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In the past years, energy consumption in Finland was not fully covered by the energy pro-
duced in Finland, and approximately 20% of the total energy consumption was imported.
Despite the suitable wind condition, the wind energy production in Finland is very small -
only 2.8% of the total demand.

Massive land area (about 72%) in Finland is covered with forest. Therefore, there is a high
chance that wind turbines will be installed in forests. It is known that wind behaviour in
forests is rather complicated. Therefore, before the arrangement of a wind farm in and
above the forest, the investing company has to study the forest influences on the wind-
turbine wakes, fatigue and power production.

In the present thesis, Large-Eddy Simulations are carried out using OpenFOAM to inves-
tigate the forest-canopy effects on the atmospheric boundary layer and wind turbines. The
effects were studied in small (two-turbine) as well as large wind-turbine arrays. For every
case, simulations are performed separately for two identical setups, with and without for-
est. The results of the simulations in the forest case are further compared to the results of
the corresponding non-forest case to clearly show the changes in the wake and turbulence
structure due to the forest. Moreover, the actual mechanical shaft power produced by
each turbine in the small wind-turbine array and by a single turbine in the large array is
calculated for the forest and non-forest cases. Aerodynamic efficiency and power losses
due to forest are discussed as well. It is found that the loss of actual power due to forest
amounts to nearly 20%. The blade angle of attack is studied for cases with and without
forest. It is found that a non-optimal angle of attack in the forest case is responsible for
the power loss. Therefore, an active pitch control is proposed in order to reduce the loss
of actual power in the forest.

Keywords: ABL, ALM, forest, LES, OpenFOAM, pitch control, turbulence, wind flow,
wind power, wind turbine wake
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Chapter 1

Introduction

1.1 Motivation

In Finland, development of less energy-consuming technology as well as global warming
are increasing, and therefore the need for energy eventually began to decrease slightly.
For example, by the end of 2015, electricity consumption in Finland decreased by 3% in
comparison to the previous year (2014) and reached 82.5 TWh. Despite that, net import
of energy is still very high; it is equal to 19.8% of the total energy consumption. Finland
is looking for new sources of energy. Renewable energy would be a good solution to
produce energy without polluting the air or exhausting fuel reserves. In the year 2015,
renewable energy production was 45% of the total energy production in Finland.

Figure 1.1.1: Electricity supply by energy sources for the year 2015, Finnish Energy
Report (2016).

15
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Among other renewable energy sources, wind energy covered 2.8% of the total Finnish
electricity consumption in 2015 year, according to Figure 1.1.1 (Finnish Energy Report,
2016). Wind power has been already used for many generations, and the technology is
continuously developing. Wind-farm arrangements are challenging in Finland; but at the
same time, weather conditions are such that it is almost constantly windy in Finland, es-
pecially in areas close to the coast. Nowadays, wind-power capacity in Finland is 1005
MW, which is obtained by approximately 387 wind turbines. Among other goals, the
present research work aims at helping to increase wind energy production. The Finnish
government set the goal for the wind energy industry to increase their production by 2020.
The target is 6 TWh per year, equivalent to 2500 MW. By that time, the wind power can
cover approximately 7% of the electricity demand (Ministry of Foreign Affairs of Den-
mark, 2014).

In Finland, 72% of the land area is covered with forest, and the forest areas often include
hills and lakes. There are not many options for where to install wind turbines. On one
hand, the wind farm should be located close enough to the cities in order to lower the costs
of transfer, maintenance and grid connection. On the other hand, locations far enough
from human habitation would be preferable in order to avoid disturbances such as noise
and shadow flicker. Thus, the chance that wind turbines will be placed in forest is very
high. Wind behaviour in the forest and over the complex terrain is extremely complicated.
See Figure 1.1.2.

Therefore, the investing company needs to investigate wind conditions as well as wind
turbine wake behaviour in the real wind park site (possibly including forest and complex
terrain) before the construction of the wind-farm is started. It can be made using field
measurements and/or numerical simulations. Field measurements can be very expensive
and time-consuming. On the contrary, numerical simulations can be relatively affordable.
However, at first it is necessary to validate numerical simulations (e.g., via a wind-tunnel
experiment on a small-scale) in order to perform them further on a real scale. Neverthe-
less, many wind-energy companies do not yet trust the still developing but very promising
Computational Fluid Dynamics (CFD) simulations.

There are certain well-known issues about wind turbines located in the forested area. For
example, the Atmospheric Boundary Layer (ABL) wind profile starts recovering above
three heights of the forest canopy (Kaimal and Finnigan, 1994), and turbine wake recov-
ers faster downstream above the forest (Odemark and Segalini, 2014). Wind conditions
above the forest have strong wind shear and increased turbulence levels, which can lead
to increased fatigue and shorter turbine life cycle (Nebenführ and Davidson, 2014). A few
wind tunnel studies were performed in order to better analyse how the canopy affects the
wind energy production (Odemark and Segalini, 2014; Barlas et al., 2016). Nevertheless,
it has never been a subject of deep numerical analysis of turbine wake changes due to the
forest-created effects.
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Figure 1.1.2: Wind behaviour in the flat terrain without forest (A); in and above forest
(B); behind the wind turbine located in unforested field (C); and above the forest (D).

1.2 Literature review

Turbulence in and above forest canopy has been studied by many field measurements
(Allen, 1968; Finnigan, 1979; Baldocchi and Meyers, 1988; Kaimal and Finnigan, 1994;
Launiainen et al., 2007; Dupont and Patton, 2012). Many wind tunnel studies are also
conducted on forest with respect to wind energy (Raupach et al., 1986; Brunet et al.,
1994; Agafonova, 2011; Agafonova et al., 2012; Odemark and Segalini, 2014). Since
1990 it became popular to study the ABL in/above canopy using numerical modelling
(Shaw and Schumann, 1992; Kanda and Hino, 1994; Shaw and Patton, 2003; Dupont and
Brunet, 2008a, 2009; Agafonova, 2011; Agafonova et al., 2012; Bailey and Stoll, 2013;
Nebenführ and Davidson, 2014). Shaw and Schumann (1992) performed several Large
Eddy Simulations (LES) in the short computational domain under weakly unstable con-
dition. The height of the computational domain was equal to three forest-canopy heights.
The forest was represented by a momentum sink and a heat source, which are included
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in the momentum and energy equations, respectively. The Leaf-Area density (LAD) was
chosen to represent a deciduous forest with a relatively open trunk space. The similar
shape of LAD but with different Leaf-Area Indices (LAI) of 2 and 5, was used in the
separate simulations. Obtained mean windwise velocity profiles have similar shape as the
measured wind profiles. Moreover, the so-called coupling ratio (the ratio of the wind in-
side the forest to the wind above the forest) was calculated. The values are approximately
0.16 (in the case with LAI =5) and 0.26 (LAI=2), which correspond to the values listed by
Cionco (1979) for coniferous and winter deciduous forests, respectively. The skewness
of the windwise velocity component is positive inside and negative above the forest. By
contrast, the vertical velocity skewness is negative inside and positive above the forest. It
was found that the windwise and vertical velocities are skewed similarly as in the field but
with larger magnitude inside the forest. The overestimation of the skewness magnitudes
can be due to the very short and shallow computational domain.

The above-mentioned studies were related mostly to forest effects on ABL, but some of
them also describe possible effects on the wind energy production and possible fatigue
loads without any turbine model present (Nebenführ and Davidson, 2014). Nebenführ
and Davidson (2014) performed two LES simulations with and without forest to find the
effects of the forest on neutral ABL. The forest canopy was modelled by adding the for-
est sink term to the momentum equation similarly to Shaw and Schumann (1992). The
leaf area density profile was generated using the empirical model of Lalic and Mihailovic
(2004) for pine forest. The leaf area index was equal to 4.3. The results of the simulation
with the forest were compared with the field measurements (Bergström et al., 2013). The
obtained results, such as horizontal wind speed and the vertical shear stress, are in a good
agreement with the measurements. However, the crosswind and vertical normal stresses
are underestimated but the windwise component is overestimated. The vertical wind shear
(or wind shear exponent as a change of wind speed or direction with change of altitude)
is found to be 0.19 and 0.52 at the hub-height location of the virtual wind turbine in the
cases without and with the forest, respectively. Except for the increased wind shear, the
increased turbulence intensity is also induced by the forest. The windwise and vertical
components are equal to 19.9% and 11.6% in the forest case, respectively. Moreover, the
skewness and flatness were also analysed in cases with and without forest. They show a
strong possibility of the existence of discontinuous extreme fluctuations in the flow over
the forest.

At the same time, the turbine wake development on the flat and complex terrain with-
out forest canopy has been studied numerically and experimentally. At first, the flow
over an isolated wind turbine located on flat terrain was studied experimentally by Ver-
meer et al. (2003); Chamorro and Porté-Agel (2010), and numerically by Sørensen and
Kock (1995); Vermeer et al. (2003); Wu and Porté-Agel (2011) and Yang et al. (2014).
Chamorro and Porté-Agel (2010) conducted the experiment with a small wind turbine
placed in the boundary-layer flow under neutral and stably stratified conditions. Temper-
ature and instantaneous windwise and vertical velocity components were obtained with
hight resolution at different locations behind the wind turbine. The mean and turbulent
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characteristics of the flow were calculated. It was found that the wake behind the turbine
continues until 20 turbine diameters. The windwise velocity deficit in the wake region has
an almost axisymmetric shape, and the maximum deficit is located near the centreline.
However, the turbulence intensity does not have axisymmetric behaviour. The maximum
values of the turbulence intensity are located in the area above the hub height. A detailed
description of the obtained results is given in Wu and Porté-Agel (2011). Moreover, the
LES with two different turbine models as ADM and rotating ADM are performed and
compared with the experiment by Wu and Porté-Agel (2011). The LES with the rotating
ADM accurately predicts the mean and turbulent statistics of the flow. Later on, several
turbines in a row were considered (Churchfield et al., 2012c; Yang et al., 2014). Yang
et al. (2014) carried out LES with ALM for the flow over a single wind turbine, a tur-
bine array and operational utility-scale wind farm. Three different grid resolutions are
considered. The results of the simulation over the single turbine were compared with the
wind-tunnel measurements by Chamorro and Porté-Agel (2010). The LES with blade
treated as NACA0012 airfoil significantly underpredicts the windwise velocity deficit in
the wake region. Better agreement was obtained using flat-plate airfoil properties and
applying nacelle and tower models. No significant differences were found between the
results obtained on the different grids.

Furthermore, the studies of wind flow were continued on large wind turbine arrays (Chamorro
and Porté-Agel, 2011; Wu and Porté-Agel, 2013; Witha et al., 2014; Allaerts and Meyers,
2015; Munters et al., 2016). Munters et al. (2016) proposed so-called shifted periodic
boundary conditions as an alternative to normal periodic conditions. They performed sev-
eral LESs using shifted and non-shifted periodic conditions over a half-channel with a
large Reynolds number. The correlation function obtained in the cases with shifted peri-
odic conditions decreases to zero value already when the streamwise length of the domain
is equal to Lx = 2πd, where d is height of the domain. However, in cases with normal
periodic conditions, the correlation function almost reaches zero value at Lx = 6πd and
completely achieves zero only when Lx ≥ 12πd. Thus, the proposed methodology is
helpful in providing fully developed turbulent channel flow in a shorter domain and with
less computational cost. It was concluded that the coherent turbulent structures obtained
by shifted periodic conditions have the same autocorrelation behaviour as the ones ob-
served in much larger domains. Moreover, LES over wind turbine array using inflow
conditions from precursor simulations with shifted and non-shifted periodic conditions
were carried out. The velocity and power distribution between the turbines in the arrays
in the case with shifted precursor simulation is much more uniform than it is in the case
with non-shifted precursor periodic conditions.

Later on, papers devoted to the study of turbine wake development in real complex ter-
rains were published by Porté-Agel et al. (2011) and Yang et al. (2014). Then studies
related to the effect of surface roughness length z0 on the wake development were pub-
lished (Churchfield et al., 2012c; Wu and Porté-Agel, 2012).

Very recently, a couple of studies have been carried out to understand the relation be-
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tween forest (or other roughness canopy) and wind energy. Odemark and Segalini (2014)
performed a small-scale wind-tunnel investigation of the effects of a high surface bound-
ary layer roughness (canopy) on the outputs of a wind turbine. A small increase (3%)
in maximum power output was found in a case with the forest in comparison to the case
without forest. At the same time, the standard deviation of the thrust coefficient and the
tip-speed ratio was found to increase linearly with increasing turbulence intensity and to
increase with decreasing turbine hub height above the forest. Barlas et al. (2016) con-
ducted wind-tunnel measurements of the flow and turbulence characteristics and spectral
content downstream a wind turbine under two different boundary-layer inflow conditions
(moderately rough and smooth). In the case of high roughness inflow the wake recovers
earlier than in the case of smooth roughness inflow because of the high incoming tur-
bulence. It was found to be an advantage in the power production for the downstream
turbines, but also a disadvantage in a shortened fatigue-life time because of an earlier fail-
ure of the wind turbine parts.

A few LES studies (Agafonova et al., 2016a,b; Schröttle et al., 2016) are found to be
devoted to the impact of forest on wind turbine wake. At first, Agafonova et al. (2016a)
studied the effects of forest canopy to the wake development of a single wind turbine as
well as two wind turbines in tandem. The turbine is modelled by an actuator line model.
The simulations were performed on the real scale with and without forest canopy. How-
ever, the obtained results in the case of a single turbine without forest were compared
to the small-scale wind-tunnel measurements (Chamorro and Porté-Agel (2010)). Most
probably, the results affected by the scaling and therefore the magnitude of the velocity is
strongly underestimated in the near-wake region. At the same time, the results agree well
enough in the far-wake regions. Next, the effects of the forest on the wind turbine wake
development were found due to the comparison between the two-wind-turbines cases with
and without forest. The wake in the forest case was found to be shorter windwise but
wider in the crosswind and vertical directions.

Later, Agafonova et al. (2016b) studied the influence of forest on the wakes and power
production of a large wind turbine array. Faster wake recovery was noticed in the large
wind turbine array in the forest case than in the non-forest case. The turbulence intensity
and wind shear reported in the paper are higher in the forest than in the non-forest case.
In the forest case they consist of 26% and 0.53, respectively. Wind power produced in the
forest case was found to be rather small in comparison to the unforested case with similar
velocity at hub height. However, the power coefficient was found to be approximately 5%
larger in the forest than in the non-forest case.

Lately, one LES study about the forest effects on the turbine wake by Schröttle et al.
(2016) was found. They discovered wake of a single wind turbine affected by forest. The
turbine is modelled by a simple actuator disk model. An earlier wake recovery in the case
of forest was also found.

Therefore, based on the lack of the available literature related to the numerical study
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of forest effects on the turbine behaviour and on the turbine output, the major question,
addressed in the present thesis, is the detailed understanding of forest influence on the
real-scale wind fields in which the wind turbines are exposed to.

1.3 Objectives of the thesis
The main objectives of the thesis are:

• to find the effects of the forest on the wind flow at possible turbine locations. This
is done via analysing the mean wind flow, turbulence intensity, wind shear and
turbulence statistics (length scale, skewness, flatness and so on) with and without
forest;

• to find the forest-induced velocity inflection in the far-wake flow, where a down-
stream turbine could be located. This is studied with the help of power efficiency;

• to find the forest effects on the turbine-generated near-wake flow (using, for ex-
ample, power prediction and angle of attack). Active pitch control for the turbines
located in and/or above the forest is also proposed to get more power production.

The present thesis is focused on the research and development of the numerical method-
ology further applied for wind-flow simulation above the forest and past wind turbines.
LES, LAD approaches and ALM are implemented and coupled in the freely available
open-source CFD software OpenFOAM. The proposed methodology can be further used
in the simulation of real (large) on-shore wind farms located on a complex terrain. More-
over, the output of the simulation can be helpful in the arrangement of a future wind park,
e.g. in the selection of possible wind-park sites and further in the optimal location of
wind turbines or in the maintenance of an already existing wind farm. Likewise, already
obtained results can be used in order to design the wind turbine which is more suitable
for operating in cold-climate weather and in forest.

In order to achieve the goal, the following intermediate objectives were solved:

• adoption of the forest-canopy model and validation with the results obtained by
Shaw and Schumann (1992), studying the influence of forest on both mean flow
and turbulence without Wind Turbine (WT);

• validation of the turbine model (NREL SOWFA) with the corresponding wind-
tunnel experimental data for an isolated WT without forest,

• simulation of the case with two wind turbines in tandem (without forest) and com-
parison between the results obtained for a single WT and a downwind WT (in 2
WTs case);

• simulation of the flow for two wind turbines with and without forest, comparison
between the results, investigating how forest affects the wind turbine wake;
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• simulations of the flow in a large wind turbine array (3×2 WTs) with and without
forest, comparison between the obtained results, investigating the effects created by
forest.

1.4 Structure of the thesis
The present thesis is organised as follows.

In Chapter 2, the governing equations, the numerical methods and schemes and boundary
conditions are described.

In Chapter 3, the forest-canopy model is described and validated using the field measure-
ments and results of similar LES with the same model. The effects of the canopy on the
ABL are discussed.

In Chapter 4, the existing turbine models are briefly described and qualitatively com-
pared. A model (ALM) that suits better for solving the present research goals is chosen,
described in detail and validated via the wind-tunnel experimental data. The results of the
simulations for an isolated WT and two WT in tandem are discussed.

In Chapter 5, the forest-canopy and turbine models are combined. The results of the sim-
ulations for two wind turbines in tandem as well as a large wind turbine array with and
without forest are discussed and compared to each other and other available results of
similar cases. An active pitch control is proposed in order to increase power production
in forest.

In Chapter 6, the summary of the thesis is given.



Chapter 2

LES modelling

2.1 Governing equations
The governing equations which describe the incompressible fluid motion are Navier-
Stokes and continuity equations (in tensor notation):

∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2

∂xixj
ui + fi + gi, (2.1.1)

∂ui
∂xi

= 0, (2.1.2)

where ui are velocity components, xi are spatial coordinates, t is time, p is pressure, ρ
and ν are the fluids density and kinematic viscosity, respectively, fi is the external body
force, and in this context it includes the aerodynamic turbine force fTi and forest canopy
sink term fFi , and gi (driving force) is the force used to drive the periodic flow (see below
for details). Both fTi and fFi are further defined in Chapter 4 and Chapter 3, respectively.
Coriolis force is not considered in the present study because its neglecting in the flow
under thermally neutral conditions is not sufficient for the present research question.

In CFD, the discretized governing equations are solved numerically on the computational
finite volume (difference) grid. The discretized equations can be directly numerically
solved, but in order to obtain a sufficiently accurate solution, the resolution of the compu-
tational grid must be sufficiently high to resolve the smallest scales of the turbulent flow.
Thus, the main disadvantage of the Direct Numerical Simulations (DNS) is that it requires
too much computational time. Reynolds averaging and grid filtering are approaches which
reduce the complexity of the problem and therefore the computational time.

A grid filtering approach, based on the assumption that the large scales of turbulence are
the most influential and the smallest scales are universal and can be modelled, is called
Large Eddy Simulation (LES). Thus, LES directly resolves the turbulent structures larger
than the grid size, but at the same time models the turbulent structures smaller than the
grid size. LES has been compared with the DNS and Reynolds Averaging Navier-Stokes
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(RANS) approaches many times (see Germano et al. (1991); Wilcox (2006); Agafonova
et al. (2014a,b); Chaudhari (2014)). It predicts the real-scale wind flow more accurately
than RANS and the wind-tunnel-scale wind flow almost as accurately as DNS (according
to Germano et al. (1991); Wilcox (2006); Agafonova et al. (2014a,b); Chaudhari (2014)).
Moreover, the real-scale time- and space-resolved turbulence wind-flow data, which is the
subject of interest in the present thesis, can not be predicted by RANS or DNS. Therefore,
the LES approach is chosen to perform the numerical simulations in the present study.
The LES equations take the form:

∂ũi
∂t

+
∂

∂xj
(ũiũj) = −1

ρ

∂p̃

∂xi
+ ν

∂

∂xj

(
∂ũi
∂xj

+
∂ũj
∂xi

)
− ∂τij
∂xj

+ fi + gi, (2.1.3)

∂ũi
∂xi

= 0 (2.1.4)

where ( ∗̃ ) represents filtered values and τij is the sub-grid stress tensor defined as τij =
ũiuj − ũiũj . However, τ cannot be computed directly; therefore a Sub-Grid Scale stress
model (SGS) is needed.

