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Validation of a wake model for vertical-axis wind turbine farms
GUSTAV VALLBO

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

An analytical wake model can be used to predict the power generated by a vertical-
axis wind turbine farm. The accuracy of a specific wake model is investigated in
this study. In particular, the velocity field within the farm is analyzed since it deter-
mines the power that can be generated by each turbine. On a two-turbine layout, the
velocity field obtained with the wake model is compared to that given by a compu-
tational fluid dynamics (CFD) simulation. The two-dimensional CFD simulation is
performed with an actuator line model of the turbine blades and Reynolds-averaged
Navier-Stokes turbulence modeling. One of the major findings is that the wake
model results are highly dependent on the choice of combination model used to
superpose wakes of multiple turbines. The results also show that one of the com-
bination models has a better agreement with the CFD simulation. However, this
comparison is limited by the accuracy of the turbulence modeling within the CFD
simulation. Despite this limitation, this study is a step towards accurately modeling
a vertical-axis wind farm.
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Introduction

1.1 Background

The EU strategy on offshore wind is to increase the installed capacity in the EU to
60 GW by 2030 and to 300 GW by 2050 [1]. In May 2022, the installed capacity was
about 22 GW [2]. In Sweden, there is also a great interest in offshore wind. Cur-
rently, projects amounting to 67 TWh/year are in the process of obtaining required
permits [2]. This is about 40 % of Sweden’s current yearly production of electricity
(166 TWh as of 2021 [3]).

Vertical-axis wind turbines (VAWTS) are being developed as an alternative to the
traditional horizontal-axis wind turbines (HAWTs). The wake dynamics differ be-
tween the two types. While horizontal-axis turbines require significant spacing in a
wind farm to not block each other (i.e. to remain efficient), some studies show that
VAWTs actually benefit from being closely spaced [4, 5]. Thus, a VAWT farm may
have the potential to achieve a higher power density [W/m? than a HAWT farm
[4].

There is a need to optimize the layout of VAWT farms. For this, different types
of computational fluid dynamics (CFD) simulations can be used, as well as lower
order methods such as wake models. Regarding CFD, popular choices of modeling
the turbine include blade-resolved simulations and the actuator line model (ALM).
In the latter, each turbine blade is modeled such that the boundary layer around the
blade does not need to be resolved, which in turn reduces the computational cost
significantly. However, the CFD simulations are still costly, making wake models an
interesting alternative. The wake model of interest in this thesis was developed by
Ouro & Lazennec [6] from the Reynolds-averaged Navier-Stokes (RANS) equations,
assuming, among other things, inviscid flow. It gives the streamwise component
of the velocity field in the wake of an isolated turbine as an analytical function.
Further, such wakes can be superposed (or combined) to model a wind farm. If
validated soundly, wake models could be a computationally cheap way to optimize
the layout of VAWT farms to maximize power output.



1. Introduction

1.2 Aim

The aim of the thesis is to validate the super-Gaussian wake model by Ouro &
Lazennec [6] for VAWT farms (arrays consisting of multiple turbines). As a part of
this, the performance of different wake combination models is evaluated.

1.3 Research questions

The focus of the thesis is to answer:

o Considering a limited number of VAW'T arrays, how well does the wake model
predict the wake velocity field and the power generated by each turbine in
comparison with CFD (RANS+ALM) simulations?

— How sensitive are the CFD simulations to: spatial and temporal reso-
lution, actuator line parameters (such as the Gaussian width used to
apply turbine blade forces to the flow), and inlet boundary conditions for
turbulence properties?

— How sensitive is the wake model to the choice of combination model?

1.4 Limitations

e The CFD simulations are two-dimensional, which means that the effect of the
atmospheric boundary layer is neglected as well as the effect of vortices emitted
from the turbine blade-tips.

o As described later in section 3.4, a single-turbine case is used to validate the
CFD simulations. A sensitivity analysis is performed on this case and it is
assumed that the result can be generalized to set up the remaining simulations.

o The CFD sensitivity analysis focuses on mesh-size and Gaussian width rather
than time step size, since ALM simulations have shown to be insensitive to the
latter parameter; see [7] for RANS and [8] for a large eddy simulation (LES).

e Only one turbine geometry and one tip-speed ratio is considered.
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Theory

2.1 Basics of a vertical-axis wind turbine

A sketch of a two-bladed vertical-axis wind turbine is shown in figure 2.1. The whole
turbine rotates about its center vertical axis. In the figure, D = 2R is the turbine
diameter, H is the length of the vertical turbine blades, U,y is the local velocity of
the incoming air to the blade, Uy.q. is the tangential velocity of the blade, U, is
the velocity of the air relative to the blade, Fj is the lift force, Fy is the drag force,
and @ is the azimuth angle. Bold notation is used for vectors while non-bold is used
for the corresponding vector-magnitudes.

| hub-height

Figure 2.1: Simplified sketch of a two-bladed vertical-axis wind turbine. Right:
Turbine cross-section in a vertical plane. Left: Top view of the two blades which
have an airfoil profile. The wind direction is from left to right, and the airfoils and
drag force are enlarged to increase visibility. The left pane is inspired by Abkar [9].

Turbine operating conditions are largely dependent on the tip-speed ratio A, which is
defined by (2.1) for a turbine operating in isolation. Importantly, the turbine thrust
and power coefficient, Cr(A\) and Cp()), depend on the tip-speed ratio. Simply
put, Cr € [0,1] indicates how much the turbine obstructs the flow. A higher Cr

3



2. Theory

usually means a lower streamwise velocity in the region behind the turbine (called
the wake). Further, the power coefficient is defined as the power generated by the
turbine relative to the available power in the incoming wind.

Ublade WR
>\ = = — 2.1
Uso Uso (1)

where U, is the freestream velocity and w is the rotation speed.

In figure 2.1, the relative velocity is given as U, = Ujpear — Upage- The angle of
attack a can then be defined as the angle between the relative velocity and the
chord-line of the airfoil. Note that, at the blade position shown in figure 2.1, the
lift force F; generates a torque in the counter-clockwise direction. This makes the
turbine rotate and allows power to be extracted.
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Methods

3.1 The super-Gaussian wake model

3.1.1 Model definition

The analytical super-Gaussian wake model for VAWTs is a computationally cheap
alternative to CFD simulations. It gives the streamwise component of the velocity
field in the wake of an isolated turbine as an analytical function. The result is
usually presented as a normalized velocity deficit, defined as

AU(x,y,2)  Usx—U(z,y,2)

Uso Uso

where U(x,y, z) is the streamwise velocity and Uy, is the freestream velocity.

For a full derivation of the super-Gaussian model, the reader is referred to Ouro
& Lazennec [6]. Here, we summarize their work by providing the mathematical
formulation of the model. Let x,y, and z be coordinates in the streamwise, cross-
stream, and vertical direction respectively. “At any streamwise location x behind
the turbine, the velocity deficit in the yz-plane is given by multiplying the maximum
deficit C' = C'(z) with two super-Gaussian shape functions” [10] denoted f,(x,y) and

fa(x, 2):

AU y|™ z|"

20— o) fite ) = c@en (0 Ve (B} (31)
Uss o 207

Intuitively, the wake recovers in the streamwise direction, i.e. C'(x) — 0 as x — oo.
This is caused by turbulent mixing between the lower-velocity air in the wake and
the higher-velocity ambient air.

The terms involved in (3.1) are defined in the following. First, let (z., y., z.) be the
location of the turbine hub and note that wake model is valid for = > z.. (i.e. behind
the turbine). Normalized coordinates are written as

~ Y—Yc ~ 2 — Zc
z =

D’ H

where D is the turbine diameter and H is the length of the vertical turbine blades.

5



3. Methods

At a given streamwise position x, the wake extends to infinity in both the cross-
stream and vertical direction. More formally, the velocity deficit in (3.1) tends to
0 as |y| — oo or |Z] — oo. However, the spread of the wake in y and z, hereafter
called characteristic wake widths ¢, and &, can be defined according to (3.2). Note
that the characteristic wake widths increase linearly in the streamwise direction.

T — T, T — T,
D H
where €, and ¢, are initial characteristic wake widths which are closely related
to the turbine cross-section (as seen by the incoming wind) A = DH. Further,

k, = 0.501, and k7 = 0.501, are the wake expansion rates’ which are proportional
to the streamwise turbulence intensity I,,.

o, =k, +ey, O.=k. +e, (3.2)

Finally, the exponents n, and n, determine the shape of the wake. They can be
expressed as

T — X, T — Te
Ny = a, exp (_byD> +c¢y, n,=a,exp <—bz I ) +c,

where a,, by, ¢y, a.,b, and c, are model parameters. Default values of these param-
eters are used in this work, as given by Ouro & Lazennec [6].

