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Abstract

A full scale CFD elliptic analysis of anisotropito in the wake of a wind
turbine was carried out. Special techniques of gefinement were developed in
order to provide accurate pressure and velocityriligions in the vicinity of the
turbine blades and to ensure overall convergenak saability of the numerical
solution. An acceptable qualitative agreement wijhevious numerical and
experimental studies was obtained. The proposeceimogplementation requires no
extra features other than those available in a centiad code, and may be a powerful

instrument for wind turbine engineers.
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diameter of the turbine rotor
pressure

ambient pressure

position vector

mean velocity component in thiedirection
fluctuating velocity component in thg direction

inlet incident wind velocity value
turbulence intensity component in thelirection,l; = u'j / Uo
velocity vector

relative velocity vector

Cartesian coordinates

permutation operator

Kronecker delta

rotation velocity component in tlkedirection
rotation velocity vector

dynamic viscosity

density

friction dimensionless distance from the wall

vorticity magnitude

INTRODUCTION

A continuing demand for electric energy and theiremvmental damage caused

by conventional electrical generation has motivatedctive search and promotion of

renewable clean energy sources. Wind energy igl@guate conditions, one of the

most effective means of environmental friendly &leal production. In this case

wind turbines are used to convert the flowing amekic energy into electrical energy.

Extracting the air flow energy, leads to significamodifications of the air flow field

downstream the turbine rotor, resulting in a wakearacterized by reduced mean

velocity and static pressure.



A main momentum transfer mechanism from the fadereal flow to the
resulting slow flow downstream the rotor, is resgbte for the wake structure and
therefore for velocity recovery in the wind directi Blade tip vortices created by
blade motion in the viscous surrounding media,saedd downstream. They roll up in
a short distance and move farther in helical ttajges (Gomez- Elvira et al, 2005).
This behavior can be approximated by a cylindrgtaar layer, which separates the
slow moving fluid in the wake from the fast movithgid outside (Sgrensen and Shen,
2002). Momentum diffusion from this layer inwards the downstream direction,
results in wake diameter decrease with the consggedocity recovery and turbulent
energy transfer.

The above issue is of cardinal importance regardimgl farm design. An ideal
arrangement of wind turbines should not be subgettetheir mutual interaction.
However, in regular arrays, downstream turbinesiaftaenced by the wakes from
the upstream rotors. This influence results in e¢yodeficits and increased levels of
incident turbulence for the downstream turbineadieg to significant reduction in
power production and unsteady loads increase. timfately, these problems are
difficult to avoid, since the areas suitable fomdienergy production are limited.
Hence, in order to ensure economical attractivenéssind power generation, the
wind turbines have to be assembled in arrays, taleli leading to mutual wake
interactions. In this respect significant energgsks have been measured in arrays
spaced at less than seven turbine diameters (Crespal, 1999). As a result,
optimization of wind turbines layout in wind farnhas been a subject of extensive
study over the recent three decades. This sulgdmtiefly described below, in order
to focus on the purpose of this work. Experimefitadings within this large group of
investigations have provided the main motivatiom the present work. These
experimental observations concern turbines arraigbde (Vermeer et al, 2003; van
Leuven and Stevens, 1988). According to them, wiiefirst turbine produces full
power, there is a significant decrease of poweghénsecond turbine, with practically
no further loss in successive machines. On thidgspas is proposed to use a
straightforward approach, using a commercial fimiodume code (Fluent, 2001) for
the numerical solution of the fully anisotropic Wiofield, including direct rotor
modeling. In terms of reasonable computational ueses available at the present
time, the full modeling of the flow field aroundsanall number of turbines is not out

of reach. As a first step towards this goal, itniscessary to validate and fully



understand the limitations and results of such ppraach for a single turbine,
presented in this work.

A pioneering theoretical model estimating wind powegtraction efficiency of
arbitrary wind turbines arrays was proposed bydnssn (1979). The author assumed
linear superposition of the perturbations creatgdhe wakes of different turbines.
However, this simplified assumption fails for largerturbations, overestimating the
velocity deficits and leading to non physical negatvalues of velocities for large
number of superimposed wakes (Vermeer et al, 2008)overcome this problem,
Katic et al. (1986) assumed linear superpositionthaf velocity deficits squares.
Although the assumption provides much better agee¢mvith experimental results in
comparison with the linear superposition of velpdeficits, its physical validity is
not completely obvious (Vermeer et al, 2003). Snatld Taylor (1991) presented
both experimental and analytical studies of wakkeractions, generated by two
machines when one turbine was placed directly dowas the other. The
experiments showed that the wake immediately beliived downstream machine
recovered along a shorter path than that behind upstream machine. The
implemented scheme uses a kinematic assumptiondiegahe transverse direction.
This semi empirical approach renders good agreemeas found between the
predicted and measured mean velocity profilesl aloaynstream distances.

The study of wind power extraction efficiency froen turbine array was
consequently extended by a set of experimental svgvlkn Leuven and Stevens,
1988; Beyer et al, 1994; Corten et al, 2004), whiehestigated the wake flow
distribution characteristics and the power gendrdtg a large number of turbines
located in line. As mentioned above, their mainabasion was that while the first
turbine produces full power, there is a significadetrease of power in the second
turbine with practically no further loss in sucdesgurbines.

