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A thermographic detection and localization of unsteady flow separation on

an operating wind turbine of type GE1.5sl is presented and verified by means

of tufts flow visualisation. Unsteady flow separation phenomena such as

dynamic stall are an undesired flow state as it causes fatigue failures, limits

the turbine efficiency and increases noise emissions from the rotor blades.

In comparison to available methods for stall detection on wind turbines, the

presented infrared thermographic measurement approach is non-invasive, in-

process capable and provides a high spatial resolution. On the basis of the

thermodynamic response behaviour of the surface temperature in case of

unsteady flow events, a two-step signal processing approach is proposed,

to achieve the highest possible spatio-temporal resolution in the detection

and localisation of stall. First, the identification of distinct maxima of the

spatial standard deviation of difference images, enables to determine potential

stall events in time. In the subsequent combined image evaluation with

a transient approach and a principal component analysis, unsteady flow

separation is detected during the occurrence of a strong wind gust with the

maximum time resolution (image exposure time) as well as the maximum

spatial resolution (image resolution), respectively, despite the limited signal-

to-noise ratio compared to wind tunnel experiments. In addition, a geometric

assignment of the image data to the rotor blade geometry is conducted,

which enables a localization of the separation point on the 3 days rotor blade

geometry with a maximal uncertainty of 2.3% of the chord length.
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1 Introduction

1.1 Motivation

Unsteady flow separation phenomena like dynamic stall
on wind turbines result in time-varying structural loads,
an aerodynamic performance loss and an increased noise
emission of the rotor blades (Martinez Suarez et al., 2018;
Melius et al., 2016). Thus, dynamic stall models are needed
for load calculations and aeroelastic simulations. Currently
used dynamic stall models such as ONERA (Rapin and
Ortun, 2007), Beddoes–Leishman (Pereira et al., 2013) and
Snel (Adema et al., 2019) are so-called semi-empirical models.
These models require different empirical coefficients, which are
determined in wind tunnel experiments for specific airfoils and
Reynolds numbers (Holierhoek et al., 2013). Accordingly, the
validation of the models is limited to the specific experimental
test conditions, which differ from the real wind turbine operating
environment. Also, the onset of dynamic stall is not reliably
predictable (Leishman, 2002). As a result, beside numerical
simulations and wind tunnel experiments on scaled airfoils,
the measurement of unsteady flow separation on non-scaled
wind turbines is an important task (van Kuik et al., 2016). More
specifically, an in-process capable, non-invasive measurement
method with a high spatio-temporal resolution is needed for
the detection and localisation of unsteady flow separation on
operating wind turbines.

1.2 State of the art

Available methods for boundary layer flow
measurements on operating wind turbines are tufts
(Vey et al., 2014), stall flags (Corten and Veldkamp, 2001),
oil solutions (Medina et al., 2011), surface pressure sensors
(Kuester et al., 2016), hot-film sensors (Schaffarczyk et al., 2017),
and temperature-sensitive paint (Costantini et al., 2019).
However, these methods require a time-consuming installation
during a shutdown of the wind turbine, are invasive and have a
limited spatial resolution.

A non-invasive flow visualisation method that enables field
measurements on rotor blades of wind turbines is infrared
thermography (IRT) (Gartenberg and Roberts, 1992). The
measurement principle of IRT flow visualisation is based on
forced convective heat transfer and exploits the relation between
the resulting surface temperature gradients and the properties
of the boundary layer flow. The spatial surface temperature
gradients aremeasurable by detecting the infrared radiation with
a respective camera.Thus, IRT enables a non-invasive, in-process
flow visualisation with a high spatial resolution. Currently,
IRT is particularly used in wind tunnel measurements with
defined steady or unsteady inflow conditions, actively heated

rotor blades and small measuring distances. On operating wind
turbines, atmospheric turbulences lead to a changing inflow
velocity and angle of incidence, i. e. to arbitrary unsteady inflow
conditions (Tobin et al., 2015). Moreover, actively heating the
rotor blade is generally not possible on operating wind turbines.
In field measurements, the temperature difference between the
incoming fluid and the rotor blade surface is based solely on
absorbed solar radiation and viscous heating, which leads to
a low thermal contrast (typically <1 K) between different flow
regions. Furthermore, the camera position and the rotating rotor
blades are spaced by a large measurement distance of >100 m. As
a result, measurements on real wind turbines are characterised
by unsteady inflow conditions, low thermal contrasts, reduced
spatial resolutions and motion blur.

IRT can cope with these demanding measurement
conditions on operating wind turbines and is already
applied to detect and localise the transition from laminar
to turbulent flow on single thermograms assuming static
inflow conditions (Dollinger et al., 2019; Dollinger et al., 2018b;
Reichstein et al., 2019). In contrast, the thermographic detection
of flow separation has so far primarily been investigated in wind
tunnel measurements. First Gartenberg and Roberts (1991)
detected stall on an actively heated airfoil with static inflow
conditions by a qualitative evaluation of the steady-state surface
temperature distribution. Due to the low thermal contrast
measurement conditions at wind turbines, the approach of
evaluating surface temperature distributions on individual
thermograms is not suitable for the detection of static stall, since
lateral heat conduction or material inhomogeneities attenuate
the spatial temperature gradients between different flow regions.
Also, unsteady flow phenomena are not resolvable, as the
thermal inertia of the surface limits the temporal temperature
gradients.

