Turbulence in a wind
farm: vortices form
behind wind turbines,

slowing down the wind.

This must be consid-
ered in the planning of
wind farms.
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Wind turbines can steal wind from
each other. The airflow directly be-
hind a wind turbine is turbulent and
contains less energy. This is cur-
rently accounted for in the planning
of wind farms, but new insights such
as those from Claudia Brunner'’s
team at the Max Planck Institute for
Dynamics and Self-Organization in
Gottingen could help to further mini-
mize losses. The work of Brunner's
team builds on the origins of fluid dy-
namics research in Gottingen that
led to the founding of the Institute
100 years ago.

It is hard to go anywhere in Goéttingen
without being reminded of fluid dy-
namics research. If you walk from the
train station in the direction of the
city center, you will come across a
commemorative plaque in front of
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VORTICES IN
THE WAKE

Michaelishaus: “This is where Lud-
wig Prandtl, the ‘father of aerody-
namics,’ began his scientific research
in Gottingen in 1904.” Prandtl’s work
at the intersection of mathematics,
physics, and engineering continues to
influence research on fluid dynamics
and turbulence to this day. In the
course of his research, fundamental
science went hand in hand with tech-
nical applications: How does air be-
have when it flows around an obsta-
cle? What lessons can be derived from
this and how can they be applied to
aircraft design? These insights at-
tracted particular interest during the
First World War, when aircraft played
a significant military role for the first
time. Prandtl and his colleagues read-
ily studied how aircraft wings and
even bombs could be improved in
terms of fluid mechanics.
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Prandtl used his scientific prominence
to his advantage so that he was soon in
charge of a large research institute:

the “Aerodynamic Research Institute”
and later the “Kaiser Wilhelm Insti-

tute for Flow Research together with

the Aerodynamic Research Institute”,

which was inaugurated in 1925. By

constructing several wind tunnels,
Prandtl created the experimental pre-

requisites for outstanding research at
these institutes. During the National
Socialist regime and the Second
World War, he and his research again

played an important role and conse-

quently, the Institute was closed and

subjected to review by the British mil-

itary government in 1945. The Kaiser

Wilhelm Institute for Fluid Dynam-
ics was permitted to continue operat-

ing as an institution dedicated to basic
research. After the founding of —>
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the Max Planck Society in 1948 as the

successor organization to the Kaiser
Wilhelm Society, the Institute contin-
ued its work as the Max Planck Insti-
tute for Fluid Dynamics. There was

also continuity in terms of personnel

after the Second World War: Prandtl

led the Institute until 1946, before

handing this responsibility over to his

former doctoral student, Albert Betz,
who had already been in charge of the

Aerodynamic Research Institute for
several years. After 1969, fluid dy-
namics research decreased in impor-
tance at the Institute, until it was dis-
continued entirely in 1993.

With the appointments of directors

Stephan Herminghaus and Eberhard
Bodenschatz in 2003, fluid dynamics
research returned to the Institute, but
within the context of nonlinear and
self-organizing phenomena. This is
reflected in the new name of the Insti-
tute, which has since been known as
the Max Planck Institute for Dynam-
ics and Self-Organization. Topics
studied by Bodenschatz and his de-
partment include the physics of
clouds and turbulence. Through
Claudia Brunner and her research
group on Turbulence and Wind En-
ergy, established in 2023, the Institute
is returning to its roots, while also
conducting basic research for the fu-
ture. “We are researching the airflow
around wind turbines and in wind
farms, from the millimeter range at
the edge of the rotor blades to the
wake, which can extend over hun-
dreds of meters or even several kilom-
eters,” explains Brunner. The aim is
to improve our understanding of the
fluid mechanics of wind turbines and
ultimately make them more efficient.