The same conclusion regarding power production afuaber of turbines
arranged in line was reached by Crespo et al. (19904). At their earlier study
(Crespo et al, 1990), the authors applied a fullyptee model to investigate the
interaction of the wakes originated behind two ites located in line. Further
simplification led to the parabolic computer codeNMMPARK for the case of a park
with many machines (Crespo et al, 1994). This gimption was justified by the fact
that the length of the typical wake is much larg¢fean its width, which renders

predominating transverse momentum diffusion overldmgitudinal one. According



to the authors, the truly elliptic effects, i.eceed order derivatives of all velocity
components in the axial direction prevail only iase vicinity of the turbine rotor and
therefore may be safely neglected over most ofvdilee interactions domain. Though
the idea is clearly time saving motivated, indegmdmplementation of the parabolic
equations and the specifically developed turbulemsedel require extensive
programming efforts.

The interaction of several wakes in double and tgple wake cases was
comparatively studied within the ENDOW project (fzhet al, 2001; Barthelmie et
al, 2004; Rados et al, 2001). In the case of lovbiant turbulence (6%) all the
models overestimated velocity deficits in comparisoth experimental data. Higher
accuracy was obtained in the case of higher amhbiebtilence (8%). Moreover, both
theoretical and experimental studies showed vergearaie deviations between the
corresponding velocity deficits of double and quple wakes. These findings
confirm the above mentioned conclusions, regardm@ll power output differences
between the second turbine and those arrangedssimely downstream (van Leuven
et al, 1988; Beyer et al, 1994; Corten et al, 200&spo et al, 1990; Crespo et al,
1994).

It is important to notice that despite the substhnimprovement of wake
interaction models within the past few years, treeestill discrepancies between the
majority of the models and the experimental datgar@ing flow characteristics
(Schlez et al, 2001; Barthelmie et al, 2004; Raeloal, 2001). Most of them have
been tested for assumptions and coefficients chimsnparticular experimental data.
Therefore, the aspect of their overall validitysigl problematic (Katic et al, 1986). In
this respect, improvement of multiple wake studiean be based on further
exploration and improvement of single wake calcotet. Magnusson et al. (1996)
investigated the characteristics of the flow atrread far wakes of a wind turbine,
using an axisymmetric solver for the turbulent Mam®tokes equations in the near
wake. Clearly by enforcing such symmetry assumptiionitations are enforced on
the different velocity spatial distributions. Thelacity field in the far wake was
calculated assuming that the air flow is fully deped and characterized by self
preservation profiles. The study was followed byrensophisticated numerical
models based on CFD calculations to estimate ttiente power (Bak et al, 1999), on

BEM theory to obtain the near wake characterisMagnusson, 1999) and on



boundary layer approximation to analyze the bi-digienal shear layer at the near
wake (Crespo and Hernandez, 1996).

Recently a parabolic model was developed (GomezreEét al, 2005) to study
the non-isotropic characteristics of turbulencewimd turbine wakes. The authors
developed a calculation method based on an expdiigebraic model for the
components of the turbulent stress tensor. As eggedsotropic turbulence was
obtained in the vicinity of the wake center, wipkeaks of turbulence production were
observed in the shear layer of the wake. This medsumes an inlet boundary
condition for a disk equivalent to the rotor outied its surrounding plane.

The purpose of the present study is to performraigsit forward, full scale
analysis on a 500 kW wind turbine. This is donesbgluating air flow characteristics
at every point in the flow field without making apyeliminary assumptions neither
about the final wake geometry, nor about the flesldfimmediately downsream the
rotor. Most of the study is based on data from dWead 46/3/500 turbine. The study
was performed using a commercial CFD finite volustdétware package (Fluent,
2001). Reasonable agreement was obtained with aegpemanufacturer's data
(turbine power output- wind speed values). A fullgisotropic RANS (Reynolds
Averaged Navier- Stokes) treatment is used, andrdb@ geometry is introduced
directly without any previous assumptions. The apph proposes a simple and
powerful engineering tool for wind turbines desigmaluations, as well as for
enhancing performance of wind farms. As mentionkdva, this work intends to
provide a clear view of the capabilities and liidgas of this approach for a single
turbine. The ideas leading to its expansion, ®uge as a wind farm design tool, are
based on the further solution of the flow field &éolimited number of turbines and the
use of experimental findings (van Leuven and Steyd®988; Beyer et al, 1994,

Corten et al, 2004) concerning the repeatabilitifaf features.

2. THE MODEL
2.1 Turbine geometry and computational domain

A schematic picture of the wind turbine analyzedhe present work is shown
in Fig.1. The turbine has a 46 meters rotor diamate consists of three equal blades
positioned at 120° relative to each other. The viuntdine hub and nacelle were also
modeled. The blades are built from sections chariaetd by a variable twist angle

(chord- rotation plane angle) varying from 12°fa& tub vicinity to 0° at the blade



edge. The turbine hub is positioned at 40 meteighheAlthough the real NedWind
turbine has a tilt angle dP between the rotor and tlgez plane (see Fig. 2- clockwise
around the y axis), the analysis performed in stigly assumed that both planes are
parallel. This assumption eliminated the need tdresk the wake-ground collision
problem, enabling at this stage for a thorough stigation of the model capabilities
to describe the physics of the wake.