2.2 Sub-Grid Scale LES model
The first Sub-Grid Scale (SGS) LES model (Smagorinsky, 1963) is based on applying the
local grid spacing as the length scale. Later, the dynamic SGS eddy-viscosity model was
proposed by Germano et al. (1991). But the last-mentioned model can have numerical
stability problems. However, it could be stabilized using an additional trick (for example,
averaging the flow variables in the solution), according to Müller and Davidson (2000)
and Nilsen (2014). Therefore, a one-equation eddy-viscosity model is used in the present
study. The transport equation for sub-grid kinetic energy (ksgs = τii/2) must be solved
together with the filtered momentum equation (2.1.1). The transport equation solved in
OpenFOAM is (Yoshizawa, 1985; de Villiers, 2006; Nilsen, 2014) :

∂ksgs
∂t

+
∂ũjksgs
∂xj

= −τijS̃ij − ε+
∂

∂xj

(
(ν + νsgs)

∂ksgs
∂xj

)
, (2.2.1)

where S̃ij is the strain-rate tensor of the resolved scales, νsgs represents the eddy viscosity
as follows:

νsgs = Ckk
1/2
sgs∆, (2.2.2)

and ε is the turbulent energy dissipation, and it is modelled as:

ε = Cε
k
3/2
sgs

∆
, (2.2.3)

where Ck = 0.094 and Cε = 1.048 are the turbulent kinetic energy and dissipation model
constants, respectively, and ∆ is the cubic root of the volume of the (local) computational
cell.



25

2.3 Numerical methods
As mentioned in Chapter 1, the filtered governing equations were solved using Open-
FOAM (OpenCFD Ltd (ESI Group), 2004-2017; de Villiers, 2006) with the standard
PISO (Pressure Implicit with Splitting of Operators, (Issa, 1986)) and RK4Projection
(Runge-Kutta 4th-order Projection (Vuorinen et al., 2012)) solvers. The OpenFOAM
code written in C++ is based on the finite volume method with co-located numerical
grid and standard Gaussian finite volume integration (de Villiers, 2006; Nilsen, 2014).
Gauss-integration is a method of volume integral calculation which involves the Gauss
theorem, and therefore, transforms a volume integral into a surface integral.
The pisoFoam solver uses the implicit second-order backward in time scheme for the ve-
locity solution.

The RK4ProjectionFoam solver, which was first implemented in OpenFOAM by Vuori-
nen et al. (2012), uses the fourth order Runge-Kutta time integration scheme. The Runge-
Kutta steps are:

• calculation of ũ∗,(n+1)
i from the momentum equation (2.1.1) for ũ(n)i without the

pressure gradient term ∂p̃(n+1)/∂xi;

• solution of the Poisson equation:

∂

∂xi

∂p̃(n+1)

∂xi
= ρ/∆t

∂ũ
∗,(n+1)
i

∂xi
; (2.3.1)

• and then the velocity field ũ∗i is corrected using the pressure gradient ∂p̃(n+1)/∂xi,
as result of solution of the Poisson equation (2.3.1), as following:

ũ
(n+1)
i = ũ

∗,(n+1)
i −∆t

∂p̃(n+1)

∂xi
, n = 0, 1, 2, 3. (2.3.2)

The above-mentioned steps must be repeated four times. Earlier, several studies were
performed to demonstrate the excellent results for the inviscid Taylor-Green vortex, the
2D lid-driven cavity flow, channel flow and wind flow over Bolund Hill (Vuorinen et al.,
2012, 2014; Chaudhari et al., 2014b; Chaudhari, 2014).

In order to compare the implementation of RK4ProjectionFoam with pisoFoam solver in
the case with turbine, two simulations with identical setups were performed on an 8 m
resolution grid. As one can see from Figure 2.3.1, both solvers give identical results. At
the same time, the identical setups were made for the forest case. The results of the sim-
ulations in the forest case (presented in Figure 2.3.2) differ, but not significantly. Hence,
both solvers were used in the present study.

The convective term was discretized based on Gauss-integration, using the (volumetric)
flux of velocity and the advected velocity field being linearly interpolated to the cell faces.
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Figure 2.3.1: Normalized mean windwise velocity and turbulence intensity predictions
obtained by the RK4ProjectionFoam and pisoFoam for a case with wind turbine and with-
out forest.

Thus, the convection scheme was central differencing which is unbounded and the second-
order accurate even on unstructured meshes. In order to ensure stability (when using an
unbounded central differencing convection scheme) the Courant-Friedrichs-Lewy (CFL)
condition should be satisfied. That is, the maximum Courant number in the entire domain
should not exceed one (usually in the range 0.5 - 0.8) (de Villiers, 2006). And thus, the
time-step size ∆t has to be not greater than the product of ∆x/ũi and the chosen Courant
number. This rule is applied only for the flow that is undisturbed by the turbine and/or
forest. However, in the case with turbine or forest, an additional condition is applied. For
details, see Chapter 4 or Chapter 3, respectively. The diffusion term was also discretized
using a Gauss-integration based scheme which requires a selection of both an interpola-
tion scheme for the diffusion coefficient and a surface normal gradient scheme (because
the diffusion term is bounded on an orthogonal mesh). Therefore for every simulation,
the spatial schemes (both convective and diffusion) for the velocity field calculations were
second-order accurate.

2.4 Boundary conditions

2.4.1 Inlet-outlet
Two different inlet-outlet conditions were used in the present study. In order to simu-
late the flow throughout the large wind turbine array, the periodic inlet-outlet was used.
In order to perform the simulation with the periodic inlet-outlet conditions, the driv-
ing force g should be set to a certain non-zero value. In the present study, in the case
of flat terrain without turbine and forest, the flow was driven by a volume force ~g =
(gcos(βt), gsin(βt), 0), where g = u2τ/d, d is the depth of the boundary layer (is equal to
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Figure 2.3.2: Normalized mean windwise velocity, root-mean square velocity and vertical
Reynolds shear stress predictions obtained by the RK4ProjectionFoam and pisoFoam for
a case with forest and without turbine, compared to the study by Shaw and Schumann
(1992).

the height of the domain in the present study), uτ is the frictional velocity, and βt is the
angle between the windwise direction and the x axis.

However, for the flow with a stand-alone turbine or two wind turbines, the so-called map-
ping technique (or recycling technique (Baba-Ahmadi and Tabor, 2009)) was used. In
brief, the computational domain is prolonged upstream by a minimum of seven heights
of the domain. In the present study, a distance of 8d is used. The (mean) velocity and
Turbulence Kinetic Energy (TKE), which are sampled on the recycling plane of minimum
three heights of the domain downstream from the inlet plane (see Figure 2.4.1), are copied
to the inlet plane at each time step. Additionally, the flow inside the mapping area can be
corrected by the specified (mean) bulk velocity (magnitude and direction). The following
part of the domain between the recycling plane and area of interest is the so-called buffer
zone. The buffer zone has to be no less than 4d, preferably 5d, to prevent any upstream
influence from the area of interest to be mapped to the inlet. Further details can be found
in Baba-Ahmadi and Tabor (2009), and Chaudhari (2014).

U/Uref Urms/Urmsref -<u´w´>/<u´w´>ref
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2.4.2 ABL rough wall function
The near-wall flow is hard to resolve with all local roughness elements of the real ter-
rain. However, the instantaneous filtered resolved velocity ũ can be modelled using the
aerodynamic roughness length z0, as follows, (Monin and Obukhov, 1954):

ũ =
uτ
κ

ln

(
z

z0

)
, (2.4.1)

where κ=0.41 is the von Kármán constant, and uτ is the frictional velocity. That is, the
kinematic eddy viscosity on the wall νsgs,p can be computed as

νsgs,p =
u2τ

(ũp/zp)
− ν, uτ =

ũpκ

ln
(
zp
z0

) , (2.4.2)

where (∗)p values correspond to the first interior nodes from the wall. The ABLRough-
Wall function implemented in OpenFoam by Chaudhari (2014) is used in the present
study. It was found earlier (Chaudhari, 2014) that the ABLRoughWall function gives an
accurate prediction of the flow near the wall. Details of the wall function can be found in
Chaudhari (2014).
Van Driest damping is used to get the correct behaviour of the turbulent viscosity near
the wall. All the necessary boundary conditions used in the simulations are described for
every variable in Table 2.4.1.

2.5 Flow initialization
At the beginning, two precursor simulations of the flow on the flat terrain without tur-
bines with and without forest were carried out in the relatively short and shallow domains
with coarse grid resolution. First of all, the flow for the precursor simulations were ini-
tialized using the logarithmic initial profile (laminar flow). Then the initial turbulence
was generated by adding near-wall perturbations (sinusoidal streaks) for a certain fric-
tional Reynolds number using the OpenFoam utility perturbU (de Villiers, 2006). Further,
the turbulent inflow internal fields were mapped (using the OpenFoam utility mapped-
Fields) from the fully developed pre-generated flow (precursor simulation) to the initial
flow fields (with a similar Reynolds number) of the reference simulation. The reference
simulation (with or without forest) is the flat-terrain simulation without turbines but with
longer and/or higher geometry and/or refined grid than the precursor simulation. Then
the resulted flow (the fully developed flow of the reference simulation) was used to be the
initial flow for the wind-turbine simulation on the same geometry and grid.
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Figure 2.4.1: Schematic picture of the computational domain which shows the mapping
technique.

Table 2.4.1: Description of the boundary conditions
velocity pressure TKE

inlet
mapping or
periodic zero gradient

mapping or
periodic

outlet zero gradient zero zero gradient
top symmetry symmetry symmetry

bottom
zero,
ABLroughWall zero gradient zero gradient

sides periodic periodic periodic
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Chapter 3

Forest modelling

The canopy-drag model is not directly present in standard OpenFoam solvers (except the
porous medium model). Thus, the canopy model implemented in OpenFoam (Agafonova
et al., 2016a) is validated in the present study, at first with the existing numerical results
from the literature (Shaw and Schumann, 1992). Secondly, the results of the LES with the
forest-canopy model are compared to the field data (Bergström et al., 2013) and similar
LES (Nebenführ and Davidson, 2014). Next, the ordinary atmospheric boundary layer
flow simulations are performed in the computational domains of the different size and
different angle of domain rotation (see Chapter 2). The obtained results are compared to
the LES study by Munters et al. (2016). Finally, the comparison of the ordinary atmo-
spheric boundary layer flow and atmospheric boundary layer flow in and above the forest
canopy is shown in this chapter.

3.1 Validation of the implemented forest-canopy model
In the present study, following Shaw and Schumann (1992), the canopy layer is expressed
via vertical distribution of the drag source (fFi ). However, only the neutrally stratified
flow is considered, therefore the heat transport equation is not solved and the heat source
from the canopy is not considered. In order to avoid extremely fine grid resolution within
the canopy layer, it has been chosen not to resolve the flow between the individual trees,
but to treat the canopy as a porous medium with a horizontally uniform area density and
a constant drag coefficient (CF

d ).
The drag force fF from equations (2.1.1) and (2.1.2) is a time-dependent force that is
equal to the product of the local foliage density αf (a function of height, known as Leaf
Area Density (LAD)), the constant drag coefficient CF

d and the square of the local veloc-
ity, such that the force fFi in the xi direction is given by (Shaw and Schumann, 1992):

fFi = −αfCF
d |u| ũi = −ũi/τ, (3.1.1)

where τ is a time scale for the canopy drag. Therefore, an additional limitation of the
time-step size is created by the canopy drag term, ∆t < τ .
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According to Shaw and Schumann (1992) and based on the analysis of micro-meteorological
data from a deciduous forest (Shaw et al., 1988), CF

d is set to 0.15 in the present simula-
tions.

αf , m2/m3

Figure 3.1.1: LAD profile with LAI =2, which corresponds to the pine forest (data from
Shaw et al. (1988)).

Leaf Area Index (LAI) is a dimensionless parameter that characterizes how dense the
canopy is. LAI (F ) is defined as follows:

F =

∫ h

0

αfdz, (3.1.2)

where h is the canopy height, which is fixed to 20 m (as in Shaw and Schumann (1992))
in the present study. In the present study, the canopy with LAD from Figure 3.1.1 and
LAI=2 is considered (as in Shaw and Schumann (1992)).
The computational domain of 3.2d × 1.6d × d in windwise, crosswind and vertical di-
rections, correspondingly, and identical to that as used in Shaw and Schumann (1992),
is considered in the validation simulation. As noted in Shaw and Schumann (1992), the
height of the domain, which equals three heights of the canopy layer (d = 3h), seems
to be enough to see the interaction between the canopy and ABL and to study the forest
inflection of the ABL profile. However, it was also mentioned that a larger domain can
be better used. Therefore, the larger domains are used in the LES described in the next
sections. The computational grid has 2 m resolution in all directions. The driving force g
is set to 0.0007 m/s2(without turning) in order to perform the periodic flow with a mean
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windwise wind speed of 2 m/s. The standard periodic conditions are also used in the
crosswind direction. The bottom has a wall-stress condition (the velocity is fixed to zero
and simple ABL nuSGS rough wall function is applied (see Chapter 2). The roughness
length is equal to 2 cm (z0 = 0.02 m). The top boundary is a symmetric plane (free-slip).
In the present study, the neutral stratification condition is used, but the results from Shaw
and Schumann (1992) were obtained under the weakly unstable condition. Following
Schlegel et al. (2012) and because of the lack of data under the neutral condition, the
study by Shaw and Schumann (1992) was chosen for validation of the present canopy-
model implementation even though it has different stability conditions.

Figure 3.1.2 top shows windwise velocity (U ) averaged in time and horizontal directions
and normalized by the velocity (U ) averaged in the vertical direction (Uref ). As one can
see, the present LES prediction of mean windwise velocity is in good agreement with
the one obtained by Shaw and Schumann (1992) in general. However, both present LES,
obtained by pisoFoam and RK4ProjectionFoam, slightly underestimate the mean wind-
wise velocity above the canopy top in comparison with Shaw and Schumann (1992). The
difference in the solution can be due to the different stratification conditions.
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U/Uref

−〈u′w′〉 / 〈u′w′〉 |z=h

Figure 3.1.2: Validation of the implemented canopy model. Normalized mean windwise
velocity and vertical Reynolds shear stress predictions obtained by RK4ProjectionFoam
and pisoFoam are compared to the study by Shaw and Schumann (1992). The validation
data are digitally extracted from the paper Shaw and Schumann (1992). The green dots
represent the canopy top.
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The LES prediction of mean vertical Reynolds shear stress (〈u′w′〉) normalized by the
reference value (〈u′w′〉 |z=h) taken at z = h is presented in Figure 3.1.2 (bottom). It
can be seen from the figure that the present LES is in good agreement with Shaw and
Schumann (1992) for the vertical Reynolds shear stress.

3.2 Comparison with the field measurements
The flow with the forest-canopy model was compared by Patton (1991); Schlegel et al.
(2012), and Nebenführ and Davidson (2014) to the wind-tunnel data and field measure-
ments, respectively. According to the above mentioned studies, LES with the forest-
canopy model gives a good agreement with the measurements.
Following Nebenführ and Davidson (2014), the data reported by Bergström et al. (2013)
for Swedish forest was chosen in order to validate the present LES with the forest-canopy
model.
The simulation of case F2m4 (see Table 3.2.1) similar to Nebenführ and Davidson (2014)
was performed. In addition, the case F2m2 with LAD from Shaw and Schumann (1992)
was also simulated in order to see the differences in the flow in and above the forest
due to different density of the forest. The driving force g is set to 0.003013 m/s2 (without
turning) in order to perform the periodic flow with a mean windwise wind speed of 10 m/s.
A general description of the cases F2m4 and F2m2 as well as the case N8m4 performed
by Nebenführ and Davidson (2014) is presented in Table 3.2.1.

Table 3.2.1: Description of the forest cases. Cases that begin with a capital F were
performed by the author, and the case that begins with a capital N was performed by
Nebenführ and Davidson (2014).

d, m Lx × Ly × Lz βt,
o ∆x, ∆y, m LAI

F2m2 432 3.75d× 2.5d× d 0 2∗ 2
F2m4 432 3.75d× 2.5d× d 0 2∗ 4.3
N8m4 400 4d× 2d× d 0 8∗∗ 4.3

∗At the first step, the grid has four meters resolution and consists of 405 × 270 × 124 finite volume cells.
However, the region z ≤ 180 m is refined to two meters in every direction.
∗∗The computational domain in this case is divided by 192 × 96 × 96 finite volume cells. The grid size is
constant in the windwise and crosswind directions. However, the lowest part of the domain (forest canopy)
is covered by the first ten cells (∆z=2 m). The rest of the cells are geometrically stretched in the vertical
direction by 1.7%.

Profiles of the LADs, which are used in the cases F2m2 and F2m4, are presented in Fig-
ure 3.2.1. Leaf area density with LAI = 4.3 is digitally extracted from Nebenführ and
Davidson (2014). For their part, Nebenführ and Davidson (2014) generated LAD from
the measured data using the empirical model of Lalic and Mihailovic (2004). As it can be
seen from the picture, max(αf ) is more than two times higher in the case F4n2m2 than
in the case of F4n2m4. Therefore, one can assume that the behaviour of the wind flow in
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and above the forest in these cases will be different.
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Figure 3.2.1: LAD profiles with LAI =2 and LAI = 4.3, which correspond to the cases
F2m2 and F2m4. LAD with LAI = 4.3 is digitally extracted from Nebenführ and Davidson
(2014).

Figure 3.2.2 shows the comparison between the performed LES with the forest-canopy
model (case F2m4), similar LES performed by Nebenführ and Davidson (2014) (case
N8m4), and field measurements reported by Bergström et al. (2013). It can be seen
from Figure 3.2.2 (top) that the horizontal wind velocity M =

√
U2 + V 2 obtained in

the case F2m4 agrees very well with N8m4 inside and about five canopy heights above
the canopy (z < 5h). Then, above z > 5h profiles have strong disagreement. Accord-
ing to existing field measurements, both profiles of normalized mean horizontal veloc-
ity agrees with measurements very close. However, the present study has better agree-
ment than Nebenführ and Davidson (2014) in two highest measured locations (z = 5h
and z = 6h). This can happen due to different flow configurations. Frictional veloc-
ity uτ =

(
〈u′w′〉2 + 〈v′w′〉2

)1/4 |z/h=2 estimated from the digitally extracted data from
Nebenführ and Davidson (2014) is equal to 0.55. But in the present study, uτ = 1.07.
Non-normalized wind will be studied and compared to the field measurements below in
Figure 3.2.4.
The normalized mean vertical Reynolds shear stress for the present LES as well as the
LES carried out by Nebenführ and Davidson (2014) are compared with the measurements
in Figure 3.2.2 (bottom). A good agreement is found between the present LES and field
data for all measured locations except one at z/h = 2.5. The obtained value deviates from
the measured one by 11.5% at z/h = 2.5. Moreover, the present LES has better agree-
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ment with measurements than Nebenführ and Davidson (2014). They got good agreement
only for three out of six locations.