Basics of Wind
Energy

Intensive research into wind turbines

was already underway in Gottingen in
the years following the First World
War. This was because aviation re-
search in Germany had been prohib-
ited by the terms of the Treaty of Ver-
sailles. Albert Betz, who had
previously conducted research into
propellers, subsequently focused his
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work on wind turbines. This research
took on additional significance be-
cause coal was scarce and expensive in
Germany at the time, and alternative
sources of energy were needed. Betz’s
research laid important foundations
in the field, for example, Betz’s Law.
This law states that a wind turbine
can harvest a maximum of just under
60 percent of the energy carried by
the wind that flows through its rotor
disk. A lot has happened since the
early days of Betz’s research, and
wind has now become the most im-
portant energy source in Germany,
accounting for around 30 percent of
the nation’s total energy production.
However, despite many years of opti-
mizing the use of wind energy, there
are still numerous open research
questions with relevance for the oper-
ation of wind turbines and wind
farms. These concern, for example,
the vortices that occur at or behind
wind turbines. This is because turbu-
lent flows are extremely complex and
cannot yet be fully explained by phys-
ics.

Turbulence, that is a flow characterized

by swirling eddies, occurs when gases
or fluids encounter an obstacle. When
a ship ploughs through water, we see
this happen in its wake. Similarly, tur-
bulence occurs in the wake of wind
turbines and is particularly important
in wind farms. This is because the
wind in the wake of a wind turbine
carries less energy. Consequently,
turbines in the back rows generate
less electricity than those in the front
rows. In large wind farms, this can re-
sult in losses of up to 10 percent. It is
only at a greater distance from the
wind turbine that the airflow picks up
speed again at the height of the tur-
bine. This happens because the di-
rected and faster airflow from greater
heights re-energizes the air in the
lower layers. “It is currently unclear
when precisely this phenomenon oc-
curs and what it depends on. This is
because the vortices behind a wind
turbine can be fairly stable, and only
when they break down can the ener-
getic air from higher layers flow in,”
explains Brunner. She and her team
are therefore investigating the condi-
tions under which the breakdown of
stable vortices occurs.
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SUMMARY

Around 100 years ago, Albert
Betz discovered at the Kaiser
Wilhelm Institute for Fluid
Dynamics that a wind turbine
can convert a maximum of 60
percent of the energy in the
wind into electricity.

Today, a team led by Claudia
Brunner at the Max Planck
Institute for Dynamics and
Self-Organization is using a
wind tunnel in which variable
flows and turbulence can be
generated to study how quickly
the flow behind a wind turbine
regains its original energy.

The higher the tip speed ratio of
a wind turbine, the more quickly
the vortices which form at the
tips of its rotor blades break
down, allowing the wind in its
wake to be re-energized by the
air flow at higher altitudes.




NEAR WAKE
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SCHEMATIC: GCO BASED ON PORTE-AGEL, F., BASTANKHAH, M. & SHAMSODDIN, S. WIND-TURBINE AND
WIND-FARM FLOWS: A REVIEW. BOUNDARY-LAYER METEOROLOGY 174, 1-59 (2020)

Weakened flow: the vortices that form at the tips of the rotor blades and behind the turbine hub in the center of the rotor
can take hundreds of meters to break down behind large wind turbines. How long they last depends on the spacing of the
vortices, which is determined by the ratio of the rotor tip speed and the wind speed.

While reliable experimental data are

available for typical obstacles such as
aircraft wings or cars, modern wind
turbines pose a challenge for re-
searchers. “In recent years, wind tur-
bines have grown beyond our basic
understanding, especially in offshore
wind farms,” explains Brunner. The
largest offshore wind turbines cur-
rently reach a hub height (the distance
from the ground to the center of the
rotor) of 145 meters, have a rotor blade
length of over 115 meters, and deliver
a maximum of 15 megawatts of elec-
trical power. For wind turbine opera-
tors, the calculation is simple: the out-
put of a wind turbine increases
quadratically with the length of the
rotor blades. Doubling the length of a
wind turbine’s rotor blades can there-
fore produce four times as much en-
ergy. The flow behavior of these giant
turbines, however, is not as easy to
predict. To understand why these sys-
tems cannot be explained using exist-
ing fluid mechanics knowledge, it
helps to consider the Reynolds num-
ber. This number describes how flu-

ids, such as liquids or gases, behave

when they encounter an obstacle. The

Reynolds number depends on the size

of the obstacle around which the flow
is moving, as well as the density, vis-
cosity, and velocity of the flow. For re-
searchers like Brunner, the key point
here is that if the Reynolds number is

the same, geometrically similar bod-
ies exhibit similar flow behavior. This

means that as long as the Reynolds

number is comparable, wind tunnel

experiments using scaled-down mod-
els can deliver realistic results.

