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A technique known as side-plating, where the
edges of the printed circuit board (PCB) are met-
allized, allows for the direct integration of elec-
trodes into the PCBs. Figure 2 illustrates the in-
stallation of the sensor PCBs within a pipe using
flanges. This installation mechanism considera-
bly simplifies the production and assembly of the 
sensor by eliminating the need for manually at-
taching electrodes inside the pipe.

Fig. 2. Illustration of developed sensor attached to a
pipe: a) Pipe with flange, b) Paper gasket, c) Spacer
plate (8mm), d) Excitation PCB: generates symmet-
rical square wave signal, e) Measuring PCB: 16 meas-
uring electrodes.

Results
The sensor’s performance was rigorously tested 
through a series of experiments, including test-
ing the measurement principle using a non-con-
ductive object, comparing measurements in dis-
tilled and tap water, and examining its ability to
detect bubbles and localize them using synchro-
nized camera footage as a reference.

Figure 3 presents a side-by-side comparison of
a camera image and a MECS surface plot, with
the normalized electrode signals conventionally
plotted below. To visualize the MECS measure-
ments, the signals of the electrodes, which are 
positioned around the pipe’s circumference, are
flattened and displayed as surface plots. The
horizontal red line in the surface plot indicates
the sensor’s position, corresponding to a specific 
moment in the camera recording. The color
scheme ranges from blue (0, indicating water) to
red (1, indicating air). Due to the lack of bubble
velocity information, which requires two sensors
and signal cross-correlation, the visualization
time is set to an arbitrarily chosen value of 2.4 s.

The results showed a clear correlation between 
the sensor readings and the observed flow re-
gimes, confirming the sensor’s capability to dis-
tinguish between different flow patterns. Data
processing techniques were applied to eliminate 
hardware irregularities such as excitation asym-
metries and variations in the auto-balancing 

circuits. The resulting MECS signals are inde-
pendent of the conductivity of the liquid phase,
have the same baseline level, and are normal-
ized such that a signal value of 0 corresponds to 
liquid and 1 to gas.

Fig. 3. Comparison of camera images and MECS
measurements for two different flow rates and flow re-
gimes.

Conclusions
This study presents a novel multichannel con-
ductivity sensor that offers a reliable, cost-effec-
tive, and robust solution for flow visualization.
The sensor's compact design and ease of inte-
gration into pipe systems make it suitable for a 
wide range of industrial applications. Future re-
search will focus on automating flow regime 
identification using machine learning algorithms
and validating computational fluid dynamics sim-
ulations with experimental data. Additionally, in-
corporating a second excitation plane will enable 
velocity measurements of flow structures, further
enhancing the capabilities of this sensor.
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Summary:
Changes of the laminar-turbulent flow transition due to unsteady wind conditions influence the efficiency 
of wind turbines. In order to clarify the feasibility of monitoring these changes by means of thermographic 
flow visualization, a coupled thermal-flow simulation is performed indicating a feasible temporal resolu-
tion down to 50 ms, i.e. well below one rotor revolution. Further, a co-rotating measurement platform is 
presented that enables the continuous image acquisition of a rotor blade section at wind turbines.
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Introduction
The laminar-turbulent flow transition position af-
fects the efficiency of the wind turbine. Unsteady 
weather conditions as well as changing rotor 
blade positions during one revolution lead to var-
ying laminar-turbulent transition positions.
Hence, measuring these flow changes allows for 
future improvement and failure detection of the 
rotor blades.
Simon et al. [1] used infrared thermography 
(IRT) on a flat plate to determine the flow transi-
tion from laminar to turbulent and came to the 
conclusion that it is also suitable for measure-
ments under unsteady flow conditions. Raffel 
and Merz [2] introduced differential infrared ther-
mography (DIT) by subtracting one thermal im-
age from another. This enables a visualization 
even before the surface has fully responded to 
the flow condition. DIT was shown by Gleichauf 
et al. [3] to be in principle capable of visualizing 
changes of the laminar-turbulent flow transition
on wind turbines, with an image separation time 
of 50 s. Therefore, two open question are, if an 
increased temporal resolution in the order of a
few seconds or even tenths of seconds is theo-
retically feasible, and how to realize a continuous 
image recording even during the blade rotation?

This work aims at both: approximating the theo-
retically achievable temporal resolution via sim-
ulation and create a measurement setup for vis-
ualizing changes close to that resolution. 