Figure 3.2.3 shows the normalized mean primary (normal) Reynolds stress profiles for
cases F2m2, F2m4, N8m4 and field measurements. All three LES significantly overesti-
mate the maximum values at z = 1.6h and z = 2.5h of the primary windwise component
of Reynolds stress tensor estimated from measurements in the field. However, they have
better agreement at upper positions. In contrast, both present LES have excellent agree-
ment for the crosswind component at the two lowest positions z = 1.6h and z = 2.5h
and underestimate measurements at other positions. It can be seen that the LES with less
dense forest (case F2m2) has the closest prediction (of all three simulations) of〈v′v′〉 /u2τ .
The vertical stress is slightly underestimated by the LES of the cases F2m4 and N8m4
(both have LAI = 4.3). Nevertheless, the LES of the case F2m2 again gives the best
agreement among all three, and it is very close to the measured data.
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Figure 3.2.2: Normalized mean horizontal velocity M/uτ (where uτ is the frictional ve-
locity) (top) and vertical Reynolds shear stress −〈u′w′〉 /u2τ (bottom) profiles for cases
F4n2m4, N4n2m4 and field measurements (Bergström et al., 2013). The blue solid line
corresponds to the present LES case with LAI = 4.3, and the cyan dashed-dotted line cor-
responds to the case performed by Nebenführ and Davidson (2014). Measurements are
plotted by grey dots. The top of the canopy indicated by small green dots and the area of
interest is indicated by small black dots.
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Figure 3.2.3: Normalized mean primary (normal) Reynolds stress profiles for cases
F2m2, F2m4, N8m4 and field measurements. Solid lines (blue, red and black) represent
the windwise, crosswind and vertical primary stresses, respectively, of the case F2m4.
Dashed lines represent the primary stresses of the case F2m2, and dashed-dotted lines
for the case N8m4. Measurements are plotted by large dots. The top of the canopy is
indicated by small green dots and the area of interest is indicated by small black dots
(Bergström et al., 2013).
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The non-normalized mean wind speed and turbulence intensity for the cases F2m2 and
F2m4 and data from the field are shown in Figure 3.2.4. Both of the velocities and tur-
bulence intensities are in the one-standard deviation intervals which shows the correct
choice of the flow properties for both of the present LES. However, the profiles of the
case with lower LAI =2 better corresponds to the measurements. The LAD from Shaw
and Schumann (1992) seems to be the better model of the Swedish forest from field near
Ryningsnäs. Therefore, this LAD profile will be used in all of the following simulations
with canopy model in the present study. The mean wind speed inside the smaller density
forest (LAI=2) is higher than the wind speed inside the larger density forest (LAI=4.3).
From the bottom to the middle of the canopy, the wind speed differs at most on 0.75 m/s.
Then at the upper layers of the canopy, the difference almost disappears. At the canopy
top (z/h = 1), the mean horizontal wind speeds are equal. Next, the velocity in case
F2m4 increases more rapidly than the one in case F2m2. In the uppermost position of the
domain, the wind speed above the more dense forest is larger but not more than 1 m/s.
From this figure, one can conclude that the wind shear in the case of the larger LAD
should be slightly larger.
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Figure 3.2.4: Non-normalized mean windwise velocity U (top) and turbulence intensity
I = 〈u′u′〉1/2 /U (bottom). Measured mean values are plotted by large grey dots. Large
grey triangles indicate one standard deviation interval.
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3.3 Ordinary atmospheric boundary-layer flow
Several LES were performed in order to find the effects of domain size on ordinary atmo-
spheric boundary-layer flow without forest-canopy model. A general description of the
cases performed in the present study, as well as the cases performed by Munters et al.
(2016) and used for comparison, can be found in Table 3.3.1. The driving force g is set to
5.3e-05 m/s2 in order to perform the periodic flow with a mean windwise wind speed of
2 m/s.

Table 3.3.1: Description of the half-channel flow cases. The cases that begin with a
capital C were performed by the author, and the cases that begin with M were performed
by Munters et al. (2016).

d, m Lx × Ly × Lz Nx ×Ny ×Nz βt,
o ∆x = ∆y, m

C4n 180 4d× 2d× d 360× 180× 90 0 2
M4n ∗ πd× 2πd× d 128× 256× 128 0
C12n 180 12d× 6d× d 1080× 540× 90 0 2
C12t 180 12d× 6d× d 1080× 540× 90 5 2
M12n 4πd× 2πd× d 512× 256× 128 0
M12t 4πd× 2πd× d 512× 256× 128 2.5

∗ Munters et al. (2016) used dimensionless d and ∆x.

Munters et al. (2016) proposed so-called shifted periodic conditions to get rid of the ef-
fects created by running a periodic simulation in a too-short computational domain in the
windwise and crosswind directions. The idea of the shifted periodic conditions is to copy
the solution from the outlet not directly to the inlet plane of the domain but shifted in
the crosswind direction on a shifting distance ds. The proposed method is able to avoid
non-physically long coherent structures already produced by normal periodic conditions
in a relatively short computational domain (2πd × 2πd × d, where d is the height of the
domain). Similarly to Munters et al. (2016), two slightly different periodic LES were car-
ried out in the computational domain of the size 12d× 6d× d. The first simulation C12n
was performed by using the driving force approach where driving force ~g = (g, 0, 0) was
directed in the x direction only. That is, the flow was driven in the windwise direction. In
the second LES C12t, the computational domain was slightly rotated around the vertical
axis. Thus, the driving force ~g = (g cos(βt), g sin(βt), 0), where the angle βt = 5o. Using
turning in combination with classic periodic condition is equal to copying the solution
from the outlet to the inlet plane, but shifted in the crosswind direction relative to the pre-
vious inlet. This approach, with βt = 5o (described in detail in Figure 3.3.1) is found to be
very similar to Munters et al. (2016) using shifting distance ds = d. However, the turned
computational domain has to be turned back during the postprocessing on the angle −5o.
The postprocessing is described in Figure 3.3.2.
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Figure 3.3.1: Visualization of the periodic flow without the turning (top) and with the
turning (bottom) . The flow direction is indicated by red solid arrows. The direction of
(periodicity) copying the solution from outlet to the inlet plane is shown by blue dashed
arrows. The driving force ~g is the black arrow.
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Figure 3.3.2: Schematic description of the turned case postprocessing. The black arrows
indicate replication of the obtained solution to the left and above of the solution due to
periodicity. White rectangle (in top picture) is the cross-section of the computational
domain. Black rectangle (in both pictures) represents the cross-section of the analysis
domain.

In order to illustrate the crosswind inhomogeneities (in other words, how much maximum
and minimum of the time-averaged velocity deviates from the mean) in the present LES
and to compare the present LES with Munters et al. (2016), the normalized peak-to-trough
variation ∆ is used. ∆ is defined as follows (Munters et al., 2016):

∆(z) = max
x

[
1

〈U(x, y, z)〉 |x,y

(
max
y

(U(x, y, z))−min
y

(U(x, y, z))

)]
, (3.3.1)

where U is time-averaged windwise velocity and 〈U(x, y, z)〉 |x,y is horizontal space av-



45

erage of U . Figure 3.3.3 shows peak-to-trough crosswind inhomogeneity factor ∆ for the
normal cases (C4n, M4n, C12n , M12n), with turned by 5o domain (C12t) and shifted
periodic conditions (M12t). It can be seen that the results of the present LES correspond
to the results of a similar LES performed by Munters et al. (2016). As an exception, case
C4n can be considered which computational domain size differs from M4n more than in
the other cases. That is, Lx = 4d and Ly = 2d in case C4n in spite of Lx = πd and
Ly = 2πd in the case M4n. ∆ from case C4n is smaller (on average by 3-4%) than the
one from case M4n at z > 0.35h. This can be due to the slightly larger length of domain
Lx. At the same time, most probably because of the smaller width of domain Ly, ∆ in
case of C4n is larger by 4% at z < 0.35h. Otherwise, ∆ in case of C12n is smaller by
0.5% than the one obtained by Munters et al. (2016), which can happen due to the larger
time-averaging interval in case C12n. The very small value of 0.4 < ∆ < 3 in the cases
with a large length of the domain (Lx ≥ 12d) and turning/shifting indicates that in these
cases the flow is homogeneous in the crosswind direction, and the length of the domain
Lx = 12d in combination with turning/shifting is more than enough.
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Figure 3.3.3: Peak-to-trough crosswind inhomogeneity factor ∆

Let us consider the autocorrelation function of velocity fluctuations. Autocorrelation
function indicates how much turbulence fluctuation at ~x+ ~r follows the one at ~x.
The autocorrelation function, for example, for the windwise component is represented as
follows:

Ruu(~r, z) =

1
TLxLy

∫
x

∫
y

∫
t
u′(~x)u′(~x+ ~r)dtdydx

〈u′u′〉
, (3.3.2)

where T, Lx and Ly are the total integration time, length in windwise and crosswind
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directions, respectively. If ~r = (rx, 0), then Ruu(rx, z) = Ruux.
The windwise autocorrelation function Ruux is presented in Figure 3.3.4 at a certain ver-
tical location (z/d = 0.1) for cases C4n, C12n, C12t, M4n, M12n and M12t. The value of
Ruux at rx = 0 is equal to 1. Then, theoretically, the (auto)correlation function has to de-
crease to 0 when rx is large, which indicates that the length of the domain is large enough.
In the present C4n as well as M4n (Munters et al., 2016) simulations, Ruux stays quite
large (Ruux = 0.33 and Ruux = 0.36, correspondingly) at large rx, as shown in Figure
3.3.4. In case of the slightly shorter domain (the M4n case) the correlation function at
large rx gives values slightly higher than in the reported C4n case. This follows the the-
ory. Next, in case of the three to four times longer domain (C12n and M12n) than the case
considered above, the autocorrelation drops to a much lower value, that is, Ruux = 0.12.
However, the domain length of 12 heights of domain is still not long enough. According
to Munters et al. (2016), the windwise autocorrelation decreased to zero when the do-
main length was equal to approximately 38 domain heights (12πd). However, 38 domain
heights (Lx = 12πd) is not yet long enough to prevent the ”locking effect” (Munters et al.,
2016). The ”locking effect” is the presence of crosswind inhomogeneities in contour plots
of fully developed and long-time averaged windwise velocity at a fixed vertical location.
The ”locking effect” (the presence of white and red stripes) can be seen in Figure 3.3.5 for
the C12n case. Finally, Fang and Porté-Agel (2015) simulated the case in a significantly
large domain with a size of 100d × 13d × d (or 32πd × 4πd × d). They reported that
Ruux drops below zero at rx/d = 10 in that case. Similar achievement was obtained by
Munters et al. (2016) in the M12t case as well as in the present C12t case. In both cases,
M12t (see Figure 7 from Munters et al. (2016)) and C12t (see Figure 3.3.5), the crosswind
inhomogeneities (red-white stripes from Figure 3.3.5) are not found.
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Figure 3.3.4: One-dimensional windwise autocorrelations Ruux(x) at z/d = 0.1 plane

Figure 3.3.5: Contour plots of time-averaged windwise velocity U at different vertical
locations (z/d = 0.1, z/d = 0.2, z/d = 0.5 and z/d = 0.7) for cases C12n and C12t,
which are described in Table 3.3.1.
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3.4 Atmospheric boundary-layer flow over the forest

Several LES were performed in order to find the effects of the domain size and grid
resolution on the atmospheric boundary-layer flow with the forest-canopy model. The
cases performed in the present study are described in Table 3.4.1. The driving force g
is set to 0.0007 m/s2 (without turning) in order to drive the periodic flow with mean
windwise wind speed of 2.5-3 m/s.

Table 3.4.1: Description of the cases with the forest. Forest represented by forest canopy
with LAD from Shaw and Schumann (1992) (see Figure 3.4.1).

d, m Lx × Ly × Lz Nx ×Ny ×Nz βt,
o ∆x(= ∆y), m

F4n2m 180 4d× 2d× d 360× 180× 90 0 2
F12n2m 180 12d× 6d× d 1080× 540× 90 0 2
F12n4m 180 12d× 6d× d 540× 270× 45 0 4
F12t2m 180 12d× 6d× d 1080× 540× 90 5 2

Figure 3.4.2 shows a comparison of mean windwise velocities between cases F4n2m,
F12n2m, F12n4m and F12t2m. As concluded above, the length of the domain Lx = 4d
is significantly less than necessary to avoid the ”locking effect”. This may be the reason
that the mean windwise wind speed obtained in case F4n2m differs from the one obtained
in case F12n2m by approximately 4% (see Table 3.4.2). The fact that the length of the
domain Lx = 12d without rotation (turning) is not yet enough does not affect the velocity
in case F12n2m. It maximally deviates by 0.5% from the F12t2m value. However, the
turbulence intensity relative error between the turned and non-turned cases is 2.5% (see
Table 3.4.2). The relative error between the mean windwise velocity in the case with
coarse grid (F12n4m) and refined grid (F12n2m, both non-tilted) is 9% at maximum inside
the forest and 4.5% high above it (z = 8h).

Table 3.4.2: The relative error for mean windwise velocity and turbulence intensity be-
tween different cases and the reference case (F12t2m)

F4n2m F12n4m F12t2m
U 4% 4.5%∗(9%) 0.45%
k 24% 15%(17%) 2.5%

∗ The maximum deviation occurs high above the forest. The value inside the forest is given in brackets.
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Figure 3.4.1: LAD profiles with LAI =2 (Shaw and Schumann, 1992) which were used in
cases F12n2m, F12t2m and F12n4m.

3.5 Forest effects on the wind flow (lower ABL) over an
infinite flat terrain

In order to study the forest effects on the wind flow (lower ABL) over an infinite flat
terrain, two LES (with and without forest) were performed. (See the description of cases
F12t and C12t).

3.5.1 Description of the cases
The cases are described below and in Table 3.5.1. The feature of these cases is that the
height of the computational domain is very small (d = 9h=180 m). From the one side
of view, the results of the simulations may be spoiled by the upper boundary condition.
From the other side, the importance of the length of the domain in the windwise direc-
tion, horizontal turning of the domain and fine (2 m resolution) grid was shown above.
Ideally, the LES should be performed in the high and long computational domain on the
fine grid. However, performing the simulations in the above-mentioned conditions is very
time-consuming. (See the detail of the ”ideal case” in Table 3.5.1.) Thus, that short do-
main is preferred to study the forest effects on the wind flow over infinite long flat terrain.
In these circumstances, it seems to be less harmful to neglect the upper boundary condi-
tion effect on the flow, and especially it should not be very harmful to the lower ABL.
Partially, the results of the low-height domain cases d = 180 m but long in the windwise
direction are compared to the cases (F4d22h/C4d22h, d = 432) carried out in the high but
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Figure 3.4.2: Mean windwise velocities in the cases F4n2m, F12n2m, F12n4m and
F12t2m.

short computational domain.

Non-forest case: The computational domain is extended to 12 and 6 times the height of
the domain d (12d× 6d× d) in the windwise and crosswind directions, respectively. The
height of the domain is equal to d = 180 m. The corresponding case C12t (or C12t2m
is called in the present subsection) is given above and described in the Table 3.3.1. The
computational grid has 2 m resolution in all directions. An imaginary turbine with the
hub-height H = 4.5h = 90 m and rotor diameter D = 108 m is considered here and be-
low to highlight the zone of interest (H −D/2 < z < H +D/2). The domain is slightly
rotated (βt = 5o) around the vertical axis. The standard periodic boundary conditions are
used in the windwise and crosswind directions, accordingly. The bottom boundary has a
wall-stress boundary condition, that is, zero velocity and the simple ABL nuSGS rough-
wall function are applied. The roughness height is equal to 2 cm (z0 = 0.02 m). The
top boundary has a symmetric plane (or free-slip) condition. The driving force g is set to
0.000053 m/s2 in order to drive the periodic flow with a mean windwise wind speed of
2.5 m/s (actual mean wind speed at z = H = 4.5h Uh = 2.34 m/s).

Forest case: The forest case is identical to the non-forest one, except that the terrain is
covered by a uniform forest canopy. The forest height (h) is taken to be 20 m, following
Shaw and Schumann (1992). Thus, the domain height is nine canopy heights (d/h = 9).
The canopy model, based on the leaf-area-density approach from Shaw and Schumann
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(1992) (see above), is used for modelling the forest. The LAD profile is shown in Figure
3.4.1 (or 3.1.1) taken from Shaw and Schumann (1992) for pine forest. The forest drag
coefficient Cd is set to 0.15, similarly to Shaw and Schumann (1992). The corresponding
case F12t2m is given above and described in Table 3.2.1. The driving force g = 0.0007
m/s2 in order to perform the periodic flow with the similar mean windwise wind speed
at the hub height of the imaginary wind turbine as in the case of C12t2m (actually, Uh =
3.01 m/s).

Table 3.5.1: Description of the cases with and without forest and different domain height.
Forest represented by forest canopy with LAD from Shaw and Schumann (1992) (see
Figure 3.4.1).

F12d9h/C12d9h F4d22h/C4d22h ”ideal” case
d, m 180 432 432
d/h 9 22 22

Lx × Ly × Lz 12d× 6d× d 4d× 2d× d 12d× 6d× d
Nx ×Ny ×Nz 1080× 540× 90 405× 270× 124∗ 2592× 1296× 216

βt,
o 5 0 5

∆x(= ∆y), m 2 2 2
N tot
cells, ×106 52.5 56.4 725.6

∗At the beginning, the grid had a four-meters resolution and consisted of 405 × 270 × 124. However, the
grid from the region z ≤ 180 m was refined to two meters in every direction.

3.5.2 Mean flow, turbulence intensity, and Reynolds shear stress
Figure 3.5.1 shows the results obtained in F12d9h/C12d9h compared to the F4d22h/C4d22h
cases. As one can see, the mean windwise velocity in the low-height domain cases has
excellent agreement with the one in the high-domain cases. Indeed, there is a tiny effect
(less than 2.4% at z/H=2) of the upper boundary on the mean windwise velocity nor-
malized by the velocity at hub height in both the non-forest and forest cases. However,
large differences between the turbulence intensities and vertical shear stresses exist. The
results of the low-height domain cases are underestimated in both the cases (forest/non-
forest). Thus, the relative difference between the forest and non-forest cases and the forest
influence on the flow are very similar for the cases with low and high computational do-
mains. For example, the turbulence intensity at hub height in the forest case is more than
double that in the non-forest case. And the normalized vertical shear stress at z/H = 1
in the forest case is about eight times larger than the one in the non-forest case in both
shallow and high cases. Thus, the normalized windwise velocity, turbulence intensity and
vertical Reynolds shear stress and the other results of the low-height case (for example,
the autocorrelation function and integral length scale) are considered below in more detail.
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Figure 3.5.2 shows the LES-predicted mean windwise velocity normalized by the velocity
at the hub height, turbulence intensity and vertical Reynolds shear stress normalized by
the square of the velocity at the hub height. The difference in the shape of the mean
(windwise) wind speed between the non-forest and forest cases is clearly seen in Figure
3.5.2 (top). The global wind shear is calculated across the rotor area of the imaginary
turbine as follows

α =
H

Uh

(
Uup
tip − U low

tip

zuptip − zlowtip

)
. (3.5.1)

The wind shear calculated for non-forest and forest cases in the present work are α = 0.14
and α = 0.48, respectively. The values of the wind shear fitted from the velocity profiles
by Nebenführ and Davidson (2014) are slightly higher and equal to α = 0.19 for the
non-forest and α = 0.52 for the forest case.
The windwise turbulence intensity

I = Iu =
〈u′u′〉1/2

U |z=H
(3.5.2)

is presented in Figure 3.5.2 (middle). The turbulence intensity from the forest case is
two times higher than in the case without forest. The field measurements by Bergström
et al. (2013) give the range of turbulence intensity 18% < I < 25% at z = 4.5h above
the forest. The study by Nebenführ and Davidson (2014) gives the values of windwise
and vertical turbulence intensities at hub-height of the virtual turbine of I = Iu = 19.9%
and Iw = 11.6%, respectively, (or Iuw =

√
I2u + I2w = 23%) in the forest case and

I = 8.6% and Iw = 4.8% (or Iuw = 9.8%) in the non-forest case. However, the values
of windwise and vertical turbulence intensities predicted by the present LES are I = 17%
and Iw = 10.5%, respectively, (or Iuw = 20%) in the forest case and I = 6.9% and
Iw = 3.6% (or Iuw = 7.8%) in the non-forest case.
The vertical shear stress normalized by the squared velocity at hub-height is presented in
Figure 3.5.2 (bottom). The maximum value of −〈u′w′〉 /U2|z=H in the case of forest is
about 7-8 times higher in comparison to the non-forest case. However, a smaller increase
(only two times higher than without forest) was found by Nebenführ and Davidson (2014).
The difference in the results of Nebenführ and Davidson (2014) can be due to the different
forest parameters (LAI = 2 in the present work but LAI=4.3 in the study (Nebenführ and
Davidson, 2014)), different grid resolution (4 m in the present LES and 8 m in the work
by Nebenführ and Davidson (2014), the presence of the Coriolis force in Nebenführ and
Davidson (2014)) and different normalization. The mean windwise velocity at hub-height
Uh = 2.34 m/s in the non-forest case and Uh = 3.01 m/s in the forest case are used in
the present study and geostrophic velocity ug = 10 m/s is used by Nebenführ and David-
son (2014) in both cases. At most, the difference (especially in the normalized vertical
Reynolds shear stress) is because of the different flow conditions. That is, in the present
study the frictional velocity (uτ ) calculated at z = 2h in the forest and non-forest cases
are 0.31 and 0.085 (the ratio is 3.65), respectively. However, the values estimated from
Nebenführ and Davidson (2014) are 0.556 and 0.39 (ratio is 1.44), respectively, for the
non-forest and forest cases. Moreover, Figure 3.2.3 shows that the present LES prediction
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(case F2m4) for −〈u′w′〉 /u2τ compares well to Nebenführ and Davidson (2014)) and the
field measurements (Bergström et al., 2013).