With the aim to increase the distinguishability between
turbulent attached and turbulent separated flow regions for
the measurement conditions on wind turbines, several wind
tunnel studies with static inflow conditions were conducted.
First, Dollinger et al. (2016) showed the detectability of flow
separation by evaluating the spatial distribution of the temporal
standard deviation of IRT image series. Dollinger et al. (2018a)
and Oehme et al. (2021) analysed the temporal surface
temperature response to changing inflow temperatures but static
inflow conditions in wind tunnel experiments by means of
the evaluation of image series. While Dollinger et al. (2018a)
reached an enhanced thermal contrast in the thermogram
between turbulent attached and separated flow regions,
Oehme et al. (2021) presented an unambiguous detection of
turbulent flow separation based on characteristic thermal stall
features.

For the first time, we recently achieved an IRT-based
detection of static stall at the rotor blade root of an
operating wind turbine by evaluating the thermodynamic
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response to the unsteady inflow conditions at wind turbines
(Oehme et al., 2022). However, since the proposed signal
processing approaches for the measurement conditions on wind
turbines are based on a time-averaged evaluation of surface
temperature fluctuations, they are not suitable for a time-resolved
detection of flow separation.

With the aim to realise a time-resolved detection of dynamic
stall in wind tunnel experiments conducted on an intensively
heated and fast moving helicopter airfoil, Gardner et al. (2016)
published an alternative IRT measurement method, which
evaluates the spatial standard deviation of differential infrared
images (σDIT approach). While the presented σDIT approach
provides only a poor spatial resolution, a time-resolved detection
of dynamic stall was shown.

As a result, the time-averaged evaluation of surface
temperature fluctuations enables a detection of static stall at
wind turbines with a high spatial resolution, whereas the use of
differential thermography enables a time-resolved evaluation
of unsteady stall in idealised wind tunnel experiments. But
how can both IRT evaluation approaches be combined in
order to enable the detection of unsteady flow separation at
operating wind turbines with a high spatial and a high temporal
resolution?

1.3 Aim and structure

Our aim is to realise a time-resolved detection and
localisation of the occurrence of unsteady flow separation
at the tip-near rotor blade region by means of infrared
thermography (IRT). Therefore, a two-step signal processing
approach is introduced. First, unsteady flow events during the
wind turbine operation are roughly detected by evaluating
the spatial standard deviation of differential infrared images
(σDIT approach). Then two detailed, complementary analyses
follow: a transient evaluation of difference images providing a
maximal temporal resolution and a principle component analysis
providing a maximal spatial resolution. In addition, to enable
the localisation of the flow separation region on the 3 days
rotor blade geometry, the 2 days thermogram is mapped to the
rotor blade surface geometry. By employing and evaluating the
geometric assignment approach from Dollinger et al. (2019), the
achievable localisation uncertainty is clarified.

First, the measurement chain of IRT flow visualisation
on wind turbines is described in Section 2. In addition, the
thermal response during the occurrence of a wind gust is
evaluated to investigate the expectable distinguishability of
attached and separated flow regions. The experimental setup
of the thermographic measurements on a real wind turbine is
presented in section 3. In contrast to several stall experiments on
scaled researchwind turbineswith controlled flow conditions but
without IRT (Hand et al., 2001; Snel et al., 2007), the presented

measurements are carried out under widely unknown inflow
conditions on a non-scaled wind turbine of type GE1.5sl. To
validate the thermographic measurement approach, a reference
flow visualisation with tufts is conducted. The experimental
results with the proposed two-step, complementary signal
processing approach and the geometric assignment to the 3 days
rotor blade surface to detect and localise an unsteady stall event
are presented in Section 4.The article closes with a summary and
outlook in Section 5.

2 Principle of measurement

2.1 IRT flow visualisation on wind
turbines

In order to derive a suitable signal processing approach
for the detection of unsteady flow separation using IRT, the
measurement chain of the thermographic flow visualisation
on wind turbines is presented at first. Under the condition
of a temperature difference between the incoming boundary
layer flow and the rotor blade surface, flow-dependent spatial
temperature gradients arise on the rotor blade surface, since
the magnitude of the resulting convective heat transfer
depends on the boundary layer flow properties (Incropera
and DeWitt, 1996). The surface temperature distribution is
measurable by detecting the emitted infrared (IR) radiation from
the rotor blade surface with a respective camera, as the radiation
flux is a function of the surface temperature and the directional
spectral emissivity.

Considering a differential volume element on the
surface of a rotor blade, the thermographically measurable
temperature Ts can be calculated by using the heat balance
(Verein Deutscher Ingenieure, 2010)

M ⋅
∂Ts

∂t
= −∇ ⋅ q̇. (1)

Thus, the surface temperature distribution is determined
by material and surface properties M as well as the following
contributions to the heat flux density q̇:

• convective heat transfer q̇c
• heat conduction q̇cond
• absorbed radiant heat flux q̇r.

The measuring principle of IRT assumes that the convective
heat transfer is much faster than the conductive heat transfer in
the rotor blade (large Biot number). Furthermore, a maximum
and a homogeneous solar heating of the surface is desired to
achieve a maximal sensitivity and a minimal cross-sensitivity
regarding flow-independent temperature gradients, respectively.
As a result, the local temperature gradients on the rotor blade are
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related to the properties of the convective heat transfer, which
enable a distinction between the different flow state regions.