The definition of the maximum deficit C'(z) and the initial characteristic wake widths
ey and ¢, are harder to interpret and are therefore offloaded to appendix A.

3.1.2 Implementation in an open-source framework

As part of this work, the super-Gaussian model is implemented in FLORIS [11]
which is an open-source framework for wind turbine wake models. In FLORIS, a
wake model actually consists of a velocity model (which would be the super-Gaussian
model in this case), a turbulence model, a deflection model, and a combination model.
In the wake model calculations of this work, the turbulence intensity of the wind
is assumed to be constant in space, meaning that no turbulence model is used. No
deflection model is used either. To model a wind farm, each turbine in the farm is
assumed to operate in isolation (but the inlet conditions may be affected by upstream
turbines) such that the wake of every turbine can be calculated with a velocity model
like (3.1). A combination model is then used to combine the velocity model results
and thus obtain the full velocity field within the farm. Two combination models are
assessed in this work (defined in the next section).

This works’ contribution to FLORIS include the super-Gaussian model [12], VAWT
infrastructure [13], and a quick way to sample and plot velocity deficit profiles [14].
A minimal code example of the latter is available in appendix B.

The added VAWT infrastructure makes sure that the incoming velocity to a given
turbine, U,,, is averaged over a suitable turbine cross-section area. The incoming

STwo different expansion rates, k, = k% = 0.451, and kj = kI = 0.501,, can be found in the
article by Ouro & Lazennec [6], but it has been confirmed (through private communication with
P. Ouro in August 2023) that the latter was used to produce the results shown in the article.

6



3. Methods

velocity is important for multiple reasons. Firstly, in FLORIS, the turbine thrust
and power coefficient, Cr and Cp, generally depend on U;,. Secondly, U;, is used
to calculate the turbine power as P = £pAUZ Cp.

In FLORIS, the simplest way of sampling U;, for a HAWT is with a TurbineGrid
(see figure 3.1 left). The existing code uses a square grid with a width ratio agawr =
0.5 and a height ratio Sgawr = 0.5. These ratios are used to ensure that the grid
is within the rotor frontal area. Support for VAWTs is added to the TurbineGrid
class by allowing a rectangular grid with different number of sample points in the
cross-stream and vertical direction (making it possible to have an approximately
equidistant grid for VAWTS). In the contribution to FLORIS, ayawr and By awr
are both set to 0.5 to imitate the existing code. However, in this work, we choose
ayawr = PBvawr = 1 to sample U;, over the full cross-section of the vertical-
axis turbine (see figure 3.1 right, where the ratios are just below 1 for illustration
purposes). The exact version of FLORIS used in this work can be found in the
author’s fork [15].

- ----- - -- -, ®
| :
: |
: |
| |
® o ?
|
* * | I
[ [ : '
[ [ | |
° ° ° [ ® BuwP ¢ H
| |
I OgawrD | : :
| |
e--o-'9 | !
|
|
® ° ®
| |
|
: |
D [ OyawtD !
|
®------ ®---- - o
D

Figure 3.1: Two examples of a TurbineGrid in FLORIS. The frontal area of a
HAWT (left) and a VAWT (right) is outlined. Both turbine have the same diameter
for simplicy, and H = gD. The incoming streamwise velocity is averaged over the
blue points to obtain Uj;,.

With these additions to FLORIS, it is possible to calculate the velocity field and the
generated power in a vertical-axis wind turbine farm. This is showcased in figure
3.2 for a 5 x 5 turbine layout.
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Figure 3.2: Streamwise velocity in a horizontal plane at hub-height in a VAWT
farm. This is a modified version of the small grid_rotation test case in FLORIS,
where: the height-to-diameter ratio of the rotor is about 2, the freestream velocity
is Us, = 8 m/s, Cr is assigned a constant value of 0.64, the wind direction is 285°
(where direction 0° is defined as north to south and the angle is taken clockwise),
turbulence intensity is 10 %, and the super-Gaussian model is used. Coordinate
system (Zinertials Yinertial) does not rotate with the wind direction and is used to define
the turbine layout. Note that the coordinate system (z, y) used by the velocity model
(3.1) does rotate with the wind direction such that z is always in the streamwise
direction.

In the example shown in figure 3.2, the velocity field and turbine powers are calcu-
lated in a few seconds. FLORIS also makes it possible to evaluate multiple wind
directions and wind speeds simultaneously, as well as to optimize the turbine layout
given a set of site conditions. The big question is how accurate the results are for
vertical-axis turbines.

The accuracy of the results relies heavily on how well the wake model predicts the
wake of an isolated turbine and the choice of combination model. Since the super-
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Gaussian wake model has shown good performance in six single-turbines cases [6],
the focus of this study is on the combination model/wake superposition.

3.1.3 Combination models

Two combination models are used in this work: freestream linear and freestream
sos (sum-of-squares). First, the velocity deficit field behind turbine i given by the
super-Gaussian model is denoted as

= 3.3
0 i (3-3)

where = (z, y, 2).

From (3.3) is it clear that the velocity field U;(x) can be obtained from the wake
model. The combined velocity field U(x) is then calculated with the following
combination models

N-1
freestream linear: Ulx) =Us — > (U — Us(x))
i=0
N-1
freestream sos: Ulx) =Uyx — (Uso — Ui(x))?
i=0

where N is the number of turbines in the wind farm.

The models above are called freestream models since the inflow to each turbine is
assumed to be equal to the freestream velocity. There exist models where the local
inflow to each turbine is taken into account [16]. However, these have not been
implemented in FLORIS and are thus excluded from this study. Nevertheless, we
acknowledge that Huang obtained good results with the freestream sos model on a
two-turbine layout when the turbine blades had zero pitch [17].

3.2 General CFD setup

Two-dimensional (2d) CFD simulations are used to evaluate the performance of
the combination models used together with the super-Gaussian wake model. The
CFD simulations utilize the £ —e RANS model and the actuator line model (ALM).
It is still an open question whether 2d simulations are accurate enough to predict
the wake characteristics, C7, and Cp of a VAWT, given that effects such as tip
vortices are neglected when all influence from the vertical direction is excluded.
For example, results from blade-resolved 2d RANS simulations by Bianchini [18]
matched experimental data well in regards to Cp and the streamwise velocity in
the near-wake (1D downstream of the turbine, where D is the turbine diameter).
However, the far-wake still needs to be investigated.

The CFD simulations are performed with OpenFOAM v2112 coupled with
turbinesFoam [19]. The latter is a user-contributed implementation of the ALM.

9



3. Methods

An introduction to this library can be found in [7]. Despite that the bulk of
turbinesFoam was developed around 2015-2016, it has been verified that the UNH-
RVAT case [7] still produces expected results in OpenFOAM v2112 (but, at the time
of writing, a fix [20] is needed to avoid a compilation problem of turbinesFoam for
this OpenFOAM version). Moreover, the code supports multiple turbines (see e.g.
[21]).

3.3 The actuator line model

In the actuator line model (ALM), each turbine blade is modeled as a line which
spans the blade length. The line consists of multiple actuator line elements (ALEs).
At each such element, the local flow velocity is sampled and then used to calculate
the velocity of the air relative to the blade, U,, and the angle of attack. This
information is used to obtain element-specific lift and drag coefficients, C; and Cy,
from airfoil polars. Adopting a similar notation as Sgrensen [22], the total force F
on each ALE (here per unit density) is then given as

1
F = .Fl + Fd = iUv?elCS(Clel + C’ded) (34)
where U,.; is the magnitude of the relative velocity, ¢ is the chord length, s is the
span of the ALE, and e; and ey are lift and drag unit vectors respectively.

An equal and opposite force to F' is then applied to the flow, to model the effect
of the turbine blade. It is denoted Fy = —F', where subscript s indicates that this
force is applied as source terms in the momentum equations. As turbinesFoam
is written for 3d simulations, the force is applied in a region around the ALE by
multiplying Fy with a spherical Gaussian function. This function integrates to 1 [23].
In 2d simulations, one may instead use a 2d Gaussian function, which is described
in section 3.3.1.

It is important to note that there are different ways to sample the local velocity at
the ALEs [23, 24]. Works such as [7, 24] have used linear interpolation of cell values
at the location of each ALE, as implemented in turbinesFoam. This method should
work well “if the actuator line force projection function is symmetric in space” [23,
p. 7], as is the case in this work.

3.3.1 Force projection in 2d simulations

In 2d simulations, each turbine blade consists of only one ALE. The force F; (defined
in the previous section) is thus the total blade force that should be applied to the
flow. This force is smeared using a 2d Gaussian function 7, o4 which must integrate
to 1. The parameter € [m], called the Gaussian width, controls the width of the
region in which the majority of the force is applied. To obtain 7. 44, suppose that
an ALE is located at « = (0,0,0) and consider the following problem:

w\Q

Find C'in 7. 94(x) = Ce™ ¥ such that /2 Ne2da(x) dA =1 (3.5)
R

10



3. Methods

where C is a constant.