The computational domain and the position of thedaturbine relatively to the
domain boundaries are shown in Fig. 2. Though mbcpdar limitations are imposed
by the implemented approach, the influence of thibihe tower is neglected at this
stage, in order to simplify the geometrical compierf the problem. As indicated in
Fig. 2, the Cartesian coordinates syst&w4) is attached to the geometrical center of
the back of the turbine hub while tkey plane is parallel to the lower boundary
(ground). Two turbine diameters separate betweenrdkor center and the lateral
boundaries of the domain, while 3.5 diameters s#pdretween the hub center height
and the domain upper boundary. The distance betwkenturbine center and
downstream boundary is equal to twelve turbine ét@ns. The upstream inlet is
located at a distance equal to two diameters froenrotor plane. These distances
should provide a fully developed air flow in theciwity of upstream (Corten et al,
2004) downstream (Rados et al, 2001), upper aneralat(Magnusson, 1999)
boundaries of the computational domain.

2.2 Computational mesh

The computational domain discretization was redlibg using a mixed three
dimensional mesh. At a first stage the whole domaas separated into twelve
volumes (see Fig. 3), ten of which (from 1 to 1@revmeshed with structured brick
cells. Volume 11, representing a rectangular pneith a subtracted cylinder at its
center, was meshed with unstructured tetrahedHtal @ed rectangular pyramids at its
outer layer, which are connected to the above meeti bricks. Finally, the mesh
generation of volume 12 comprising a cylinder wtitle subtracted blades, hub and
nacelle of the wind turbine is performed as desctibelow. Fig. 4 presents a detailed
sketch of a typical mesh structure at a sectioacadljt to the turbine blade. All blade
surfaces were meshed using quadrilateral structteltsl which were used as a basis

for the boundary layer structure adjacent to thedés$. The structure consists of a



sequence of 5 layers characterized by a first lalymkness of 2 millimeters and

growth ratio of 1.2, having an overall thicknessabbut 15 mm. After a number of
numerical simulations, such configuration was réagas optimal, providing proper
flow characteristics at the blade vicinity and @#nt memory use. The boundary
layer is followed by a mixed cell mesh, evolvingrfr rectangular pyramids to

tetrahedrons. This procedure ensures a smoothtioansutward the blades vicinity

region, at which viscous forces are dominant.

Another boundary layer structure consisting of queace of 10 layers with a
first layer thickness of 100 millimeters and a gtiowatio of 1.2 was attached to the
domain bottom (ground) surface=(0.87.D, see Fig. 2). For both boundary layers the
y" function values along the bottom surface andualiine blades were in the range of
y'e [30, 300]), indicating that the obtained solutisatisfies the implemented
standard wall functions requirements (Fluent, 2001)

After a number of numerical simulations it was @ed that the largest pressure
gradients along the whole blade occur in the vigiof its leading edge. Therefore the
computational grid at this region was generated warger density in comparison
with other regions adjacent to the turbine bladee (Big. 4). In order to validate the
numerical solution, the turbine power at the opegaangular velocity was calculated
and numerical convergence was verified. The abatemnale was realized by
computing the moment vector acting on the turbilaglés directly within the CFD
program. The calculation was realized using a ngwuaference computational
scheme described below. The turbine power at tlezatipg angular velocity was
then calculated and the leading edge grid densityeased until the relative wind
turbine power deviation between the two adjacendmeonfigurations was less than
1%, in order to ensure numerical convergence. Tdirout the simulations the blade
surface was assumed to be smooth. The influenbéadé surface roughneasd the
effects of vortex generators present in the bladeswherefore not included at this
stage. Experimental evidence (Fuglsang et al, 1888ates that vortex generators
and relatively small increases in surface roughnessild lead to a significant
increase of the driving moment (up to 15 % in saases). These effects are a result
of the differential pressure distribution on thad#, caused by chord wise extension
of the non separated boundary layer on the sustot of the airfoil. Considering the
deviations due to the above mentioned effects,overall deviation between the

power produced by the real turbine without vortexerators and that obtained by the



CFD simulation would not exceed 13%, denoting aasaable agreement between the
experimental and the numerical results.

The overall number of cells was of the order of BxSpecial attention was
given to keeping the mesh skewness values withieagonable range, in order to

obtain a reliable solution at every point of thengmutational domain.

2.3 Governing equations and boundary conditions
The air flow around the wind turbine was supposeldd steady, incompressible
and gravitational effects neglected. Neutral atrhesip conditions were implemented
by assuming suitable values of the inlet wind vityo@and turbulence intensity.
Therefore the energy equation is not solved inagglied scheme. The treatment of
turbulence was realized by using the Reynolds-gestaapproach leading to the
Reynolds-averaged Navier-Stokes (RANS) equatiansghik case the continuity and
linear momentum equations, respectively, can bt#emrin Cartesian tensor form as:
ou,
x (1)
B T Y]
where the index values @fj = 1,2,3 correspond to Cartesian coordinaxgsz, ui

