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Abstract. The Center of Wind Pressure (CoWP) [C. Schubert et al., Wind Energ. Sci. Discuss., 2025] introduces a concept

to determine a flow structure from the incoming flow fields that provides critical load information. This paper refines the

approach in order to better understand how local flow structures affect the turbine. A new quantity, namely the Load center,

is introduced to correlate the flow-related CoWP and the loads of the turbine. A novel calibration factor is introduced to

establish a direct relationship between flow structures and aerodynamic loads. Therefore, simulations under laminar, shear, and5

turbulent inflow conditions are carried out as well as different wind turbine simulation methods. A good correlation between

the turbulent inflow structures and loads from blade element momentum simulations (BEM) is found. High-resolution Large

eddy simulations (LES) even improve this correlation, attributable to the more-resolved flow modelling capabilities.

1 Introduction

Installations of new, state-of-the-art wind turbines have to be carried out in accordance with current standards, e.g., the10

IEC61400-1 (IEC (2019)). The standards cover most aspects of turbines over their service life. This includes various oper-

ating points such as regular power generation, start-up phase, normal shutdown, and error handling. Some of these design load

cases have to be tested under a whole range of wind speeds. In total, several hundred different cases have to be analysed for

compliance with the standards. Due to the enormous number of cases, it is necessary to use efficient tools that can deliver

accurate results in the shortest possible time. Such a concept is the description of the flow structures from the incoming flow15

field by the
::::::
Among

:::::
these

:::::::
efficient

::::
tools

::
is

:::
the Center of Wind Pressure (CoWP)as introduced Schubert et al. (2025)

:
,
:::::::::
introduced

::
by

::::::::::::::::::
Schubert et al. (2025),

::::::
which

::::::::::
characterizes

::::
flow

:::::::::
structures

::
of

:::
the

::::::::
incoming

:::
flow

::::
field. This paper uses numerical simulations

to confirm
::::::
validate

:
the previous work.

In general, there are various techniques for simulating wind turbines. The most common are the blade element momentum

theory (BEM), actuator line simulations (LES-AL), and blade resolved simulations (BL). These methods differ significantly20

in terms of complexity and calculation effort. The simplest method is BEM, an engineering model in which the local veloc-

ities are estimated from an induction model and the resulting blade forces are calculated using lookup tables. Since simple

surrogates of the flow field are used, BEM simulations are computationally efficient. LES-AL and BL are computational fluid

dynamics simulations (CFD) in which the flow field around the turbine is calculated by solving the Navier-Stokes equations.

Usually, a large eddy simulation (LES) is used for modelling the turbulence. Thus, the impact of the turbulent inflow cases is25
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not just treated by an induction factor. Still, the spatio-temporal development of the turbulent flow structures is resolved as they

approach the turbine. On the one hand, LES simulations allow very accurate predictions of the interaction between the blades

and the flow. On the other hand, LES simulations are orders of magnitude more costly than BEM. Accordingly, it would be

impossible to simulate several hundred load cases for validation processes as part of the development and optimization of wind

turbines with computational capabilities. This is why BEM forms the basis for the development process.30

This raises the question: How accurate are the predictions using BEM compared to high-resolution LES? Due to the lack of

flow modelling in the induction zone, a wind gust can disappear or be strongly deformed until
::::::
before it hits the rotor. The

flow field immediately after the rotor can also affect the local blade aerodynamics. All of these phenomena can occur in reality

and can be modelled with LES, but cannot be represented in BEM. Hence, to evaluate such model uncertainties, comparative

studies are of high interest. Especially
::
In

::::::::
particular, we focus on the issue how local and temporal effects of flow structures35

(like the CoWP) can be captured for load investigations.

The following paragraph summarises existing comparisons from the literature. In Ehrich et al. (2018) the effects of turbulence

on the sectional forces are analysed for BEM, LES-AL, and BL. It was concluded, that the time averaged sectional forces for

the center section of the blade match between the simulation methods, but differ at the blade root and tip. Liu et al. (2022)

compared the power and thrust in BEM and LES-AL for laminar inflow. A comparison of the thrust coefficient for LES-AL and40

BEM in floating applications is carried out in Apsley and Stansby (2020). All these investigations , lack a temporal comparison

between the flow and the loads.

Nonetheless, whether or not these differences can be attributed to the modelling of the induction zone or the blade aerodynam-

ics is not entirely clear. In this work, we address the question of how the general flow pattern of the inflow is influenced by the

induction zone and how it affects the turbine loads. This includes a correlation analysis (flow to load) as well as an investigation45

of the influence of the induction zone on the turbulent fields, which is carried out for multiple flow scenarios.