The solution (see details in appendix C) is

e
77a72d($) - 7T€26 €

In a pure 2d simulation, the calculations can be done per unit blade span by setting

s =1 m and otherwise ignoring the third dimension. Then, the smeared force field

can be written as

fepi(®) = Fneoa(x — TaLk)

where x4 is the position of the ALE.

Constructing 7. 24 such that is integrates to 1 ensures that the area integral of
f-24(x) over R? indeed equals to F.

However, in OpenFOAM, a 2d simulation is treated much like a 3d simulation. In a
2d case, there is still a domain thickness Az and the blade span needs to be set to
s = Az when calculating the force F; to be applied. Preferably Az = 1 m is chosen
such that the force applied in the simulation is per unit blade span. Nevertheless, we
here assume that the domain thickness is any positive value for robustness. Further,
for implementation purposes, the smeared forcefield needs to be volumetric even
in a 2d simulation. Therefore, turbinesFoam is modified [25] to use the following
forcefield in the case of 2d simulations

(513 - iBALE)
Az

fooma(x) = F, 2%

where OF stands for OpenFOAM.

OpenFOAM then adds the source term f. oroq(x;)AV; to the momentum equation
of each cell 7, where x; is the position of the cell center of cell i and AV; is the
cell volume. Let us ensure that the sum of the above source term over all cells is
approximately equal to the full force F, that the blade exerts on the flow. More
formally, let Qorog C R? be an infinitely large 2d domain in OpenFOAM. Then we
need to show that

> feora(m)AV; = F,

i € all cells
in Qorad

This is done as follows

F, = / Foepa(® —xarp)dA= ) / Fin.o4(x — xarp) dA =

i € all cells cell ¢
in R?
Ua,zd(wi - wALE)
Z Fonepi(®i — Tarp)AA; = Z F A AV, =
i € all cells i € all cells z
in R2 in Qorad
> foora(z) AV,
i € all cells
in Qorad

11



3. Methods

where the integral over cell i is approximated by assuming that the integrand is
constant within the cell volume, and AA; is the area of cell ¢ in the xy-plane.

For future reference, 63 % of the blade force is applied within a radius of ¢ from
Tare, 98.2 % within a radius of 2¢, and 99.99 % withing a radius of 3e.

3.4 Single-turbine CFD validation

3.4.1 Reference data

A single-turbine 3d LES + ALM simulation by Abkar [26] is used as a reference.
The framework used by Abkar has been validated [9] against experimental data
from Brochier et al. considering the streamwise velocity in the wake of a lab-scale
VAWT. Defining = as the streamwise location behind the turbine, and D as the
turbine diameter, the validation was performed for z < 5.8D. From the perspective
of a wind farm, 5D behind a turbine may be seen as the end of the near-wake region
and the beginning of the far-wake.

In Abkar’s work, a real-life 200 kW turbine with D = 26 m is modeled (called the
T1-turbine [27]). The three blades have a NACAO0018 profile. Abkar presents two
simulations with the original blade length of H = 24 m and one in which the blades
are extended to H = 48 m. The latter is thought to better correspond to the 2d
simulations in this work (where the turbine blades have infinite length) and is thus
chosen as a reference.

Since the super-Gaussian wake model has already been validated against the refer-
ence data [6], we want to assert that the CFD simulations of this work (2d RANS +
ALM) yield a similar result before considering a two-turbine layout. Key simulation
inputs are shown in table 3.1. Here, ¢ is the chord length, U, is the freestream
velocity at hub-height, I, is the streamwise turbulence intensity at hub-height, A is
the tip-speed ratio, C7p is the turbine thrust coefficient (sometimes called the drag
coefficient), and Re,. is the chord-Reynolds number based on the relative velocity
magnitude U,.;. An estimate of the Reynolds number is used to select adequate
airfoil data sets for use in the ALM.

Further, the properties of atmospheric air at sea-level are taken as: pressure p =
101350 Pa, density p = 1.2255 kg/m?, kinematic viscosity (calculated with the power
law) v = 1.45 - 107° m?/s [28]. The Reynolds number is then given by
Ure /\Uoo
Re, = 7 ~ € (3.6)

14 14

Table 3.1: VAWT geometry and operating conditions in the reference simulation.

D [m] H[m] c¢[m] Uy [m/s] I, A Cr Re.
26 48 0.75 7 0.091 38 064 1.4-10°

12
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3.4.2 CFD setup

3.4.2.1 Domain

The computational domain is 60D long and 40D wide (see figure 3.3). Balduzzi
et al. found that the difference in the turbine power coefficient C'p between the
chosen domain size and a much larger size (140D x 60D) was only 1 % [29]. All
cells have an aspect ratio of 1 and the cell-size of the background mesh is chosen to
Az = Ay = 0.2D. This implies that the number of cells per turbine diameter is 5
the background mesh, 10 in the first refinement box, and 20 in the second refinement
box which covers the turbine. This is comparable to Bachant et al., Abkar & Dabiri,
and Shamsoddin & Porté-Agel who had 26, 10, and 15 cells per turbine diameter in
the turbine region respectively [7, 9, 30]. The mesh has about 120 000 cells.

AX

40D (,—» X Ax/4 4D 6D Ax/2

4D 20D

20D 40D

Figure 3.3: Sketch of the domain including the two refinement boxes. The cell-size
in each region is indicated in blue. The turbine (shown in red) rotates counter-
clockwise and the direction of the flow is from left to right. Everything is drawn to
scale except for the domain width (40D).

3.4.2.2 Boundary conditions

A uniform velocity U, is used at the inlet, and atmospheric pressure is prescribed
at the outlet. In the cross-stream direction, the boundary is placed far away from
the turbine and a periodic condition is applied (same as in [9, 30|, and similar to
the widely used symmetry condition [29]).

For a given turbulence intensity I, the inlet conditions for the k — e model are taken
as [31]

3 2 0.75 k'
k= 5<UOO[> s Eturb — ON T (37)

where subscript turb is used to differentiate the rate of turbulent dissipation from
the Gaussian width in the ALM, and €, = 0.09. The turbulence length scale is
taken as [ = 0.08D [31, p. 70], where D is assumed to be a characteristic wake
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width. We also assume that the turbulent fluctuations are the same in all directions
such that I can be set equal to the known streamwise turbulence intensity I, (see
table 3.1).

There is however a known problem of turbulence decay in the k — ¢ and k —w SST
model [32], meaning that k& (and therefore also the turbulence intensity) decreases in
the streamwise direction such that the value at the turbine location may be signifi-
cantly lower than the value prescribed at the inlet. There are modified turbulence
models that are supposed to fix this problem [32], but since no such model is found
in OpenFOAM, and implementing it is beyond the scope of this thesis, we resort to
study the sensitivity of the e, inlet condition.

A note on the turbulent viscosity v; = Cukr2 /€tury 1s in order. This property defines
“how efficient the turbulence transports (by diffusion) momentum” [33, p. 131].
Condition (3.7) gives v;/v ~ 6 - 10* which is very high compared to a general rule
of thumb v;/v =~ 10 mentioned by Nilsson [34]. As an alternative condition, the
turbulence transport may be controlled by enforcing a certain value of v;/v (such
that v, is known). Then, the inlet value of €4, can be calculated as
]{32

Eturb = Oﬂ ” (38)
The results of this study show that the turbulence decay increases with ey, (see
section 4.2.1.2). Therefore, a compromise is needed between not too high levels of
turbulence transport (v, low enough) and not too rapid turbulence decay (v, high
enough). It turns out that using condition (3.8) with a high value of v;/v = 2000
still gives a too high &,,4; the turbulence intensity of 9.1 % at the inlet decays to
only 0.5 % at the turbine position. Such low turbulence levels are unacceptable,
which is why condition (3.7) is used instead. We then get a turbulence intensity of
3.7 % at the turbine.

3.4.2.3 Turbine and ALM setup

The turbine is modeled as three blades, excluding the tower and struts. As men-
tioned previously, airfoil lift and drag coefficients are needed in the ALM. These are
generally a function of the angle of attack a and the chord-Reynolds number Re..
The coefficients are taken from Sheldahl & Klimas [35], whose NACA(0018 dataset
covers all o for Re, € [4-10%, 5-10°]. Note that Sheldahl & Klimas assumed that
the coefficients were Reynolds-independent for |« > 30° for this particular profile.
In addition, turbinesFoam uses the moment coefficient to account for the pitching
moment’s contribution to the turbine torque (which subsequently is used to calcu-
late the turbine power). Moment coefficient data is more scarce, so we use the data
available for the NACA(0015 profile for Re, = {3.6 - 10°, 6.8 - 10°} in the same way
as Bachant [7].

