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ABSTRACT: As wakes can be damaging to wind turbine structures and detrimental to their power generation,
it is essential to study the wake development to prevent the undesirable wake impacts. A fundamental study on
the breakdown mechanisms of a helical flow is conducted where the helical flow shares common traits with the
wind turbine wake flow. The simulation data generated by a Direct Numerical Simulation (DNS) of flow around
a rotating blade in a thermally stratified atmosphere were analyzed to investigate the impact of atmospheric
thermal stability on wind-turbine wakes. A few of vortex identification techniques were presented, and the
decision to carry out the following study using the vorticity magnitude, |w| was made. There is some interesting
characteristics of the wake flow identified, such as its deformation/distortion, vorticity dynamics, vortex
breakdown, and the centroid of the cores. All these analyses were focused only on the tip vortices.

KEYWORDS: Wake Flow; Helical Wake Flow; Wind Turbine Wake Flow; Atmospheric Thermal
Stability, Vortex Identification.

1.0 INTRODUCTION

In different kinds of flows, helical vortices are observed and found in nature and countless
industrial applications. In rotating equipment such as propellers, wind turbines, and so forth
they are often developed as tip vortices as depicted by some real-life events in Figure 1. This
kind of flow has been the topic of numerous theoretical, experimental and numerical studies,
for instance, the study in the wake of helicopters [1], propellers [2] or wind turbines [3] in
which a complex system of vortices is shed possessing the features of general three-
dimensional flows. These flows are discovered to be somewhat easier: they fulfil a helical
symmetry at least locally, i.e., by combining axial translation and rotation, these vortices are
invariant.

The vortex sheet of the flow behind the rotor system was created by the lift distribution along
with the blades. A roll-up process sets in immediately after the vortex sheet is developed due
to the interaction between the vortex components, which in the instant near-wake behind the
rotor forms powerful tips and root vortices. The roll-up process is governed in essence by
Biot-Savart’s interaction law. The tip/root vortex system in most cases is unstable, eventually
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breaking down and forming small-scale turbulence further downstream owing to multiple
instability mechanisms. What more complicated is the structure of the vortex sheet down-
stream a rotating wind turbine blade. The wake obtains a typical helical shape due to both

rotational and axial velocity components. It is noted that the trailing vortex filaments follow
a circular path.

Figure 1: Helical vortices created from different devices such as from a: (a) propeller [4]; (b) wing [5];
(c) rotor [6]; and (d) blade [7].

In the context of flow over a turbine blade, the occurrence of flow over a blunt body was
discussed by Matin in her work [8], leading to vortex shedding. Figure 2 shows the
development of distinct vortices in near-wake regions to large-scale structures in the far wake
that form through the process of vortex pairing and stretching [9].

Large Scale Flow Structures -
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Vortex Oscillations
Figure 2: Evolution of a Wind Turbine Wake. Image is taken from [9]

2.0 THE GOVERNING EQUATIONS

In this study, DNS of helical wake flow behind a rotating blade in neutral (N), weakly stable
(WS), and strongl)lf) stable (SS) stratification were performed at Re = 1000, and Re = 2000
defined as Re = % where U, is the free-stream velocity, D is the radius of the rotating blade,
and v is the kinematic viscosity. The thermal stratification of the atmosphere will be described
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in detail at the end of the next subsection.

The following dimensional equations are the continuity and momentum equation that has
been derived from the incompressible Navier-Stokes equations:

V-u=0 M

du+u-Vu+Vp—Re 1V2u+T,g =0 ()
-1

0,T +u-VT — Re~' Prv2T = 0 3)

where u, T, p, g, Ts and Re represent the dimensionless velocity flow, time, pressure, gravity
term, thermal term, and Reynolds number, respectively. Meanwhile, Pr is Prandtl number
given by Pr = % where a is thermal diffusion and T, =1 —f (T - Tref) with the reference
temperature, Ty = 298K.

Dirichlet boundary condition specifies the value of a variable at a boundary. It may also be
referred to as a fixed boundary condition. Therefore, it is used when a value needs to be
imposed at a boundary. Typically, this study is dealt with a Dirichlet condition where the
velocity is fixed at the inlet and the pressure is fixed at the outlet. Noted also, the rotational
speed is constant for all the computations, Q = 5rad/s.

3.0 COMPUTATIONAL MODEL OF HELICAL FLOW BEHIND A ROTATING
BLADE

Three-dimensional numerical simulations have been performed in cylindrical coordinate
system with z, r and 6 representing the streamwise, radial, and azimuthal coordinates,
respectively, is adopted to study the flow behind the rotating blade. The computational
domain, as shown in Figure 3 is a cylinder with dimensionsL, = 63, L, = 35, where =3 < z <
60, 0 <r <35 respectively, and a rotating blade is located at (z, r) = (0, 0). The
computational domain then was normalized by D .