Atmospheric turbulence is a crucial factor in regular energy production because wind fluctuations influence all aspects of

the turbine. Consequently, turbulence modelling is a cornerstone of wind energy research (Veers et al. (2019); Kosović et al.

(2025)). The IEC standard specifies synthetic wind field models for emulating the effects of atmospheric turbulence. The Mann

model (Mann (1994, 1998)) and the Kaimal model (Kaimal et al. (1972)), as well as their parametrisations, are prescribed for50

this purpose.

As wind turbines are constantly being improved, i.e., reaching the physical limitations of the materials, the state-of-the-art

development approach, based on BEM simulations, is reaching its limits. This is reflected in discrepancies between the simu-

lated loads and the observed loads (Schubert et al. (2025)). In principle, the origin of such differences may lie in the already

described issues in the simulation models or inaccuracies within the turbulence prescription. For an efficient use of material55

and resources, as well as for ensuring the structural integrity of the turbines, it is necessary to determine the loads precisely.

Therefore, improvements on both the turbulence description and the modelling assumptions are desirable.

There are various approaches to optimising turbulent fields. The recent work of Syed and Mann (2024a) and Syed and Mann

(2024b) focuses on low-frequency, anisotropic wind fluctuations in the marine atmosphere. Syed and Mann (2024a) provides

a model that extends turbulence spectra to � 1 h�1 by incorporating a two-dimensional formulation for large-scale fluc-60

2



tuations. In Syed and Mann (2024b), a Fourier-based method is presented to generate synthetic wind fields combining the

two-dimensional spectral tensor from Syed and Mann (2024a) for the large structures and the uniform shear model from Mann

(1994) for the small scales. In the works of Kleinhans (2008), Friedrich et al. (2022) and Yassin et al. (2023), the correct

representation of the small-scale structures in the inertial subrange is addressed. The velocity increments on the scale of a wind

turbine and smaller are non-Gaussian distributed according to the K62 turbulence model. This property has been demonstrated65

for atmospheric turbulence in various works, cf. Mücke et al. (2011). However, this phenomenon is not considered by the

models prescribed in the IEC standard.

The two previous strategies for improving turbulent fields are based on physically explainable gaps in the assumptions of

the models currently in use. Schubert et al. (2025) have chosen a different, engineering-based approach. In their work, load

measurements from a turbine are analysed regarding their damage equivalent load (DEL). It turns out that particular events,70

so-called bump events, which occur over time scales larger than 10 s, dominate the overall DEL. Interestingly, these large-scale

events, identified in the time series of the loads, can also be found in the time series of a quantity calculated purely from the

inflow wind field. Schubert et al. (2025) introduced this quantity as the Center of Wind Pressure (CoWP) to describe these

large-scale events. This new characteristic quantity reduces the turbulent loads to a single point in the rotor plane. A pressure-

induced yaw- and tilt-moment, i.e., bending moments at the main shaft of the turbine, can be calculated based on the CoWP75

location. The authors observed a good agreement between the DEL from the introduced pressure-induced moments and the

BEM-simulated moments.

Because these pressure-induced moments can be calculated exclusively from turbulence inflow data — independent of the

wind turbine — load estimates can be obtained early in the development process. Building on this concept, Moreno et al.

(2024, 2025) aim to describe the dynamics of the CoWP using stochastic models, particularly the Langevin approach.80

This paper extends the investigation of the CoWP, already introduced in BEM Schubert et al. (2025), Moreno et al. (2024) and

Moreno et al. (2025), by analysing the effect of the simulation method on the CoWP. For doing so, three simulation approaches

are compared: BEM, LES-AL, and BL (with an
::::
with

:
a
:
Delayed Detached Eddy Simulations DDES )

:::::::::
Simulation

::::::
DDES

:::
for

::::::::
modelling

:::::::::
turbulence. The simulation models are compared under different flow scenarios, ranging from laminar to turbulent

cases, thereby generalising the previous studies. By comparing the various simulation models while simultaneously relating85

them with the flow, it can be shown that modelling the induction zone at LES-AL results in a better correlation with the loads

than with BEM. Whereas the work of Moreno et al. (2025) quantitatively describes the relationship between the CoWP and

wind turbine loads, it provides no one-to-one correspondence between inflow and aerodynamic response. This gap is closed in

this work by introducing a calibration parameter that can be determined from a laminar simulation. The simulation settings for

each approach and the selected flow scenarios are detailed in section 3. Steady inflows are analysed in section 4.1 and section90

4.2. The behaviour of the turbulence, including the CoWP is analysed in section 4.3.2. Subsequently, section 4.3.3 shows how

the CoWP affects a turbine in a LES simulation.
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2 Fundamentals

The following chapter explains speci�c aspects of the �elds used in this work, namely turbulence and numerical models. For

turbulence, these are synthetic turbulence (section 2.1) and the Center of Wind Pressure (section 2.2). The numerical models95

are BEM (section 2.3) and CFD (section 2.4) with the sub-model AL (section 2.5).

