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Abstract

In the present paper Reynolds-Averaged Navier-Stokes ®RAdtedictions of the flow field
around the MEXICO rotor in yawed conditions are comparech witasurements. The paper
illustrates the high degree of qualitative and quantitatigreement that can be obtained for this
highly unsteady flow situation, by comparing measured amdpeed velocity profiles for all
three Cartesian velocity components along four axial terssand several radial transects.

Introduction

During the last 10 years there has been an increasing foctiearapability to predict the wake
behavior in large-scale wind turbine parks. An essentiaimanent to wake predictions within
wind turbine parks is the ability to correctly predict theanavake development as a function of
the rotor loads. A review addressing wind turbine wake agrathics can be found in the review
paper of Vermeer et al. [1], where both the experimental arkpl computational approaches
are being discussed, while the more recent review of Samadral. [2] addresses typical CFD
approaches to wake prediction. For more details on the @artik on Navier-Stokes based ro-
tor aerodynamics, see the chapter on Rotor AerodynamicsgbgnSen [3]. In contrast to the
widespread axial flow predictions of wind turbine rotorsttten be predicted using a steady-state
technique and cyclic conditions limiting the computatiosh@main to one third for a three-bladed
rotor, yawed flow computations requires transient compriatand a domain resolving the full
rotor geometry. Yawed flow computations have been perforrfaade.g. the NREL Phase-VI
rotor see the works of Xu and Sankar [4], Sgrensen [5], Ma@se. [6], Tongchitpakdee et
al. [7] and for the Nordtank NTK 500/41 turbine the work of Zaand Sgrensen [8]. As a CFD
simulation only requires information about the rotor gethnand the operational conditions, it
has the potential to provide valuable information for eegiing wake models and for the simpli-
fied rotor descriptions as used in the actuator line (AL) niobtg Sgrensen and Shen [9] and in
actuator disc (AD) models as described in Sgrensen and M$kénThe engineering models and
the AL/AD models can then be used for full scale park compariat where the geometry resolv-
ing CFD method is not practical. The present paper aims abksting the quality of geometry
resolving CFD simulation, based on comparison with actushsnrements, and is connected to
the work from 2009 reported in Bechmann et. al [11] and Ré&tled al. [12]. Related studies for
the axial flow situation is reported in the work of Lutz et &3] using a compressible flow solver,



and for the axial and yawed conditions using a free wakadftine code in the work of Grasso
and van Garrel [14].

Code description

The in-house flow solver EllipSys3D is used for both axial gad computations. The code is
developed in co-operation between the Department of MécalkBngineering at the Technical
University of Denmark and The Department of Wind Energy ateRNational Laboratory. See
the work of Michelsen [15, 16] and Sgrensen [17]. The EllgHYy code is a multi-block finite
volume discretization of the incompressible Reynolds+tAged Navier-Stokes (RANS) equations
in general curvilinear coordinates.

For the yaw computations the unsteady solution is advamctahé using a 2nd-order iterative
time-stepping (or dual time-stepping) method, while thalaflow cases are computed using a
steady-state approach. The transient yaw computationpesfermed with a time step of &
10~ s or approximately 1400 time steps per revolution, usingtBigrations in each time step.
The convective terms are discretized using a third-ordeadatic Upstream Interpolation for
Convective Kinematics (QUICK) scheme by Leonard [18], whikntral differences are used for
the viscous terms.

All solutions in the present work are obtained using a mowiragh methodology. The moving
mesh option is used even for the steady-state case wereaalySétate moving mesh algorithm’
is used, see Sgrensen [19]. In the present work the turtaierthe boundary layer is modeled
by the k< Shear Stress Transport (SST) eddy viscosity model by Mda@r Even though
both fully turbulent and transitional computations weref@ened during the study, only the fully
turbulent conditions are shown, as the experimental cmmditwere tripped to enforce transition
to turbulent flow.The equations for the turbulence model soleed after the momentum and
pressure correction equations in every sub-iterationgbsdéime step.

Computational grid

The full three-bladed rotor is modeled in order to use theesamash for both axial and yawed
inflow conditions, but the tower and nacelle geometry hawnlyeglected. The mesh is an O-O-
topology where the individual blades are meshed with 256 eebund the blade chord, 128 cells
in the spanwise direction and a §44 cells block at the blade tip. In the normal direction, 256
cells are used with high concentration of cells within thetfir-2 diameters away from the rotor,
see Figure 1. The height of the cells at the wal-i§ x 106 m in order to resolve the boundary
layers and ensung” values around 1. The outer boundary of the domain is locatd@ m from
the rotor center or approximately 10 rotor diameters awéay grid generation is performed with
the 3D enhanced hyperbolic grid generation program Hy@Erid/hich is a 3D version of the
2D hyperbolic grid generator described in the report of 8gea [21].The total number of cells
used is 28.3 million cells, see Figure 1. The mesh used deri864 blocks.