Figure 3: Schematic of the computational domain along the streamwise.

The sub-domain of the complete computational domain was being considered to perform the
analysis in order to decrease the size of the computations and concentrate on the interesting
part appropriate to the physics in the flow. In the sub-domain 1 < z < 11, the perturbation
growth is linear and the magnitude of the velocity of the perturbations remain low compared
to the base flow. The non-linear effects in the wake breakdown and the turbulent wake are
out the sub-domain. Thus, the analysis has been performed to the three components of the
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instantaneous velocity, (u, v, w) in a smaller region of the computational domain as shown
in Figure 3.

The wake behind a wind turbine is typically divided into two sections; near wake and far
wake, where it is difficult to determine exactly the boundary between the two sections.
Nevertheless, it is known that the end of the near wake is where the shear layer hits the wake
axis [10]. Crespo et al. [11] concluded that this normally takes place at around 2 — 5D . The
velocity deficit declines slowly downstream of the turbine in the far wake, and the wake is
fully developed. Consequently, axis-symmetry and thus a self-similar wake structure can be
assumed [10].

Figure 4 was referred for the view of Figure 3 in zy — plane. This is to focus on the smaller
domain which were studied in this work.

zmD z = 11D

Figure 4: The side view of Figure 3 with the blue rectangle represents the radius of the rotating blade,

D =1, located at (z, y) = (0, 0) .

The atmospheric lapse rate, { refers to the change of an atmospheric variable with altitude
transition. Lapse rates are typically expressed as the amount of temperature change associated
with a specified amount of altitude change, such as 9.8°Kelvin (K) per kilometre or the
equivalent 0.0098° K per meter. The lapse rate can be expressed as a negative number if the
ambient air cools with increasing altitude. If the air heats at higher altitudes, the lapse rate
then can be expressed as a positive number [12].

Atmospheric stability is atmospheric resistance to vertical air movement. A very stable
atmosphere is one which has very little, if any, vertical air movement while a stable
atmosphere is one which discourages vertical motion but has some air movement. On the
other hand, an unstable atmosphere is one that promotes constant upward or downward
vertical motion of the air. A neutral environment is one that neither discourages nor facilitates
vertical air movement, and is also called conditionally stable. The stability depends on how
the temperature of the air varies with altitude (the lapse rate of temperature).

In this study, all four atmospheric stability conditions were defined by setting their
temperature field as given by (5) and illustrated in Figure 5.

T=2 )

with =3 <y <3 and c = 0, 200, 500, 1000 for N, SS51, SS2 and WS, respectively.
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When the temperature increases with altitude, a temperature inversion. Air is negatively
buoyant at ground level and does not grow. If air is forced to rise, it will sink back towards
the ground again. This is when the atmospheric condition is said to be in a strongly stable. In
the present study, the lapse rates for both S51 and SS2 as can be calculated from Figure 3.2(a)
& Figure 3.2(d) is {551 = 0.001 , and {55, = 0.002, respectively. In Figure 3.2(b), it shows that
the temperature is the same as the dry adiabatic lapse rate with {y = 0. i.e,, if air is forced to
rise, it will cool at the same rate as the temperature around it drops. In this case, it will be
neutrally buoyant and categorized as neutral. Last but not least, Figure 3.2(c) shows how the
atmospheric stability was classified as weakly stable. It is when the temperature lapse rate is
less than the dry adiabatic lapse rate (i.e. it falls less than by 0.0098° K), but temperature does
decrease with altitude. In this study, {5 = 0.005.
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Figure 5: Temperature contours of: (a) SS1, (b) N, (c) WS, and (d) SS2 in the xy — planeatz = 5.5.

4.0 RESULTS AND DISCUSSION

Wakes originate from the shed trailing vortices of the spinning blades that form the
concentrated helical tip and root vortex structures. In considering the effect of upstream
turbines on downstream turbines, the growth and lifetime of tip vortices are being the subjects
of interest. Due to self-induced instability and ambient atmospheric turbulence, the tip
vortices break up. Therefore, when considering the aerodynamic loads and fatigue on
impacted turbines, the lifetime of tip vortices and the process of the break up is valuable
knowledge. For this reason, [13] conducted a study focusing on the stability properties of tip
vortices and the mechanisms leading to vortex pairing.
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41 Vortex Identification

Vorticity is defined as the curl of the velocity by the following equation:
w=VXxu (6)

where V is the del operator and u is the flow velocity. Since it is equal to the rotation of the
fluid at (x, t), it can be used directly to identify vortices.