and u. are respectively the mean and the fluctuatingoigi@omponentsp is the air

density, 4 is the air dynamic molecular viscosity antu; are the time averaged

products of the fluctuating velocity componentspn also as Reynolds stresses.
The additionally introduced unknowns, i.e. the R#ga stresses, represent in
the system of equations (1) six additional unknégmms which must be modeled. A
frequently used method for Reynolds stresses mugledibased on the eddy-viscosity
(Boussinesq) hypothesis (Hinze, 1995), which assutine turbulent viscosity as an
isotropic scalar magnitude. Clearly, the anisotropthe turbulent stress components
responsible for the structure of the wake cannopro@erly reproduced by isotropic
models (Gomez- Elvira et al, 2005). In light of thleove mentioned limitations, an
anisotropic turbulence model, available in comnar€iFD codes (Fluent, 2001) was

used in this work. This model is known as the Ré&ysmatresses model (RSM). The
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RSM model closes the RANS equations (1) by usirarettansport equations for the

individual Reynolds stresse?u'j:

2
—( kuiuj) =—-—|uu,u, +£(8kjui +8ikuj) + — E—(uiuj)
OX,, OX, p OX, | p OX,
%/—J ; 1
C,j = Convection DT = Turbulent Diffusion DL ~ = Molecular Diffusion
! i i
—0u, — Ou. ou  ou, ou’ ou’
— uiuk_j+ ujuk_' + B _'+_] — ZE_'_J
OX,, OX, plox; Ox p OX, OX,
- —_—
P = Stress Production ¢ = PressureStrain  &€jj = Dissipation
ij ]
F = Production by System Rotation
ij
Unfortunately, several of the terms in the exactiadgns (i.eD;;, ¢;, ¢;) are

unknown (notice the triple products, single velpditictuation derivatives, etc., while
the double products constitute the unknowns ofpgirablem). Therefore, modeling
assumptions are required to attain closure of thuaons.

Following the above rationale, the turbulent diffus D+ is modeled using a
scalar turbulent diffusivity as follows (Lien an@d$chziner, 1994):

ouu’
Drjj i[ﬁ — JJ (2-a)
T0X | O OX
The value oby = 0.82 in the above equation, was derived by apglthe generalized
gradient- diffusion model (Daly and Harlow, 1970 the case of a planar
homogeneous shear flow. The turbulent viscositys computed as:
k2
h =pC, =~ (2-b)
The adopted value @&, = 0.03 was proposed by Magnusson (1996). The turbulence

kinetic energyk, necessary for the equivalent turbulent visco§ity), is computed

by calculating half of the trace of the Reynoldsess tensork =]/2ui'ui' and the

scalar dissipation rate, is computed by means of a steady model trangoortion:
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0 0 oc | le g?
9 (eu)=-2L 2B c P —C pt ]
P o (eu;) x {(uwt) J]Jer aP=Capt- (20)

whereC,4 = 1.44, andC,, = 1.92. Regarding the values assumed for the tenoel
model constants, except f@,, the rest of them were assumed at this stageeas th
default values given in the software package (RIU&001).

This study utilizes the classical approach for pmessure strain termy;, (Fluent,

2001) using the following decomposition:

Oy =01+ Pij2 +Pijw (2-d)

where ¢, , is the slow pressure strain term, also known aséturn-to-isotropy term,
¢; , is called the rapid pressure strain term, &pgis the wall-reflection term. The

slow pressure strain terny, , , is modeled as:

gl—/—— 2
(I)ij 1= _C1pE|:uiuj _58”‘ k}
(2-e)

with C;= 1.8 (Fluent, 2001). The rapid pressure-straimteyr, ,, is modeled as

(2-f)

G, = _C2|:(Pij +F; -G )_éaij (P - C)}

whereC, = 0.6,Pj;, Fj;, andCj; are defined as in Eq. (3,= /2P, andC =1/2C,, .

The wall-reflection termg.. ., is responsible for the redistribution of normaésses

ij,w?
near the wall. It tends to damp the normal strespgndicular to the wall, while
enhancing the stresses parallel to the wall. s is modeled as:
e 33— -V k / 2
¢ . =C=| uu nn S —>uunn ——u;unn + (2-9)
1j,w 1k kmkm|12|kjk ijlkqé‘

k¥?
Ced

' 3 3
+C, (¢km,2nknm5ij - E¢|k,2njnk _E¢jk FL nkj
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where the values @, = 0%, = 0.3, have been adopted (Fluent, 200%)is thex,
component of the unit normal to the wallis the normal distance to the wall,

andC, = Cff“ Ik, whereC, = 0.03 and is in this case the von Karman constéet (

0.4187). The dissipation tensgr(see eq. 2), is modeled as follows:

2
& = §5ii pe (2-h)

As may be seen, the above equations, which modeDth, ¢,, ¢; terms, contain a

number of constants. Their values have been chosdhe basis of experiments for
given conditions (Fluent, 2001). Clearly, theseditbons are not necessarily similar
to those of the particular problem in question. reéf@re, while this turbulence
modeling approach renders a fully anisotropic s$oifyt its accuracy can be
compromised by the model assumptions. The evaluaiml exact fitting of these
constants would require extensive experimentalramderical work, which is beyond
the scope of the present study.