Inlet conditions corresponding to the described casespafied at the upstream part of the
outer boundary, see Figure 1, while outlet conditions spoading to a fully developed flow
assumption are used at the downstream part of the outer ddimandary. No-slip conditions are
applied at the rotor surface.
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Figure 1: Top left figure shows the computational domain i inflow part of the boundary
in red, the rotor at the center of the domain in grey lookingtigh the outlet part of the outer
boundary. The top right figure shows a close-up of the rotdy-geometry used in the compu-
tations. Finally, the bottom figure shows the wake resatutiad the axial location of the plane
where the radial profiles are extracted.

Present Study

In the present study the focus is on a series of cases from EXI®D experiment described in
the articles by Snel et al. [22] and the report by SchepersSaedl [23], that were selected within
the IEA Task 29. As stated in connection with the descriptibrthe computational grid the
present study is based on rotor-only computations, negtgetite influence of tower, nacelle and
possible wind tunnel interference. The rotor blade geogyristbased on the original theoretical
rotor design, as the measured geometry of the manufactlmdd wvas not available at the time
of this study. The three-bladed rotor has a diameter of 4.&ith,a blade geometry constructed
from a combination of DU-91-W2-250 airfoils at the inner fp&isg-A21 at the central part and
NACA 64-418 airfoils on the outer part. In the MexNext Annexder IEA, three axial cases at
10, 15, 24 m/s were computed, along with a yaw case at 15 mé speed with a yaw angle of
30 degrees. For all cases, the rotor pitch was set at -2.2eedurning the leading edge away
from the incoming wind. The rotational speed was fixed atd2gm. In the present work, the
focus is on the development of the wake flow for the 15 m/s aaseial and yawed conditions.
The measured loads shown below are based on the the five prdgslure sections measured
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Figure 2: Absolut value of the vorticity in the wake of theantleft figure shows the present
computation, while the right figure shows the computatiom@nid of nearly doubled resolution.

during the experiment. The load measurements from the MEX¢gperiment have been subject
to a substantial discussion. As can be seen in Table 1, themerelatively large discrepancy
between measurements and computations even at the deggrofpd5 m/s. This was not only
observed in the present study, but similar studies by otteengg using Blade Element Momentum
codes, Lifting Line codes, and other Navier-Stokes baseld &tvers indicat similar degree of
agreement. As a large deviation in the load may result ireldeyiations in the wake patterns, the
high load deviation may raise concern about the possilfigccurately capturing the wake flow.
During the MexNext project, investigations by the authdreveed that the agreement between
measured and predicted wake patterns using an AD metholddaxial flow cases with the load
given by a full CFD simulation, was clearly superior to résulsing loads based on measured
values, see Figure 6 in the paper of Réthoré et al. [12].ingryo match the measured load
distributions additional CFD computations were performeying both the wind speed and the
rotor tip pitch. These computations, were unable to matetntkeasured loads. With respect to
grid convergence of the present computation, a comparigothé 15 m/s axial case was done
with a solution on a mesh with nearly the double amount of fpmirall direction, resulting in

a mesh of around 141 million cells. This comparison shows tthe variation in the computed
thrust and torque is less than 1%, indicating that with retsfeethe integrated loads the results are
fairly grid independent. Comparing the wake profiles, segifé 3 and 2, a very good agreement
is seen between the present grid and the refined grid (14bbmpbints). The most pronounced
deviation is the tip vortex strength, which seems to be #iighverpredicted on the fine mesh.

To give a qualitative indication of the yaw computationg domputed normal and tangential
force at the 85 percent section is shown in Figure 4. Both aredsand computed values are
based on surface pressure measurements. It is evident &timtHe normal and tangential force
that there is an offset in the level between the measurenzentthe computations, while the
amplitude of the load variation is reasonabely well predict Besides the offset in level, the
computed forces are phase shifted so the peaks in the caiopstappear slighty later than in
the measurements.

Results

Before discussing the actual comparison of the measured@nguted values, a few definitions
will be given. The rotational direction is clock-wise, whimoking along the rotor axis in the
flow direction.The blade azimuth angle is defined as zero faddéone pointing straight up.
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Axial Flow, Azimuth pos=0 [deg], Axial pos=0.15 [m]
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Figure 3: Axial velocity in the wake of the rotor, comparirgetpresent solution with a solution
on a nearly doubled grid resolution
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Figure 4: Comparison of the azimuth variation of the norntal #angential force at the 85%
section between the present computations and the forcesuneelain the experiment.



