L _-- - Vf/,«’ |
’ B Feemmmmmmmm=====TT el
£
1 E B P, e :,;/_ W:V: it 1
4 4, 4
4 2, 4
15 2 25 15 2 25
a) r [m] b) r[m]

Figure 9. Axial velocity (z direction) upstream (-0.3m) and downstream (+@8m) of the rotor, blade position at0° and 20°, Exp: Experiment, Sim: Simulation
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Figure 10. Axial velocity (z direction) upstream (-0.3m) and downstream (+@m) of the rotor, blade position at40° and 60°, Exp: Experiment, Sim: Simulation
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Figure 11. Axial velocity (z direction) upstream (-0.3m) and downstream (+@m) of the rotor, blade position at80° and 100°, Exp: Experiment, Sim: Simulation
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Figures 9 10 and 11 display how the presence of the tip vanizikes a significant change in the axial velocity
component\) in the blade tip region. Moreover, downstream of the rofadb, close to the blade tip region, both
simulation and measurement data show the sudden changeariti velocity. The minimum peak is associated with
tip vortex position which influences significantly the flowhired the rotor. In addition, figures 9, 10 and 11 show
that the tip vortex position varies with respect to the azlmbangle showing the complex mechanism of the merging
vortex sheet close to the tip. One of the aerodynamic fesifra horizontal axis wind turbine is the wake expansion
which is directly related to the radius of tip vortex positidownstream of the rotor blades. The radial position of
minimum axial velocity for the measurement data occurs itighty larger radial position than in the simulation.
This means that the simulation predicts a smaller wake esipartompared with the experiments.

—+0.3 Exp

4l --+0.3 sim
—-0.3 Exp N T
all-~--03Sim / ! M‘u
w -
S~ S o
£ 5l )
>
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Figure 12. Tangential velocity (x direction) upstream (-0.3m) and downstrea (+0.3m) of the rotor, blade position at0° and 20°, Exp: Experiment, Sim:
Simulation
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Figure 13. Tangential velocity (x direction) upstream (-0.3m) and downstrem (+0.3m) of the rotor, blade position at40° and 60°, Exp: Experiment, Sim:
Simulation

The tangential velocity component is displayed in figurésI®and 14. The simulation results are verified by the
measurement data. The measurements show an abrupt changgrdam of the rotor in the vicinity of the blade tip
atr = 2.5mwhich makes a considerable peak value for the tangentiatitgl Although the simulation also predicts
the same peak value mt= 2.5m, its magnitude is approximately half of the ones found in saeaments.

Figures 15| 16 and 17 show a good agreement between the sonuwad experiments for the radial velocity
component upstream and downstream of the rotor. Upstreéme obtor, there should be no radial velocity component
because of the uniform axial incoming flow. However, the pgewf rotor through the measurement plane for 20 and
40 degrees make a small radial velocity component. Contmatige upstream flow, there is a small radial velocity
component downstream of the rotor because of the trailingewartices. Although its magnitude is small, it makes
the trailing wake to expand. Moreover, there is fluctuatiothie radial velocity component by experiments. However,
the oscillations domain are very small.
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Figure 15. Radial velocity (y direction) upstream (-0.3m) and downstream (8.3m) of the rotor, blade position at0° and 20°, Exp: Experiment, Sim:
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Figure 16. Radial velocity (y direction) upstream (-0.3m) and downstream (8.3m) of the rotor, blade position at40° and 60°, Exp: Experiment, Sim: Simulation
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Figure 17. Radial velocity (y direction) upstream (-0.3m) and downstream (8.3m) of the rotor, blade position at80° and 100°, Exp: Experiment, Sim:
Simulation

Conclusions

In this paper the flow field around the MEXICO turbine is stalddy VLFW method under the operating conditions
i.e., 1001m/sand 4445rad/sfor the incoming wind velocity and the rotational velocityspectively. The results have
been compared with the experimental data where the upsftearis steady and uniform. However, it should be noted
that the upstream velocity deficit in the axial directiontie £xperiments seems to be too large which may be due to
the use of an open wind tunnel type. There is a good agreeraeméén the simulation and the experiments regarding
the tip vortex position which varies with respect to the adinal angle. But the simulation shows a smaller wake
expansion compared with the experiments. Moreover, beoafuhe steady incoming flow perpendicular to the rotor
plane, both simulation and measurements confirms that thal izelocity component upstream the rotor is equal to
zero.
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