In turbinesFoam, the dynamic stall model LeishmanBeddoesSGC is used with
NACAOQ018-specific coefficients taken from Dyachuk et al. [36, Table 1]. The flow
curvature model Goude is also used, and the end effects model (or tip loss model) is
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disabled since this is a 2d simulation. An overview of the aerodynamic submodels
in turbinesFoam can be found in [7]. Further, the time step At is chosen such that
the actuator line moves less than one cell per time step [7] (multiplying with 0.75
to add a safety factor):

A:L‘tu?“bine
At = 0.75At .5 = 0.75———— 3.9
: St (39)
where Ay pine is the cell-size in the turbine region (where all actuator line elements
are located).

Assuming a cell aspect ratio of 1, we can write the standard turbinesFoam condition
for choosing the Gaussian width, in a similar way as [8], as

(3.10)

c cC’d)
4" 2

€ = max (4Axtm"bine7

where Cj is the drag coefficient obtained from airfoil polars by each ALE separately.
If the rightmost argument is the largest, then € may vary between ALEs.

In this work, the ability to switch between the standard condition (3.10) and a fixed
value of ¢ is implemented to facilitate a sensitivity analysis. Based on this analysis,
a fixed value of ¢ = 2.6 m was chosen (see section 3.4.3.1).

The additions to turbinesFoam [25] can now be summarized by providing a typi-
cal forceProjection dictionary (see listing 1) which is added as an entry in the
crossFlowTurbineALSourceCoeffs dictionary. The latter resides in the fvOptions
dictionary in OpenFOAM and is used to define the turbine.

forceProjection

{
forceProjectionModel Gaussian2D; // Gaussian2D || Gaussian3D
domainThickness 1; // Only needed in Gaussian2D
epsilonMethod Fixed; // Standard || Fixed
epsilonFixed 2.6; // Only needed in Fixed method

}

Listing 1: Dictionary forceProjection added to fvOptions.

3.4.2.4 Solvers

The PIMPLE solver is set to operate in PISO-mode, which effectively means that
the PISO algorithm is used to solve the discretized equations. The second-order
scheme backward is used in time. Regarding convection schemes, the second-order
scheme Gauss linearUpwind is used for velocity, and Gauss limitedLinear 1 is
used for turbulence properties. The latter is a linear (central differencing) scheme
that “limits towards upwind in regions of rapidly changing gradient” [37]. Thus, it
is a combination of a second-order and first-order scheme.
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The velocity and pressure field are solved to a tolerance of 1076, Turbulence fields
are solved to 107® to ensure enough iterations in the linear solvers (more than 1
iteration is often needed in the beginning of the simulation).

3.4.2.5 Convergence

The turbine power coefficient is usually monitored to determine simulation conver-
gence. However, the average Cp over a revolution changes less than 0.1 % between
revolutions already at t = 69 s. For comparison, it takes 223 s for a particle to travel
through the whole domain, so it is not surprising that the wake is still undeveloped
at this time. Therefore, the convergence metric of this study is based on a velocity
probe at /D = 12 to make sure that the far-wake is fully developed.

Two types of averaging are used to process the velocity probe data and ultimately
calculate the convergence metric §. First, an attempt is made to average out the
unsteady effects. This is done by dividing the data into groups in time, separated
by an averaging time step (At),,, equal to two turbine periods, and then calculating
the average velocity deficit AU, ; in each group j. The corresponding times are
t; = j(At)avg + (At)avg/2, where j > 0 is an integer. Then, at a particular time ¢;,
the change in AU,,, ; between consecutive groups is averaged over the last N = 20
groups to determine the convergence criterion as

fo Ly Al = Al
N AUvavg,j—l

j=i—N+1

< 0.1%

The purpose of the second averaging is to avoid erroneous convergence at local max-
ima or minima. After convergence, the velocity field and turbulent kinetic energy
field are averaged over 20 turbine revolutions before terminating the simulation.

3.4.3 CFD sensitivity analysis

The focus of the sensitivity analysis is on the cell-size Az of the background mesh,
the Gaussian width ¢, and the inlet condition of &4 in the turbulence model. The
first two parameters are related and are thus considered in a joint analysis.

3.4.3.1 Sensitivity of cell-size and Gaussian width

In the present study, the mesh-based e-condition in (3.10) is the most critical, mean-
ing that e = 4Axypine for all ALEs at all time steps (recall that Az pine = Az /4
since the mesh is refined in the turbine region). This condition ensures that the
actuator line forces are spread over enough cells and it is thus clear that the Gaus-
sian width depends on the cell size. Other studies have conducted mesh-convergence
studies while maintaining condition (3.10) meaning that, if the mesh-based condi-
tion is critical, then both Ax and e are reduced when the mesh is refined. Here, we
instead check the sensitivity of each parameter separately.

For the simplicity of integer values, the number of cells in the x-direction in the
background mesh n, (hereafter called the mesh-size) is used to represent to size
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of the cells instead of Az (which is equal to L/n,). A starting point n, = 300
and € = 5.2 m is selected for the analysis, since this gives a reasonable number of
cells per turbine diameter in the turbine region (namely 20) and follows the rule
of ¢ = 4Axurpine. We then try to spread the blade forces over a smaller area by
choosing € = 2.6 and 1.3 m; closer to the chord length ¢ = 0.75 m. The velocity in
the wake is evaluated for at least three different mesh-sizes for each ¢.

To quantify the sensitivity of n, for a particular e, centerline velocity deficit profiles
are compared. The profile of every n,, denoted AU (x,0), is compared to the profile
of the largest n,, denoted AU,.¢(x,0). Velocity is sampled at N = 100 points using
the uniform partition 1D =z < 21 < ... < x; < ... < xy_1 = 12D. The root-
mean-square difference between a profile and its reference can then be calculated
as

1 1 ¥ )
d = AT AT A i) - A re 2
RMS (AU)char\l N ;:1: [AU(z4,0) Urey(2i,0)]

where (AU)qpqr is a characteristic velocity deficit used for normalization. It is taken
as the mean value of the reference velocity profile.

The sensitivity of € is evaluated in a similar way. However, we only use a single,
large enough, n, to compare velocity profiles between ¢ = 5.2, 2.6, and 1.3 m. The
lowest ¢ is used as a reference.

Due to the chosen time step criterion (3.9), it should be noted that At is proportional
to Az, meaning that finer grids have smaller time steps. After choosing a suitable
Az and ¢ from the sensitivity study above, a time step twice as small as that given
by (3.9) is evaluated, to assert insensitivity of At.

3.4.3.2 Sensitivity of turbulence model inlet conditions

Regarding the setup of the turbulence model, we mainly focus on the dissipation rate
of turbulent kinetic energy at the inlet &y in. Let b instandara = 0.0375 m? /s
be the value given by inlet condition (3.7); hereafter called the standard condition
(hence the standard subscript). This is taken as an upper bound since turbulence
decay is severe at this point and a test with a higher value £, = 1.15 (such that
v /v = 2000) gave unrealistic results, as mentioned in section 3.4.2.2. Consequently,
lower values than €yrb.in standard are evaluated.

The idea of lowering e4,,.in to decrease turbulence decay was inspired by Monni [38].
However, it must be emphasized that v;/v is already in the order of 10* when the
inlet value iS €4yrp in, standard, and the ratio becomes even larger for the €4, tested
in this sensitivity analysis. It is therefore likely that the diffusion of momentum due
to turbulence becomes too high at some point. Nevertheless, this study should give
an indication of how sensitive the simulations are to the turbulence inlet conditions.
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For convenience, a new variable is introduced

Eturb,in

6*1”’ in T

burb, Eturb,in,standard
In the first part of the study, the original domain (see figure 3.3) is modified by
reducing the width to W = 1D and removing the turbine. In this way, k£ can be
sampled along the center of the domain, from the inlet up to 10D behind the turbine,
to evaluate the turbulence decay. This is done for €}, ,, € {1, 0.5, 0.1, 0.025}.

In the second part of the study, the same values of €5, ;,, are used but the simulations
are done in the original domain where the turbine is included. The wake velocity
field is compared between the four cases.

3.4.4 Summary of chosen CFD setup

Parameters for the single-turbine CFD simulation are chosen based on the results of
the sensitivity analysis (see section 4.2.1). The parameters are summarized in table
3.2 for convenience.

Table 3.2: CFD parameters.

Parameter Value

Domain size L x W 60D x 40D

Background mesh n, x n, 300 x 200

Time step At 0.037 s based on (3.9)
Simulation end time 446 s

Gaussian width e 2.6 m

Inlet turbulence intensity 0.091

Incoming turbulence intensity to the turbine 0.037

Inlet €y 0.0375 m?/s® based on (3.7)
Compressibility Incompressible

3.5 Two-turbine study

The goal of this section is to outline how CFD simulations and wake model results are
compared on two-turbine layouts. First, the layouts are presented and an important
measurement region is defined. Details are then given for the CFD setup and wake
model setup.

