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Flow and Turbulence Characteristics at Hub Height for Offshore Wind Energy Production
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Introduction

Interest in offshore wind has continued to grow over the last few decades as a vital component in the renewable
energy landscape. The wind speeds offshore are higher and generally more consistent in magnitude and direction
owing to the aerodynamically smoother surface of the ocean, and turbines can be built at a larger scale which
generates greater and more reliable energy production.

Offshore wind turbines have a few different substructures for both fixed and floating turbines, with monopile being
the most used foundation and over 99% of installed turbines using fixed substructures. However, most of the offshore
wind potential for the United States lies in deeper waters, so the future lies in floating structures. For an idea of the
size of these turbines, the average hub height (vertical distance from the surface to the hub of the turbine) is around
100 meters, and the average rotor diameter is about 220 meters. Globally, there is about 63 GW being produced with
China, the United Kingdom, and Germany leading the way. Comparatively, the United States is lagging far behind,
with only three operational offshore wind farms (producing 174 MW) and a few more in the development and
permitting phases. High borrowing and inflation rates have created problems for building more offshore wind farms in
the U.S. even with the help of the Inflation Reduction Act.

Offshore wind also comes with many risks and disadvantages that have impeded the progress of the energy source.
Operating offshore in saltwater significantly complicates both installation and maintenance processes, leading to
substantially higher costs. Electrically, there are issues ensuring stable operation, efficient power transmission, and
effective management of energy storage systems amidst changing environmental conditions and operational demands.
From a structural point of view, there are concerns about the durability in the face of strong and variable weather
conditions and minimizing mechanical loading due to wind-wave behavior. Another obvious risk for the turbine is
strong winds, especially the conditions created during a hurricane. These risks as well as the high upfront construction
costs have held offshore wind development back compared to solar and onshore wind, but many countries including
the United States see offshore wind as a crucial piece of the renewable energy landscape for the future, especially for
large populations near the coasts, and will continue to invest money in it to push development forward.

A smaller area that is important for turbine design and reducing costs is exploring the conditions created by
wind-wave interaction at varying wind speeds. By knowing the fluctuations in wind speed that a turbine will
experience across its rotor blades, turbine designers can make more informed decisions regarding the materials used
and the forces, vibrations and fatigue, and torques that the blade needs to be designed to withstand. We centered our
efforts on this topic and analyzed the turbulence created by these interactions, specifically at hub height of the wind
turbine.

Methods

One tool for simulating wind over waves is Large Eddy Simulation (LES). This mathematical model is based on the
Navier-Stokes equations which describe the motion of fluid flows, and it is used to simulate turbulent flows. LES is
extremely useful for offshore wind applications as it simulates the turbulent conditions that a turbine would
experience and facilitates a better understanding of these conditions. Code was compiled and run in Linux, so part of
the process was learning the Linux commands needed to accomplish this and then also developing and running these
simulations for our specific interest in the wind-wave interaction at hub height. LES resolves the largest scales of
turbulence over space and time with small grid cells and time steps, so it requires a lot of computing power and takes
a while to run. In order to run this code, we collaborated with the Center for Research Computing (CRC) and ran the
code on their computer nodes.



In our simulations, varying wind speeds were blown over a surface of waves, which served as an initial condition for
us so that we could observe the effect that the wind speed had on the turbulent conditions that resulted from the
wind-wave interactions. A close-up snapshot of the wave-field in the x-z plane is shown below in Figure 1 and a
snapshot of the whole wave-field with z contoured over zeta to give an idea of what the wave-field looks like in three
dimensions is depicted in Figure 2.

Figure 1: Snapshot of a small part of the grid in the x-z plane from Sullivan [1]. Depicts the surface shape of the
waves.

Figure 2: Snapshot of a slice of the wave field at a zeta height of 3 meters.



Results

We ran simulations for low, average, and high wind speeds of 5 m/s, 10 m/s and 25 m/s. The variances of the w
velocity at the z height of 105 meters, which is close to standard hub height for a turbine, were 0.1594 for 5 m/s ,
0.1602 for 10 m/s, and 0.6486 for 25 m/s. The variances are plotted below in Figure 3 to show the fluctuations that the
turbine would experience at hub height in the grid over time and a snapshot of the w-velocities in the x-y plane is
included below in Figure 4 to show the flow varying in space as well.

Figure 3: Variances for wind speeds at a z height of 105 meters. Depicts the flow varying temporally at a specific
position in the flow.

Figure 4: Snapshot of the x-y plane of the w velocities. Depicts the flow varying spatially.



Conclusions

The results of the simulation show that as the wind speed increased, the turbulence or the fluctuations in wind speed
also increased in each direction (u, v, and w). This preliminary research scratches the surface of exploration into
wind-wave interactions and the turbulence characteristics induced by these interactions and was a preliminary use of
LES for offshore wind applications. This area will continue to be important to investigate to affordably build offshore
wind turbines in areas that experience higher wind speeds and even hurricanes. Future studies would involve
simulating conditions similar to those in a hurricane and including a realistic representation of wind turbines
themselves into the model.
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