The maximum values of wind shear and turbulence intensity, given by international safety
standards in 2005 (IEC, 2005) for the strongest turbine class, are α = 0.2 and I =
Iu = 16%, respectively. The given values are much less than those predicted by LES
in the forest case. The increased turbulence and high wind shear can be harmful for
the turbines which are designed according to IEC (2005). Thus, the placement of the
turbines (which are not designed for the above-mentioned forest wind conditions) in a
forest-covered terrain may lead to the shortened turbine life cycle.



54 3.5 Forest effects on the wind flow (lower ABL) over an infinite flat terrain

Non-forest Forest

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.5

1

1.5

2

z
/H

C12d9h; C4d22h;

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.5

1

1.5

2

z
/H

F12d9h; F4d22h;

U/U |z=H U/U |z=H

0.5

1

1.5

2

z
/H

windw. I; vertical I;

0 0.05 0.1 0.15 0.2 0.25 0.3
0

0.5

1

1.5

2

z
/H

0 0.05 0.1 0.15 0.2 0.25 0.3
0

0.5

1

1.5

2

z
/H

I I

0 0.005 0.01 0.015 0.02
0

0.5

1

1.5

2

z
/H

0 0.005 0.01 0.015 0.02
0

0.5

1

1.5

2

z
/H

−〈u′w′〉 /U2|z=H −〈u′w′〉 /U2|z=H

Figure 3.5.1: The LES prediction for the normalized mean windwise velocity (U/U |z=H),
turbulence intensity components (windwise and vertical) and vertical Reynolds shear
stress for the cases with and without forest and different height of the domain (d = 180 m
and d = 432 m).
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3.5.3 Further turbulence statistics
Let us consider the autocorrelation function of velocity fluctuations, for example, for the
windwise velocity component u:

Ruu(~r, z) =

1
TLxLy

∫
x

∫
y

∫
t
u′(~x)u′(~x+ ~r)dtdydx

〈u′u′〉
, (3.5.3)

where ~r is the displacement vector between two correlated values of u′, that is at, positions
~x and ~x + ~r. T, Lx and Ly are the total integration time, lengths in the windwise and
crosswind directions, respectively. If ~x = (x, 0, 0) and ~r = (rx, 0, 0) then Ruu(rx, z) =
Ruux. The windwise autocorrelation functionRuux is presented in Figure 3.5.3 at certain
vertical locations (z = h/2=10 m, z = 1.3h ≈26 m, z = H − R=36 m, z = H −
R/2 ≈64 m, z = H=90 m, z = H + R/2 ≈118 m and z = H + R=144 m) for non-
forest (top) and forest (bottom) cases. The autocorrelation function indicates how closely
turbulence fluctuation at ~x+ ~r follows the one at ~x. The value of Ruux at rx = 0 is equal
to 1. Then theoretically, the autocorrelation function has to decrease to 0 when rx is large,
which indicates that the length of the domain is large enough. Using the turned domain
approach in a rather large domain (12d × 6d × d) leads to correlations that go close to
zero at large rx as expected (see Figure 3.5.3). The similar flat terrain simulations with
and without forest in the shorter domain were also performed. In the case of the shorter
domain (4d× 2d× d), Ruux stays quite large at large rx. As it was previously concluded,
the length of the domain Lx = 4d is too short, and Lx = 12d in combination with the
turned domain approach is sufficiently long to avoid the ”locking effect”.
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Figure 3.5.3: Correlation function Ruux calculated for the non-forest case and the forest
case at different vertical locations.
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From the figure (non-forest case), one can see that the lines are grouped differently: one
group is when 10 m ≤ z ≤ 36 m, and the other is when 36 m< z < 144 m. The two
groups have different line curvature values, while the curves of one group have similar
curvature values. All curves cross zero and then stay negative. The maximum negative
value of Ruux = -0.15. However, all correlations of windwise velocity fluctuations for
the forest case are well-organised in the ascending order. Moreover, the profiles of Ruux
have curvature similar to each other in the forest case. The curves inside and slightly
above the forest (when 10 m ≤ z ≤ 36 m) are mostly near the zero. However, the corre-
lation function decreases much faster in the forest case than in the non-forest case.

Using the correlation function of windwise velocity fluctuation, the windwise integral
length scale (Lux or simply just Lu) is defined as follows:

Lu = Lux(z) =

∫ ∞
0

Ruu(z, x)dx. (3.5.4)

Two different methods of the integral length scale calculation were considered. First of
all, the direct integration of the correlation function (see equation above) was used. This
approach has a drawback related to the fact that the present Ruux decrease to the negative
values at large rx. Thus, it is known in advance that the integral length scale calculated in
this way is underestimated. The second way of calculating Lu is to use a threshold value
for Ruux, for example 0.1. Then, values of Lu(z) are given by the intersection point of
Ruux(z) and the threshold value for every z. This method is very sensitive to the choice
of the threshold value. Both methods show a similar behaviour of Lu with respect to each
other. The difference is only in the size of the length scale. It is mentioned above that in
the direct integration method, the length scale is underestimated. Thus, it was decided to
integrate only the positive part of Ruux (that is, until autocorrelations cross zero the first
time) in the present study.

Figure 3.5.4 shows the windwise integral length scale for the cases without and with for-
est. Similarly to the behaviour of the autocorrelation function, without presence of forest
the values of Lu at first (z/H < 0.5) increase and then decrease (0.5 < z/H < 1.5) and
increase again (z/H > 1.5) with an increase in the vertical coordinate. In the case of
forest, Lu = 0.55D = 2.97h at the canopy top, which is close to the wind-tunnel value of
Lu = 2.8h from Shaw et al. (1995). Then Lu increases with the increase in the vertical
coordinate up to Lu = 2.1D at z = 1.8H = 162 m. Above z = 1.8H , the length scale
decreases in both cases. However, it may be unphysical because of the influence of the
top boundary. In both cases, turbulence structures at the turbine hub height are larger than
the diameter D = 108 m of the virtual turbine (Lu = 1.4D and Lu = 1.9 in the forest
and non-forest cases, respectively ).

Figure 3.5.4 (right) shows the comparison of the LES-predicted length scale and the lines
taken from Counihan (1975). Lu from the forest case corresponds to the strongly rough
to rough conditions and Lu from the non-forest case corresponds to the slightly rough
condition below a certain height (z < 60 m). However, the results of the simulations are
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not supposed to directly follow the empirical law, e.g. because the empirical law may
have been calibrated for different types of roughness. Thus, the obtained deviation seems
to be reasonable.
As forest makes the integral length scale smaller, it is clear that for a given mean wind
speed, the time scale of the dominant turbulent structures also becomes smaller, and thus
the dominant aerodynamic loads on the blades not only increase in magnitude but also
occur at higher frequencies. This may shorten the fatigue life of the turbine. The ratio
between the integral length scale at the lower and upper tip Lu|z/H=1.6/Lu|z/H=0.4 is ap-
proximately 2 in the forest case. However, in the case without forest, the ratio is close
to one (Lu|z/H=1.6/Lu|z/H=0.4=0.8). This indicates that the turbulence structures in the
forest case are very different across the rotor disk. Therefore, the frequency of the loads
also varies over the rotor area.
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Figure 3.5.4: Calculated vertical distribution of the windwise integral length scale Lu
for non-forest and forest cases compared to the empirical data (Counihan, 1975), which
are represented by lines. The pink colour corresponds to strongly (very) rough, green to
rough, cyan to moderately, and yellow and black to slightly rough conditions.

One-dimensional spectra for the cases with and without forest are seen in Figure 3.5.5.
The velocity spectra from the non-forest case show a slope of -1 over the region 10−3 <
kx < 10−1; then they scale with the expected slope of -5/3 at a small region kx < 3 · 10−1

and finally decay with k−5x . The very first curve (corresponds to the energy spectrum
taken at z = h/2) has a slightly different slope. Following the turbulence intensity,
the values of the energy spectrum Ex decrease with the increase in the vertical location
in the case without forest. The maximum value of the energy spectra Ex = 6 · 103 is
reached above the ground at h/2 < z ≤ H − R and at the very low wave number kx
(where kx = 2π[−nx/2 : nx/2 − 1]/Lx;nx is the number of nodes in the windwise di-
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rection and Lx is the length of the domain).

Similarly to non-forest case, in the case of forest Ex has a less steep slope (-1) at 10−3 <
kx < 3×10−2 and steeper slope at kx > 5×10−1 than -5/3 and decreases with increasing
the vertical location above the forest ( z > h/2). However, in the forest case, Ex better
scales with -5/3 (3 × 10−2 < kx < 5 × 10−1). The more rounded shape of the spectra
at the middle wave numbers in the forest case suggests that a significant part of the en-
ergy at low wave numbers is moved to the middle range by the effect of forest. The line
inside the forest has a different curvature and does not scale with -1 and scales with -5/3
slope only on a short region (4 × 10−2 < kx < 10−1). The maximum value of energy
spectra Ex = 3 × 104 in the forest case is obviously higher than it is without the forest.
Ex = 3 × 104 is reached at z = H, z = H − R/2, z = H − R and z = 1/3h and at
low wave number kx. That is five times higher than in the non-forest case. The maxi-
mum value inside the forest is smaller than the ones obtained above the forest because the
turbulence inside the canopy is damped by the forest. The reason why the present one-
dimensional energy spectra do not follow -5/3 slope but decay with -5 slope is probably
that they decay because of high numerical dissipation.

Let us consider the higher order statistics of turbulence, the skewness Sk and flatness Fl.
The skewness Skui of any instantaneous velocity component ui is calculated in each layer
using spatial averaging, as follows:

Skui =
〈u′3i 〉
〈u′2i 〉

3/2
. (3.5.5)

The flatness Flui of any velocity component ui is calculated in each layer using spatial
averaging, as follows:

Flui =
〈u′4i 〉
〈u′2i 〉

2 . (3.5.6)

Figure 3.5.6 shows the skewness for the forest and non-forest cases and the corresponding
reference data from Nebenführ and Davidson (2014). It could be seen from the figure that
the obtained skewness of windwise velocity Sku is negative but small (Sku > −0.45)
almost everywhere (except the first two points) in the case without forest. This is con-
trary to the reference data (Nebenführ and Davidson, 2014), which shows positive Sku
everywhere. However, the obtained skewness of vertical velocity component Skw is neg-
ative inside the forest (minimum value Skw = −0.3) and then continuously increases and
becomes positive above z = 0.7h.
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However, the skewness Sku in the forest case is positive inside the forest and becomes
slightly negative above the canopy top (z > 2h). The reference data (Nebenführ and
Davidson, 2014) have a similar behaviour, but the skewness becomes negative higher
above the canopy top (z = 5h). The difference can be due to the different grid resolution.
The reference case has 8 m, 8 m and from 2 m to 5 m resolution in the x, y and z direc-
tions, respectively, but the present case has uniform 2 m resolution in all directions. At the
same time, the maximum value of the Sku in the present case with the forest (Sku = 0.71)
differs from the one from the reference case (Sku = 0.9). In contrast to Sku, the skewness
of vertical velocity component (Skw) starts with a negative value of about Skw = −0.6
inside the forest and then increases to a positive value of Skw = 0.1 at two heights of the
forest.

Figure 3.5.7 represents the flatness distribution of windwise and vertical velocity compo-
nents and reference data (Nebenführ and Davidson, 2014) for the windwise component
for both non-forest and forest cases. It can be seen from Figure 3.5.7 for the non-forest
case that the profile of Flu has small variations around its mean value (approximate 2.7).
However, the reference profile of flatness Flu has a larger deviation around its average.
The other component of velocity is distributed around a value of about 3. It is known
that the flatness of the Gaussian distribution is equal to 3. In the forest case, Flu has a
maximum value of 3.6 at position z = 0.8h and an average of about 3. In the reference
study, a similar behaviour is also observed. Reference Flu has a peak at z = 0.9h, but the
value of the peak is equal to 4.2. The stronger peak in the reference case can be due to
different densities of the forest. This observation qualitatively agrees with the other nu-
merical studies, for example in Dupont and Brunet (2008b), the wind tunnel experiment
(Raupach et al., 1986) and field measurements by Dupont and Patton (2012).

In addition to the Sk and Fl for cases F12d9h2/C12d9h2 (LAI=2), the skewness and flat-
ness are calculated also for the cases with a higher domain F4d22h4/C4d22h4 (LAI=4.3)
in order to see how the upper boundary condition and the different LAD affect the skew-
ness and flatness. As one can see from the figures, the values are indeed affected by the
upper boundary. However, the differences appear mostly at heights z > 3 − 4h. The
magnitudes of the skewness and flatness are overestimated above z > 3− 4h in the case
of the smaller domain height. The peaks in the Sku and Flu are the same for the shallow
and high domains and seem to be not affected by the different leaf-area density of the for-
est. Moreover, Sku and Flu are far from the reference values (Nebenführ and Davidson,
2014). The main difference between the cases and the reference is the grid size. In the
present study, ∆x = ∆y = ∆z =2 m, while Nebenführ and Davidson (2014) performed
LES at an approximately 8 m resolution grid. Thus, the flatness and skewness of the
velocity seem to be sensitive to the height of the domain mostly at the upper part of the
domain and highly sensitive to the grid resolution everywhere in the domain.
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non-forest, d = 180 m



Chapter 4

Turbine modelling

4.1 Introduction
Since the computational capacity of modern computers is increasing, the number of dif-
ferent numerical methods to model wind turbines is also increasing. Every approach has
its positive and negative sides and own application area. For example, CFD with full rotor
geometry resolves the full rotor blade boundary layer. Thus, it captures detailed tip and
root vortices near the blade.

Figure 4.1.1: Cut plane of computational grid along rotor axis (left) and around an airfoil
(right) (Perfiliev et al., 2013).

At the same time, it only solves the local flow field around the blade and does not solve the
far-wake flow and does not consider terrain-to-wake interaction. Moreover, the use of this
method is computationally extremely expensive because of the very fine grid-resolution

65
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requirement in the boundary-layer region. According to Jin (2013), one simulation can
take 33 600 CPU hours. An example of a 3D boundary layer grid for one blade taken
from Perfiliev et al. (2013) is shown in Figure 4.1.1.

4.2 Actuator Disk Approach
In the above-mentioned study, computations are performed over only one blade and then
the full solution is obtained by merging 120◦ rotationally periodic solutions of one blade.
Therefore, this approach is good to use in a small scale, such as, in tasks related to the
search for an optimal turbine (blade) design (Perfilev, 2013). On the other side, there
are methods based on adding extra body force to the momentum equation. The force
calculated from the aerodynamic load is distributed between the turbine-blade or rotor-
disk cells. The method called the Actuator Disk Model (ADM) can be used in 2D/3D
steady simulations. It requires a better grid resolution in the disk area because the load is
calculated directly in the disk cells. The body force is distributed uniformly in the simple
ADM (Calaf et al., 2010). In the present work, the advanced ADM (ADM-A) was tested.
ADM-A was developed and implemented in OpenFOAM R© by Svenning (2010). In the
advanced approach, the body force is a function of the radial coordinate. To calculate
the body force in ADM-A, it is necessary to know the incoming wind velocity relative
to the blades and to estimate thrust and torque (power) or thrust and power coefficients
(CT , CP ) (Svenning, 2010). The results obtained by running RANS with ADM-A are
presented below in Figures 4.2.1 and 4.2.2.

Figure 4.2.1: Side view of mean velocity magnitude (left) and pressure (right) for the
case with two turbines installed in 5D distance between them simulated by RANS and
the ADM-A approach.

One example of using RANS with ADM-A in a real wind park (for topography, see Figure
4.2.3) is presented in Figure 4.2.4. In this simulation, only two isolated wind turbines
from the north side of the highway (shown in Figure 4.2.3) are considered. The dominant
wind direction in this site, which is coming from the lake side (shown in Figure 4.2.3), is
considered. As presented in Figure 4.2.4, in this wind direction, the downwind turbine is
located not in the wake of the upwind turbine but about 15· aside from the wake, gains the
velocity accelerated by the first turbine, and therefore produces more energy. The actuator
disk approach seems to be a good and fast choice for optimization problems at a larger
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Figure 4.2.2: RANS prediction for mean windwise, crosswind and vertical velocity (top),
body force calculated by ADM-A in the area swept by the blades (bottom).

scale. For instance, it can be helpful for optimizing wind-turbine locations in a large wind
farm.

4.3 Actuator Line Approach

In tasks, where the details provided by explicit blade-resolving simulation are not neces-
sary, but a model more detailed than ADM is needed, the best choice so far is the Actuator
Line Method (ALM) (Sørensen and Shen, 2002; Troldborg et al., 2007, 2008; Jin, 2013).
The ALM is thought to be more suitable for 3D unsteady CFD than the simple ADM.
Several studies were performed recently to compare the methods like the standard ADM,
rotating ADM (not the same as the ADM-A by Svenning (2010)) and ALM, Porté-Agel
et al. (2011); Witha et al. (2014). They conclude that the standard ADM predicts the
near-wake wind speed slightly less accurately than the ALM. Assuming that the ADM-A
is also less accurate in wake-velocity deficit prediction in the near wake and taking into
account the fact that the ADM is not able to resolve the wind flow around the blades,
the ALM is chosen for modelling wind turbine in the present research work. Moreover,
the possibility to study the forest effects on the fatigue of the blades and angle of attack
is given by the output of the ALM . The detailed description of the ALM used in the
simulations to be presented in the thesis, is specified below. The OpenFOAM R© imple-
mentation of ALM, made by NREL (SOWFA, Churchfield et al. (2012a,b)), is found to
be accurate (Churchfield et al., 2012b; Panjwani et al., 2014; Martinez-Tossas et al., 2015)
and fast enough. Therefore, the results presented in this study are obtained using SOWFA.
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Figure 4.2.3: Local map of wind-park site
(located in Finland) studied by ADM-A

Figure 4.2.4: RANS prediction (using
ADM-A) of wind velocity for two isolated
wind turbines from Figure 4.2.3

In the ALM, local aerodynamic forces f θ,za are calculated in points along the virtual actua-
tor lines using the Blade Element Momentum approach (BEM, Froude (1878); Troldborg
et al. (2008); Perfilev (2013); Abedi (2013)) combined with tabulated two-dimensional
airfoil characteristics, such as lift and drag coefficients (Cl(α,Re) and Cd(α,Re), re-
spectively), chord length (c(r)), twist (ψ(r)) and pitch (ϕ) angles. Re = Urefc/ν is the
Reynolds number based on chord length, r is the radial coordinate. A cross-section of the
blade at radius r in the (θ, z) plane is presented in Figure 4.3.1, where θ is the azimuthal
angle. Figure 4.3.1 shows the angular velocity Ω, velocity components in the axial and
azimuthal directions, Vz and Vθ, respectively, and force vectors: lift (L) and drag (D).
The local velocity relative to the rotating blade (Vrel) is determined from the Figure 4.3.1
as

Vrel =
(
V 2
z + (Ωr − Vθ)2

)1/2
(4.3.1)

Thus, the angle between Vrel and the rotor plane (the flow angle, φ) is equal to:

φ = tan−1
(

Vz
Ωr − Vθ

)
. (4.3.2)

The local angle of attack is given by α = φ − γ, where γ denotes the collective angle
(or local pitch) which is the sum of the mounting pitch (ϕ) and the design twist (ψ(r))
angles. Thus, the lift and drag forces can be found using the angle of attack and the
relative velocity as:

L =
1

2
ρV 2

relcCl, (4.3.3)

D =
1

2
ρV 2

relcCd. (4.3.4)

Therefore, the local axial (f za ) and azimuthal (f θa ) to the rotor plane aerodynamic forces
are calculated as projections of the lift and the drag forces onto the normal and tangential
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Figure 4.3.1: Airfoil which shows definition of velocity and force vectors (Sørensen and
Shen, 2002; Troldborg et al., 2007)

directions:
f za = L cos(φ) +D sin(φ), (4.3.5)

f θa = L sin(φ)−D cos(φ). (4.3.6)

The calculated aerodynamic forces fa then have to be distributed (smeared) into the grid
cells (fT ) surrounding each point using 3D Gaussian distribution by taking the convolu-
tion of the computed local force, fa, and a regularization kernel ηε (Jin, 2013; Sørensen
and Shen, 2002; Troldborg et al., 2007, 2008):

fT = fa ⊗ ηε, ηε(d) =
1

ε2π3/2
exp

[
−
(
d

ε

)2
]

(4.3.7)

where d = |x− xi| is the distance between cell-centred grid points x and the actuator line
points xi and ε is a parameter which is used to adjust the concentration of the regularized
load.