3.5.1 Turbine arrays and scope

The turbine arrays considered in this study are shown in figure 3.4. The naming
convention of the arrays is pairX, meaning a pair of turbines rotated X degrees
about the center of the first turbine T0. A turbine spacing as large as 11D has been
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observed in literature (examples of layouts can be found in [4, 39]). However, a rather
small spacing of 5D is chosen in this work to ensure significant wake interaction.

U, | T0 Tl T2 TO T1 T2

pair0 pair3

Figure 3.4: Two array layouts, where red circles indicate VAWTs and grey circles
indicate a hypothetical third turbine. Turbine ¢ is denoted T% and the centerline is
denoted c. All turbines rotate counter-clockwise. The sketches are drawn to scale
except for the domain size.

The pair0 layout is a worst-case scenario in a wind farm since downstream turbines
are completely waked by upstream turbines, resulting in low inflow velocities to each
turbine and subsequently low power production. The pair3 layout is equivalent to a
3° change of the wind direction compared to the pair0 layout (but here the turbine
positions are rotated instead of the wind direction to make the CFD setup easier).

This study is largely focused on how the wakes of several turbines interact. We want
to know how the wake model results are affected by the combination model and how
the results compare with CFD simulations. Therefore, the velocity field is analyzed
behind T1 (the second turbine) where the combination model is active.

The wake model can be used to predict the inflow velocity Uj,; to turbine 7. Prac-
tically, a TurbineGrid is created which contains multiple grids in the yz-plane that
cover the frontal area of every turbine (see figure 3.1). At each turbine 4, the wake
model returns the velocity at the grid points and these velocities are averaged to
obtain Uj, ;. To make the comparison more fair between the wake model and the 2d
CFD simulations of this work, the velocities used to calculate Uy, ; are only sampled
at hub-height in both cases. More specifically, 51 equally spaced sample points are
taken from the set {(z,y) : = x;, |y — y;| < 0.5D}, where (x;,y;) is the location of
the turbine hub. In FLORIS, this is done by specifying the number of points in the
cross-stream and vertical direction of the TurbineGrid as 51 x 1. For a given Cp;,
the turbine power P; predicted by the wake model can then be calculated as

P, = ;pAUi?’miCpJ (3.11)
Note that By is simply obtained by inserting U, o = Uy in (3.11). Further, the
inflow velocity U, 1 used to calculate P, can be predicted with the super-Gaussian
model alone (no combination model is needed). However, the predicted power P,
of a hypothetical third turbine T2 depends on the combination model and is thus
compared between the different cases in this study.
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3.5.2 CFD setup

The two-turbine CFD simulations are set up by adding an identical second turbine
to the single-turbine validation case detailed in section 3.4. We need to make a
distinction between the classical tip-speed ratio (hereafter denoted A ), based on
the freestream velocity, and a local tip-speed ratio A\, based on the inflow velocity
to a specific turbine. For a given turbine ¢, their definitions are given as

wiR wiR

coi = T AN =

)
Uoo UZ?’L K

where R is the turbine radius, and w; and Uj,; is the rotation speed and inflow
velocity of turbine i, respectively. The latter is sampled according to section 3.5.1.

Both turbines are set to operate at the same local tip-speed ratio such that \g = A\ =
A = 3.8. This value is close to the optimal value A, = 4.3 found experimentally
[27] for the reference turbine mention in section 3.4.1. Note that A, maximizes the
power coefficient C,(\) for a given inflow velocity. The rotation speed w; of each
turbine ¢ is set according to

/\Uin,i
R
Since T1 is in the wake of TO, U;,1 < Ujno = U, which implies that w; < wy.
In other words, the rotation speed of the waked turbine is adjusted to maintain an

optimal (maximum) Cp, which is a realistic control strategy. The inflow velocity
Uin1 =~ 4.85 m/s is sampled to determine w;.

(3.12)

Ww; =

Condition (3.12) is practically enforces by setting the tipSpeedRatio variable for
every turbine in turbinesFoam. Note that this variable is based on the freestream
velocity and is thus denoted A ;. The inputs to turbinesFoam are calculated as

U.. -
>\ooi —\ in,t
; Uoo

which gives Ao = 3.8 and A1 = 2.63.

In this work, the power and thrust coefficient of turbine ¢ are based on the local
inflow velocity as

P T
Cp; = L Cri= :
b 2pAU3 " 2,OAU2

ZTZ’L ’L’VLZ

(3.13)

where T; is the thrust force of turbine 1.

Note that the power and thrust coefficients outputted by turbinesFoam are based
on the freestream velocity and thus have to be rescaled to obtain Cp; and Cr;.

3.5.3 Wake model setup

In the wake model, the power and thrust coefficient are set to those obtained in the
CFED simulation; i.e. Cp; and Cr; as defined in (3.13). Their values are given later
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in table 4.2. This ensures that if the wake model predicts the same inflow velocity
as in the CFD simulation, then the predicted power and thrust force will also be the
same. Further, in FLORIS, Cp; and Cr; are assumed to be constant for all wind
speeds, which effectively means that the rotation speed of the turbines are adjusted
to maintain a certain tip-speed ratio, in the same way as in the CFD simulations.
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Results & discussion

We begin by showing a proof of concept regarding the 2d force projection imple-
mented in the actuator line model. This technique is then used throughout the study.
A single-turbine case is used to validate the CFD simulations and assess the sen-
sitivity of important parameters. Then, a comparison between the super-Gaussian
wake model and CFD simulations is performed with a two-turbine layout.

4.1 Force projection in 2d: Proof of concept

Bachant’s three-dimensional UNH-RVAT (UNH reference vertical-axis turbine) case
[7, 40] is modified to a 2d case by using the force projection presented in section
3.3.1. The case replicates a tow tank experiment with a 1 m diameter turbine.
In the simulations, the turbine is stationary while the freestream velocity is set to
Usx, = 1 m/s. The solid black line in figure 4.1 shows Bachant’s original streamwise
velocity profile along a line in the cross-stream direction at hub-height, 1D behind
the turbine. The same case but with the end effects model (or tip loss model) turned
off is also shown. In the 2d cases, the domain thickness is reduced to one cell, end
effects are turned off, and struts are removed. Finally, the width of the domain is
increased from about 3.7D to 50D in the 2d-wide case.
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Figure 4.1: Velocity profiles along a line in the cross-stream direction at hub-height,
1D behind the turbine. A comparison is made between 3d and 2d simulations of
the UNH-RVAT. The turbine radius is denoted by R and the extent of the turbine
is shown with dashed lines.

Hereafter, the Bachant and noEndEffect cases will collectively be called 3d. Figure
4.1 shows reasonable agreement between the 2d and 3d simulations. The difference
is likely not due to the end effects model being turned off, since this model had
a low impact in 3d (compare the black and blue lines). Rather, it is probably
caused by blockage. Omne part can be explained by the blockage ratio, which is
the turbine cross-section area relative to the domain cross-section area in a yz-plane
going through the center of the turbine. This ratio is higher in the 2d case compared
to those in 3d, 27 % versus 11 %, forcing the flow around the turbine and giving rise
to the high velocities seen at |y/R| ~ 2. However, reducing the blockage ratio to 2
% in the 2d-wide case does not quite remove this effect, since the flow still cannot
go below or above the turbine as in 3d.

4.2 Single-turbine CFD validation

In this section, a comparison between the CFD simulation of this work, the reference
simulation by Abkar [26], and the super-Gaussian wake model is first presented.
These cases are denoted OF, LES, and FLORIS respectively, where OF stands for
OpenFOAM. The setup of the OF simulation is based on the results of the sensitivity
analysis detailed in the next section (see table 3.2 for a summary of the setup).
Inputs to the wake model are taken from table 3.1.

For each of the three cases, a velocity deficit profile is sampled along the centerline
of the domain (see figure 4.2).

23



4. Results & discussion

~ 0.3

AU/U

— 0.2

0.1

0.0

1 3 5 7 9 11 13
x/D

Figure 4.2: Centerline velocity deficit profiles behind a single turbine compared
between the OpenFOAM simulation of this work, the LES reference data by Abkar
[26], and the FLORIS super-Gaussian wake model.