The appropriate no slip and no penetration boundanglition for the velocity
at the stationary bottom boundagy¢ 0.8D, see Fig. 2) is:

u(x,y,z=0.8M)= C 3)

At the vicinity of lateral and top boundaries ($eg. 2) the air flow is supposed not to
be affected by the turbine presence (Magnusson9)198Bherefore, symmetry
boundary conditions were applied at these bounslamzmely:

u,(x,y=2D,z)=u,(x,y=-2D,z)=u,(x,y z=-3.0)= ( @
oP oD oD
Z(xy=2D,2)=2=(x,y=-2D z)=—(xy z=—-3.D) = (
2 (xy=20.2) =2 (xy =D 2)= 2 (xy 2~ 39)

where @ is related to any physical unknown representethbygoverning equations
(1) and (2). The corresponding velocity inlet amdgsure outlet boundary conditions
are assumed as fully developed flow conditions {€oet al, 2004; Rados et al, 2001)
(see Fig. 2):

u,(x=-2D,y,z)=U, andp(x= 1Dy z)=p, (5)
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Up = 10 m/sec represents the mean component of thalei velocity andp, the
ambient pressure. The turbine operating angularcitglis 28.5 rpm determining the
turbine blades velocity boundary condition as:

Q(blades) = 2.988, rad /se (6)

€, represents the unit direction vector of sexis (see Fig. 2).

The isotropic turbulent flow at the upstream bougda the domain, allows
for the use of turbulence intensity(10% was assumed) and hydraulic diamedder,

method for specifying the turbulence dissipatiote raand the individual Reynolds

stressesui'u'j at the flow inlet, necessary for the RSM model lengentation as

follows:
k32
€= C;M |_ (7-3.)
U, = 213, (7-b)
3

The turbulent kinetic energyk is related to the inlet air velocity), and the
turbulence intensity, at the inlet boundary bl = 3/4Uo.1)?, whereas the turbulence
length scald is expressed in terms of hydraulic diamddgyas| = 0.0Dy. At all
other boundaries the Reynolds stresses and théatiss rates were obtained
explicitly by using wall functions and assuming gipuum, disregarding convection
and diffusion in the transport equations (2) as wesiled in the given reference
(Fluent, 2001).

2.4 The solution procedure
Due to the rotor blades sweeping the domain peradigi the fluid motion is

unsteady in the ground attached domain. Neverthelde mean properties of the
wake structure can be studied using a steady afgisoach. Hence, in the present
study the wind turbine rotation was modeled utilizia steady state single rotating
frame approach [ ]. The computational domain, sge8Rwvas subdivided into rotating
(volume 12) and static (the rest of domain) sub-gios Notice that the flow inside
the rotating volume is steady with respect to tlo& mertial frame, attached to
volume 12, which greatly simplifies the analysieTair flow may then be expressed

either in terms of absoluta, or relativeu, velocities related to each other by:
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u=u, +(2xr) (8)

where £ is the rotor angular velocity vector, i.e. the timaal velocity of the
rotating frame, andis the position vector in the rotating frame.

After substitution of the above equation, the RA®Biations (1) are rendered in
terms of relative velocity, , representing the air flow field inside the ratatisub-

domain and may be written in vector form as:

r 9)
(U o V)u, +(22x U, + 2xQxr)=-1 pVp+u/pV?u, +V.(u'u')

The exact transport equations for the individuaitéds stresses (2) may be also
expressed in terms of the relative velocityFluent, 2001). The procedure is omitted
here for the sake of brevity.

A segregated solution approach was used to soleegtiverning equations
(Fluent, 2001). The SIMPLE algorithm, using theatiginship between velocity and
pressure correction was utilized to enforce masssewation and to obtain the
pressure field. Domain reordering using the revegsehil-McKee method was

applied in order to minimize computer memory reeuonents.

3. RESULTS AND DISCUSSION
31 Wake flow analysis

The full scale spatial kinematical behavior of #ie flow in the turbine wake
can be understood from Fig. 5, representing isgesiof the velocity component xn
direction. As expected from disk rotor theory thpstieam wind velocity slows down
just before the rotor disc (see Fig. 5a and 5be Phesence of the ground at the
bottom of the computational domain has a significafifect on the air flow in the
turbine wake, which is characterized by a distohmivnward slope in the downstream
flow direction, as may be seen from Fig. 5a. Teibé&cause the wake recovery rate
caused by the wake interaction with the exterr@akfls considerably smaller in the
ground vicinity than in the rest of the domain.

In addition to the downward slope, the wake is atb@racterized by its

downstream deflection in the negative directiothefy axis, as it is shown in Fig. 5b.
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Such behavior is explained by the angular momenttonservation principle,
imparting to the air that has just passed the merlbotor an angular velocity opposite
to that of the turbine blades rotation.

Furthermore, it can be seen from Fig. 5 that ther@an extensive region,
immediately downstream the rotor, around the rgknimeter, which shows higher
values of thex velocity than the inlet flow velocity values. Thgin agreement with

the continuity law, providing the same mass flowerat each cross section of the
domain. The larger velocity region is extendedhia ¢—Y) and (—2) directions, as a

result of the ground presence and the angular iglotthe turbine wake.