Wind Tunnel with
Active Grid

But here’s the catch: the Reynolds num-

ber of large wind turbines is very high,
typically between 3 and 200 million
(the Reynolds number has no unit). In
order to achieve this number inside a
wind tunnel and accurately investi-
gate the flow using a smaller-scale
model wind turbine, researchers must
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use a clever trick. This is because
Reynolds numbers in this range can
be achieved with flow velocities close
to the speed of sound, but at such high
velocities, airflows exhibit fundamen-
tally different behavior than at wind
velocities that are common on earth.
The solution: the air must be replaced
by a considerably denser gas. At the
same velocity, the Reynolds number
is then significantly higher. At the
Gottingen Institute, researchers use
the gas sulfur hexafluoride (SFy),
which is around six times as dense as
air, and which they also pressurize.
This creates a flow that is much more
similar to the flow around a real wind
turbine.

To achieve this, Bodenschatz has built a

worldwide first-of-its-kind experi-
mental facility at the Max Planck In-
stitute for Dynamics and Self-Organ-
ization: the Variable Density
Turbulence Tunnel (VDTT). Meas-
uring almost 20 meters in length and
2 meters in diameter, this red steel
wind tunnel is a closed loop, re- —>
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sembling an inflatable rubber boat. It
can be operated with SF; at pressures
of up to 15 bar and flow velocities of
up to 5.5 meters per second. One spe-
cial feature of the tunnel is that the
flow can be controlled by an active
grid. This grid spans the entire cross
section of the tunnel and consists of
more than 100 flaps that can be
opened and closed individually. This
enables the researchers to generate
specific turbulence in the SF; flow,
which is driven by a fan. This pressur-
ized wind tunnel allows complex flow
behavior and turbulence phenomena
to be observed on a 130 times smaller
scale. Brunner uses this facility for
her investigations of the wake effect
behind wind turbines.

Where Do Vortices
Break Down?

"To study this, Mano Grunwald, a mem-

PHOTO: MPI FOR DYNAMICS AND SELF-ORGANIZATION

ber of Brunner’s team, installed a
model wind turbine inside the wind
tunnel. Due to the special conditions
generated in the wind tunnel, the re-
searchers can conduct experiments at
a Reynolds number of 3 million using

SRR

Controlling the turbulence: Claudia
Brunner is studying how quickly the
vortices behind large wind turbines
break down and how this process can
be accelerated.
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amodel with a hub height of halfa me-
ter and 30-centimeter-long rotor
blades. Grunwald measured the wind

velocity behind the wind turbine at

high spatial and temporal resolution

for different inflow conditions. Using

the active grid, he was able to generate

realistic wind shear and turbulence in

the airflow hitting the wind turbine.
Wind shear is a change in wind speed

as a function of height; in the case of
wind turbines, the air flows more

slowly near the ground than at the top.
In addition, the researchers varied the

ratio between the velocity of the rotor

tips and the wind speed. This ratio is

known as the tip speed ratio and is an

important metric for wind turbines.
In analyzing their data, the research-
ers are especially interested in deter-
mining where the vortices behind the

wind turbine break down.