Table 1: Comparison of measured and integral rotor loadth®three axial flow cases.

Meas. Comp. Meas. Comp.
Velocity [m/s] Thrust[N] Thrust [N] Torque [Nm] Torque [Nm]
10 854.0 1007 61.1 73
15 1516.8 1742 284.6 327
24 2173.2 2392 695.0 735

The velocities reported in the present study are given veisipect to the wind tunnel coordinate
system, with the U-velocity along the,nng -axis pointing in the flow direction, the V-velocity
along theyiunng -axis perpendicular to the flow direction and the W-comporsdong the z-axis
pointing vertically up.

When comparing the axial and radial profiles of the velocitynponents, all profiles are
extracted in the horizontal plane at the height of the rotas.ln the experiment the velocity
profiles were extracted using stereoscopic Particle Imadecinetry (PIV), for more details see
the report of Schepers, Pascal and Snel [24].

The axial profiles are extracted for rotor positions coroesfing to situations where a blade
has passed the extraction plane 90 degrees earlier. Fov$h®y; g -positions this can be ob-
tained with blade one at zero azimuth position. For the megg g -values, a similar situation
is observed when blade one is at 60 degrees azimuth poskonthe radial profiles, compar-
isons are shown for several azimuth positions [40, 80, 12Qteks for illustration purpose, and
neglecting some of the intermediate azimuth positions feviby.

For the yaw case, one can observe that the profiles extractegl the lines at positivgynne-
values will intersect the rotor plane upstreamxgf.a = 0, while the intersection happens down-
stream of.nng = O for the negativeynne-values.

Front View Ztunnel Top View

Positiv rotational direction
Ytunnel

Figure 5: A schematic of the tunnel setup for the yaw compmriat indicating both the tunnel
and rotor coordinate system. Zero azimuth is when blade ®peinting vertically up, with the
rotational direction clockwise looking along the rotor i



Axial velocity profiles

Looking firstly at the axial profiles extracted in situatiombere the blade has passed the hor-
izontal extraction plane 90 degrees earlier, the axial flagecat 15 m/s is seen in the two top
frames of Figure 6. Here the overall shape is predicted quéitk Similarly good agreement
with measured values is observed for the two yawed casesr@gfiect to the axial transects at
negativey-values, center frames of Figure 6. For the positimalues the agreement is not very
good, especially for the transect at y=1.37 m. The errotferaxial flow case and for the negative
y-values of the yawed case is at maximum 20% and for most casel lass than 10%. In the
yawed case, at positiwevalues, high errors are observed yer1.37 m in the region between 1.5
and 4 m downstream of the rotor plane, bottom left frame ofifigs. The explanation of this
is that the relatively large nacelle of the MEXICO rotor diftes the wake flow in this region.
This is strongly supported by Figure 15 in the report of SelngpPascal and Snel, where the
obstruction of the modeled nacelle is clearly visible. A¢ thore outboard statiory£1.85 m),
where the nacelle has less influence the error is again dedtemnsiderably, see Figure 6 bot-
tom right frame. This indicates that in future studies of BAEXICO rotor in yaw, the nacelle
geometry needs to be included. For the radial flow compor@rthe axial and 30 degrees yaw
case, shown in Figure 7, the agreement is again very good Hdee, the effect of the nacelle
of the MEXICO rotor can be observed in the measured valueesitiye y-values. Similar con-
clusions can be drawn with respect to the agreement of thyeiaial flow component shown in
Figure 8. The high frequency oscillation in the axial direetpresent in all three velocity compo-
nents are related to the intersection of the transect wéldiscrete wake sheets behind the three
rotor blades. The wake sheets can clearly be seen in the botgpas the wake in Figure 2. Due
to the limited grid resolution the oscillations in the cortadions are disapering faster than in the
measurements. Additionally an interesting phenomenomseme is the high rotation present in
the wake as far downstream as measurements are availalidan@i have great implications for
measurements of yaw alignment using nacelle based anem@nehich will be influenced by
this wake rotation, see the article by Zahle and Sgrensen [8]

Radial velocity profiles

Having looked at the axial development of the flow, next theufois shifted to the radial profiles
right upstream and downstream of the rotor for the yaw casese®n from Figure 5, the radial
profiles are extracted parallel to the rotor disc, and theadee is 0.15 m, corresponding to only
7 percent of the rotor radius. The figures of radial profiledbéodiscussed show the profile
just upstream in the left column, and the profile just dowaestn in the right column. In the
measurements, data were available for each 10 degree afitaziosition of the rotor, for brevity
only a few of these stations are shown in the present stuagelyathe 40, 80 and 120 degree
positions.