Co-rotating measurement setup
The BIMAQ and the Deutsche WindGuard to-
gether are the first to develop a multisensor co-
rotating platform to visualize the flow conditions 
on the rotor blades of wind turbines. The platform 

is shown in Fig. 1. It features an infrared camera 
for measuring the flow condition and a laser 
scanner as well as a visual light camera with the 
same field of view that allows to detect any de-
formations of the rotor blade. Additionally, it has 
four visual light cameras that picture the full rotor 
blade. The wind turbine's position and speed are
detected with a small setter camera to control the 
co-rotation of the carrier platform including a kin-
ematic compensation for the perspective distor-
tion. The co-rotating measurement setup contin-
uously visualizes the boundary airflow with a 
sampling period of the infrared camera which is 
4 ms.

Fig. 1: Co-rotating measurement platform

Temporal resolution limit
For approximating the time 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶 until a change of 
the boundary airflow is visible in the thermo-
graphic image, a thermal Computational Fluid 
Dynamics-simulation of a rotor blade segment is 
carried out. The rotor blade is modelled as a 
semi-infinite flat plate consisting of a 3 mm poly-
urethane (PU) coating on 17 mm glass-fiber-re-
inforced Polymer (GFRP), shown in Fig. 2.
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Fig. 2: 2D model of rotor blade

Convection is assumed to be the dominant heat 
transfer mechanism, which is supported by the 
fact that the Biot number is higher than one:

𝐵𝐵𝐵𝐵 =  ℎ𝐿𝐿𝑠𝑠
𝑘𝑘𝑠𝑠

≥ 1.7 , (1)

where 𝐿𝐿𝑠𝑠 = 2 cm is the layer thickness, 𝑘𝑘𝑠𝑠 =
0.36 𝑊𝑊

𝑚𝑚⋅𝐾𝐾 is the weighted averaged thermal con-
ductivity (𝑘𝑘𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 0.38 𝑊𝑊

𝑚𝑚⋅𝐾𝐾 [5], kPU =
0.226 W

m⋅K [6]), and ℎ > 30 𝑊𝑊
𝑚𝑚2𝐾𝐾 (cf. Fig. 3) is the 

convective heat transfer coefficient. The heat 
transfer coefficient, which depends on the 
boundary airflow, is determined with a coupled 
Reynolds-Averaged Navier-Stokes (RANS) sim-
ulation. Here, an outer rotor blade section is 
studied for a Reynolds-number of 2.5 ∗ 106 con-
sidering a DU 96-W-180 blade profile as well as 
a solar-induced blade-air temperature difference 
of 5 K.

Fig. 3 shows the calculated heat transfer coeffi-
cient for two different blade angles of attack 
(𝐴𝐴𝐴𝐴𝐴𝐴) over the chord-normalized position x/c.
The laminar-turbulent transition is at 𝑥𝑥

𝑐𝑐 = 0.25 for
an AOA of 4° and at 𝑥𝑥

𝑐𝑐 = 0 for an AOA of 18°. 

Fig. 3: Reynolds-Averaged Navier-Stokes (RANS) 
simulation of the heat transfer coefficient on a rotor 
blade profile at a Reynolds number of 2.5 ⋅ 106.

Considering the relative position 𝑥𝑥
𝑐𝑐 = 0.25, a

change of the AOA thus leads to a change of 
heat transfer and therefore results in a step re-
sponse of the surface temperature of the mate-
rial that is simulated and shown in Fig. 4. The
surface temperature declines after the boundary 
airflow has changed to turbulent. Already after 
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶 = 50 ms, the temperature difference is 
higher than the NETD given by the camera man-
ufacturer InfraTec, which promises a theoreti-
cally reachable temporal resolution well below 
one second.

Fig. 4: Step response of the temperature after a 
boundary flow change from laminar to turbulent

Conclusion and outlook
The presented simulation results show that it is 
possible to thermographically visualize changes 
of the airflow with a contrast-to-noise ratio > 1
already 50 ms after a sudden change in the 
boundary airflow conditions. Furthermore, a co-
rotating measurement system is realized for the 
first time that enables continuous thermographic 
images with a sampling period of 4 ms during the 
turbine revolutions and, hence, possibly facilitat-
ing measurements of flow changes close to the 
estimated temporal resolution limit.

The planned future research work is the use of
the thermal images of the co-rotating platform to 
visualize position changes of the laminar-turbu-
lent platform by means of DIT. 
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