2.1 Synthetic Turbulence

The use of synthetically generated turbulence to mimic the in�uence of real atmospheric turbulence is a well established

procedure in research and speci�ed by the IEC standard (IEC (2019), c.f. Stoevesandt et al. (2022). The basic idea, as described

by Veers (1984), was introduced to generate the �uctuations of atmospheric turbulence for numerical simulations ef�ciently100

and with low computational effort. The methodology works by describing the �uctuations in Fourier space according to a

model spectrum of the kinetic energy. The spectrally modelled �uctuation tensor (e.g. in Eq. 1) is then converted into a three-

dimensional �eld using inverse Fourier transformation. One of these models is the Mann model (Mann (1994, 1998)), which

is proposed in the ICE standard and frequently used in research, which is why it is also used in this work. It implies the von

KarmanspectrumVon Karman (1948)
:::::::
Kármán

::::::::
spectrum

:::::
(1948

:
) and, consequently, the spectral tensor in wavenumber space105

(� ) follows

� iso
ij (� ) =

�� 2=3L 17=3

4�
� ij � 2 � � i � j

h
1 +

�
L�

� 2
i 17=6

: (1)

The corresponding one-dimensional kinetic energy spectrum result in

Fi (� x ) =

8
>><

>>:

9
55 �� 2=3 1�

L � 2 + � 2
x

� 5= 6 for i = x:

3
110 �� 2=3 3L � 2 +8 � 2

x�
L � 2 + � 2

x

� 11 = 6 ; for i = y,z:
(2)

The resulting vector �eld exhibits a coherent �eld according to K41 theory (Kolmogorov (1941)). This means that the energy110

spectrum follows the -5/3 law and the velocity increments are Gaussian distributed on all scales.

For parametrisation of the model, only three values are required: A length scaleL to de�ne the inertial subrange, a parameter

for viscous dissipation�� 2=3, and a shear distortion parameter� that controls anisotropy by stretching the turbulent structures.

In most cases, the Turbulent Intensity (TI) is used for the parametrising instead of the viscous dissipation as it is easier to

measure and understand, cf. Larsen and Hansen (2007).115

2.2 Center of Wind Pressure

The Center of Wind Pressure (CoWP) introduced by Schubert et al. (2025) is a new characteristic quantity to describe �ow

structures and their in�uence on the loads of a wind turbine. The background to this was that certain load events (so-called

“bump events”) identi�ed from operating measured data could not be realistically reproduced or explained from numerical

simulations using the turbulent �elds from the given standards.120
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The CoWP is a measure to grasp the spatial non-uniformity of the velocity �eld. It is described as the point in a velocity plane

at which the total dynamic pressure from the velocity �eld acts. The formulation of Moreno et al. (2025) is used in this work.

TheCoWPi has two componentsi = [ y;z] and is calculated from N discrete points in the velocity plane and their velocity in

the main �ow directionUx

CoWPi (t) =
P N

k=1 i k � U2
x (yk ;zk ; t)

P N
k=1 U2

x (yk ;zk ; t)
: (3)125

For a turbulent wind �eld, the CoWP is therefore a time-dependent coordinate in a plane parallel to the rotor surface, which

can be determined from synthetic data or measurements. Figure 1 shows the time series of the two components, Y and Z, of the

CoWP from a synthetic wind �eld in a) and b). Two particular times are marked by the red and green dots. Those correspond

to the global maximum and minimum of theCoWPZ . The instantaneous velocity planes of the wind �eld at those two times

t = 250 s andt = 588 s are shown in c) and d). The location of the CoWP and the center of the section are marked by the red130

and green dots and the black crosses, respectively. The location of theCoWPZ can be explained in the velocity planes by the

presence of regions with higher velocities in the upper and lower ranges, respectively. At this point, it should be brie�y noted

that the CoWP is relatively close to the center of the rotor plane, with amplitudes of approx. 3 m. Due to the high thrust, this

offset still results in considerable bending moments on the main shaft.