Starting by the axial flow component (U-velocity), gengralbod agreement can be observed
both upstream and downstream of the rotor, see Figure 9. &anggthe upstream profiles and the
downstream profiles, it is obvious that the upstream profitdg are influenced by the induction
of the rotor. This is in good agreement with the physics, and grofiles that are smooth in the
radial direction. In contrast, the downstream profiles tyeshow signs of the discrete structures
such as tip vortices. Looking at the downstream profilestitheortex after blade two is clearly
seen aroung= 2.25 m in the top right frame, where the blade has just pagssdxtraction
position 10 degrees before the snapshot was taken. Simildhé bottom right frame around
y=-2.3 m, where again a strong signal is visible from the bjsasage around 30 degrees before
taking the snapshot. Unfortunately, the measurements tlalloav comparison of data closer
to the center of the rotor, as the PIV equipment used for th&XNMIB measurements were not
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U=15 [m/s], Yaw=0 [deg], Azimuth pos.=0 [deg], y=1.37 [m] U=15 [m/s], Yaw=0 [deg], Azimuth pos.=0 [deg], y=1.85 [m]
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Figure 6: Comparison of axial transects of measured and atadpJ-velocity in the horizontal
plane for the 15 m/s axial flow case, top row. The center antbivotow show the 15 m/s
30 degrees yaw case for negative and posifivalues respectively. The left column shows the
inner most line y=+/-1.37 m while the right column shows tlieomost line y=+/-1.83 m.

capable of accessing this area. The overall agreement ofithel velocities, Figure 10, and
the tangential velocities, see Figure 11, are very simdahé agreement observed for the axial
velocity. Again, the upstream profiles behave much more gmhgavhile the downstream profiles
clearly capture the discrete structures generated by thebtade wakes.

As discussed initially, the good agreement between measamd computed velocities up-
stream and downstream of the rotor is surprising based gnathieagreement between computed
and measured loads on the actual rotor. This combined wétfattt that prescribing the load from
the measurements to an Actuator Disc computations resuli®ise agreement of the velocity
profiles, may indicate problems with the measured loads.
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Figure 7: Comparison of axial transects of measured and atadp/-velocity in the horizontal
plane for the 15 m/s axial flow case, top row. The center antbiwotow show the 15 m/s
30 degrees yaw case for negative and posigivalues respectively. The left column shows the
inner most line y=+/-1.37 m while the right column shows tlueomost line y=+/-1.83 m.

Conclusion

The present study documents the level of agreement thatecabthined between experimental
data and a state of the art CFD solver for a wind turbine ratoyawed operation. The com-

putations show that within one rotor diameter downstrearthefrotor, excellent agreement can
be obtained for all three velocity components as illusttdig the axial transects. Additionally,

the radial profiles extracted immediately upstream and dowam of the rotor show an excel-
lent agreement of the velocity field in the proximity of theao Even though the present study
is only based on comparison with a single experiment, thel gmweement is very encouraging
for application of CFD predictions for wake studies. Thedgtadditionally showed a large de-
viation in the region of the yawed flow where the experimedth is heavily influenced by the
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Figure 8: Comparison of axial transects of measured and stadp/N-velocity in the horizontal
plane for the 15 m/s axial and 30 degrees yaw case. The cemtdragtom row show the 15 m/s
30 degrees yaw case for negative and posigivalues respectively. The left column shows the
inner most line y=+/-1.37 m while the right column shows tlieomost line y=+/-1.83 m.

shadow/wake effect of the large nacelle of the MEXICO radod indicates that the nacelle needs
to be included in future yaw studies of the MEXICO turbine.
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Figure 10: Comparison of radial profiles of measured and cwetpV-velocity (radial velocity) in
the horizontal plane for the 15 m/s, 30 degrees yaw case.eftrmlumn shows the radial profiles
0.15 m upstream of the rotor, while the right column showsataatofiles 0.15 m downstream of
the rotor.
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Figure 11: Comparison of radial profiles of measured and emetbW-velocity (tangential ve-

locity) in the horizontal plane for the 15 m/s, 30 degrees gase. The left column shows the
radial profiles 0.15 m upstream of the rotor while, the righlucn shows radial profiles 0.15 m
downstream of the rotor.
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