In other words, in order to smear the forces, the following steps can be performed (see
Figure 4.3.2):

• define ε;

• for all blades, for all line points xi do:

• find the sphere S(xi, r(ε)) with a radius which is a function of ε surrounding the
line point xi, r is chosen in such a way that the regularization kernel ηε(d)|d=r
becomes very small

(
exp

[
− (r/ε)2

]
= 0.001 in the present study

)
,
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Figure 4.3.2: Sketch of the smearing algorithm. Green colour represents the points x
which belongs to the sphere S(xi−1, r), red represents the points belonging to the current
sphere S(xi, r) and blue represents the points where smearing is applied two times.

• find the grid cells x which belongs to the sphere S,

• apply the correction fT = faηε.

The purpose of this smearing is to distribute the forces and do it in such a way to avoid
numerical instability. Such smearing is not present in the ADM-A. The main advantage of
the ALM in comparison with the standard and advanced actuator disk approaches is that
the blade aerodynamics is taken into account by BEM. The influence of the parameter ε
will be studied below.

The turbine source term obtained by the actuator line method also creates a restriction on
time-step size by the tip-speed ratio of the rotor. The movement of the blade tip during
one time step should not exceed one grid spacing; then the minimum number of time
steps per rotor revolution (according to Troldborg et al. (2008)) should be greater than
2πR/∆x. Therefore, the Courant number is limited to the maximum value of 0.25 for
every simulation considered in the present study.

An example of the results calculated by LES with the ALM are presented below in Figures
4.3.3, 4.3.4 and 4.3.5. Details of the simulation can be seen in Section 4.5. It can be seen
from Figure 4.3.3 (left) that the ALM gives a quite detailed structure of the wake.
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Figure 4.3.3: Top view of mean velocity magnitude (left) and pressure (right) for the case
with two turbines installed in 5D distance between them at z = 90 m.

Figure 4.3.4: Side view of instantaneous velocity magnitude for the case with two turbines
installed in 5D distance between them at y = 0 m.

4.4 ALM: Validation
At first, the ALM is validated by simulating the flow past a single wind turbine. The corre-
sponding wind-tunnel experiment is described by Chamorro and Porté-Agel (2009). The
miniature turbine uses a three-blade GWS/EP-6030×3 model airplane propeller as rotor
(see Figure 4.4.1) and is connected to a small generator to control the turbine rotation.
The wind turbine with the hub height H = 0.125 m and the rotor diameter D = 0.15 m
from Chamorro and Porté-Agel (2009) was modelled in the simulations. The computa-
tional domain has a length of 9.15 meters, a width of 0.9 meters and a height of 0.45 m.
That is, Lz = d = 3D,Ly = 2d = 6D and Lx = 20.33d = 61D, of which the first
10.33d is used for mapping the flow (see Chapter 2), the next 6.67d is a buffer zone and
the rest of the domain (3.33d = 10D) is the area of interest, that is, where the turbine
and the wake produced by the turbine are located. The tip-speed ratio λ = ΩD/(2Uh) is
about 4.0. The inflow velocity profile is taken according to the inflow velocity from the
experiment. The inflow velocity at hub height is 2.9 m/s.
The airfoil Reynolds number (Re = Vrelc/ν), where Vrel is the relative velocity and c is
chord length, varies between 4·103 and 7·103 along the radial position. The computational
grid is uniform in all directions (∆x = ∆y = ∆z) and created using the ”blockMesh”
utility in OpenFOAM R©. The grid resolution for different cases is described in Table 4.4.1.
The airfoil properties from the experiment are not known. The Reynolds number in the
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Figure 4.3.5: LES prediction for mean windwise, crosswind and vertical velocity (top),
body force calculated by ALM in the swept area of the blades (bottom).

measurements by Sunada et al. (1997) was 4000 which is approximately equal to the one
in the wind-tunnel study of Chamorro and Porté-Agel (2009). Because of the lack of
airfoil lift and drag coefficient data available at such a low Reynolds number, the flat-
plate data from Sunada et al. (1997) is also used in the present study, following Wu and
Porté-Agel (2011); Yang et al. (2014). The chord length and twist angle of the blade at
different radial locations of the turbine blade are taken from Wu and Porté-Agel (2011).
The so-called nacelle model from Wu and Porté-Agel (2011) is applied. However, it is
found from Figure 4.4.1 that the airfoil upper surface is curved, which means that airfoil
has a variable thickness. Often these propellers’ airfoils are also slightly cambered; thus
the airfoil cannot be of the flat-plate type in reality. Since the real propeller probably
has different lift and drag coefficients from flat-plate, one should not expect an excellent
agreement with the experiment as such. The very first simulation with the assumptions of
flat-plate airfoil data from Sunada et al. (1997) and the chord length and twist angle from
Wu and Porté-Agel (2011) did not give good agreement with the experiment as expected.
More specifically, the thrust coefficient

CT =
Tactual

1/2πR2U2
h

, (4.4.1)

whereCT is the thrust calculated by the ALM, was surprisingly low: CT = 0.35. A typical
value of CT = 0.6 for the real-scale turbines, but it is uncertain how good this assumption
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is for the modelled miniature wind turbine. The variation in different parameters, such as
the grid resolution and the smearing coefficient ε, did not change the thrust significantly.
Next, the angle of attack α was considered and found to be too low to give the above-
estimated thrust with aerodynamic data of flat-plate. Finally, the variation of the mounting
pitch angle ϕ allowed to get the estimated actual thrust. The appropriate mounting pitch
is found to be ϕ = −10o.
Therefore, this wind-tunnel experiment, especially because of the lack of wind turbine
data, can not be a real validation case. However, other authors have used it for validation
(Wu and Porté-Agel, 2011; Yang et al., 2014). In the present study, it is seen as a combina-
tion of calibration and validation rather than pure validation. On the other hand, SOWFA’s
ALM was already validated, for example, by (Churchfield et al., 2012c; Panjwani et al.,
2014; Martinez-Tossas et al., 2015).

Figure 4.4.1: Side view of GWS/EP-6030×3 propeller used to represent a turbine rotor
in the wind-tunnel experiment.



74 4.4 ALM: Validation

-20 -10 0 10 20
-1

-0.5

0

0.5

1

C
l

-20 -10 0 10 20
0

0.1

0.2

0.3

0.4

C
d

α

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0.08

0.1

0.12

0.14

0.16

0.18

0.2

C
/R

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
5

10

15

20

25

r/R
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and the chord length and twist angle (bottom) of the miniature wind turbine (Wu and 
Port´e-Agel, 2011).
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Table 4.4.1: Description of the cases with one wind turbine, which are compared to the
experimental data.

∆x, m D/∆x ε
T1n4m1 0.0056 27 ∆x
T1n4m1 0.0056 27 ∆x
T1n4m2 0.0056 27 2∆x
T1n4m4 0.0056 27 4∆x
T1n2m4 0.0028∗ 54 4∆x
T1n8m4 0.0112 13.5 4∆x

∗At the first step, the grid has 0.0056 m resolution and consists of 1646 × 161 × 93 finite volume cells.
However, the region −D ≤ x ≤ 10D,−D ≤ y ≤ D and z ≤ 2D m is refined to 0.0028 meters in every
direction. Thus, 54 cells per rotor diameter in −D ≤ x ≤ 10D.

First of all, the obtained results are quantitatively compared with the experimental data.
The LES prediction for different grid resolution and different smearing parameter ε and
experimental data for normalized mean windwise velocity U/Uh deficit (DU ) at x/D = 2
and x/D = 10 are presented in Figure 4.4.3, where the deficit of the normalized mean
windwise velocity DU is defined as:

DU =
U inflow − Uwake

U inflow
(4.4.2)

First, it can be seen from Figure 4.4.3 (left) that in almost all cases (except the case
T1n4m4) the obtained velocity deficit is far from the measured at x = 2D. The cases
T1n4m1 and T1n2m4 have the worst results. Their rough wake shape also differs from
the smooth experimental shape. Perhaps, the case with refined grid (T1n2m4) has poor
agreement because of the improper choice of ε. Second, the velocity deficits calculated
on the same grid of 0.0056 m resolution and with different ε (= ∆x, 2∆x and 4dx) have
three different shapes of the wake and different maximum values at hub height. The case
with the largest ε gives a longer wake in the windwise direction. An excellent agreement
is obtained in the T1n4m4 at x = 2D. The relative error is less than 1% (see Table 4.4.2).
In cases of an insufficiently large ε, arbitrary loads at discrete grid cells may occur when
distributing the forces calculated in the line points onto the flow field as body forces. Next,
LES in the case T1n8m4 underestimatesDU by 24.2% in comparison to the experimental
data. Low grid resolution (the very coarse grid, ∆x=0.0112 m) and thus the numerical
error can be the cause of the width of the wake in vertical direction (see Figure 4.4.3
(left)).
At last, no one of the performed cases has good agreement with the experiment in the
region under the lower tip (z < H−R) at x = 2D, most probably because no tower model
is used in the present study. However, Yang et al. (2014) also got the wake overestimation
in that area even though they have used a tower model.
Figure 4.4.3 (right) shows the mean windwise velocity deficit at x/D = 10. The LES
in the case T1n4m1 underpredicts the velocity by 1.8%. However, the LES overpredicts
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the velocity from the experiment in the cases T1n4m2, T1n8m4 and T1n4m4 by 0.9%,
2.8% and 5.2%, respectively. The velocity deficit in the case of T1n2m4 (refined grid)
also underpredicts the velocity (by 1.3%), but the wake’s shape in this case is closer to the
experimental one.
It is worth to notice that the inflow velocity is underestimated by the LES in all the cases
because of the error during the digitalization of the experimental data from Chamorro and
Porté-Agel (2009). The error of digitalization is approximately 1%.
The LES in the case T1n4m4 has good agreement with the experiment. The maximum
relative error in that case consists of 5.1%-5.2% for the positions: x = 5D, x = 7D and
x = 10D. In the other two positions, LES follows very closely the experimental data.
Some overestimation of U can naturally happen in this case because of the coarse grid
resolution and the absence of a tip/root correction. That is, the real tip-root losses are not
considered by the present ALM and this study.
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Figure 4.4.3: LES prediction for different grid resolution and different smearing coef-
ficient ε vs experimental data (Chamorro and Porté-Agel, 2009) for normalized mean-
velocity deficit (DU ) at positions x = 2D and x = 10D. The experimental data are
digitally extracted from Chamorro and Porté-Agel (2009).

Figure 4.4.4 shows the mean windwise velocity deficit ∆U = (Uh − Uwake(x, 0, H))/Uh
and turbulence intensity excess ∆I = (I inflow(x, 0, H)−Iwake(x, 0, H))/I inflow(x, 0, H)
at z = H as a function of the longitudinal coordinate (x), where turbulence intensity is
defined as follows:

I =
〈u′u′〉1/2

Uh
. (4.4.3)

The left figure shows that the LES in the case T1n4m4 very well agrees at the positions
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x = 2D and x = 3D. The relative errors in that case are 0.2% and 2.6%, respectively.
However, the LES in the case T1n4m2 has the best agreement with the experiment at
positions 5 ≤ x ≤ 10. The relative error in that case is less than 3% (for three out of five
positions). The results of the cases T1n4m1 and T1n2m4 have the worst agreement with
the experimental data at almost every position. In the case of ∆x = 0.0056 m T1n4m1,
the disagreement can be because of too small ε = ∆x. In the case of ∆x = 0.0028 m
T1n2m4 the disagreement can be also because of too small ε = 4∆x. It seems that ε
should be greater than 4∆x in case of 0.0028 m resolution.
One can see from Figure 4.4.4 (right) that the results of the case T1n4m4 for the turbu-
lence intensity deficit are not the best. However, the relative error for turbulence intensity
in comparison to experimental data is relatively small (less than 6% for three out of five
positions; see Table 4.4.3). The worst agreement is at the inflow plane and x = 2D and
equals 10.7% and 19%, respectively. It may be because the LES can not develop the
same inflow turbulence as in the wind tunnel because of their specifics. The difference
between the inflow in the simulation and the wind-tunnel experiment may also be due to
the numerical disturbances from the turbines which come upstream to the mapping plane.
The buffer zone length in 20D is long enough to prevent upstream disturbances from the
wind turbine in mean wind speed but may not be enough for the turbulence intensity. The
coarse grid can also be a reason for the difference in the turbulent intensity.
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Figure 4.4.4: LES prediction for different grid resolution and different smearing coeffi-
cient ε vs experimental data (Chamorro and Porté-Agel, 2009) for velocity deficit (∆U =
(Uh − Uwake(x, 0, H))/Uh) and turbulence intensity excess (∆I = (I inflow(x, 0, H) −
Iwake(x, 0, H))/I inflow(x, 0, H)) at the hub height.

Table 4.4.2 shows the relative numerical error (ULES − U exp)/U exp for time-averaged
windwise velocity calculated on three different grids (very coarse, coarse and refined)
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and using the smearing parameter ε of dx, 2dx and 4dx. As seen from Table 4.4.2, the
0.0056 m resolution grid with ε = 4dx gives the best prediction. It also has relatively
good agreement for turbulence intensity (except the inflow and x = 2D, see Table 4.4.3).
Therefore, overall the case T1n4m4 has the most accurate results. The results of this case
are described below.

Table 4.4.2: Relative error for different U prediction at z = H .
2D 3D 5D 7D 10D Inflow

T1n4m1 39.0% 25.2% 10.7% 5.8% 1.8% -0.81%
T1n4m2 12.8% 8.4% -0.2% -1.9% -2.7% -0.81%
T1n4m4 0.2% -2.6% -5.2 % -5.1% -5.2% -0.81%
T1n2m4 27.6% 13.3% 3.3% 2.7% 1.3% -0.81%
T1n8m4 23.9% 14.1% 5.0% 0.4% -3.0% -0.81%

Table 4.4.3: Relative error for different I prediction at z = H .
2D 3D 5D 7D 10D Inflow

T1n4m1 -7.9% 5.2% -16.8% -15.9% -8.0% -0.4%
T1n4m2 5.9% 6.0% -14.2% -9.0% -4.2% -4.4%
T1n4m4 -19.0% 2.7 % -6.0% -3.2% 0.3% 10.7%
T1n2m4 -21.0% 1.0% 0.2% 0.9% 7.9% -3.8%
T1n8m4 -17.9% -3.1% -14.9% -16.9% -12.5% -0.9%

As one can see from Figures 4.4.5, the present LES prediction of mean windwise velocity
has an excellent agreement at the inlet and behind 2D−3D downstream wind turbine. As
shown in Table 4.4.4, it slightly differs (≤ 5.2%) from the experimental data at positions
x = 5D, 7D and 10D at the turbine hub height (z = H). At those positions, the wake is
overestimated by LES. However, the obtained results have a better quality than the results
published in Yang et al. (2014) for a flat-plate airfoil. The solution could be improved
by using a different airfoil type (for example, a cambered one), applying extra tower
model and tip-root corrections. Also, Figure 4.4.3 (left) suggests that the wind profile
shape and wake strength could be possibly reached by applying the tower model (to have
closer agreement near the lower tip), using an appropriate smearing coefficient (ε close to
4dx but perhaps slightly smaller to avoid the overestimation of the wake in the far-wake
region) and a different grid resolution. In the present work, the obtained LES prediction
is considered qualitatively good enough.

The windwise turbulence intensities at the inlet and behind the wind turbine are presented
in Figure 4.4.6. As shown in Figure 4.4.6 and Table 4.4.5 the turbulence intensity obtained
in the simulation at the inflow plane (inlet) differs by 22.7% from the one measured in
the experiment because of the specific inflow conditions used in the experiment and sim-
ulation. The turbulence intensity may also be induced by the numerical noise from the
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Table 4.4.4: Relative error for U prediction at upper, lower tip and hub height for the
”best” case T1n4m4.

2D 3D 5D 7D 10D Inflow
z = 0.4H 0.3% 0.1% -0.6% -0.7% 1.1% 2.1%
z = H 0.2% -2.6% -5.2% -5.1% -5.2% -0.8%
z = 1.6H -1.7% 0.6% -0.4% -1.8% 0.1% -1.4%

turbine. The turbulence intensity profile differs from the experimental one at x = 2D,
most probably because of the coarse grid resolution (D/∆x = 27). Next, the LES over-
estimates the turbulence intensity at x = 7D and x = 10D downwind from the turbine,
where the relative errors at the upper tip are 16% and 21.9%, respectively. The relative
error at x = 7D is very close to that at the inlet (22.7%). Thus, the LES overprediction of
the turbulence intensities at other positions can be partly explained by the influence of the
inflow. The other reason is the different velocity in the far-wake region (the wake overes-
timation in the rotor area at x/D = 5, 7, 10) and above the upper tip (the slight velocity
overestimation at x = 10D and z > H +R(= 1.6H)). Otherwise, the LES results follow
the experimental profiles and the present LES predicts almost all peaks observed in the
experiment for all downstream positions.

Table 4.4.5 shows the relative error for turbulence intensity prediction (ILES− Iexp)/Iexp
at the upper, lower tip, and hub heights. The largest relative errors are found to be at
position z = H (the maximum is equal to 31.4%) and the lowest ones are at z = 0.4H .

Table 4.4.5: Relative error for turbulence intensity prediction at upper, lower tip and hub
height for the ”best” case T1n4m4.