The vorticity tells how the velocity vector changes when one moves in a direction
perpendicular to it, through an infinitesimal distance. It can be readily visualized by plotting
the isosurfaces of vorticity magnitude, |@| given by the following equation, in which was
commonly used for representing vortex cores. [14-16].

1
ol = (@, + @)% + @,%)? )

where @y, @,, @, is the vorticity of its three components.

Figure 6 shows the isosurface of |@| for Strongly Stable at Re = 1000 case (SS1, Relk) and all
the other cases which are SS1 at Re =2000 (SS1, Re2k), Strongly Stable case 2 at Re = 1000 (SS2,
Relk), Weakly Stable at Re = 1000 (WS, Relk), and Neutral at Re = 1000 and Re = 2000 (N,
Relk, and N, Re2k, respectively).

In particular, the tip and root vortices may interact depending on the tip speed ratio. However,
the root vortices break down faster than the tip vortices as it can be seen in Figure7, due to
their weak proximity. The root vortices are therefore not included in this analysis as there is a
very weak interaction between root and tip vortices.

4.2 Deformation of the Helical Wake Flow

In this study, the deformation of the flow structure was defined to be the degree of eccentricity
(non-circularity) the helical wake is. In order to quantify it, we average through slices of |@|
in the streamwise direction over a range where the helical core makes a complete revolution
(from now it will be called as ‘cycle’) as shown in Figure 8.

The available streamwise distance 1 < z < 11 typically accommodates nine complete cycles,
as shown in Figure 9. In each sub-figure, the black circle was plotted from the mean distance,
d (which will be described later in the next paragraph) and the red circle with r = 1.5 were
plotted for indicative purposes, to show qualitatively how non-circular the wake is.

The root-mean-square (RMS) error of the distance between the core points to the origin, d for
observations of the mean distance, d was computes for N = 9 complete cycles (as shown in
Figure 9 (a) — (i)) as the square root of the mean of the square of the deviations:

(di-d,)?
RMS = [Nl =5 )
A total of 100 core points was referred to the points with the highest values of |w@/| (after this
will be called as the "core points") that formed the helical core structure of |@|.
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Figure 6: Isosurface of |@| = 2.5 for: (a) SS1, Relk, (b) SS1, Re2k, (c) N, Relk, (d) N, Re2k, (e) WS,
Relk, and (f) SS2, Relk cases with contours indicate their temperature field.
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Figure 7 Contour of |@| in yz — plane cut (SS1, Relk). The blue squares represent the tip vortices
while the pink stars are the root vortices.
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Figure 8: Isosurface of |@| from SS1, Relk case for nine complete cycles with the dashed lines indicate
the second complete cycle at 2.1 <z < 3.2.
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Figure 9: Contour of |@| (SS1, Relk) at: (a) 1 <z <211,(b)21<2z<32,(c)3.2<z<43,(d)
43<2<54,()54<2<65,(065<2<76,(76<z<87,H)87<z<98,and ()
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Figure 10 shows the RMS values of the tip vortices. The deformation of the helical flow
structure increased as the flow moves downstream except for both N cases. It shows how non-
circular the helical flow is for every cycle and indirectly tells that the circular helical flow
deformed to the ellipse at the end.

Figure 9, Figure 11, Figure 12, and Figure 13 were referred for a better visualization of how
the helical flow shape distorts from its initial circular to an ellipse one in the process.
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Figure 10: RMS Error of |@| from SS1, Relk case for nine complete cycles with the dashed lines
indicate the second complete cycleat 2.1 <z < 3.2
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Figure 11% Caption and colormap’as Figure 10, but for SST; Re2k
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Figure 13: Caption and colormap as Figure 10, but for SS2, Relk.

However, for the neutral cases (refer to the Figure 14), the helical flow started as non-circular
as other cases before it went through the deformation into the perfect circle with zero RMS
value. The blue and red line from Figure 10 support this observation when they both drop to
zero in the second cycle and remain till the last.
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Figure 14: Caption and colormap as Figure 10, but for (a) N, Relk, and (b) N, Re2k cases.

5.0 CONCLUSION

In this paper, the instantaneous helical wake behind a rotating blade of the six cases from
three different atmospheric stratification conditions has been investigated. There is some
interesting characteristics of the wake flow identified, such as its deformation/distortion,
vorticity dynamics, vortex breakdown, and the centroid of the cores. All these analyses were
focused only on the tip vortices. In the study of the deformation, the RMS values of the tip
vortices were calculated to see how non-circular the helical flows are. The remaining
characteristics mentioned earlier will be discussed in Part 2.
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