From figure 4.2 it can be seen the near-wake velocity is similar in all cases. The
agreement between the wake model and the LES reference data is excellent, which
is partly due to the fact that the reference case was used (along with 5 other cases)
to tune the wake model parameters. However, the wake recovery rate is too low in
the OF simulation. For example, the relative difference in centerline velocity deficit
between the LES and OF simulation is 33 % at /D = 9 and 58 % at /D = 12. A
similar result was found by Huang when comparing a 3d RANS + ALM simulation
(also utilizing turbinesFoam and the k — ¢ model) to a wind tunnel experiment [17,
sec. 8.3.1]. In that case, the relative difference in (AU/Ux). between the simulation
and the experiment was 89 % at /D = 10 due to a low recovery rate.

It is well-known that a higher turbulence intensity leads to a faster wake recovery
for HAWTs [41]. We here assume that the same is true for VAWTs, as is done
in the super-Gaussian wake model. The low recovery rate observed above is likely
related to the turbulence model and the low turbulence intensity at the turbine (3.7
% instead of the expected 9.1 % due to the turbulence decay mentioned in section
3.4.2.2). How this is affected by the inlet condition of €4, is investigated in section
4.2.1.2.

There is an uncertainty in comparing the three-dimensional LES and FLORIS case
to the two-dimensional OF case. However, limiting the comparison to the velocity
in the horizontal plane at hub-height, the 2d force projection test (see section 4.1)
only showed a moderate effect of the vertical direction, and the 3d k£ — ¢ simulation
by Huang mentioned earlier had a low recovery rate despite including the third
dimension. Thus, it is believed that the largest error in this study stems from the
turbulence model and not the 2d simplification.
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It should be noted that there is an uncertainty in the recovery rate in LES simula-
tions as well. One reason for this is the lack of far-wake experimental data, which
limited the validation of Abkar & Dabiri’s LES+ALM framework to z/D < 5.8. In
addition, Shamsoddin & Porté-Agel showed that the recovery rate in LES+ALM
simulations depends on the LES setup [42].

As a complement to the discussion above, cross-stream velocity profiles are shown
for the same cases (see figure 4.3).

x/D=3.0 x/D=6.0 x/D=9.0 x/D=12.0

AUU.,

Figure 4.3: Velocity deficit profiles in the cross-stream direction, at several loca-
tions downstream of a single turbine. A comparison in made between the Open-
FOAM simulation of this work, the LES reference data by Abkar [26] and the
FLORIS super-Gaussian wake model. The dashed lines show the extent of the
turbine.

Figure 4.3 indicates that the shape of the velocity profile is well-predicted in the
OF simulation. However, the larger centerline deficit in the far-wake can clearly be
observed.

4.2.1 Sensitivity analysis

4.2.1.1 Sensitivity of cell-size and Gaussian width

The sensitivity of the cell-size and Gaussian width ¢ is mainly evaluated by looking
at centerline velocity deficit profiles. As mentioned previously, the number of cells in

the z-direction in the background mesh n, is used to represent the size of the cells.
To maintain a cell aspect ratio of one, we have n, = %nm = %nm The simulations

show some sensitivity to € (see figure 4.4), while the sensitivity to n, is very small.
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Figure 4.4: Centerline velocity deficit profiles showing the sensitivity of the Gaus-
sian width in the CFD simulation for mesh-size n, = 600.

To quantify the sensitivity, a centerline velocity deficit profile is sampled for multiple
combinations of (g, n,). The difference drys (defined in 3.4.3.1) between a given
profile and a reference profile is shown in table 4.1. For example, in the first part of
the table where € = 5.2 m, the profiles for n, € {120, 180, 240, 300} are compared
to the profile of n, = 600; which is assumed to be the most correct for this particular
Gaussian width. Similar comparisons are made in the second and third part of the
table. In the last part, the sensitivity of ¢ seen in figure 4.4 is quantified.
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Table 4.1: For different Gaussian widths ¢ and mesh-sizes n,, the difference dgrysg
between the obtained velocity profile and a reference profile is shown. Each part
of the table has its own reference profile. The ¢ and n, chosen in the following
simulations are emphasized in bold. The most significant difference is highlighted
in red.

em] n, drus &/ AT purpine
5.2 120 0.0071 1.6
5.2 180 0.0030 2.4
5.2 240 0.0016 3.2
5.2 300 0.0010 4.0
5.2 600 reference 8.0
2.6 240 0.0020 1.6
2.6 300 0.0011 2.0
2.6 480 0.0002 3.2
2.6 600 reference 4.0
1.3 480 0.0017 1.6
1.3 600 0.0008 2.0
1.3 1200 reference 4.0
5.2 600 0.0203 8.0
2.6 600 0.0040 4.0
1.3 600 reference 2.0

From the data above, the largest difference (about 2 % in dgass) is found in the last
part of the table between ¢ = 5.2 and 1.3 m. A similar sensitivity to Gaussian width
can likely be found for other mesh-sizes than n, = 600. A larger dgyss is also found
for (e, n,) = (5.2 m, 120) where the mesh is coarse and the force is spread over few
cells (e/ Az yyrpine = 1.6 while the standard condition is 4). One might think that all
cases of €/Axyyrpine = 1.6 would show larger dgyrg, but the data indicates that, if
the mesh is fine, then the force can be spread over few cells without any significant
loss of accuracy in the velocity field.

To get a better sense of the quantity €/AZyupine, turbine blade forces (per unit
volume) are shown in figure 4.5. Recall that each of the three turbine blades are
represented by one actuator line element that exerts the blade forces on the flow
within a circular region around the blade’s current position. Regions in which the
blade force magnitudes are less than 0.1 % of the global max value are omitted (gray
in the figure). Since ¢ is constant in this example, the forces are spread over twice
as many cells when n, = 600 compared to n, = 300. This is also indicated by the
ratio €/AZyyrpine Which is 4 in the former case and 2 in the latter.
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Figure 4.5: Magnitude of instantaneous blade forces (per unit volume) applied by
the actuator line method with ¢ = 2.6 m. Left: n, = 300. Right: n, = 600. Red
means high force and blue means low force.

From figure 4.5, it seems reasonable to spread the force over at least as many cells
as in the left pane. This translates to the following condition, which is also a safe
choice according to table 4.1:

E/Axtu’rbine > 2 (41)

More specifically, (g, n,) = (2.6 m, 300) is chosen in the following simulations unless
otherwise noted. For this combination, the results are converged with respect to
£ (no need to make is smaller according to the last part of table 4.1), condition
(4.1) is fulfilled, and a rather coarse mesh can be used (no need for a finer mesh
according to the second part of table 4.1) which saves computational time. Note
that the computational time scales as n? since smaller time steps are used for finer
grids. For the chosen parameters, the simulation is rerun with a time step size half
of that given by condition (3.9) with minimal effects on the results.

Lastly, it’s worth mentioning that the sensitivity to ¢ is larger in terms of turbulent
kinetic energy k than the streamwise velocity. This is especially true in the near
wake as seen in figure 4.6. Here, k;, is the value of k at the inlet given by (3.7).
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Figure 4.6: Turbulent kinetic energy profiles in the cross-stream direction, at
several locations downstream of a single turbine. A comparison is made between
different Gaussian widths in the CFD simulation. The mesh-size is n, = 600 and
the dashed lines show the extent of the turbine.

The two peaks seen at |y/D| ~ 0.5 in figure 4.6 have previously been observed in
both experiments and CFD simulations [7, 42]. The difference in k at /D =1 and
y/D = 0.5 is 47 % between € = 5.2 and 1.3 m, and 18 % between ¢ = 2.6 and 1.3 m.
However, since the the profiles of k does converge in the far-wake and the differences
in k£ in the near-wake does not affect the wake velocity much (as shown in the last
part of table 4.1), the combination of (g, n,) chosen above is kept.

4.2.1.2 Sensitivity of turbulence model inlet conditions

The sensitivity of the inlet condition of the turbulent dissipation rate €, is analysed
in two parts. In the first part, £ is sampled in the streamwise direction in a domain
without a turbine (see figure 4.7) for different inlet values esup,in. Recall that &7, ;,
is the chosen inlet value relative to that given by a standard condition (3.7). The inlet
is located at /D = —20 and the turbine would normally be located at z/D = 0.
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Figure 4.7: Turbulence decay for different inlet values e, in the CFD simula-
tion. No turbine is present in the domain.

From figure 4.7, it is clear that a lower value of €44, gives less turbulence decay.
Moving on to the second part of the study, the turbine is inserted and the centerline
velocity deficit is sampled behind the turbine. The result is shown in figure 4.8
where the red line almost matches the red line in figure 4.2. The small difference is
due to that the standard value of the Gaussian width (5.2 m) for n, = 300 was used
in this study instead of 2.6 m chosen in the previous section. This does not matter
much though, since the sensitivity to €454, is much larger than the sensitivity of
the Gaussian width.
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Figure 4.8: Centerline velocity deficit for different inlet values €;y,4.i,, in the single-
turbine CFD simulation. The CFD profiles are compared to the LES reference data
by Abkar [26] and the FLORIS super-Gaussian wake model.