3.2 Vorticity analysis

Significant variation in air flow circulation alontpe turbine blades leads to vortex
sheets generation, which are shed from the bladésmg edge and roll up within a
short downstream distance, forming tip vorticest tascribe helical trajectories
(Crespo et al, 1999). These vortices leads to arslayer formation, separating
between the free and wake flows. Turbulent diffosiesults in the increase of the
shear layer thickness with downstream distanceshieg at a certain downstream
distance the wake axis. This marks the end of #mwr nvake region. A full scale
vorticity analysis was performed to investigate tisbear layer expansion.
Additionally, its results determine the location tbe transition region between the
near and the far wakes. Fig.6 shows the vorticiggribution in the mid horizontal
cross section of the computational domain. Maxinuarticity values of 0.17 rad/sec
were found along the outer perimeter of the wake aso directly behind the turbine
rotor close to the turbine blades tips and hub.|&uhie first observation was expected
from the rotor disk theory, the second one may b&ioned only by the CFD
calculations and probably is a consequence of flwtabilities in the vicinity of the
hub. The vorticity values decrease when advancirtex andy directions as a result
of turbulence diffusion. As may be seen from Fighé shear layer reaches the wake
axis at about 73 downstream the turbine, denoting the end of tlee make region.
Vorticity distribution in the mid vertical lengthee section (x-z plane) was found

very similar to that presented in Fig. 6, and tlemewas not shown separately.
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3.3 Velocity deficit analysis

It is common to express the wake recovery processsed by its interaction
with the external free flow, in terms of velocitgfitit value, defined as aJ§-uy)/Uo.
Figure 7a depicts the velocity deficit values a tbp, hub and bottom heights of the
rotor disc versus downstream distance from theirtarbrhroughout the domain, the
maximum values of the velocity deficit were obtairet the hub height. Along this
axis there is insignificant increase in the velpdieficit values fromx=2D to x=7.5D
which then decrease rapidly upxe12D. As was explained in the previous section,
such behavior is a result of turbulent diffusiosading to the shear layer thickness
increase with downstream distance, which finalpcrees the wake axisx@t7.9D.

The velocity deficit values at the top of the rotlisc are about twice less than
the corresponding values at its bottom, indicatirgjgnificant effect of the ground at
the bottom of a computational domain, which slowwd the wake recovery rate.

Fig. 7b shows the velocity deficit distributiontime mid horizontal cross section
(see x-y plane in Fig. 2) versus its offset frone thub axis, for five different
downstream distances. It may be seen that the nuaxiwvalues of the velocity deficit
are located close to the hub axis and are almestdme for the downstream distances
lying in the range of 23 < x < 7.5D. Furthermore, when moving inytdirection (see
Fig.2) there is a substantial decrease of the itgldeficit values at this range af
which moves inwards as the downstream distancesasess. This phenomenon is
explained by the shear layer expansion with the ridbvgam distance, which for
values ofx< 7.5D has not yet reached the hub axis.xALOD andx=12D the shear
layer has reached the hub axis, causing a steepasdecof the velocity deficit values
in its vicinity. It should be noted that the neaak& velocity deficit distribution
(x<7.9D) is not symmetric relatively to the hub axis. Tiescaused by the wake
downstream deflection in the negative directiohefy axis (see Fig.2), as a result of
the wake angular velocity.

As the downstreandistance increases t=10D and tox=12D, the velocity
deficit distribution takes a more symmetric fornfatrely to the hub axis, owing to
the dominant role of the air flow turbulence at thdly developed wake, were
ambient shear flow may be assumed (Crespo et &9)19The velocity deficit
distribution in the mid vertical lengthwise sectitor several downstream distances,
which is shown in Fig. 7c, has similar shear lagtearacteristics to the one observed

in the mid horizontal cross section. However, iis tase, the asymmetric structure of
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the velocity deficit distribution is clearly obsex, almost throughout the whole range
of downstream distances (25Xx), caused by the ground presence.

Particular attention has been given to validatepifopposed numerical model in
terms of the velocity deficit distribution. Unfortately, experimental data regarding
the velocity characteristics in the wake of the Wad 46/3/500 turbine was not
available at the time. Nevertheless, in order twues numerical validity of the results,
a special grid refinement procedure was developegrove the convergence and
numerical stability of the solution. In order toesgome the computer memory
limitations, the further analysis was performedyam the downstream computational
sub-domain consisting of volumes 6- 8 (see FigwBich contained approximately
2x1@ cells. At the inlet boundary of the new sub-domaith velocity components
and Reynolds stresses values obtained from thalifutl domain solution, were used
explicitly as inlet boundary conditions for the bysés. In order to verify repeatability
of the scheme, the corresponding results obtaimech fthe full and sub-domain
analysis were then compared and found equal to ethahr. A further refinement of
the computational sub-domain was achieved by digigiach cell were the vorticity
value was in its typical range of 0.05 rad/se@< 0.2 rad/sec into eight equal sub-
cells, resulting in an overall number of cells ppeoximately 5x18 A comparison
between the refined and unrefined solution revemgdnificant differences (no more
than 5%) between the corresponding velocity defisialues, indicating that the
obtained full scale solution is converged and nucady stable.