Considering the rotor blade flow on wind turbines as one-
dimensional, the convective heat transfer q̇c for the chord
position x and the time t depends on the heat transfer coefficient
h as well as the temperature difference between the adiabatic wall
temperature Tad and the surface temperature Ts:

q̇c (x, t) = h (x, t) ⋅ (Ts (x, t) −Tad (x, t)) . (2)

Note that the heat transfer coefficient h and the adiabatic wall
temperature Tad contain flow information. The instantaneous
value of the heat transfer coefficient h can be considered as
a composition of the time-averaged mean value h, the time-
dependent parts h̃ and h′ from a non-stationary and a stationary
random process, respectively:

h (x, t) = h (x) + h̃ (x, t) + h′ (x, t) . (3)

With respect to the flow conditions at wind turbines, h̃
describes the transient behaviour of the heat transfer coefficient,
e. g., the transient behaviour during single unsteady inflow events
like strong gusts with a typical time scale of a few seconds (Snel
and Schepers, 1992). Therefore it is a desired evaluation quantity
for thermographic detection of unsteady flow separation. In
contrast, the change in the heat transfer coefficient induced by
random turbulent fluctuations is represented by h′.

Unfortunately, the thermal inertia of the rotor blade
surface and the small temperature difference between the
adiabatic wall temperature and the surface temperature lead
to a low sensitivity of the measurable surface temperature
to unsteady flow conditions. Therefore, the evaluation of the
instantaneous surface temperature distribution by means of
single thermographic images is not suitable for the detection
of non-stationary flow phenomena such as unsteady flow
separation. Instead, a targeted evaluation of temporal changes
in the surface temperature as a thermodynamic response to
unsteady inflow conditions is required to realise a detection of
unsteady flow separation by means of IRT.

2.2 Thermodynamic response to
unsteady inflow conditions

During operation of wind turbines, unsteady influences such
as (Hansen et al., 2006):

• Gusts,
• Yaw/tilt misalignment,
• Pitching rotor blades
• The tower passage,

Result in sudden changes in the angle of attack and cause
unsteady flow separation. For themeasurements in the presented

manuscript, the sudden increase in the speed of the wind during
gusts is the dominant cause of unsteady flow separation. During
the occurrence of gusts, the upstream wind speed Uw and
subsequently the effective inflow velocityUeff as well as the angle
of attack α increases. Assuming a constant rotational speed of
the rotor Ω, the change of the effective inflow velocity ΔUeff
as well as the change of the angle of attack Δα is calculated
according to.

ΔUeff = √((Uw +ΔUw) ⋅ (1− a))
2 +((Ωr) ⋅ (1+ a′))

2
−Ueff,0,

(4)

Δα (r) = arctan( 1− a
1+ a′

Uw +ΔUw

Ωr
)− θ− α0, (5)

Where r is the radial rotor blade position, a the axial induction
factor, a′ the tangential induction factor, θ the blade twist
angle and Ueff,0, α0 are the initial effective inflow velocity
and the initial angle of attack, respectively. When the upwind
speed changes sufficiently, the angle of attack exceeds the
static stall angle, resulting in a trailing edge flow separation
(Melius et al., 2016). In addition, the laminar-turbulent flow
transition moves upstream with an increasing angle of attack
(Gartenberg and Roberts, 1991; Genç et al., 2012). The spatial
shift of the boundaries of the different flow state regions and the
non-constant flow velocities lead to a transient behaviour of the
adiabatic wall temperature Tad and the non-stationary part h̃ of
the heat transfer coefficient so that a surface temperature change
occurs. To derive characteristic thermal separation features in the
temporal evaluation of thermographic image series, the further
aim is to roughly estimate the thermodynamic response to a gust.
Therefore, a distinct analysis of the influences of the adiabatic
wall temperature Tad and the non-stationary part h̃ of the heat
transfer coefficient is carried out.

First, the influence of the adiabatic wall temperature on the
surface temperature response to a gust is considered. In the case
of gust accelerations, the adiabatic wall temperature increases
with the change of the effective inflow velocity Ueff. According
to experimental studies on viscous heating in separated flow
regions, it is assumed that the adiabatic wall temperature in
separated flow regions shows a lower increase than in attached
flow regions due to the reduced recovery factor (Chang, 1970;
Aleksyuk, 2021).As a result, separated flow regions are detectable
by a smaller temporal temperature gradient compared to
attached flow regions during a gust.