These stable vortices form at the tips of

the three rotor blades. The constant
rotation of the wind turbine and con-
tinuing air flow cause the three vorti-
ces to form a helix in the wake, which
spirals in the direction of the wind.
Depending on the exact conditions,
this helix is stable over large distances.
In the area directly behind the wind
turbine up to a distance of around one
rotor blade length, the helix barely
changes. After this it breaks down,
but this breakdown extends over a
range of four to eight rotor blade
lengths. In the case of large wind tur-
bines, these distances correspond to
hundreds of meters up to a kilometer.
The experiments showed that a higher
tip speed ratio accelerates the break-
down. This is because the faster a
wind turbine rotates relative to the
wind speed, the closer the helical vor-
tices are spaced together; the closer
they are, the more strongly they inter-
fere with each other and the faster
they break down. Eventually, the tur-
bulence dissipates completely, and the
actual wind conditions dominate
once more. Consequently, the wind
picks up speed again more quickly be-
hind turbines that rotate faster. Cur-
rently, turbine operators set the tip
speed ratio to ensure that the individ-
ual wind turbine extracts the highest
amount of energy from the flow and
generates the maximum possible elec-
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tricity output. “In these extensive ex-
periments, we have shown for the first
time that, even under realistic turbu-
lent conditions, the tip speed ratio in-
fluences how quickly the rotor tip
vortices break down. In wind farms, it
may be beneficial to increase the tip
speed ratio in order to reduce the
wake effect,” Brunner explains.

Particle Tracking in
Field Experiments

While the high-resolution measure-

ments of wind velocities allow conclu-
sions to be drawn about the flows and
turbulence behind wind turbines,
they do not show exactly what the re-
sulting vortices look like and how they
interact with each other. These intri-

Miniature wind
power: the research-
ers in Gottingen use
small-scale wind
turbines for their ex-
periments in the wind
tunnel. Because they
use dense sulfur hex-
afluoride instead of
air, they are still able
to achieve realistic re-
sults. The active grid
in the background
can be used to modu-
late the flow.




cacies can only be studied by adding
tiny particles to a flow and then
closely observing them. The basic
principle of this approach was already
pursued by Ludwig Prandtl more
than 100 years ago: he used micaceous
iron ore in his water tunnels and
smoke in his wind tunnels to make the
flow behavior visible. Today, Brun-
ner’s team adds tiny glass beads into
the SF; flow and illuminates them
with extremely bright LEDs. Four
modern high-speed cameras record
the particle movements from differ-
ent angles at a frame rate of up to 5000
frames per second. This allows the re-
searchers to study tiny details in the
flow behavior around wind turbines.
Recently, they also started using par-
ticle tracking in field experiments
with real wind turbines, for as realis-
tic as the SF; and the active grid make
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the flow in the Géottingen wind tun-
nel, it does not reflect the full com-
plexity of real atmospheric flows.
Therefore, Brunner and her team are
developing a very special drone. The
multicopter is designed such that it
can hover in front of a wind turbine
and produce soap bubbles. Cameras
can then capture the paths these soap
bubbles take in the inflow and wake of
the wind turbine. Similarly, the re-
searchers also use balloons to study
airflows in wind farms across dis-
tances of up to 30 kilometers. “By
combining measurements from the
wind tunnel and field experiments,
we can ensure that our results are re-
alistic and transferable,” explains
Brunner. The history of fluid dynam-
ics research in Gottingen thus contin-
ues more than 100 years after its be-
ginning. “—
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GLOSSARY

REYNOLDS NUMBER

is an important parameter in fluid
dynamics research. It depends on the
size of the object around which the
flow is moving, as well as the density,
viscosity, and velocity of the flow.
When the Reynolds number is the
same, geometrically similar bodies
exhibit similar flow behavior.

TIP SPEED RATIO

is the ratio between rotor and wind
speed. It is typically chosen such that
an individual wind turbine generates
the maximum possible electricity
output.

WAKE EFFECT

is the term used to describe the
turbulent flow generated by the rotor
blades. In wind farms, this effect
reduces the electricity output of
downstream turbines.

PHOTO: STILL FROM VIDEO “100 YEARS OF THE MAX PLANCK INSTITUTE FOR DYNAMICS AND SELF-ORGANIZATION IN GOTTINGEN"
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