Not only are the simulations sensitive to the inlet value of &;,,,, but decreasing the
value too much also gives an unreasonably low velocity deficit in the wake. This
is most likely due to excessive diffusion of momentum caused by a high turbulent
viscosity. In conclusion, a good compromise between sustained turbulence levels
and a reasonable turbulent viscosity is not found in this study. Therefore, in future
research with the actuator line model, LES is seen as an attractive alternative to
RANS with the £k — & model. Nevertheless, we continue the study by choosing
Eturbin = 1, 1.e. using inlet condition (3.7). This value allows the wake velocity to be
well-predicted in the CFD simulation for z/D € [3,7] which is an important region
in the two-turbine study. For completeness, cross-stream profiles of AU/U,, and k
from this sensitivity analysis are provided in appendix D.

4.3 Two-turbine study: A comparison between
the wake model and CFD simulations

After completing the single-turbine validation, CFD simulations and wake model
calculations can be performed on multiple-turbine arrays. First, the CFD results of
the pair0 layout (two turbines in a row) are analyzed and compared to the single-
turbine CFD simulation. For the same turbine layout, the wake model velocity
field is obtained with two different combination models and compared to the CFD
simulation. The same comparison is finally made on a modified layout (pair3) which
represent a change in wind direction.
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4.3.1 Turbine array pair0
4.3.1.1 CFD results

The first turbine layout consists of two turbines that are aligned in the streamwise
direction and placed at /D = 0 and x/D = 5 respectively. Table 4.2 shows the
power and thrust coefficients given by the CFD simulation. The coefficients are
almost the same for both turbines, which is expected since their rotation speed is
adjusted to maintain a fixed local tip-speed ratio A. In table 4.2, it can also be seen
that value of the thrust coefficients are rather close to the value Cp = 0.64 obtained
in the LES simulation by Abkar [26].

Table 4.2: Power and thrust coefficients from the CFD simulation.

Turbine index i Cp; Cr;
0 0.359 0.695
1 0.365 0.702

In figure 4.9, a comparison is made between this case (pair() and the singe-turbine
case discussed in section 4.2. The left pane shows the velocity deficit along the
centerline (y = 0). The right pane shows the change of centerline velocity deficit in
x per turbine diameter, denoted

¢ (MUY _d (AUY
dx* \ Uy C_dx U ).

where z* = z/D.

The derivative above is used to compare the recovery rate of the wake behind the
second turbine in the pair0 case to the recovery rate behind a single turbine.
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Figure 4.9: Comparison of OpenFOAM (OF) results between the two-turbine
pair0 case and the single-turbine case. Left: Centerline velocity deficit. The dashed
line indicates the position of the second turbine (T1) in the pair0 case. Right:
Derivative of centerline velocity deficit. Note that this plot is generated by sampling
the centerline velocity for 2 /D € [0, 7] in the single-turbine case and for /D € [5, 12]
in the pair0 case.

From figure 4.9 left, it is concluded that T1 has an upstream effect on the wake.
Specifically, the flow starts to slow down significantly already at 1D in front of T1
(at /D = 4). It can also be seen that the velocity deficit in the single-turbine case
initially increases before the wake starts to recover. The maximum deficit is located
around z/D = 2. The same thing is observed behind T1 in the pair0 case, although
the maximum deficit is located less than 1D behind the turbine. These maximums
can clearly be seen in the right pane of the figure where the derivative is zero. Not
only does the wake start to recover earlier behind T1 in the pair0 case, but the
recovery rate is also higher (the derivative is smaller) up until about 5D behind the
turbine compared to the single-turbine case.

The faster wake recovery of the waked turbine is likely due to that TO increases
the turbulence levels in the wake much above ambient levels (see for example figure
4.6). Indeed, the incoming turbulence intensity to TO is 3.7 % while the average
incoming intensity to T1 is 10.0 %. The latter value is obtained by averaging the
turbulent kinetic energy k in the single-turbine case at /D = 5 along a line in
the cross-stream direction that spans the turbine cross-section, and calculating the
average turbulence intensity as I,,, = (%kavg)l/ 2 /Uy

4.3.1.2 Comparison between wake model and CFD results for different

combination models

The super-Gaussian model is used together with two combination models, freestream
linear and freestream sos (sum-of-squares), to predict the velocity in the two-turbine
pair0 case. In figure 4.10, the wake model results are compared to the OpenFOAM
simulation described in the previous section (now denoted as OF instead of OF
pair( for brevity).
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Figure 4.10: Centerline velocity deficit profiles illustrating the effect of the com-
bination models (black and blue line) used together with the super-Gaussian wake
model. The OF simulation is used as a reference (red line). The dashed line indi-
cates the position of the second turbine (T1).

As seen in figure 4.10, there is a large difference between the combination models.
Moreover, from the single-turbine validation, we know that the OF simulation over-
predicts the velocity deficit for about x/D > 4 because of a too-low recovery rate.
Therefore, the freestream linear result above is likely not accurate, because the
predicted deficit is even larger than in the OF simulation, even at e.g. x/D = 10.
Further, it can be observed from figure 4.10 that (AU/Uy), increases with about
0.61 at every turbine according to the freestream linear model. If a third turbine
were to be included at /D = 10, then this model would give a normalized velocity
deficit larger than 1 (meaning that the wake velocity is in the opposite direction of
the freestream) which is clearly unphysical. This shortcoming of the model has also
been observed for horizontal-axis turbines [16]. The freestream sos model shows a
better agreement with the OF simulation. However, one should be careful when
making this comparison since the single-turbine results differ between the cases.

The combined wake of TO and T'1 is shown as cross-stream profiles in figure 4.11.
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Figure 4.11: Velocity deficit profiles in the cross-stream direction, at several loca-
tions behind the second turbine (T1). Wake model results are compared for different
combination models (black and blue lines). The OpenFOAM simulation is used as
a reference (red lines). The dashed lines show the extent of the turbines.

Once again, the OF and freestream sos profiles are similar. However, the OF profile is
slightly wider. This may be caused by the incoming turbulence intensity to T'1, which
is larger in the OF simulation (10.0 %, as mentioned in section 4.3.1.1) compared
to the wake model (9.1 %).

Finally, the difference between the combination models are quantified in table 4.3
by considering the inflow velocity U, 2 and generated power P, of a hypothetical
third turbine T2 located at x/D = 10. The reference values Usp2yef and Py
are obtained from the OpenFOAM simulation. Note that Py/Pa ey = U}, o/Ush 5 e
since the power coefficient used in the wake model calculations are the same as that
given by CFD.

Table 4.3: Inflow velocity and power of a hypothetical third turbine T2 predicted
by the wake model for different combination models. The OpenFOAM simulation
is used as a reference.

Combination model Uin,Q/Uin,Q,ref PQ/PQVTef

freestream linear 0.788 0.489
freestream sos 1.005 1.015

Table 4.3 shows that the freestream sos model predicts almost the same power as
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the OpenFOAM simulation. Regarding the freestream linear model, there is a clear
difference in the predicted velocity compared to the reference, which implies a very
large difference in predicted power since it is proportional to the inflow velocity
cubed.

4.3.2 Turbine array pair3

In this turbine array layout, the position of the second turbine (T1) is rotated 3°
about the center of the first turbine (T0) to see how a change in wind direction affects
the results from the previous section. To get a better understanding of the wake
behind T1, cross-stream profiles are shown in figure 4.12 for the two combination
models. Because of time limitations, a CFD simulation is not performed on this
case.

—— freestream linear —— freestream sos

x/D=6.0 x/D=38.0 x/D=10.0 x/D=12.0

00 05 1.0 00 05 1.0 0.0 05 1.0 0.0 0.5 1.0
AUJU., AUJU., AUJU., AU/U.,

Figure 4.12: Velocity deficit profiles in the cross-stream direction, at several loca-
tions behind T1. Wake model results are compared for different combination models.
The dashed lines show the extent of a hypothetical turbine T2 located at z/D = 10
and y/D ~ 0.52.

To obtain the inflow velocity and power of a hypothetical turbine T2, the velocity
is sampled at /D = 10 between the dashed lines shown in figure 4.12. Table 4.4
shows a comparison of the results between the combination models.
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Table 4.4: Inflow velocity and power of a hypothetical third turbine T2 estimated
by the freestream linear combination model. The freestream sos model is taken as
the reference.