Second, an idealised consideration of the time-averaged
non-stationary part h̃ of the heat transfer coefficient during
a gust is conducted. Figure 1 shows the expected qualitative
course of the heat transfer coefficient h for two different time-
steps with different inflow velocities and angles of attack, as
well as the resulting transient changes of the heat transfer
coefficient component h̃ over the chord position x normalised
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FIGURE 1
Idealised course of the mean value h and the non-stationary part h̃ of the heat transfer coefficient over the normalised chord position x/c for
the regions of transition (A) and flow separation (B) at the time steps t1 and t2 during a gust. The first step t1 is immediately before the onset of a
gust, while t2 represents a time during a gust with increased effective inflow velocity and angle of attack, thus: t1 < t2, α(t1), < α(t2) and Ueff (t1)
< Ueff (t2).

by the chord length c. In detail, the thermal behaviour in the
region of the laminar-turbulent transition is shown in Figure 1A,
while Figure 1B depicts the thermal behaviour around the
separation point. Note that the thermal response behaviour in
the transition region must also be considered, as the laminar-
turbulent transition is the dominant feature in the thermographic
flow visualisation and is therefore required for understanding the
results. According to Figure 1A, h increases sharply in the region
of laminar-turbulent flow transition, due to the increased wall
shear stress in turbulent flows (Bons, 2005). As a consequence
of the non-monotonic behaviour of h in the region of transition
and the spatial shift of the transition position, a maximum
of the non-stationary part h̃ of the heat transfer coefficient
results in the region of the transition shift, which leads to
an increased convective cooling. As a result, a minimum of
the temporal temperature gradient is expected in the region
of the transition shift for the typical measurement conditions
at wind turbines with Tw > Tad, compared to the rest of the
profile.

Around the flow separation point, there is no common
behaviour of h, due to the complex relation between the
convective heat transfer, the airfoil geometry, surface properties
and the external flow properties like the free-stream turbulence
(TerekhovGartenberg and Roberts, 2021). However, a typical
heat transfer feature observed in wind tunnel experiments with
heat flux microsensors is a decreasing h close the separation
point as well as an increase of h towards the trailing edge. Both
effects lead to a minimum of h̃ in the separated flow region,
see Figure 1B (Rivir et al., 1994; Lewis and Simpson, 1996;
Ladisch et al., 2009). As a result of this behaviour, convective

cooling is reduced, and the temporal temperature gradient is
maximised at the separation point. Towards the trailing edge, the
temporal temperature gradient decreases.

In conclusion, the following thermal features are available
in the temporal evaluation of thermographic image series to
detect times of gusts and to identify regions of laminar-turbulent
transition and flow separation:

• Times with gusts: high spatial variance of the temporal
temperature gradient, due to the spatial shift of the
boundaries of the different flow state regions.

• Region of laminar-turbulent transition: minimum of the
temporal temperature gradient, caused by an increasing
convective cooling.

• Separation point: maximum of the temporal temperature
gradient, due to decreasing convective cooling.

• Separated flow region: the temporal temperature gradient
decreases towards the trailing edge, due to the influence of
adiabatic heating and the increase in convective cooling.

The resulting research hypothesis is, that the evaluation of
these thermal features enables the time-resolved detection and
localisation of unsteady flow separation.

2.3 Signal processing approach

In order to realise an IRT-based detection of unsteady
flow separation with a high spatial and temporal resolution
by evaluating the thermal rotor blade surface response
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characteristics to the unsteady inflow conditions during a gust,
a two-step signal processing approach is proposed. The goal of
the first step is to identify time steps with potential unsteady
stall events (coarse detection of stall), while the second step aims
to realise the time- and space-resolved detection of unsteady
flow separation (fine detection and localisation of stall). Figure 2
illustrates the sequential order of the proposed signal processing
approach.

Thefirst step is based on the evaluation of the spatial standard
deviation of temporal difference images (σDIT approach). The
difference images ΔTs are calculated bymeans of a subtraction of
time-sequential images of a thermographic image series Ts(x⃗, t)
with the image coordinates x⃗ at time step t by

ΔTs (x⃗, t) = Ts (x⃗, t+ 1) −Ts (x⃗, t) . (6)

Subsequently, the spatial standard deviation σ(ΔTs) of each
difference image is used as the evaluation quantity. In contrast to
the introduction of the σDIT approach by Gardner et al. (2016),
the evaluation is not focused on stationary random flow
structures in separated flow regions but on the spatially different
response behaviour of the surface temperature in case of
unsteady inflow conditions such as gusts. As a result, time steps
of potential unsteady stall events are identifiable by maxima of
the spatial standard deviation σ(ΔTs).

The second signal processing step involves the further
evaluation of the difference images and the application of
a principle component analysis (PCA). The evaluation of
differential images (DIT approach) is well established for the
evaluation of changing transition positions (Wolf et al., 2020).
Here, the application of the DIT approach aims to detect
unsteady flow separation with the highest possible temporal

resolution by evaluating thermograms during the onset of a gust
using the interpretable thermal features derived in Section 2.2.
While the DIT approach provides a low sensitivity to flow-
independent cross-influences such as uneven heating ormaterial
inhomogeneities, the small temperature difference between two
images leads to a low signal-to-noise ratio (SNR). To cope
with the low SNR, a spatial averaging over multiple pixels is
required, which reduces the spatial resolution. As a result, the
evaluation of difference images enables a feature-based detection
of unsteady flow separation with the highest possible temporal
resolution, whereas the spatial resolution is limited by the low
SNR.

Finally, a PCA is applied to a series of thermograms
during the occurrence of a gust. As already shown by
Gleichauf et al. (2021) in the context of thermographic flow
visualisation atwind turbines, the application of a PCA allows the
extraction of spatial and temporal varying image information,
such as the position of laminar-turbulent flow transition, in
the form of uncorrelated principal components (PC). Since the
occurrence of unsteady flow separation is characterised by spatial
and temporal variations of the surface temperature, we expect
that the spatio-temporal evaluation IRT image series with a
PCA is suitable for extracting thermal separation signatures.
After the image processing by means of a PCA, an increase
in contrast between attached and separated flow regions is
achieved by considering the spatial intensities I(x⃗) of selected PC.
Subsequently, a geometric assignment of the 2D image data to the
3D rotor blade geometry at distinct profile sections is performed
to achieve a localisation of the separation point with respect to
the rotor blade profile geometry. Based on the known geometric
arrangement of camera position and the investigated rotor

FIGURE 2
Schematic overview of the signal processing procedure.