In the work by Moreno et al. (2025), a characterization of the dynamics of the CoWP is carried out based on the statistical135

properties of the signals. The Langevin approach (Friedrich and Peinke (1997)) is used for the characterization, i.e., by calcu-

lating the drift and diffusion values of the system. Due to the strong correlation to the bending moments at the main shaft, the

dynamics of the CoWP are used for reconstructing random signals of the moments. The work shows that the combination of

the CoWP and the Langevin approach allows an estimation of the loads without a simulation or even a wind �eld, as the loads

are determined from a stochastic process. The main advantage of the stochastic reconstruction is that very long time series can140

be generated ef�ciently, which is essential for the assessment of the loads over the lifetime of the turbine.

2.3 Blade Element Momentum Theory

BEM theory is a fundamental analytical tool used to predict the aerodynamic performance of propellers and wind turbines. It

integrates two concepts: blade element theory (Froude (1878)), which examines the forces on individual blade sections, and145

momentum theory (Rankine (1865)), which considers the conservation of linear and angular momentum in the �ow through

the rotor plane.

In BEM theory, the rotor blade is divided into numerous small elements along its length, which are assumed to be independent

of each other. The local relative velocity and the angle of attack are calculated for each element based on the rotational speed and

the turbulent in�ow. The local lift and drag forces are determined from lookup tables for the airfoil sections. These aerodynamic150

forces are then used to compute the contributions to thrust and torque from each blade segment. In parallel, momentum theory

is applied to account for the induced velocities in the axial and tangential directions resulting from the energy extracted by the
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Figure 1. Time series of theCoW PY in a) andCoW PZ in b) from the synthetic wind �eld used in this work. Velocity slices of the wind

�eld corresponding to theCoW PZ maxima in c) and minima in d). The CoWP locations are shown by the red and green dots in the time

series and the velocity slices. The center of the slice is shown by the black cross.
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rotor.

Since the Navier-Stokes equations are not solved in a discretised �ow domain, BEM simulations are fast and widely used. At the

same time, this constitutes the major drawback of BEM, since it can lead to substantial deviations from reality. Especially for155

the accurate modelling of complex �ow phenomena near the blade tip and the blade root, as well as for unsteady aerodynamics

such as dynamic stall, the differences to measurements or high-resolution models are notable. To address these issues, there

are different models to correct the initial calculation, cf. Glauert (1963).

2.4 Computational Fluid Dynamics

In CFD, the Navier-Stokes equations are used to simulate �uids. For incompressible �ows, these are160

r � U = 0 ; (4)

@U =@t+
�
U � r

�
U = �r p+ r � (� r U ) + F: (5)

WhereasU is the velocity vector,p is the kinematic pressure, and� is the kinematic viscosity.F is the source term with

which external forces, such as gravity, can be applied to the �uid. As proposed by Spille-Kohoff and Kaltenbach (2001) and165

Gilling and Sørensen (2011), this source term can also be used for a turbulent in�ow inside the domain. For this purpose, the

�uctuations from the wind �eldui;turb are considered as accelerations of the background velocity, which is then converted into

a force

Fi;c =
1
2

Ac
�
U +

1
2

ui;turb
�
ui;turb : (6)

2.5 Blade resolved and Actuator Line wind turbine representation170

The most obvious representation of a wind turbine in CFD is blade resolved (DDES-BL). For this, the exact geometry of the

wind turbine is resolved by the numerical grid. This requires a large number of small cells around the blades in order to be

able to capture all aerodynamic effects. Due to the small cells, a small time step is required for the simulation as well. The

combination of many cells and a small time step makes blade resolved simulations computationally intensive.

The Actuator Line Method (LES-AL) introduced by Sørensen and Kock (1995) is a computational technique used in CFD to175

simulate wind turbine aerodynamics ef�ciently. Instead of modelling the full geometric complexity of turbine blades, LES-AL

represents each blade as a line of discrete force elements distributed along its span. These elements apply forces to the �ow �eld

through the source termsF in Eq. 5, replicating the aerodynamic effects of the blades without the need for detailed geometric

resolution.

In LES-AL, the forces are calculated based on local �ow conditions from the CFD �eld and airfoil characteristics from lookup180

tables. The force determination for the LES-AL is based on the same lookup tables as for BEM methods. To mitigate singular-

ities and numerical instabilities, the body force vector is distributed over the �ow �eld using a Gaussian function as introduced
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by Sorensen and Shen (2002).