34 Turbulence analysis

The Reynolds stress model (RSM), used in this rebeaallows for the
calculation of the Reynolds stresses as six indigr@nvariables. Their solutions are
used herein to calculate the turbulence intensityanisotropic properties of the flow.
Figures 8a - 8c show respectively turbulence intgmlstributions in thex, y andz
directions at the near, transition and far wakeoregy of the turbine. It may be seen
that for all three directions shown in Fig. 8 theanand the transition wake regions
are characterized by turbulence intensity valueghvhre close to each other in the
inner region of the wake. This is a result of theactendency of the turbulence to be
more isotropic in the core of the wake. At the satinee in the far wake the

turbulence intensity in th& direction (see Fig. 8a) is significantly largeahthe
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turbulence intensities imandz directions, which in turn are very similar to eather
(see Figures 8b and 8c).

Notice that in the far wake regiohi2D), far enough from the location where the
shear layer reached the wake axis, the hub heightilence intensity values in all
directions are about 4.5 times larger than theesponding values at the near and
transition regions.

The distribution of thex component turbulence intensity in the transitiod &r
wake regions is characterized by the peak valugarbtilence intensity at about one
turbine radius above the hub axis (see Fig. 8ayamssalso reported in [12]. However
this behavior is not observed on the transition ttwedfar wake regions for thyeandz
components (see Fig. 8b- c¢), which are charactrmealmost identical moderate
values of turbulence intensities. The above is aifastation of the anisotropic
character of the turbulence in this problem. Notita when moving up away from
the wake axis the turbulent intensity value in dillections approaches that of the
external flow, which is equal to 0.1.

The spatial distribution of the rate of momenturrbtdent diffusion, between
the external and wake flows was estimated by perifuy a dimensionless correlation

analysis, shown in Fig. 9. Fig. 9a shows the dirimsmsssu-xu-z correlation (x-z

plane) versus the distance from the hub axis in nibar and far wakes. Both
correlations get their maximum values at about ragkus away from the hub axis in
the near and far wakes. However, for the near veakeelation the maximum value
peaks have a much steeper character than thoseeaibtar the far wake. This fact is
an indication of the small thickness of the neakavshear layer which then increases
with downstream distance.

The near wake correlation is anti symmetric retdgivto the hub axis at almost
the whole computational domain excepting its botgant where the symmetry is
distorted as a result of ground presence. Thidtrewlicates uniform diffusion rate of
momentum up and down the hub axis. The distortidnoduced by the ground,
becomes more noticeable in the far wake region,revitbe correlation values
obtained below the turbine hub are approximatelgdvess than those obtained at the

same distance above it.

Dimensionless correlation values @fy u, and LUy shown respectively

in Fig. 9b and Fig. 9c are one order of magnituchalker than the corresponding
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values of they' y', correlation. Therefore, as expected, the largespuam of

momentum imparted from the external flow to the sdlow in the x-z plane,

proceeds in thez direction. Contrary to they' y', distribution, theu'yu'z

distribution is not anti symmetric relatively toetthub axis in the near wake. For

example, the maximum value of tmpy u', correlation is located one radius above

the hub axis (see Fig. 9b). This value is largantthe corresponding value located
one radius below the hub axis, suppressed by tendrpresence. This is probably
due to the azimuthal velocity gradient, which isunally larger one radius above the
axis, than one radius below it, where ground sigging effects are expected.

Different behavior in the near wake is observedtfar, u'y correlation (see Fig.

9c¢), having its maximum value at about one radelew the hub axis. The reason for
this behavior might be associated with the fact thahis case, momentum transfer
through the shear layer is not enforced throughxthehear component, due to the
very direction of the flow in the vicinity of thehear layer. Therefore, the xy
component would be influenced by the free flow katany layer velocity gradient
which is stronger close to the ground.

A dimensionless correlation analysis for the nead &ar wakes was also
performed in the mid horizontal cross section (@lgne). For this case, as expected

the u'y valueswere found to be largest ones. As it can be seemesults in all

cases indicate that the bulk of turbulent momenisitnansferred from the free flow
inwards through the shear layer along the direatibthe wind. This statement is in
agreement with the conclusion of both the expertaleand numerical work of Smith
and Taylor (1991) in which they reported about dl \@efined ring shaped region
observed around a cylindrical shear layer, charaei by high turbulence intensity

values.

4. CONCLUSIONS

A full scale CFD analysis was performed to investigthe wake characteristics
of a NedWind 46/ 3/ 500 turbine in terms of velgpdiistribution. The model renders
six components of the Reynolds stress tensor redjuio estimate the strongly
anisotropic flow patterns characteristic of thisfgem. Turbulence intensity and the
corresponding shear correlations, responsibleuidruient momentum transfer, at any
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point of the computational domain are renderedhgyrmodel and examined in this
work. It was found that the near wake is charanteriby a more isotropic behavior
than the far wake. Peaks of turbulence intensityewileund on relevant locations
along the shear layer. The model renders asymmegike geometry, as ground and
angular momentum effects are inherently built witline solution. The effects of
ground presence and the vorticity property on tladenstructure were also studied.
The model implementation requires no extra featotbsr than those available in a
commercial code, and may be a powerful instrumanivind turbine engineers.