Frontiers in Energy Research 06 frontiersin.org

https://doi.org/10.3389/fenrg.2022.1043065
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#articles


Oehme et al. 10.3389/fenrg.2022.1043065

blade section, the performed geometric assignment performs a
coordinate transformation from the image plane to the rotor
blade geometry. The used transformation model is based on the
preliminary work of Dollinger et al. (2019). Compared to the
DIT approach, the application of a PCA leads to an increased
spatial resolution in the localisation of unsteady flow separation,
due to the improved contrast between different flow regions.
However, since the PCA requires a series of images as input,
which means a temporal averaging, this evaluation approach
is limited in terms of the temporal resolution. Therefore,
the combination of the DIT approach with a PCA-based
evaluation seems promising to obtain an IRT-based detection
and localisation of unsteady flow separation on wind turbine
rotor blades with high spatial and temporal resolution.

3 Experimental setup

3.1 Measurement setup and experimental
procedure

Measurements on a wind turbine of type GE1.5sl are carried
out in order to realise a thermographic detection of turbulent
flow separation on a wind turbine in operation.Thewind turbine
has a rated power of 1.5 MW, a hub height of 62 m and is
equipped with rotor blades made by the supplier LM Wind
Power with a length of 37.3 m. Tape with tufts is attached to the
suction side of a rotor blade as a reference method to validate
the detection and localisation of turbulent flow separation with
IRT. Figure 3 illustrates the tufts-covered rotor blade. Tuft flow
visualisation provides an insight into the blade aerodynamics
at a reduced complexity and enables the detection of flow
separation based on the spatial orientation and dynamics of the
tufts (Vey et al., 2014). In the present manuscript the location of
the separation point is identified by a zero chord-wise velocity
component. Since the tufts influence the flow, only one of the
rotor blades is covered with tufts. The rotor blades which are
not covered with tufts are used to detect flow separation with
IRT. Furthermore, to verify and quantify the maximal deviations
in the geometric assignment, markers with known geometric
positions are attached in the profile section with the largest
thickness at the radial position r = 9 m.

Figure 4 shows the experimental setup for the field
measurements. The optical measuring equipment consists of an
IR camera for the thermographic image acquisition, two cameras
in the visible light range (VIS) that are used to photograph
the tufts and as a trigger source, respectively, as well as a laser
scanner for measuring the yaw movements of the rotor. The IR
camera type IR8800 of the manufacturer InfraTec has an actively
cooled mercury cadmium telluride detector, which is sensitive at
wavelengths between (7.7–10.2) µm and has a noise equivalent
temperature difference (NETD) of less than 35 mK at 30°C.

FIGURE 3
Front view on the tufts-covered rotor blade.

According to the propagation of uncertainty, a NETD of less
than 35 mK arises for the evaluation of difference images. For the
measurement distance of 100 m between the wind turbine hub
and the IR camera, a 200 mm focal length object lens provides a
field of viewwith 5.28 mwidth and 4.28 m height, represented by
640 x 512 pixel2.With the aim to detect unsteady flow separation
at a rotor blade position with a significant influence on the
efficiency and loads of the wind turbine, the field of view is set
to the tip-near rotor region around the rotor radius of 28.7 m at
the rotor position of π rad. The rotor radius denotes the distance
to the rotor blade flange. The rotor position of π rad is chosen
to obtain a complete view on the trailing edge. The series of
images that are needed to apply the signal processing approach
are acquired by triggering the IR andVL cameras simultaneously
each time one of the rotor blades passes the π rad rotor position.
For the measurement duration of 10min, the measured mean
rotational speed of the wind turbine of about 16.5 min−1 and
a camera integration time of 449 µs, the resulting image series
consists of 165 images for each rotor blade with an acceptable
motion blur of 2.5 pixel.
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FIGURE 4
An overview of the measurement system for the measurement
on the suction side of a wind turbine in operation. The field
measurement took place on 14 November 2021, in
Thedinghausen, Germany. Note that the orientation of the
cameras does not correspond to the field of view respectively
the orientation during the measurements.

The subsequent image and signal processing is performed
with the software Python. First, the image series is parametrically
aligned using an enhanced correlation coefficient maximisation
algorithm from OpenCV with the aim to correct uncertainties
regarding the trigger position and to enable a pixel-wise signal
processing (Evangelidis andPsarakis, 2008).The implementation
of the PCA analysis is based on the algotithm of the Python
package scikit-learn.