This approach allows for the capture of essential aerodynamic interactions between the turbine and the surrounding �ow �eld,

including wake formation and evolution, while signi�cantly reducing computational costs compared to fully resolved LES-BL185

simulations, by modelling the actual airfoil �ow interaction.

2.6 Comparison of the different methods

When developing a new wind turbine, various tools for load prediction are available. They differ in model complexity and,

consequently, in the computational effort required to simulate a speci�c load case. The crucial question is what level of detail

is required for the load prediction for the speci�c components of a wind turbine.190

Table 1 shows a comparison of various existing tools for load prediction. BEM, LES-AL and DDES-BL are frequently used

and well established in research. Their respective advantages and disadvantages are commonly known and well documented.

The newly introduced CoWP differs from previously described models, as it has so far been presented exclusively using

BEM simulations. So it remains unclear whether the concept can also be generalised for high-resolution LES simulations.

Furthermore, the signals are normalised in both papers, and it remains to be clari�ed how CoWP can be converted into a load195

signal.

Table 1.Overview of different load prediction tools.

Simulation model BEM LES-AL DDES-BL CoWP

Accessible �ow �eld - ++ ++ -

Modelling of multiple turbines - ++ + -

Airfoil aerodynamics - - ++ -

Root/Tip vortex representation - + ++ -

Dynamic Stall - - ++ -

Calculation time + - - - ++

Bending moment on the main shaft + + + +

3 Methodology

Here, a detailed presentation of numerical setup is given. It starts with the selected turbine and the operating point (section 3.1).

Followed by parametrisation for the BEM simulation (section 3.2) and the CFD simulation (section 3.3) in terms of the solver,

the grid, the numerical schemes and turbulence models. It ends with a physical derivation of the Load center (section 3.5) and200

a description of the selected �ow scenarios (section 3.6).
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3.1 Turbine Setting

The investigation in this work is carried out with the NREL 5MW reference turbine (Jonkman (2009)) with a diameter of

126 m. This model turbine is commonly used for scienti�c studies. To neglect all periodic loads, a very simpli�ed rotor is

represented, i.e., the rotor is not tilted, the blade has no cone angle, and a constant pitch angle. Additionally, there is no tower205

(similar to Dose et al. (2018)). The turbine is operated in rated conditions (Ux = 11.4 m/s), with a constant rotor speed of 12.1

rpm.

3.2 BEM Setup

The BEM simulations are performed with the open-source tool OpenFAST v2.5 with the provided repository for the NREL

5 MW reference turbine (Jonkman et al. (2021)). The controller, gravity, ground effect, tower effects, and dynamic stall model210

are turned off to model the same setup as in CFD. The blade pitch angle as well as the rotational speed are de�ned as constant,

with values of 0° and12:1 rpm, respectively.

3.3 CFD Setup

The CFD simulation is carried out with the open-source toolbox OpenFOAM v2306 (OpenCFD (2023)). The incompressible

unsteady solver pimpleFOAM (Greenshields and Weller (2022)) is used, which uses a combination of the PISO (Issa (1986))215

and SIMPLE (Patankar and Spalding (1983)) algorithms for pressure–velocity coupling. A second-order Backward scheme is

used for the time derivative, and a second-order Linear Upwind scheme is used for the convective term.

The turbulence is modelled with the standard Smagorinsky (Smagorinsky (1963)) subgrid scale model for the LES-AL case.

For the DDES-BL case, a Delayed Detached Eddy Simulation is used (Gritskevich et al. (2012)). This is a hybrid between

the k-omega SST model (Menter et al. (2003)) near the wall and a standard Smagorinsky model (Smagorinsky (1963)) for the220

far�eld. This ensures that the �ow in the induction zone is computed using the same subgrid models.

3.3.1 Mesh settings

The same base mesh is used for all LES simulations (LES-AL and DDES-BL for the three �ow scenarios), which is shown in

Figure 2. For the DDES-BL simulations, there is an additional rotor region with the blade meshes and the hub. The simulation225

domain has a length of2558m (� 20 D) and a width/height of1024m (� 8 D). In the base mesh, all cells are quads with an

aspect ratio of one. In the area of the rotor, as well as the direct near-wake, the cells have a resolution of1 m. Over the entire

length of the domain, there is a cylindrical re�nement zone with a diameter of240m (� 2 D) and a resolution of2 m. Further

outwards, the cells become coarser in other re�nement zones, resulting in a total cell count of 27.2 million cells. A grid study

is attached in Appendix A.230
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