2D 3D 5D 7D 10D Inflow
z = 0.4H -4.2% -3.9% -6.0% 1.2% 0.5% -2.8%
z = H -19.0% 2.7% -6.0% -3.2% 0.3% 10.7%
z = 1.6H 2.6% 2.3% 5.9% 16.0% 21.9% 22.7%

Figure 4.4.7 shows the comparison between the obtained and experimental vertical Reynolds
shear-stress profiles (−〈u′w′〉 /U2

h) at the inflow as well as at several downstream loca-
tions. As one can see, the computed LES prediction reasonably well matches the experi-
mental data at the far wake. While at x = 2D beyond the turbine, the LES predicts almost
all peak locations from the experiment but strongly underestimates the magnitude of the
vertical shear stress for them. Besides, the shape of the numerical result at x/D = 3
slightly differs from that observed in the experiment. The present LES predicts the shape
of the experimental profile but underpredicts the magnitude of −〈u′w′〉 /U2

h at the upper
tip at x = 3D and x = 5D and at the lower tip at x = 3D. However, the other LES study
of the same case (Yang et al., 2014) overpredicts the experimental data for turbulence
intensity and vertical shear stress at positions x = 2D, x = 3D and x = 5D downwind
from the wind turbine on the refined grid. Then, at x/D = 7 and 10, the present simula-
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tion overpredicts the magnitude of the vertical stress at both the upper and lower tip. The
difference could be due to the turbine model defects (the absence of the tower model and
tip-root corrections), as it is in the case of mean windwise velocity and turbulence inten-
sity and therefore due to the difference in the wind speed itself (that is, the overestimation
of the far wake). At almost all downstream positions (x/D > 3), LES agrees with the
experiment relatively well.
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Inflow x = 2D
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Figure 4.4.5: LES prediction vs experimental data for normalized mean-velocity U/Uh
profiles at different windwise locations. The experimental data are digitally extracted
from Chamorro and Porté-Agel (2009).
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Figure 4.4.6: LES prediction vs experimental data for turbulence intensity I profiles at
different windwise locations.
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Inflow x = 2D
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Figure 4.4.7: Numerical results for simulation vs. experimental data for vertical Reynolds
shear-stress profiles at different downstream locations.
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Figure 4.4.8 top and bottom both represent the top view of a contour plot of the mean
windwise velocity (U ) taken at the turbine hub height (z = 90 m). The top picture
represents the flow over the full computational domain, but the bottom picture shows
only the wake area. Here and below, the contours of the results obtained on the coarse
(0.0056 m resolution, D/∆x = 27) grid are shown. As shown in Figure 4.4.8, the region
with a very strong and moderately strong wake spreads up to x = 2.5D and x = 6D,
respectively. Furthermore, velocity is increasing approximately to 0.8Uh at x = 10D
downstream. Besides, the small areas of high wind speed (U > Uh) are generated right
next to the turbine left/right tip positions (y = ±R). It seems that the flow is fully
developed and homogeneous in the horizontal plane. Hence, the domain size is correctly
chosen.

Figure 4.4.8: Top view at the turbine hub height (z = 90 m) of normalized mean windwise
velocity. Top figure represents full domain. Bottom figure zooms into the turbine wake
region.

Next, the obtained LES prediction is qualitatively compared with numerical results ob-
tained for almost the same case and published in Yang et al. (2014) and with the experi-
mental results of (Porté-Agel et al., 2011). Figure 4.4.9 shows the vertical cross-section
at y = 0 of the LES prediction for normalized time-averaged windwise and crosswind
velocity, turbulence intensity, and vertical Reynolds shear stress −〈u′w′〉.

The present Ux prediction around the hub height (z ' H) differs from the ones pub-
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lished in Yang et al. (2014) (see Figure 7 from Yang et al. (2014)), Chamorro and Porté-
Agel (2009) (Figure 3) and Porté-Agel et al. (2011) (Figure 5) in the near-wake region
(x < 2D). The area of decreased velocity around the hub height (z ' H, x < 2D)
(U = 0.4Uh in Yang et al. (2014) and U = 0.46Uh in Porté-Agel et al. (2011)) exists in
the present LES as well. However, the velocity (U = 0.5Uh) is slightly overestimated by
the present LES. The difference could be induced by a different interpretation of turbine
nacelle and tower. That is, the torus with a tiny inner radius is made by actuator lines in
Yang et al. (2014). The miniature turbine from the wind-tunnel experiment (Chamorro
and Porté-Agel, 2009) has the real nacelle. In the present study, the nacelle model pro-
posed by Wu and Porté-Agel (2011) is used. That is, the drag coefficient is fixed to 0.85
in the nacelle area.

The area of increased turbulence intensity (I = 0.105) around (slightly above) the hub
height (z ' H, 0.5D < x < 3D) is present in Figure 4.4.9, but the turbulence intensity
is 1.5 times smaller than in Yang et al. (2014) and slightly shifted above the hub height
(z > H). The other region of increased turbulence intensity (around upper tip position
z = 1.6H or z = H + R) persists in both, the present LES and the one performed by
Yang et al. (2014), from x = 1.5D and x = 1D downstream to x = 10D and x = 9D, re-
spectively, and agrees with the measurements and simulations by Porté-Agel et al. (2011).

The present Uy prediction agrees with the one obtained by (Yang et al., 2014). The cross-
wind velocity Uy is essentially influenced by the turbine rotation, which continues to more
than x = 6D and disappears behind x = 8D downstream from the wind turbine.

The contours of the primary Reynolds shear stress (−〈u′w′〉) from Figure 4.4.9 show that
there are two regions with a large magnitude of Reynolds shear stress and two with a
medium magnitude. The large two reside at the upper and lower tips of the wind turbine
(z = H ± R) and maintained downwind to x = 10D. This investigation is in agree-
ment with Yang et al. (2014). The secondary maxima (where −〈u′w′〉 /U2

h = −0.0005
and −〈u′w′〉 /U2

h = 0.00015) are located around the tower height (z ' H) and within
x < 2D downwind from the wind turbine. Nevertheless, the regions with a significantly
large magnitude of the vertical Reynolds shear stresses (−〈u′w′〉 /U2

h = −0.005 and
−〈u′w′〉 /U2

h = 0.008, respectively) were obtained in Yang et al. (2014). Therefore, the
differences between the present LES, measurements by Porté-Agel et al. (2011) and other
studies of similar cases (that is, Porté-Agel et al. (2011) and Yang et al. (2014)) occur
in the hub height region, which could be due to the presence and absence of the nacelle
model.
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Figure 4.4.9: Vertical cross-section of LES prediction for normalized time-averaged wind-
wise and crosswind velocity, turbulence intensity, and primary Reynolds shear stress
−〈u′w′〉 /U2

h .
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In Addition to the cases described in Table 4.4.1, the LES simulations are performed on
a very coarse grid in the cases described below in Table 4.4.6. The additional LES is per-
formed in order to show how sensitive the ALM is to the airfoil type, the mounting pitch
and the smearing coefficient. Figure 4.4.10 shows the LES prediction at a very coarse grid
for different smearing coefficients ε vs experimental data for normalized mean-velocity
deficit DU at the position x = 2D. As can be seen, the increase in smearing coeffi-
cient ε does not necessarily increase the length of the wake. For example in the case
T0p8m8, where ε = 8∆x, the wake length, in contrast, decreased in comparison to the
case T0p8m8 (ε = 4∆x). Therefore, ε should be chosen such that ε will not be much
larger than half of the turbine radius R. Next, the mounting pitch influence on the wake
is studied. It is seen in the figure that the flow is very sensitive to the pitch changes. For
example, the case T0p8m4 with ϕ = 0 and flat-plate airfoil gives the second worst (after
the case with ε = 8∆x) velocity deficit prediction at x/D = 2. The relative error ob-
tained in that case at hub height is 34% at x = 2D. It is very similar to that from the
study of Yang et al. (2014). The relative error estimated from the results of Yang et al.
(2014) for the flat-plate case equals approximately 31% at x = 2D and z = H . However,
the result (Yang et al., 2014) was improved using the nacelle and tower models. Thus the
relative error is 24%. It is found in the present study that decreasing the pitch from 0o to
−10o increases the length of the wake. Since the airfoil type of the miniature turbine is
not known exactly, the initial guess that the airfoil type may be unsymmetrical is checked.
The airfoil data for a cambered flat-plate are extracted from Sunada et al. (1997). Finally,
the case T0p8m4c gives the best agreement with the experiment(among all cases obtained
at a 0.0112 m resolution grid).

Table 4.4.6: Description of the cases with one wind turbine performed on the very coarse
grid (0.0112 m resolution, D/∆x = 13.5) using different parameters such as the mounting
pitch, smearing coefficient, and lift and drag coefficients.

ϕ,o ε airfioil type
T10p8m4 -10 4∆x symmetric
T5p8m4 -5 4∆x symmetric
T0p8m4 0 4∆x symmetric
T0p8m8 0 8∆x symmetric
T0p8m4c 0 4∆x cambered∗

∗The lift and drag coefficients used in that case corresponds to the cambered flat-plate from Sunada et al.
(1997).

Thus, as described above, ALM is very sensitive to the choice of the physical parame-
ters: the airfoil type and mounting pitch and the numerical parameter (i.e., the smearing
coefficient). Based on the results of the present study, the parameter ε should be chosen
in such a way that ε ≥ 2∆x. However, ε should not be larger than half of the turbine
radius R. In case of D/∆x = 27, the best choice so far is ε = 4∆x (ε/R = 0.3).
The study by Chamorro and Porté-Agel (2009) is not suggested to be further used as the
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Figure 4.4.10: LES prediction at a very coarse grid for different smearing coefficients ε
vs experimental data for normalized mean-velocity deficit DU at position x = 2D. The
experimental data are digitally extracted from Chamorro and Porté-Agel (2009).

validation because of the unknown airfoil type and thus the absence of airfoil data. In
the present study, good agreement with the experiment is achieved with the flat-plate air-
foil by decreasing the mounting pitch. The results of the present study suggest that good
agreement can be also achieved by using the cambered flat-plate or other cambered airfoil
data available at a low Reynolds number. It was also found that the grid convergence
study is not possible to make for the simulations with ALM because of the influence of ε.
See Figures 4.4.3-4.4.4. Thus, the recommendation regarding the grid resolution (based
on the grid convergence study) is not included in the present study. However, the grid
resolution of at least D/∆x = 27 was found to be enough to get a good agreement with
the experimental data.
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4.5 Isolated wind turbine and two turbines in tandem
Next, a LES over an isolated wind turbine was performed on a real scale in order to use
the real wind-turbine characteristics. Thus, the diameter (D) of the wind turbine from the
experiment was scaled up to 108 m. The hub height (H) of the simulated wind turbine
is 90 m. For reference, the wind turbines in Muukko (Alstom ECO 110) have a 110 m
diameter, 90 m hub height and 3 MW rated power. The chord length and twist angle
of the blade at different radial locations of the turbine blade are taken from Kim et al.
(2011) for a real-scale designed 3 MW wind turbine with a similar diameter (see Figure
4.5.2). The airfoil type of blade in the Alstom ECO 110 wind turbines is not exactly
known. Therefore, in this case (and in the further simulations of the present study), the
blade is represented by a NACA0012 airfoil. Lift- and drag-coefficient curves used in the
simulations are presented in Figure 4.5.2.
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Figure 4.5.1: The chord length and twist angle distributions of a 3MW wind turbine are
taken from Kim et al. (2011).

The inflow velocity at the hub height is approximately 10 m/s. The tip-speed ratio
λ = ΩD/(2Uh) is about 4.3 and the rotational speed Ω is 7.5 rpm. The computational
domain is extended upstream and downstream from the wind turbine location to 32D and
10D, respectively. Height and width of the computational domain are 4D. The turbine
is located in the middle of the crosswind direction. The computational grid, created us-
ing the ”blockMesh” utility in OpenFOAM R©, consists of 1134, 108 and 124 hexahedral
cells in the windwise, crosswind and vertical directions, respectively. The minimum con-
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Figure 4.5.2: Aerodynamic force coefficients for NACA0012 blades. Lift and drag coef-
ficients are taken from Sheldahl and Klimas (1981).

trol volume is 4 m×4 m×3 m and the maximum is 4 m×4 m×4 m. The grid nodes are
uniformly distributed in windwise and crosswind directions. Thus, the number of grid
cells per rotor diameter is approximately 27 cells. The velocity boundary conditions at
the inlet are mapped from the cross-section plane at 16D downstream using the recy-
cling technique (Baba-Ahmadi and Tabor, 2009; Agafonova et al., 2014a,b; Chaudhari
et al., 2014a; Chaudhari, 2014). The simple rough logarithmic atmospheric boundary
layer (ABL) model is employed as the wall function model (see Chapter 2, Chaudhari
(2014)). The case with the one and two wind turbines are named T1r4m3 and T2r4m3,
respectively.

A simulation over two wind turbines is performed on the same 4 m resolution grid as
in the case of the single wind turbine. The second wind turbine is located 5D down-
stream from the first one. Both turbines have the same aerodynamic characteristics as
the turbine from the validation case. The aerodynamic forces calculated on virtual lines
are distributed on the grid cells using 3D Gaussian distribution (see Equation 4.3.7) with
smearing parameter ε = 3dx.
Below, in order to see the effects induced by the first turbine downstream to the output of
the following wind turbine as well as the upstream influence from the second turbine to
the first one, the case with two wind turbines case is compared to the case with a single
turbine.
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Figure 4.5.3 shows the LES prediction of deficit of windwise velocity at different wind-
wise locations for the cases with the stand-alone wind turbine and the first of two wind
turbines in row. As one can see, the inflow velocity prediction for two turbines slightly
differs from the one obtained in the case of one turbine above the upper tip (z > H +R).
A deeper investigation of this observation was performed. According to that, the differ-
ence in the velocity prediction is found to be a cause of insufficient distance between the
recycling plane and the wind turbine (see chapter LES modelling). Applying the distance
of 16D, the inflow is slightly affected by the upstream noise generated by the turbine. In
order to reduce the influence of the inflow on the downstream wakes, the deficit of the
mean windwise velocity (DU ) and turbulence intensity excess (DI) are presented in the
following Figures 4.5.3 and 4.5.5, respectively. It can be seen from Figure 4.5.3 that the
predictions for the single and the first wind turbine (of two in tandem) almost coincide at
positions x = 2D and x = 3D. It suggests that the wake development of the preceding
wind turbine is not (or almost not) influenced by the upstream effects from rotation of the
following turbine.

Figure 4.5.4 shows the difference in the wake behaviour of a stand-alone wind turbine and
a turbine placed in the wake of the preceding one. It is clearly seen from Figure 4.5.4 that
the wake of the second wind turbine is much larger than the wake of stand-alone wind
turbine. The maximum relative difference

∣∣DU2WT −DU1WT
∣∣ /DU1WT corresponds to

53% and 45% at positions x = 2D and x = 5D downwind from the turbine, respectively.

The difference in the excess of windwise turbulence intensity (DI) between cases with a
single wind turbine and the first of the two turbines in tandem presented in Figure 4.5.5 is
not significant, even though the inflow intensities (I) are different.

The difference in the windwise turbulence intensity behaviour of the stand-alone wind tur-
bine and the turbine placed in the wake of the preceding one can be seen in Figure 4.5.6.
The velocity beyond the second wind turbine is almost half of the velocity of the stand-
alone wind turbine between x = 2D and x = 5D downwind. However, the turbulence
intensity difference is even larger. For example, the turbulence intensity increase is tripled
at x = 2D and doubled at x = 5D.

The LES of the case T1r4m3 with one turbine and the case T2r4m3 with two turbines in
tandem were performed and compared to each other above in the present section. First of
all, the wake of the upwind turbine (the first of two) from the case T2r4m3 is compared to
the reference wake of the single turbine (T1r4m3). The difference between the compared
results for velocity deficit and turbulence intensity excess is not more than 10%. There-
fore, there seems to be no physical upstream effect generated by the following turbine.
The difference within 10% most probably is due to the numerical noise from the rota-
tion of the downwind turbine and insufficient averaging time in the case T1r4m3. In the
present simulations, the upstream noise generated by the wind-turbine rotation reaches
up to 16D, upwind and therefore it affects the mapping plane and inflow. It suggests that
the present distance between the mapping plane and the turbine of 16D is not enough to
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avoid any upstream influence from the turbine on the inflow condition. The length of the
buffer zone was further increased to 20D. Using the distance of 20D between the recy-
cling region and the turbine, it is guaranteed to have no turbine effects at the inlet mean
wind speed. However, it may be not enough long for the turbulence intensity. Next, the
wake of the downwind turbine (the second of two) from the case T2r4m3 is compared
to the reference wake of the single turbine (T1r4m3). Figures 4.5.4 and 4.5.6 show the
doubled and tripled increase of the velocity deficit and turbulence intensity excess for the
following wind turbine. Since the velocity deficit at the second turbine location (x = 5D)
is 13%, then, the turbine located in the wake of the first one will produce approximately
34% less power than the first turbine or the isolated wind turbine. Next, an imaginary third
turbine could produce 54% less power than the first one. Therefore, one should consider
a distance larger than 5D between the turbines when planning a real wind farm.
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Figure 4.5.3: LES prediction for for normalized inflow windwise velocity (U/Uh) and
deficit of windwise velocity DU = (U inflow − Uwake)/U inflow at different windwise
locations in the cases with one and two wind turbines.
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Figure 4.5.5: LES prediction for the inflow windwise turbulence intensity and an excess
of windwise turbulence intensity DI = (Iwake − I inflow)/I inflow at different windwise
locations in the cases with one turbine and the first of two wind turbines.
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Chapter 5

Results: LES with wind turbines and
forest

In this chapter, mean wind behaviour, turbulence, power production and other results are
considered for cases with and without forest. The cases have identical setups except for
the presence of forest in one of them. Therefore, it is assumed that the differences in the
results occur due to the forest canopy.

5.1 Two turbines in tandem

In the present section the effects on the mean wind speed, turbulence and power produc-
tion due to the forest are discussed for the case with two wind turbines in tandem.

5.1.1 Numerical setup

Two wind turbines from the previous case (see Chapter 4) were placed in the pine forest,
which is commonly found in Finland. The canopy characteristics, CD=0.15 and α(z), are
the same as in Chapter 3 and taken from Shaw and Schumann (1992). The height of the
forest (H) is 20m. The velocity in the mapping zone is fixed to be equal to 10 m/s in the
windwise direction, thus, the inflow velocity at hub height is calculated to be 7.8 m/s in
the forest case. However, fixing the same 10 m/s velocity in the mapping zone in the case
without forest gives Uh=8.96 m/s at hub height. First of all, a simulation with two wind
turbines located in the forest was carried out on the same grid as before. But a numerical
instability problem occurred in some cells close to the outlet boundary. At the beginning,
it was thought to be a problem of a too large time-step. Thus, it was decided to decrease
the time-step size in a way that the Courant number was equal to 0.01. (In the final sim-
ulations, the Courant number was increased to 0.25.) However, it did not guarantee a
successful performance of the simulation. Furthermore, it was found that the problem
is related to a flow recirculation above the forest and thus a local inflow on the outflow
boundary. Finally, the stability was established by extending the computational domain
(up to 33D behind the downwind turbine) with a smooth cut of the forest at 14D-17D
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Figure 5.1.1: Side view of the computational domain in the forest case

behind the second turbine. The smooth cut means that the LAD was smoothly changed
by 25% of the previous one at every D behind 14D. The computational domain in the
forest case with 2WTs can be seen in Figure 5.1.1. Therefore, the number of cells in the
computational grid in the case of forest with respect to the non-forest case was increased
by 67% to 25.3 · 106 finite volume cells.

5.1.2 Results and discussion
The top view of the normalized mean windwise velocity in the cases with and without
forest is presented in Figure 5.1.2. One can see from Figure 5.1.2 that the wake above the
forest is wider but shorter (lx < 3D) than it is in the case without forest (lx > 4D). The
wake of the first turbine is weaker in front of the second turbine in the case of forest. At
the same time, in the case without forest, the second turbine is located in the rather strong
wake from the first turbine.

Figure 5.1.3 shows the contour plot of the side view taken at the middle of the domain
(y=0D) without (top) and with (bottom) the forest. It can be seen from Figure 5.1.3 that
the wake above the forest is not clearly visible. It seems to disappear within the forest.
And, the forest is generating a rather high velocity gradient (U |z=2H= 1.31Uh) above the
wake, while in the case without forest, U |z=2H= 1.114Uh.