Combination model Uiy 2/Uinorer  Po/Payer
freestream linear 0.839 0.590

From table 4.3 in the pair( case it can be inferred that the difference in the predicted
Uin2 is about 22 % between freestream linear and freestream sos. In the pair3 case,
this difference is about 16 % (see table 4.4). The smaller difference between the
combination models in the latter case is expected, since the more the layout is
rotated, the less T0’s wake affects T2. As a consequence, for an increased rotation
angle, T2 will mostly be influenced by T1 (or by no turbine at all if the angle is
large enough) which means that the effect of the combination models decays with
the rotation angle.
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Conclusion

This study set out to evaluate how well the super-Gaussian wake model by Ouro &
Lazennec [6] predicts the velocity field and turbine powers in a vertical-axis wind
turbine farm. As a first step, the wake model is implemented in FLORIS [11] which
is an open-source wake model framework. This work thus extends the capability
of FLORIS to vertical-axis wind turbines, since only horizontal axis-turbines were
supported previously.

In a multi-turbine layout, a combination model is needed to combine the individual
wakes given by the super-Gaussian model. The first major finding is that the wake
model results depend heavily on the choice of combination model. This can be seen
in the pair0 layout, which consists of two turbines, with diameter D, spaced 5D apart
in the streamwise direction. In this case, the difference between the freestream linear
and freestream sos (sum-of-squares) combination model is 22 % in terms of inflow
velocity to a hypothetical third turbine (located 5D behind the second turbine).
The difference in predicted power for this hypothetical turbine is thus as large as 52

%.

To assess the performance of the wake model for different combination models, the
results are compared to CFD simulations. Since the simulations are two-dimensional,
the comparison is done in a horizontal plane at hub-height. The simulations are per-
formed with OpenFOAM (an open-source CFD library) coupled with an actuator
line model of the turbine blades. However, a limiting factor in the comparison is
the accuracy of the CFD simulations. Specifically, the wake recovery rate is too low
compared to a LES simulation by Abkar [9]. The £k — e RANS model employed in
this work suffers from turbulence decay, which means that the turbulence intensity
decreases in the streamwise direction such that the value at the turbine location is
significantly lower than the value prescribed at the inlet. In turn, a low incoming
turbulence intensity to the turbine means a low recovery rate of the wake. Improve-
ments could not be made by changing the inlet condition of the turbulent dissipation
rate, but we learned that the simulations are sensitive to this parameter.

Notwithstanding the limitations above, the freestream sos combination model shows
reasonable agreement with the CFD simulation on the pair0 case. On the contrary,
the wake velocity is likely under-estimated by the freestream linear model.
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5.1 Future work

Since the wake model results are highly dependent on the combination model, and
it is not clear which combination model to choose for a VAWT farm, there is a
need for further research. It seems like a good strategy to validate the combination
models against CFD simulations. In this way, it is possible to validate the CFD code
on single-turbine experimental data (that covers both the near- and far-wake) and
then use CFD simulations to extend the result to multi-turbine cases with possibly
different wind directions and turbine tip-speeds ratios, which would otherwise be
very time-consuming to do experimentally. In such a single-turbine validation, there
is a need to explicitly validate the recovery rate in the CFD simulations. To this
end, a three-dimensional LES + ALM setup is believed to be more accurate than the
two-dimensional RANS + ALM setup used in this work. After completing the CFD
validation, a natural continuation would be to repeat the study of Zong [16], where
five combination models were compared on a three-turbine layout, but this time
with vertical-axis turbines instead of horizontal-axis turbines. If a good combination
model is found, then, and only then, can wake models be used to confidently predict
the velocities in a VAWT farm and optimize the turbine layout to maximize power
output.
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A Definition of additional wake model variables

For completeness, the maximum velocity deficit C'(z) and the initial characteristic
wake widths ¢, and ¢, are defined below, according to Ouro & Lazennec [6]. Note
that all of these variables are dimensionless. The maximum velocity deficit is given
as

Crnyn,
857" 52/ T(1/n,)T(1/n.)

Clz)=2""1— J?n—? —

were Cr is the turbine thrust coefficient, n = 1/n, + 1/n, and I' is the gamma-
function.

Further, it is assumed that €, = €, = ¢, where ¢ is only a function of Cr and the
model parameters:
1
By on. o

€= (22n0+2F(1/ny,0)F(1/nz’0) )

where
nyo=ny(x —x.,=0)=a,+¢,, n,o=n,(r—2.,=0)=a,+c,

I il
flo = ~ 2 Ji-Cr

Ny0 Nz0 ’
To have the initial characteristic wake widths the same in the cross-stream and
vertical direction (¢, = €,) might seem strange at first, but remember that these
quantities are dimensionless. From the dimensional characteristic wake widths o,
and o, it is clear that the initial width is proportional to the turbine diameter D
in y and to the blade height H in z as expected:

oy =D&, =k,(x —x.)+ De, o0.=Ho,=k(v—x)+ He



B How to sample and plot velocity deficit profiles
in FLORIS: A minimal code example

This work adds the ability to sample and plot velocity deficit profiles in FLORIS.
The functionality is used to create all the figures of cross-stream profiles in this
report.

Listing 2 shows an example of how to recreate the basics of figure 4.3 (only including
the FLORIS results for simplicity). Note that the FlorisInterface class is the main
way to interact with FLORIS. In this case, we instantiate the class by providing a
path to the input file where wind speed, wind direction, turbine parameters, velocity
model, etc. is provided. Then, the added method sample_velocity_deficit_profiles
and the added class VelocityProfilesFigure is used to create the figure.

import matplotlib.pyplot as plt

import numpy as np

from floris.tools import FlorisInterface

from floris.tools.visualization import VelocityProfilesFigure

fi = FlorisInterface('inputs/super_gaussian_vawt.yaml')

D =26.0 # [m]. Turbine diameter
# For each specified downstream distance from a starting point, sample
# a velocity profile along a line in the cross-stream direction (y).
# The starting point (x_inertial_start, y_inertial_start) is set to
# the location of the turbine hub which is (0.0, 0.0)
downstream_dists = np.array([3, 6, 9, 12]) * D
profiles = fi.sample_velocity_deficit_profiles(

direction='y',

downstream_dists=downstream_dists,

profile_range=np.array([-2, 2]) * D,

x_inertial_start=0.0,

y_inertial_start=0.0,

fig = VelocityProfilesFigure(
downstream dists_D=downstream dists / D,
layout=['y'],
)
fig.add_profiles(profiles)
fig.set_x1im([-0.08, 0.52])

plt.show()

Listing 2: Example of how to sample and plot velocity deficit profiles in FLORIS.
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C Derivation of a 2d Gaussian function for force
projection

The integral in (3.5) is performed in polar coordinates (r, ) where dA = rdfdr:

o0 2m 'r2 K 7‘2
/ Ne2a(x) dA = / Ce Zrdfdr = 27TC’/ e Zrdr =
R? o Jo B

s - K?
p)

9 ds 2 K* -5 € -
s=r% =2 s(0) =0, s(K) = K*p =nC [ e Fds=nC || =
dr 0 “ 2 1o

£

1
—7r520< = = 1) — 7e2C

T K—o0

The integral should be equal to 1, which means that C' = ﬁ and thus:

1 =2

Ne2a(x) = 7626 <2
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D Sensitivity of turbulence model inlet conditions:
Cross-stream profiles

Additional results from the €4, , sensitivity analysis are shown in the figures below.
Let Cr be the average thrust coefficient during the last turbine revolution. The
difference in Cr between ¢}, ;,, € [0.5, 0.1, 0.025] and €7, ;, = 1 is less than 10
%, meaning that roughly the same blade forces are applied to the flow in all cases.
However, the velocity deficit is spread out a lot more for lower &},,,,, (see figure
D.1), indicating large values of momentum diffusion caused by a high turbulent
viscosity v;.

* * * *
— E&wrb,in = 1 — &uwrb,in = 0.5 — E&wrb,in= 0.1 Etur,in = 0.025

x/D=3.0 x/D=6.0 x/D=9.0 x/D=12.0
2 1 Q 1 Q . N

Ll

0.0 04 0.0 04 0.0 04 0.0 0.4
AU/U., AU/U.. AU/U., AU/U..

Figure D.1: Cross-stream profiles of velocity deficit for different inlet values eyt in -

Similar to above, the diffusion of turbulent kinetic energy also increases dramatically
for lower €}, ;, (see figure D.2). For example, we know from before that €}, ;, =
0.025 gives k/ki, ~ 0.90 at /D = 0 (see figure 4.7). However, for |y/D| < 2D,
we see that k/k;, is clearly larger than 1 for all downstream distances in figure D.2.
This must be caused by large diffusion of the turbulent kinetic energy generated by
the turbine.
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D. Sensitivity of turbulence model inlet conditions: Cross-stream profiles

* * * *
— &wrb,in = 1 — &uwrb,in = 0.5 — &wrb,in = 0.1 Eturb,in = 0.025

x/D=3.0 x/D=6.0 x/D=9.0 x/D=12.0

k/Kin k/Kin kikin kikin

Figure D.2: Cross-stream profiles of turbulent kinetic energy for different inlet
values €grb in -
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