Considerable efforts were invested in order to enswmerical convergence.
The implemented procedures rendered adequate byulagar profiles both around
the blades and on the ground. Moreover, the abometioned profiles constitute a
necessary condition for the computational verifaratof the power available on the
rotor, performed within the work. Additional griéfmement, implemented in high
vorticity zones was used in order to verify staloleation of the shear layer and its
expansion. In addition, the solution of the fulbblem was used as an input to an
additional computation, performed on a subdomater dhe rotor outlet was replaced
by the equivalent numerical solution. The resulitamed after a massive overall grid
refinement of the region downstream the rotor gcoméd the numerical accuracy of
the full solution.

Features of the anisotropic turbulent field relévan the structure of the wake,
the shear layer and its expansion, rendered adathoutput of the model, have been
thoroughly studied in this work. The analyses ebtlence intensity reveals a clearly
anisotropic pattern of the turbulence across theaisHayer, particularly in the
transition and far wake regions, which corroborates need for an anisotropic
turbulence treatment, as the one implemented hefiéie spatial distribution of
momentum turbulent diffusion is studied by perfargiia dimensionless correlation
analysis. Different directional momentum transfates are obtained in the shear
layer, the study of which enables for its stabtatmn and expansion.

Unfortunately, experimental data regarding the ei#gyocharacteristics in the
wake of the NedWind 46/3/500 turbine was not awééat the time. Nevertheless, a
gualitative comparison, with data available from asi@ements in the literature
(Schlez et al, 2001; Barthelmie et al, 2004; Raedbsl, 2001) was performed. It
should be noted that when performing a qualitateenparison in the near wake

region, there is an acceptable agreement betweeobtiained flow properties and the



21

experimental results reported in the previous sivghke studies (Schlez et al, 2001;
Barthelmie et al, 2004; Rados et al, 2001). Howavéne far wake region the present
model appears to overestimate the velocity defigities. This in turn, would lead to
inaccurate estimation of the downstream distaneeex for the full wake restoration.
Operationally, it is worth mentioning that othempapaches presented in the literature
have experimented similar problems (Crespo et39)1 Results were improved by
incorporating empirical laws for wake turbulencécaations purposes. This finding
strongly suggests that the problem might be comdeutith the specific turbulence
model. Moreover, as mentioned at describing theatgps of the model, part of the
constants, used at this stage, were taken as theltdealues given in the commercial
software package (Fluent, 2001). Some of them baea obtained for flow patterns,
for example homogeneous shear flows, which notsszady fit with those relevant
for the present problem. Future work is requiredrider to obtain physically verified
values of the model constants and further explbi® issue. Once the issue of the
values of the relevant constants is cleared u@dalitional inherent advantage of the
model might be posed by its elliptic character,ardghng the estimation of velocity
deficit. In other words, since velocity deficittrvery, obtained by the accumulation
of lateral momentum transfer along the axial dioetts essentially a 2-D mechanism,
the use of such treatment might have a naturalisective effect.

In the light of the significant increase of compiaaal capabilities available
nowadays, the use of general models like the Regnstress model, offers a readily
available tool for the improvement of this type arfalysis. This improvement is
evident in terms of investigating anisotropic pndj@s and understanding the relevant
full scale three dimensional wake flows. This wouldd particularly relevant in
comparison with previous isotropic studies or ta&tb software which requires
extensive programming efforts. Moreover, these aaatpnal capabilities make the
realization of an analysis of this type for a lietitgroup of turbines, a viable option.

Future work will include tuning of the model condts in order to test the
capabilities of the model to reproduce field meaments in the transition and far
wake regions. Once the procedure would be complébedmodel could be safely
extended to a number of turbines in order to sthdy wake interactions. According
to the experimental observations cited above (Verreeal, 2003; van Leuven, 1988)

repeatability of the extracted power, beyond theosd row in a turbine array is
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obtained. The proposed numerical approach implesdeior a small array, could then

provide information relevant for wind farm design.
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FIGURE CAPTIONS

Figure 1. Schematic picture of the wind turbine.

Figure 2. The computational domain.

Figure 3. Computational domain. Volumes assembly.
Figure 4. Typical mesh structure surrounding tuglirade.

Figure 5. Iso-curves (m/sec) of the velocity congrurinx direction: (a) in the

vertical mid lengthwise section; (b) in the horizammid cross section
Figure 6. Vorticity distribution in the mid horiztai cross section (x-y plane).

Figure 7. Velocity deficit distribution: (a) at égfent heights within the mid vertical
lengthwise section (x-z plane); (b) at differeniwthatream distances within the mid
horizontal cross section (x-y plane); (c) at difier downstream distances within the

mid vertical lengthwise section (x-z plane).

Fig. 8. Turbulence intensity distribution in thedmiertical lengthwise section (x-z
plane) at several downstream distances: (a) iatkeage flowX) direction; (b) in the

lateral ) direction; (c) in the verticalz direction. Height measured from hub axis.

Figure 9. Dimensionless correlation of fluctuatvejocities (x-z plane) in the near

and far wake of the turbine: @), u', /U2 ; (b) u'yu'Z/UO2 ;(epu,u’y U2
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Fig. 1. Schematic picture of the wind turbine.
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Fig. 2. The computational domain.
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Fig. 3. Computational domain. Volumes assembly.
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