Figure 5.1.4 presents the LES-predicted normalized mean windwise velocity U/Uh pro-
files at different windwise locations in the cases with and without forest in comparison
to the reference (inflow) velocity. It is clearly seen from the figures that the forest wake
has approximately the same strength as the non-forest wake at the first turbine location
(x = 0D). Furthermore, it starts to grow rapidly thus the wake in the forest case becomes
slightly stronger than the one in the non-forest case at positions x = 1D and x = 2D.
After that, at position x = 3D, the wake above the forest starts to decrease. However, the
wake from the non-forest case is still developing at x = 3D and x = 4D. The wakes from
both cases (especially the one above the forest) were developed in length and, moreover,
in height during their evolution.
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U/Uh

Figure 5.1.2: Top view of the normalized mean windwise velocity in the cases without
(top) and with (bottom) the forest.
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U/Uh

Figure 5.1.3: Side view of contours at (y = 0) of normalized mean windwise velocity for
the cases with forest (top) and without forest (bottom).
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Figure 5.1.4: LES-predicted normalized mean velocity U/Uh profiles at different wind-
wise locations (0D ≤ x ≤ 4D) in the cases with and without forest. Dashed lines
represent the reference, which in the present case is the inflow velocity.
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Figure 5.1.5 shows the evolution of the wake of the second turbine in the forest and non-
forest cases compared to the wake of the first turbine. It could be seen from Figure 5.1.5
that the following wake above the forest is slightly stronger than the wake behind the pre-
vious turbine. However, in the case without forest, the difference is more than two times
larger than in the forest case.
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Figure 5.1.5: LES-predicted normalized mean windwise velocity U/Uh profiles at differ-
ent downwind locations (5 ≤ x/D ≤ 8) in the cases with and without forest. Dashed
lines represent the reference, which in the present figure the velocity is the wake of the
first turbine.
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Figure 5.1.6 shows the deficit between the inflow and wake DU for the cases with and
without forest. It can be seen from the figures that at first the difference is larger for the
forest case until x = 2D downwind from the first turbine; then at x = 3D it looks similar;
DU is smaller at x = 4D. This indicates a faster wake recovery in the forest case for the
upwind turbine. Similar results are present for the downwind turbine. But in that case,
the wake recovery in the case with forest starts even earlier at x = 7D, which is 2D
downwind from the second turbine.

0 0.1 0.2 0.3 0.4
0

0.5

1

1.5

2

NonForest Forest

0D 1D 2D

0 0.1 0.2 0.3
0

1

2

3

z
/H

0 0.1 0.2 0.3
0

1

2

3

z
/H

0 0.1 0.2 0.3
0

1

2

3

z
/H

3D 4D 5D

0 0.1 0.2 0.3
0

1

2

3

z
/H

0 0.1 0.2 0.3
0

1

2

3

z
/H

0 0.1 0.2 0.3
0

1

2

3

z
/H

6D 7D 8D

0 0.1 0.2 0.3
0

1

2

3

z
/H

0 0.1 0.2 0.3
0

1

2

3

z
/H

0 0.1 0.2 0.3
0

1

2

3

z
/H

Figure 5.1.6: Velocity deficitDU between the wake and the inflow for the simulation with
two wind turbines with and without forest for mean windwise velocity profiles at different
downwind locations.
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Figure 5.1.7 shows the evolution of the LES-predicted mean windwise velocity deficit
and turbulence intensity excess at hub height. As found earlier from Figures 5.1.4 - 5.1.6,
the velocity deficit (∆U |x=2D = 16%) in the wake of the first turbine is increasing more
rapidly in the forest case than in the case without the presence of the forest (∆U |x=2D =
12%). Then, it starts to decrease behind x = 2D in the forest case. That is, the wake
behind the upwind turbine starts to recover but does not recover completely before it
starts to be affected by the downwind turbine. Finally, the wake of the second turbine
starts recovering 1D behind the downwind turbine. One can notice that the velocity deficit
decreases almost linearly in the forest case. If this tendency continues, the wake seems
to be fully recovered 16D behind the turbine in the forest case. However, the velocity
deficit in the non-forest case continues growing in front of the second turbine and starts
decreasing only 3D behind the second turbine (x > 8D). In the non-forest case, the
wake seems to be fully recovered not earlier than behind the 20D downwind. This is in
agreement with the LES study by Schröttle et al. (2016). In that study, the velocity deficit
in the forest case almost disappears at x = 15D behind the wind turbine. Similarly to
the present study, the velocity deficit predicted by Schröttle et al. (2016) in the non-forest
case continues to be high (50% of the highest value of the deficit).
The turbulence intensity excess is very high in the forest case in comparison to the non-
forest case ( 9%=max(∆I)=4.5min(∆I)). It has two peaks at 1D behind every turbine.
After that, the excess is decreasing. However, in the case without forest the turbulence
intensity excess is rather small (less than 3%=max(∆I)=3min(∆I)).
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Figure 5.1.7: The LES predicted mean windwise velocity deficit ∆U and turbulence in-
tensity excess ∆I profiles at hub height for different downwind locations (0 ≤ x/D ≤ 10)
in the cases with and without forest.

Moreover, tables 5.1.1 and 5.1.2 show the hub-height velocity deficit due to the turbine
wakes in comparison to the inflow DU |z=H and the velocity deficit due to the wake of the
downwind turbine in comparison to the wake of the upwind turbine

∣∣Uwake
up − Uwake

down

∣∣ /Uwake
up .
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It is seen from Table 5.1.1 that the deficit starts to decrease already at x = 3D in
the forest case. However, without the presence of a forest, the deficit continuously in-
creases in front of the following turbine. Similar results can be seen in Table 5.1.2 for∣∣Uwake

up − Uwake
down

∣∣ /Uwake
up . This clearly indicates an earlier wake recovery in the forest

case.

Table 5.1.1: Velocity deficit in the wake of the first turbine compared to the inflow at hub
height.

0D 1D 2D 3D 4D
forest 8% 16 % 16.5% 14.5% 13.5%

nonForest 6.3% 10.5% 12.2% 13.2 % 14.1%

Table 5.1.2: Velocity deficit in the wake of the second turbine compared with the first
turbine at hub height.

5D 6D 7D 8D
forest 10.6% 11.5% 8.6% 6.5%

nonForest 13.8% 14.1% 14.2% 13.3%

Following Odemark and Segalini (2014), the local turbulence intensity is defined as:

I loc =
〈u′2〉1/2

U local
h

, (5.1.1)

where u′ is the velocity fluctuations in the windwise direction, U local
h (x) is the local wake

velocity taken at z = H (different at every x, unlike in the definition of I from Equation
4.4.3), and the brackets 〈〉 denote time-averaging.
The local windwise turbulence intensity is presented in Figure 5.1.8 for the forest and
non-forest cases. The local turbulence intensity excess due to the forest is shown in Table
5.1.3. The local turbulence intensity is more than two times higher in the forest case. The
turbulence intensity prediction from the forest has a similar shape as the intensity in the
non-forest case in position x = 1D. The difference between minimum and maximum
intensity in the swept area of the rotor is approximately the same. Otherwise, in positions
further downstream, the intensity above the forest has a smoother shape, probably because
the wake in the forest case starts to recover earlier.
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Figure 5.1.8: LES predicted local normalized turbulence intensity I loc profiles at different
downwind locations in the cases with and without forest.
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Table 5.1.3: Local turbulence intensity excess due to the forest
0D 1D 2D 3D 4D 5D 6D 7D 8D 10D

I loc excess 176% 201% 171% 154% 154% 164% 201% 155% 142% 147%

The normalized Reynolds shear stress −〈u′w′〉 /U2
h (Figure 5.1.9) obtained in the forest

case is extremely high and approximately 10 times higher than the one obtained in the
non-forest case. However, in the cases without turbines (see Chapter 3), the difference
in the Reynolds shear stresses between forest and non-forest is 7-8 times. That is, the
Reynolds shear stress which is already increased by the forest (7-8 times) is also increased
by the presence of the turbine in the forest. In contrast to the turbulence intensity, the
difference between the minimum and maximum stress in the rotor area is much higher in
the case with forest than without forest.
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Let us define the deficit of mass flow, energy and power, correspondingly:

∆ṁ =

∫∞
−∞

∫∞
−∞

(
Ui − Uw

)
dydz∫

D
Uidydz

=

∫∞
−∞

∫∞
−∞

(
Ui − Uw

)
dydz∫ zh+R

zh−R

∫ yh+R
yh−R

Uidydz
, (5.1.2)

∆E =

∫∞
−∞

∫∞
−∞

(
U2
i − U2

w

)
dydz∫

D
U2
i dydz

, (5.1.3)

∆P =

∫∞
−∞

∫∞
−∞

(
U3
i − U3

w

)
dydz∫

D
U3
i dydz

, (5.1.4)

where Ui is the mean windwise inflow velocity, and Uw is the velocity in the wake regions.

Table 5.1.4: The deficit of mass flow, energy and power for non-forest and forest cases
0D 1D 2D 3D 4D 5D 6D 7D 8D 9D

∆ṁ 5.0% 8.1% 8.6% 8.6% 9.0% 13.7% 16.9% 16.9% 16.3% 15.5%
∆ṁF 5.9% 9.9% 9.9% 9.6% 9.7% 14.4% 18.1% 17.2% 16.0% 14.6%
∆E 9.7% 15.4% 16.2% 16.4% 17.2% 25.3% 30.6% 30.9% 30.1% 29.0%
∆EF 11.7% 18.7% 18.2% 17.6% 17.8% 26.8% 32.7% 31.1% 29.2% 27.0%
∆P 14.1% 21.8% 23.1% 23.5% 24.7% 35.3% 41.8% 42.6% 41.9% 40.9%
∆PF 16.9% 26.0% 25.6% 24.7% 25.2% 37.5% 44.9% 43.5% 41.3% 38.7%

Table 5.1.4 shows the deficit of mass flow, energy and power. As one can see from Table
5.1.4, the deficit of mass flow, energy and power from the inflow is larger in the forest
case at almost every position except the last two where x = 8D and x = 9D. This can be
due to the earlier wake recovery in the forest case.

Figure 5.1.10 presents the wind shear α for both cases. Wind shear is calculated from the
formula:

U

Uh
=
( z
H

)α
. (5.1.5)

In the figure, the dashed line denotes profiles of ”local” shear α estimated using following
equation:

α =
H

Uh

(
∂U

∂z

)
. (5.1.6)

To calculate the value of so-called ”global” shear (across the rotor disk area, dotted val-
ues), the equation below is used:

α =
H

Uh

(
Uup
tip − U low

tip

zuptip − zlowtip

)
. (5.1.7)

As one can see from the figure, the wind shear (both ”local” and ”global”) in the forest
case is larger than in the case without forest. The global value of shear for the downwind
turbine (α=0.57) is slightly higher than for the upwind one (α=0.52) in the forest case.
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Figure 5.1.10: Shear α for the cases with and without forest. Solid lines represent the pro-
files of ”local” shear for downwind WT, and broken lines (··) represent upwind turbines.
Dotted vertical lines (sparse and dense) represent the ”global” wind shear for the 1WT
and 2WT, respectively.

However, in case without forest the values are equal (α=0.165). The shear obtained in the
case without a wind turbine is α=0.14 and α=0.48, respectively, for non-forest and forest
cases. Thus, the wind shear is slightly influenced by the presence of the wind turbines.
The time-dependent power coefficient CP is the ratio of the shaft power produced by
the wind turbine divided by the available wind power into the turbine (Pavail). Overall
turbine efficiency (CP ) is defined as a product of aerodynamic (or turbine), mechanical
and electrical efficiencies (ηt, ηm and ηe, respectively). The efficiency with which the
blades convert available wind power into mechanical shaft power (Pactual, which could
be predicted by the ALM) is called the aerodynamic efficiency. Loss in the aerodynamic
efficiency is the largest among all three efficiencies. At the same time, the aerodynamic
efficiency is the only one predictable by the ALM and the only efficiency that can be af-
fected by the forest. Thus, for simplification, a system close to ideal (that is, mechanically
and electrically efficient with only aerodynamic power loss) is considered in this paper.
Therefore, the equation for time-dependent power coefficient yields:

CP (t) =
Pactual(t)

Pavail
. (5.1.8)
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Pavail is the total available wind power:

Pavail =
1

2
ρπR2U3

avail, (5.1.9)

where U3
avail is defined according to the equation below:

U3
avail =

1

2R

∫ H+R

H−R
U3(z)dz, (5.1.10)

where R is the radius of the rotor, R = D/2.
Pactual is the actual mechanical shaft power produced by one turbine. It is calculated as
a mean of Pactual(t) for more than 1000 turbine rotations. The time series of the power
curve of Pactual and power coefficient CP can be seen in Figures 5.1.11 and 5.1.12. It is
seen from the figure that the available power is non-stationary for the forest. However,
in the simulation the flow is already fully developed after 7000 s. The uncertainty in the
power can happen, for example, due to the too-short buffer zone. The figures show that
the power produced by the turbine in the case without forest is bigger than in case with
forest, which is obvious because of the slightly higher velocity at hub height in the case
without forest (8.96 m/s in the non-forest case compared to 7.8 m/s in the forest case) .
At the same time, the power coefficient is estimated to be 0.22 (0.28 for the downwind
turbine) and 0.31 (0.37) in the non-forest case and forest case, respectively. It was also
found in the wind-tunnel experiment by Odemark and Segalini (2014) that CP in the case
forest case is slightly higher.
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Figure 5.1.11: Time series for actual mechanical shaft power produced by the tur-
bines for cases without (left) and with forest (right). The horizontal lines show
Pactual =mean(Pactual(t)).
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Figure 5.1.12: Time series for the power coefficient for cases without (left) and with
(right) forest. The horizontal lines show CP =mean(CP (t)).

However, the difference between the power coefficients in the cases with and without
forest is decreasing if U3

avail is calculated as follows:

U3
avail =

1

4R2

∫ H+R

H−R

∫ yhub+R

yhub−R
U3(y, z)dydz, (5.1.11)

where yhub is the crosswind coordinate of wind turbine location.
The available power calculated in this way is equal to Pavail = 3.57 MW and Pavail =
2.76 MW for the first and following turbine, respectively, in the non-forest case. The
available power in the forest case is Pavail = 2.36 MW and Pavail = 1.9 MW for the first
and following turbine, respectively. Therefore, the power coefficient, which is obtained



114 5.1 Two turbines in tandem

by the total available power in the swept area of the rotor, is 0.2 (0.23 for downwind WT)
and 0.29 (0.32) for the non-forest and forest cases, respectively.

Let us define the following quantities:
power loss due to forest ∣∣∣∣P forest − P nonForest

P nonForest

∣∣∣∣ ∗ 100% (5.1.12)

aerodynamic (turbine) power loss∣∣∣∣Pactual − PavailPavail

∣∣∣∣ ∗ 100% (5.1.13)

Table 5.1.5: Comparison of power obtained in cases with and without forest. Aerody-
namic power loss and power losses due to the forest.

forest forest non-forest non-forest
power
due to

losses
forest

1WT 2WT 1WT 2WT 1WT 2WT
Pavail 2.14 MW 1.61 MW 3.23 MW 2.22 MW 34% 28 %
Pactual 0.66 MW 0.59 MW 0.73 MW 0.64 MW 9.7% 7.2%

aerodynamic
power loss 69% 63 % 78% 72%

The comparison of power obtained in the non-forest and forest cases, aerodynamic power
losses and power losses due to the forest for upwind and downwind turbines are repre-
sented in Table 5.1.5. This table shows that aerodynamic loss in the case without forest is
bigger than in the case with forest. Loss of actual shaft power due to the forest consists of
only 9.7% for the upwind and 7.2% for the downwind turbine while the loss of available
power due to the forest is nearly 30%.

5.1.3 Conclusion
A comparison of the results obtained in the case with two wind turbines in tandem and
with and without forest is shown. In order to perform such a LES with wind turbines
and forest, a longer computational domain and smaller time-step than in the non-forest
case are used. First of all, the wake starts recovering earlier in the forest case than in the
non-forest case. This can be useful in a closer placing of the wind turbines in a forested
wind park in comparison to a non-forest one. The wake above the forest is shorter but
wider. Thus, wind turbines can be placed closer in the windwise direction. The forest
generates a rather high velocity above the turbine upper tip (and slightly higher than the
hub-height velocity behind the wake in the crosswind direction) than it is in the non-
forest case. The turbulence intensity (25-28%) is very high in the forested wind park.
The vertical Reynolds shear stress is extremely higher (10 times) than in the case without
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forest. The high turbulence intensity probably helps in the faster wake recovery in the
forest case. The wind shear (α >0.52) is very strong in the forest case. For the reference,
the wind shear is equal to 0.16 in the non-forest case. The most recent safety standards
(IEC, 2005) are given so far for the wind above flat terrain without forest. That suggests
that if such a wind turbine is located in the forested wind park, then it can most probably
be broken earlier. Unfortunately, the performed cases have slightly different velocity at
hub height. That is, the power produced in the forest case is smaller than in the non-forest
case. However, the power coefficient is significantly higher most probably because of the
stronger wind shear in the forest case and also because of a faster wake recovery in the
forest case. The power losses due to the forest for the downwind turbine (7.2%) is smaller
than for the upwind turbine (9%). This suggests that for an infinite wind park, the power
loss can be even smaller. And a wind turbine located far downwind in an infinite wind
park may produce almost the same power as it does without a forest.
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5.2 Large wind turbine array

In this section, the effects on the mean wind speed, turbulence and power production due
to the forest are discussed for an infinitely large wind farm.

5.2.1 Numerical setups

In the present simulations, the same wind turbine as above has been modelled (the tower
height H is 90 m and the turbine rotor diameter (D) is 108 m). The airfoil type of the
reference turbine blade is not known. Therefore, for simplification in this work the blade
is represented by a NACA0012 airfoil. The average velocity calculated at the hub height
(for any position x) mean|x(U loc

h ) is 8.73 m/s in the non-forest case. The rotational speed
Ω is 7.5 rpm. In the current forest simulation, canopy characteristics (the same forest-
canopy as before), such as canopy drag coefficient CD =0.15 and LAD α(z), are taken
from Shaw and Schumann (1992). The leaf-area index (LAI) in that case is equal to 2.
The height of the forest (h) is 20 m.
The Reynolds number (ReD = Uh∗D/ν) based on the rotor diameterD and the incoming
velocity at hub height Uh is 6.0 × 107.The computational domain is a rectangular block
with a height of 4D. The length and width of the computational domain are 15D and
10D, respectively. The simulation over six wind turbines is performed on a 4 m resolu-
tion grid. The computational grid, created using the ”blockMesh” utility in OpenFoam,
consists of 56 424 600 finite element cells. Local refinement of the grid (up to 2 m) at the
bottom part (z < 2H) of the computational domain is applied. The distance between the
turbines in the array is set to 5D in the windwise and crosswind directions. The simula-
tion is performed with periodic inlet-outlet boundary conditions in OpenFoam by fixing
the momentum source term g. In order to get approximately the same velocity at hub
height Uh as in the case without forest, g is chosen to be 0.004 m/s2 (mean(U loc

h ) = 7.86)
and 0.0013 m/s2 (mean(U loc

h ) = 8.73) for cases with and without forest, respectively.
The simple rough logarithmic ABL model is employed as the wall function model. (For
detail see Chapter 2.)

In both simulations, the automatic time step by fixing the Courant number in the entire
domain to 0.1 is used. Therefore, the time step is approximately equal to 0.025 s in the
non-forest case and 0.019 s in the forest case. The flow is fully developed and averaged
over more than 4.5 hours, which is the equivalent of approximately 2000 turbine rotations.

5.2.2 Results and discussion

In the present section, LES is performed over six turbines located on flat terrain with-
out forest and with forest separately in order to identify the effects created by the forest.
In fact, due to the periodic boundary conditions an infinitely large wind farm is simulated .
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In contrast to the 2WT cases, some of the profiles are normalized by the local hub height
velocity because of the absence of the inflow. The reference cases (the same domain but
without turbines) were also performed; however they do not give zero velocity deficit
(U ref −Uwake)/U ref at a rather high z as it is in the case of 2WT. Thus, the results of the
reference cases are not present in the figures. However, the hub-height velocity from the
reference cases (the approximate U ref

h = Uh=8.9 m/s for the non-forest case and Uh=8
m/s for the forest case) is sometimes used in order to compare results of the present cases
with 2WT cases. Figure 5.2.1 shows the contour plot of mean velocity on the horizontal
x − y plane (top view) at the turbine hub height (z = H) in the case without forest (top)
and with forest (bottom).
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U/Uh

Figure 5.2.1: Top view of the normalized mean windwise velocity in the cases without
(top) and with forest (bottom).
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In both cases, the mean velocity U is normalized by the hub height mean velocity (Uh).
Here and below, U should be understood as the mean velocity in the windwise direction.
From the illustrations in this figure, one can observe that the wake starts recovering earlier
in the forest case. The wake is already weak at x = 3D behind the turbine in the forest
case and becomes very weak after x = 4D just in front of the following turbine, while in
the non-forest case, the wake does not disappear in front of the next turbine. This obser-
vation is in line with Barlas et al. (2016). It can also be seen from Figure 5.2.1 that the
wake in the forest case is wider in the crosswind direction than in the non-forest case.