3.2 Measurement conditions and
unsteady stall occurrence

The further objective is to characterise the fieldmeasurement
conditions with respect to the solar radiation, the wind and the
operating characteristics of the wind turbine. Also, we aim to

verify the presence, time andposition of unsteady flow separation
using tufts flow visualisation.Themeasurements were conducted
at a constant yaw angle and an approximately constant solar
heat flux. As a result, temporal changes in the IRT-measured
surface temperature are primarily caused by unsteady inflow
conditions in the form of changes in wind and rotor velocity.
During the measurement, the mean wind speed near the ground
was about 6 m s−1 and up to 13 m s−1 in gusts. Figure 5 exposes
the rotational speed over the measurement time. Since the wind
turbine operates with a constant pitch angle and a constant power
converter under the given wind conditions, there is a direct
correlation between the rotational speed and the wind speed.
Thus, the steep increase in the rotational speed at t = 390 s is an
indicator of the occurrence of a strong gust, which is a typical
cause for flow separation.

Considering the tufts flow visualisation results shown in
Figure 6, flow separation indeed occurs for the times around t =
390 s. The marked separation positions (solid lines) are visible
by a zero chord-wise directional component of the tufts and
prove the presence of a wide separated flow region. For example,
the separation position at the time t = 390 s is localised at
x/c = 0.66. Thus, the hypothesis that flow separation is present
during the steep increase in rotor speed at t = 390 s is verified.
In comparison, under more stationary flow conditions, such as
at t = 500 s, no or no significant flow separation occurs, which is
in accordance with the desired rotor blade flow behaviour near
the tip. As a result, the tufts measurement verifies the existence
and the time of occurrence of unsteady flow separation during
the experiment.

FIGURE 5
Rotational speed of the wind turbine over the time during the
measurement. The steep increase of the rotational velocity at t =
390 s indicates the occurrence of a strong gust and, thus, a
potential unsteady stall event.
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FIGURE 6
Verification of the occurrence and position of unsteady flow separation for the IR camera’s field of view using tufts flow visualisation. The blue
solid lines across the tuft tapes reveal the occurrence and position of unsteady flow separation at different times. The location of the separation
point is identified by a zero chord-wise alignment component of the tufts.

4 Results

The potential of the proposed two-step signal processing
approach for an IRT-based detection and localisation of unsteady
flow separation is investigated. First, the rough identifiability
of the occurrence of flow separation by means of the σDIT
approach is evaluated. Subsequently, the time- and space-
resolved detectability of unsteady flow separation is studied
when combining the DIT approach with a PCA analysis,
respectively.

4.1 Detection of unsteady stall events
(σDIT approach)

The σDIT approach evaluates the standard deviation of
difference images to identify the occurrence of unsteady inflow

events represented by maxima of the evaluation quantity σ(ΔTs).
The field measurement result of the σDIT approach is shown
in Figure 7. Figures 7A,B show the course of the evaluation
variable σ(ΔTs) including the 1σ confidence interval over the
measurement time for the both rotor blades without tufts. The
confidence interval is determined by calculating the standard
deviation of the outlier-cleaned measurement data. To detect
outliers, the Grubbs test with a significance level of 0.05 is
used.

Considering the course of σ(ΔTs) in Figures 7A,B, a distinct
signal maximum is visible at t = 390 s and signal noise otherwise.
The time of the detected maximum of σ(ΔTs) agrees with the
tufts-measured time with flow separation. Furthermore, the
noise level of σ(ΔTs) ≈ 18 mK is equal to the camera noise for
the given measurement conditions and the confidence interval
shows that the characteristic signal maximum is not caused
by the uncertainty. Hence, the desired suitability of the σDIT
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FIGURE 7
The standard deviation of difference images σ(ΔTs) (σDIT approach) over the time for both rotor blades without tufts. The distinct signal maxima
at about t = 390 s reveal an unsteady inflow event.

approach for an IRT-based identification of time steps with
potential unsteady flow separation events is proven.

4.2 Time-resolved detection and
localisation of unsteady stall (DIT
approach)

In order to realise a time-resolved detection of unsteady
flow separation during a gust with IRT, the DIT approach is
applied.Here, the objective is to achieve a feature-based detection
of unsteady flow separation by means of the thermal response
features derived in Section 2.2.

The results of the thermographic field measurements
with the DIT approach for the verified duration of the
occurrence of unsteady flow separation are shown in Figure 8.
Figures 8A1–C1 (left) show the respective difference image for
the times t = [386,390,394] s. In addition, Figures 8A2–C2
(right) show the mean course of the normalised evaluation
variable including the 3 σ confidence interval, over the
normalised chord position. Note that each image column
is normalised and the averaging is performed in the radial
direction, excluding the marked region with the optical artefact.
The optical artefact comes from the self-radiation of the optics
and is visible due to the low SNR. The influences of cross-
flow effects or rotor blade fouling are not considered, since the
evaluated region is orthogonal to the leading edge of the rotor
blade and the degree of contamination outside the leading edge
region is roughly constant.First the time-resolved detectability
of different flow regions, with the focus on detecting unsteady
flow separation, during the onset of a gust in Figures 8A1,A2 is
investigated. In Figure 8A1, the values of the difference image
vary around the value ΔTs = 0 K, therefore the influence of

adiabatic heating is neglected initially. Furthermore, the region
of laminar-turbulent transition is detectable at the leading
edge by means of negative temporal temperature gradients
ΔTs. As a result of the changed inflow conditions during the
gust, the transition moves from the original position (dashed
line) upstream to the leading edge. The resulting increased
convective cooling within in the region of transition explains
the negative temperature gradients ΔTs. For rotor radii smaller
than r ≈ 30 m, this effect is not visible, since surface disturbances
force a laminar-turbulent transition close to the leading edge,
which is independent of the inflow conditions. In comparison,
a maximum of the temporal temperature gradient due to a
decreasing convective cooling is expected in the separated flow
region. In fact, the evaluation quantity ΔTs is maximal in the
area of the trailing edge. However, neither the image contrast
in Figure 8A1 nor the signal course in Figure 8A2 enable
a clear distinction between the turbulent and separated flow
region.