Figure 5.2.2 represents the contour plot of the vertical x−z side view taken at the first row
of turbines (y = 0) without (top) and with (bottom) forest. It indicates similar results as
in Figure 5.2.1. The wake above the forest is not clearly seen in the picture. It apparently
disappears in the visualization within the rather strong forest-generated mean wind shear.

U/Uh

Figure 5.2.2: Side view of contours at the first row of turbines (y = 0) of normalized
mean windwise velocity for the cases without (top) and with forest (bottom).

The vertical profiles of the mean velocity normalized by local hub height velocity (U loc
h )

at different windwise locations after a turbine are presented in Figure 5.2.3. The recovery
of the wake velocity is faster in the forest case, which proves the results described above.
High wind shear in the forest case and small one in the non-forest case are seen from the
figure.

Figure 5.2.4 and Table 5.2.1 show the turbulence intensity excess due to the forest effects∣∣∣I loc,forestz=H − I loc,nonForestz=H

∣∣∣ /I loc,nonForestz=H ∗ 100%. Generally speaking, I loc is much higher
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in the forest case, reaching more than double in 3 out of 5 locations compared to the
non-forest case. The calculated value is smaller than the one reported in Nebenführ and
Davidson (2014), where the turbulence intensity of the windwise velocity component
reaches 19.2% in the forest and 8.6% (or 131% of the deficit) without forest at the hub
height of an imaginary turbine. At the same time, the obtained values of I loc (25-27%)
at the turbine location (x/D = 0) in the forest case are almost two times higher than
the maximum value (16%) suggested by IEC for wind turbine design (Nebenführ and
Davidson, 2014).

Table 5.2.1: Turbulence intensity excess due to the forest at turbine hub height (z = H)
for different downstream positions from x = 0D to x = 4D

0D 1D 2D 3D 4D
I loc excess 105% 135% 57% 100% 45%
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Figure 5.2.3: LES-predicted normalized mean velocity U/U loc
h profiles at different wind-

wise locations in the cases without and with forest. The profiles are also averaged at
each respective locations for all six turbines. The black dotted lines denote the top
(z = H +D/2 = 1.6H) and bottom tip (z = H −D/2 = 0.4H) of the wind turbine.
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Figure 5.2.4: LES-predicted normalized turbulence intensity I loc profiles at different
windwise locations in the cases without and with a forest. The profiles are also averaged
at each respective locations for all six turbines.
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The global wind shear α = 0.53 obtained in the forest case is ten times higher than the
non-forest value. The value obtained in the forest case agrees very well with the value
estimated at hub height by Odemark and Segalini (2014) (α = 0.5). The shear in the
present case with a forest (an infinitely large wind farm) is close to the value obtained in
the case of 2WT and forest for the upwind turbine (α=0.52, upwind turbine) but slightly
smaller than the one obtained for the downwind turbine (α=0.57, downwind turbine).
However, the value in the non-forest case (α=0.054) is approximately three to four times
smaller than in the ones obtained in the non-forest case without turbines (α=0.14), 2WT
(α=0.165) and by Nebenführ and Davidson (2014) (α = 0.19). This seems to be due to
the infinite turbine wake that extends much higher in the forest case. The wake was not
considered in the above-mentioned LES study by Nebenführ and Davidson (2014).

The actual mechanical shaft power Pactual is calculated as a mean of Pactual(t) for more
than 550 turbine rotations. The time history of the power coefficient and actual power can
be seen in Figure 5.2.5. Figures show power produced by the turbine in the case without
forest is larger than in case with forest which is because of slightly higher wind speed (es-
pecially, in lower part z < H) in the non-forest case than in the forest. At the same time,
the mean power coefficient is estimated to be 0.24 and 0.2 in the case with and without
forest, respectively. In the wind-tunnel experiment by Odemark and Segalini (2014), the
CP in the forest case is slightly larger (by 3%). It is assumed in Odemark and Segalini
(2014) that the increase in CP , as compared to the case without canopy, could be because
of the increased turbulence, mean wind shear, or a combination of both. The fact that the
present LES, performed on a real scale with a much higher Reynolds number, also gives
a similar increase in CP in the forest case, suggesting that the high wind shear might be
the main reason for the increase.

Figure 5.2.6 shows the comparison between the averaging of the available power calcu-
lated in a different time from the instantaneous windwise velocity (〈Pavail(u, t)〉) and the
mean available power calculated from the mean windwise velocity. The relative differ-
ence between these two values is only 5% which shows that the power coefficient CP in
the forest case is larger than in the non-forest case and not because of the higher level of
turbulence in the forest case.

Table 5.2.2: Comparison of power obtained in the non-forest and forest cases. Turbine
losses for the forest and non-forest cases and power losses due to the forest for available
and actual power.

forest nonForest
losses

due to forest
P avail 2.78 MW 4.03 MW 31 %
P actual 0.68 MW 0.82 MW 18 %
aerodynamic
losses 76 % 80%

The comparison of power obtained in the non-forest and forest cases, aerodynamic power
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losses and power losses due to the forest are represented in Table 5.2.2. This table shows
that aerodynamic loss in the non-forest case is higher than in the case with forest. The loss
of actual shaft power due to the forest consists of only 18%, while the loss of available
power due to the forest is 31%.
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5.3 Forest effect on the blade angle of attack
In the final section of this thesis, one practical application of the present research is con-
sidered. As shown in Chapter 5, forest has a large impact on the wind flow and kinetic
energy, which is then converted to mechanical shaft power by turbine blades and fur-
ther to electrical power. It was noticed previously that when a turbine blade reaches the
lower part of the domain (z < H), the forest has the largest effect on the power pro-
duction. Let us take a deeper look into the mechanisms of power production from the
wind. It is known that the power is created by the torque (azimuthal force (f θa )) and the
azimuthal force is generated by the lift and drag forces which force the blades to rotate
: f θa = L sin(φ) − D cos(φ). It is obvious that the maximum azimuthal force is reached
when the first term is large and the second one is small. The lift and drag forces are cre-
ated by the velocity relative to the blades which is a combination of the incoming wind
speed and the angular velocity of the blades (see Figure 4.3.1). The lift and drag forces
are functions of relative velocity, chord length and the lift Cl(α) and drag Cd(α) coeffi-
cients, respectively, where α is the angle of attack. It can be seen from Figure 5.3.1 that
the azimuthal aerodynamic force is optimal in this case when 10 < α < 15 so that the lift
coefficient 1.1 < Cl < 1.5 and at the same time Cd is small.

α

Figure 5.3.1: Aerodynamic force coefficients of the NACA0012 airfoil.

Figures 5.3.2 and 5.3.3 show the instantaneous angle of attack at two different azimuthal
angles (θ = 240o and θ = 300o, respectively) for the non-forest and forest cases. It can
be seen from the figures that the angle of attack is different for different blades in the
forest case, and it is almost the same for all three blades in the non-forest case. The main
interest is the area of the blade where 10 < α < 15, thus 25 < r < 55. In the forest case,
at r > 35 the values of angle of attack are below 10o.
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Figure 5.3.2: Blade positions (left) and angle of attack at azimuth = 240o (right).

It can also be seen from Figure 5.3.4 that the angle of attack is optimal only for radial
positions of the blade close to the tip r = 35 and at the tip r = 54 in the non-forest case.
However, in the forest case α has much larger variations in comparison to the non-forest
case, especially near the tip. The angle of attack in the forest case is no longer optimal at
r = 35 m and r = 54 m. α decreases below 10o because of large variations. It is assumed
that α drops below 10o when at least one of the blades is located in the lower part of the
area swept by the blades (z < H). (See Figures 5.3.2 and 5.3.3.)

It was investigated in the previous section that loss of actual power due to the forest in
comparison to the non-forest case consists of 17.7% (in the case of a large wind turbine
array). It is shown above in this section that the non-optimal angle of attack is responsible
for the loss. Remember that the angle of attack α = φ− γ, where φ is the flow angle and
γ denotes the collective angle which is the sum of the local mounting pitch (ϕ) and the
design twist (ψ(r)) angles. The last equation brings up the idea of possible changes of α
by an active control of pitch ϕ. At the moment, the pitch in real turbines is set for different
(reference) mean-wind speeds to some constant value. It is only changed in order to shut
down the turbine if extremely high wind is expected.
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Figure 5.3.3: Blade positions (left) and angle of attack at azimuth = 300o.

The main idea of the active pitch control is not to try to control the pitch angle according
to the turbulent fluctuations in the approaching wind as a function of time. It seems to
be very expensive and difficult to arrange suitable continuous wind speed measurements
slightly upstream of the turbine for all wind directions. However, the idea is to try to im-
plement the pitch control as a function of azimuthal angle in order to follow the variation
of the mean wind speed arising from the strong vertical wind shear. As shown in Figure
5.3.4, the pitch in the forest case becomes non-optimal especially when the closest points
to the tip (r > 35) are located in the lower-part of the rotor-swept area (for example,
below 60 m). That is, the azimuth at which the pitch is non-optimal is known. Moreover,
it is supposed that the power used to change the pitch is much less than the increase in
total power produced by the turbine.

The simulations, from which the results are presented here, were performed between 2015
and the beginning of 2017. At the beginning of the work, the research question was di-
rected to the investigation of the forest effects on wake development. For that purpose
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and in this time limit, the task was simplified so that no control (as torque, tip-speed
ratio or pitch) was included in the ALM. The simplification was also made because the
control system of the wind turbine should not significantly affect the wake development
behind the turbine. Therefore, the results of the simulations are obtained with the con-
stant (rated) rotational rotor speed (Ω = 7.5 rpm); this corresponds to the so-called ”21/2”
torque-control regime (see (Jonkman et al., 2009)). However, it was decided to study the
effects of the forest on the power production and the angle of attack at the latest stage of
the dissertation process when there was no time to run new simulations, but it was possi-
ble to further postprocess the existing simulations. This simplification is not harmful in
the non-forest case because the turbine performs at the wind speed close to the rated one,
although the results in the forest case can be partly spoiled by the high angular rotor speed
at low wind speed. Further investigation of the forest influences on the angle of attack and
power production for a more realistic turbine with a controlled tip-speed ratio, torque and
pitch is planned for the near future.
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132 5.3 Forest effect on the blade angle of attack



Chapter 6

Summary

The main goal of the present study is to find the forest influence on wind turbines. For
this purpose, several LES over a flat terrain coupled with forest and turbine models were
carried out in the OpenFOAM environment (OpenCFD Ltd (ESI Group), 2004-2017) to
model the flow behaviour in identical cases with and without a forest. The wind turbine
is modelled by the Actuator Line Model (ALM). The depth of the Atmospheric Boundary
Layer (ABL) considered in the simulations covered four rotor diameters in most of the
cases. (ABL equals the height of the domain in the present study.) At first, the numerical
methods, forest and turbine models are evaluated theoretically and validated using other
LES studies, experimental and field measurements.

Initially, the standard ABL flow was simulated in a domain with a length of four ABL
depths. However, it turned out that it is too short to prevent the ”locking effect” seen as
the non-physical elongated crosswind inhomogeneities (Munters et al., 2016). It is es-
pecially important to avoid the ”locking effect” (non zero spatial autocorrelation Ruux
at large rx mainly) when the turbulence length scales are studied. According to Munters
et al. (2016), the windwise autocorrelation decreases to zero when the domain length is
approximately 38 ABL depths (12πd). However, 38 ABL depths (Lx = 12πd) is not
yet long enough to prevent the ”locking effect”. Finally, Fang and Porté-Agel (2015)
simulated the case in a significantly large domain, which size is 100d × 13d × d (or
32πd × 4πd × d). They reported that Ruux drops below zero at rx/d = 10 in that case.
A similar achievement was obtained by Munters et al. (2016) in the case (Lx/d = 12,
shifted) with shifted periodic conditions (introduced by Munters et al. (2016)) as well as
in the present LES in the case of the long domain (Lx/d = 12) with the turning approach.
The domain turning approach is described in Chapter 3. The present LES results with
the turning approach agree very well with Munters et al. (2016). Therefore, the turning
domain approach is highly recommended to use in the periodic simulations and in the
precursor simulation for non-periodic simulations.

Next, the current forest-canopy model implementation is validated using the study of
Shaw and Schumann (1992). The LES with two different forest canopies (one is from
Nebenführ and Davidson (2014) and the other is from Shaw and Schumann (1992)) were
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performed and compared with the existing field measurements (Bergström et al., 2013).
In both forest canopy cases, the velocities and turbulence intensities are within the one-
standard deviation intervals. This indicates the correct choice of the flow properties for
both present LES. However, the profiles of the case with a lower Leaf-Area Index (LAI)
better corresponds to the measurements. The Leaf-Area Density (LAD) profile for the
lower LAI is adopted from Shaw and Schumann (1992). The LAD profile for the higher
LAI is adopted from Nebenführ and Davidson (2014). The LAD profile from Shaw and
Schumann (1992) seems to model the Swedish forest from a field near Ryningsnäs better
than the LAD from Nebenführ and Davidson (2014). The present LES agrees very well
with the field measurements and Nebenführ and Davidson (2014).

Further, the ALM implemented in the NREL SOWFA library (Churchfield et al., 2012a)
for the OpenFOAM environment is used as a turbine model in the simulations. The ALM
is validated using wind-tunnel measurements by Chamorro and Porté-Agel (2009). Ac-
cording to the obtained results, ALM is found to be very sensitive to the choice of the two
physical parameters - the airfoil type and mounting pitch - and one numerical parameter -
the smearing coefficient ε which is applied to distribute the aerodynamic forces from the
virtual blade nodes to the actual finite volume cell centres. Based on the results of the
present study, ε should be chosen in such a way that ε ≥ 2∆x. However, ε should not
be larger than half of the turbine radius (R). In the case of D/∆x = 27, the best choice
for ε was observed to be ε = 4∆x (ε/R = 0.3). The study by Chamorro and Porté-Agel
(2009) is not suggested to be further used for validation because of the unknown airfoil
type and thus the absence of airfoil data. In the present study a good agreement with this
experiment is achieved with a flat-plate airfoil by decreasing the mounting pitch. The
results of the present study suggest that a good agreement can also be achieved by using
the cambered flat-plate or other cambered airfoil data available at a low Reynolds number.

After the validation part, the effects created by the canopy are studied:

• over flat terrain without turbines;

• in case of two turbines in tandem (2WT);

• in case of a large wind farm with six (3 × 2) wind turbines modelled and periodic
conditions applied (6WT).

Results of the simulations show that the wake structure above/in the forest differs from the
case without a forest. The wakes in the forest case (in both 2WT and infinite wind farm
cases) are wider in the crosswind (as well as vertically) but shorter in windwise directions
than wakes in the non-forest case. Taking into account these effects, the wind turbines
above/in the forest can possibly be placed closer to each other than in the unforested site.
It is also seen from the side view of the normalized mean windwise velocity that the wake
in the case without forest is nearly symmetric in the vertical direction over the hub height.
At the same time, the wake from the forest case is not symmetric (visually, as if the wake
moves into the forest), which inherently means that the turbine is operating in very dif-
ferent wind conditions. It is also found that the shape of the wake in the infinite wind
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farm case differs from the one in the 2WT case. In contrast to the 2WT cases, the velocity
deficit calculated between the reference flow (the periodic flow performed in the same
domain without turbines) and the wake flow does not drop to zero at z > 2H .

The global wind shear α in the cases with forest is approximately three to four times
larger than the values obtained in the non-forest cases. α in the forest cases without wind
turbines is smaller than the values obtained in the cases with turbines. The wind shear ob-
tained in the 2WT case with forest for the upwind turbine is smaller by 10% than the one
obtained for the downwind turbine. The wind shear for an infinite wind park is very simi-
lar to the one obtained for the upwind turbine in the 2WT case with forest. In general, the
wind shear obtained in the forest cases agrees with the values estimated at hub height by
Odemark and Segalini (2014) (α = 0.5) and Nebenführ and Davidson (2014) (α = 0.52).
However, α obtained in the 2WT case without forest for upwind and downwind turbines
are equal to each other. And the value obtained in the large wind farm (non-forest case) is
much smaller (approximately zero) than it is in the 2WT case and even in the case without
wind turbines and without forest. In general, the wind shear obtained in the cases without
forest (with and without WTs) is slightly smaller than it was calculated by Nebenführ and
Davidson (2014) in the non-forest case without wind turbines (α = 0.19).

The maximum of turbulence intensity (in the rotor area of a virtual turbine) calculated
in the cases without turbines is 11% and 23% in the non-forest and forest cases, respec-
tively. The presence of the turbines even further increases the turbulence intensity for the
forest and non-forest cases. The maximum of the vertical Reynolds shear stress (in the
rotor area of a virtual turbine) calculated in the cases with forest and without turbines is
seven to eight times higher than in the case without forest. However, the maximum of
the vertical Reynolds shear stress calculated in the 2WT cases with forest is about ten
times higher than in the case without forest. Thus, the presence of the forest increases the
vertical shear stress as it is known. Moreover, the presence of the turbines itself further
increases the vertical shear stress.

The maximum values of wind shear and turbulence intensity, given by international safety
standards in 2005 (IEC, 2005) for the strongest turbine class, are α = 0.2 and I = Iu =
16%, respectively. The values predicted by LES in the forest case are much larger than
the given safety limits. The increased turbulence and high wind shear can be harmful
for the turbines which are designed according to IEC (2005). Thus, the placement of the
turbines, not designed for the forest wind conditions, in a forest-covered terrain may lead
to a shortened turbine life cycle.

The turbulence integral length scale Lu in the case with forest is smaller than without
forest (without turbines, see Chapter 3). As the forest makes the integral length scale
smaller, it is clear that for a given mean wind speed, the time scale of the dominant tur-
bulent structures also becomes smaller. Therefore, the dominant aerodynamic loads on
the blades not only increase in magnitude but also occur at higher frequencies. The ra-
tio between the integral length scale at the lower and upper tip Lu|z/H=1.6/Lu|z/H=0.4 is



136 Chapter 6. Summary

approximately 2 in the forest case. However, in the case without forest, the ratio is close
to one (Lu|z/H=1.6/Lu|z/H=0.4=0.8). This indicates that the turbulence structures in the
forest case are very different across the rotor disk. Therefore, the frequency of the loads
also varies over the rotor area.

Hence, the much stronger mean shear, much higher turbulence intensity and the smaller
turbulent length scale, which were obtained in the current study for the case with forest
in comparison to the non-forest case, can be harmful to the turbine and can reduce its life
cycle. Based on the results discussed above, design safety standards should be created for
wind turbines to be installed on forested sites.

In both cases (2WT and 6WT), the available and produced (actual) power in the forest
case is smaller than in the non-forest case because of the slightly different wind condi-
tions over the rotor disk area in these cases (Uh = 8 m/s and Uh = 8.9 m/s, respectively).
The velocity in the wakes, wind shear and turbulence intensity are slightly different in the
case with two turbines in tandem and a large wind turbine array. This may be a reason
why the loss of actual shaft power due to the forest is higher in the 6WT case than in the
2WT case. On the other hand, the aerodynamic power loss (in both cases, 2WT and 6WT)
in the forest case is smaller and the power coefficient is larger than in the case without
forest. This indicates that performance of the turbine located in the forest may be better,
mainly because of the higher mean velocity through the upper half of the rotor disk owing
to the strong mean wind shear.

Moreover, it was shown that the blade angle of attack varies much more in the forest
case than in the non-forest case due to both the increased mean shear and the increased
turbulence. Therefore, blades are likely to operate much more in off-design conditions
in the forest case. A possible active pitch control is proposed in the present study to be
considered by manufacturers in order to increase power production and minimize fatigue
loads on turbines in forest conditions.

The next steps after this project should include the following. First of all, the pitch control
should be implemented in the ALM in order to study how much the angle of attack varia-
tion in the forest case could be reduced by the pitch control. The variation can be reduced
based on the blade azimuth angle. On the other hand, the control could additionally be
based on turbulent velocity variations. The numerical results should be compared with
field measurements from a forested site. Furthermore, the influence of forest cut should
be studied in order to see how far the forest edge should be brought away from the turbine
to prevent the harmful forest effects on the turbine.
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