In the subsequent difference images Figures 8B1,C1, the
range of ΔTs values is clearly positive, i.e.,the rotor blade surface
temperature increases at an increased effective flow velocity.
Also, the temporal heating of the rotor blade surfaces increases
with an increasing rotor radius and, thus, with an increasing
effective inflow velocity. Both effects indicate an influence of
adiabatic heating. Consequently, a maximum at the separation
point as well as a decrease of the temporal temperature gradient
is expected in the separated flow region according to Section 2.2.
Considering Figures 8B1,C1, regions with minimal values of
ΔTs are detectable near the trailing edge, but an extensive
region with flow separation is not visible due to the low SNR.
In contrast, the spatial averaging over 350 pixel improves the
SNR in Figures 8B2,C2 by a factor of 20, whereas the spatial
resolution is limited. As a result, a feature-based detection of
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FIGURE 8
Evaluation of thermographic images using the DIT approach for a time range with unsteady flow separation. Left: processed difference images
for different times, right: over the rotor radius, excluding the region with the optical artefact, averaged profiles over the normalised chord
position. Flow separation is detected by identifying a local maximum and a subsequent clear decrease towards the trailing edge in the signal
curves of (B)2 and (C)2 at x/c = 0.62 and x/c = 0.72, respectively (red dashed lines). Blue dashed lines: tufts measured separation position.

the spatially averaged separation position is realised on the
basis of the clear decrease of ΔTs in Figure 8B2 at x/c = 0.62
and in Figure 8C2 at x/c = 0.72. The shown 3 σ confidence
interval with a mean width of 0.25 proves, that the mentioned
features for the detection of flow separation are not caused by
uncertainties. Note that the detected separation positions using
the DIT approach (red lines) are slightly upstream the tuft-
measured separation positions (blue lines). Since the tufts act
as a vortex generator, that can extend the region of the attached
flow, the earlier stall locationmeasuredwith IRT is plausible. As a
result, the DIT approach enables the determination of a spatially

averaged separation position during a gust with the maximum
time resolution provided by the image acquisition.

4.3 Space-resolved detection and
localisation of unsteady stall

4.3.1 Principle component analysis (PCA)
The evaluation by means of the PCA comprises 20

consecutive images in the time range of the occurrence and
decay of unsteady flow separation (from t = 387 s to t = 454 s).
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The hypothesis is, that the PCA extracts the time-varying
flow information identified in section 4.2 in the form of
uncorrelated principle components and, thus, enables the
localisation of the separation position with the maximal image
resolution.

Figure 9 depicts the results of the PCA-based flow
visualisation using the two first principle components. The
presented evaluation is limited to the two first principle
components, as these represent the relevant flow information
and already explain 65% of the variance of the data. The first
principle component in Figure 9A and the second principle
component in Figure 9B show great differences to each other.
The dominant features of the intensity distribution in the first
principal component are wedges in the leading edge region and a
strong systematic gradient in the radial direction.Thewedges are
a typical feature for the formation of turbulent structures at the
leading edge, while the systematic gradient is likely explained by
the different convective cooling of the rotor blade depending
on the radial position. In contrast, in the second principle
component, an steep increase in intensity is visible over the
entire rotor radius near the trailing edge in the direction of flow
(dashed line). In agreement with the feature-based detection
of the separation position with the DIT approach and the tufts
measurement, the resulting region with increased intensity is
identified as separated. In addition, within the separated region
in Figure 9B and also in Figure 8C1 patterns with a maximum
andminimum intensity, respectively, are detectable.The patterns
may indicate large scale flow structures, however, amore detailed
characterisation cannot be realised in the present study. As a
result, the application of the PCA enables to increase the contrast
between the attached and the separated flow state region, and to

obtain a localisation of the time-averaged separation line over
the entire field of view with the maximal image resolution of
8 mm.

4.3.2 Geometric assignment
To obtain a localisation of the separation position on the

3 days geometry of the rotor blade surface, i.e. the respective
chord position, a geometric assignment is required. Therefore
the geometric assignment approach from Dollinger et al. (2019)
is verified and quantified with regard to the remaining position
uncertainty using position markers on the investigated rotor
blade for the radial position r = 9 m, which is the rotor radius
with the maximal chord length.

Figure 10 shows the comparison of the absolute chord
position deviations between the marker positions determined
in the image for evaluations with and without a geometric
assignment in the units mm and percent of the chord length
(%c). The assigned positions show lower deviations from the
reference markers on the rotor blade surface compared to the
positions without a geometric assignment. On average, the
deviation after the assignment is only 39 mm, whereas the
deviation without the assignment is 205 mm. Furthermore, the
deviation at the chord position with the largest rotor blade
thickness at x/c = 0.25 is maximal, and is reduced by the
geometric assignment from321 mm(10.7%c) to 69 mm(2.3%c).
As a result, both the suitability of the geometry assignment for
reducing systematic deviations in the assignment of image points
to the profile geometry on wind turbines is verified and the
maximum deviation after geometric assignment is quantified to
(2.3%c).

FIGURE 9
Evaluation of 20 consecutive thermographic images acquired during the occurrence of unsteady flow separation over a duration of 67 s by
means of a PCA. The PCA enables an extraction of time-varying flow information. The marked separation line in the second principle
component (dashed line) is detected over the entire radial width of the field of view with the maximum image resolution of 8 mm on the basis of
the image contrast.
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FIGURE 10
Verification of the geometric alignment. Comparison of the
absolute deviations between the reference marker positions and
the marker positions for the evaluation with and without a
geometric assignment. The maximal deviation after geometric
assignment is 2.3%c.

Finally, the image separation position of 71%c at the rotor
radius of 28.7m, determined by the PCA-based evaluation,
is assigned to the geometry of the rotor blade surface.
Figure 11 illustrates the rotor blade geometry as well as the
comparison between the image separation position and the
corrected separation position, i. e. after conducting the geometric
assignment. As a result, the time-averaged separation position
of (66± 2.3)%c is obtained after the geometric assignment
at a rotor radius of 28.7 m during the occurrence of a
gust.

FIGURE 11
Comparison of the image separation position and the corrected
separation position using the geometric alignment algorithm for
the rotor blade geometry at the rotor radius of 28.7 m.

4.4 Reproducibility

In order to prove the reproducibility of the thermographic
detection of unsteady flow separation using the DIT approach
and PCA, a repeat measurement is conducted at the same wind
turbine and rotor blade section, respectively. In order to improve
the SNR and the contrast between the different flow regions
compared to the first measurement, the repeat measurement was
carried out on a cloud-free summer day.

Figure 12 shows representative result images of the
thermographic evaluation using the DIT approach or PCA
during the occurrence of flow separation as a result of a
strong gust. In the differential thermogram in Figure 12A,
the separation line (dashed line) is visible from a maximum
of the temporal temperature gradient. Furthermore, the

FIGURE 12
Application of the DIT approach and PCA on a repeat measurement during a cloud-free summer day. The selected exemplary differential
thermogram enables a detection of the separation line by means of a maximum of the temporal temperature gradient. The PCA provides a high
image contrast between the attached and the separated flow region. Finally, the reproducibility of the results of the first measurement is proven.
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temporal temperature gradient decreases towards the
trailing edge. Both characteristics of the thermodynamic
response to a gust are consistent with the results shown in
Section 4.2 as well as the expected behaviour according to
Section 2.2.

Considering the result of the PCA, the second principle
component in Figure 12B shows an steep decrease in intensity
over the entire rotor radius in the direction of flow (dashed
line). In accordance with the result of the DIT approach in
Figure 12A as well as the PCA in Section 4.3.1, the resulting
region of decreased intensity is identified as separated. As a
result, the reproducibility of the thermographic detection of
unsteady flow separation on an operating wind turbine is proven.
Furthermore, the repeat measurements show an increase in the
contrast between the attached and separated flow region, caused
by improved measurement conditions.

5 Conclusion

In field measurements on an operating wind turbine, a
thermographic detection of unsteady flow separation at a tip-
near rotor blade region was realised for the first time. In
order to achieve the highest possible spatio-temporal resolution,
a two-step signal processing approach was proposed on the
basis of the analysis of the thermodynamic response behaviour
of the rotor blade surface temperature to unsteady inflow
conditions. Based on the findings, the following conclusions are
made.

1) The evaluation of the spatial standard deviation of difference
images (σDIT approach) enables the identification of times
with strongly changing inflow conditions, since changing
inflow conditions lead to a spatially different response
behaviour of the surface temperature.

2) A combined image evaluation approach consisting of a
transient analysis (DIT approach) and the application of a
principal component analysis enables to achieve both the
maximum time resolution of about 4 s (according to the
image acquisition) and the maximum spatial resolution of
8 mm (according to the image resolution) in the detection
and localisation of flow separation even for measurement
conditions with low solar heating.

3) The presented results for the thermographic detection
of unsteady flow separation are reproducible. The repeat
measurement indicates, that under measurement conditions
with a high solar heating, a stall localisationwith themaximum
spatial resolution is achievable by using the transient analysis.

4) The geometric assignment approach of Dollinger et al. (2019)
is verified and quantified with the result that the detected
separation position can be assigned with a maximal deviation
of 2.3% of the chord length to the geometry of the rotor blade
surface.

Therefore, the suitability of an IRT-based evaluation of the
surface temperature response to unsteady inflow conditions for
a detection of unsteady flow separation with a high spatio-
temporal resolution on an operating wind turbine is proven
in the present work. The main limitations of the presented
work are the low image acquisition rate due to the spatially
fixed field of view and the lack of detailed knowledge regarding
the properties of the inflow and the boundary layer flow. To
increase the image acquisition rate, future work will focus on
the realisation of a co-rotatingmeasurement system. In addition,
measurement campaigns are to be carried out on research wind
turbines with the capability of measuring the inflow conditions.
Finally, in future research we will couple IRT experiments
with CFD simulations to improve the understanding of the
signal measurement chain and investigate the validity of existing
dynamic stall models.
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