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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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Summary:

This study presents advancements in a clamp-on flow metering apparatus based on the magnetic flow 
metering procedure, with a focus on its non-invasive capabilities for the measurement of fluid flow across 
diverse pipe materials. The proposed metering methodology leverages novel optically pumped magne-
tometers (OPM), facilitating precise flow detection without disturbing the fluid dynamics of the system. 
We provide a detailed description of the essential components, including the pre-polarization magnet 
and the low-field nuclear magnetic resonance (NMR) region for signal preparation. This research repre-
sents a pivotal contribution to the ongoing evolution of the magnetic flow metering procedure, advancing 
its readiness for industrial application.
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Motivation
Clamp-on flow metering devices have emerged 
as crucial tools in the process industry, offering 
a non-invasive and efficient means to measure 
fluid flow. These devices provide significant ad-
vantages over traditional flow measurement 
techniques, including ease of installation, mini-
mal maintenance requirements, and the ability to 
measure a wide range of fluid types without dis-
rupting the flow or requiring system shutdowns
[1, 2]. As industries strive for greater accuracy 
and reliability in their processes, the integration
of clamp-on flow meters can enhance opera-
tional efficiency and reduce costs.
Our newly invented magnetic flow metering pro-
cedure [3, 4], which allows for a non-invasive 

flow detection with novel optically pumped mag-
netometers (OPM) through steel and plastic pipe 
materials [5], is constantly developed further to 
reach its full potential eventually [6]. In this arti-
cle, we will outline our latest research achieve-
ments related to a clamp-on flow metering de-
vice based on this magnetic flow metering pro-
cedure. By leveraging the advantages of clamp-
on technology described above, this method is 
particularly well-suited for non-invasive flow 
measurement, paving the way for its industrial 
applications.
The aim of our research presented is to develop 
clamp-on versions of the devices required for 
magnetic flow metering and to evaluate their per-
formance against a stationary laboratory setup 

Fig. 1. Time-of-flight based measurement of a flow velocity. a) The fluid is magnetized by a strong magnet. b) A short 
and resonant RF pulse is applied to the fluid which creates a “notch” in a magnetized background. c) This notch is 
monitored by OPM downstream. The flow velocity is simply given by path over time where the timing information is 
given by the creation and detection of the notches.
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and a commercial flow meter. The essential 
clamp-on devices include a pre-polarization 
magnet, a low-field nuclear magnetic resonance 
(NMR) region for signal preparation, and a mag-
netic shield that houses an optically pumped 
magnetometer (OPM) for signal detection. Alt-
hough essential for the final apparatus, the OPM 
housing design is not yet complete at the time of 
this proceedings release; however, it is de-
scribed in as much detail as possible. 

Materials and Methods 
Fig. 1 provides a schematic overview of the mag-
netic flow metering procedure. Short radiofre-
quency pulses are applied to a magnetically pre-
polarized fluid. The local changes in the mag-
netic background field, detected by magnetome-
ters positioned downstream, serve as 
timestamps for measuring the flow velocity in a 
time-of-flight fashion. 
The design principle for the clamp-on Halbach 
magnet is shown in Fig. 2. The pre-polarization 
magnet is modelled after the research on clamp 
on magnetic systems in [7]. There, a new mag-
netic orientation design of a Halbach magnet al-
lows for a forceless opening and closure of the 
magnet system, which is crucial for a simple op-
eration in the field. 
The RF interaction region and the detection re-
gion where the OPM is located must be magneti-
cally enclosed to eliminate stray fields. To con-
struct a clamp-on magnetic enclosure a press-on 
design of two half shells of mu metal around the 
pipe is used. Pressing the shells together en-
sures the connectivity of the mu-metal enclosure 
components. Separate enclosures are con-
structed for each region. The RF enclosure con-
tains a built-in coil system to maintain a constant 
magnetic background field necessary for RF 
pulsing. Additionally, a clamp-on RF coil is fabri-
cated using PCB manufacturing techniques. 

Results 
The design of the clamp-on Halbach magnet is shown 
in Fig. 3. This magnet system is operated 

Fig. 3. Clamp-On Halbach system. In (a), a total view 
with opening levers is depicted. It consists of half 
shells which house trapezoid neodymium magnets. In 
(b), a close-up of a half shell is shown. The housed 
magnets are shifted outwards for an overview. The 
yellow ring is the hinge cylinder. 

using two levers mounted on the exterior of the 
neodymium magnet housing. By pulling the lev-
ers apart, the half-shell magnet housing opens, 
allowing for effort-less deinstallation from the 
pipe due to the magnet’s orientation. The mag-
netic field inside the Halbach system points per-
pendicular to the symmetry axis as the example 
shown in Fig. 2. The magnet system measures 
416 mm in length and 86 mm in diameter. The 
modular construction enables the adjustment of 
the polarization length by adding or removing 
half shells from the magnet system. 
The design of the RF magnetic enclosure is 
shown in Fig. 4. It has two layers mu metal 
pressed-on perpendicular to the symmetry axis 
and screws on both sides lock the layers into 
place. The enclosure measures 283 in length, 
135 mm in diameter and has a simulated shield-
ing factor on the order of 103. The inner coil sys-
tem for RF pulsing and background field gener-
ation cannot be shown at the current develop-
ment stage. The enclosure is manufactured by 
Sekels GmbH, Germany. 
Although having more layers of mu metal and, 
thus a higher shielding factor, the magnetic en-
closure for the OPM is manufactured in a similar 

Fig. 2. Schematic arrangement of a clamp-on Halbach 
magnet with magnet orientation in open (a) and closed 
(b) depiction. The opening geometry allows for force 
free access. Image adjusted from [7], Fig. 3.
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and a commercial flow meter. The essential
clamp-on devices include a pre-polarization
magnet, a low-field nuclear magnetic resonance 
(NMR) region for signal preparation, and a mag-
netic shield that houses an optically pumped 
magnetometer (OPM) for signal detection. Alt-
hough essential for the final apparatus, the OPM 
housing design is not yet complete at the time of 
this proceedings release; however, it is de-
scribed in as much detail as possible.

Materials and Methods
Fig. 1 provides a schematic overview of the mag-
netic flow metering procedure. Short radiofre-
quency pulses are applied to a magnetically pre-
polarized fluid. The local changes in the mag-
netic background field, detected by magnetome-
ters positioned downstream, serve as
timestamps for measuring the flow velocity in a 
time-of-flight fashion.
The design principle for the clamp-on Halbach
magnet is shown in Fig. 2. The pre-polarization
magnet is modelled after the research on clamp
on magnetic systems in [7]. There, a new mag-
netic orientation design of a Halbach magnet al-
lows for a forceless opening and closure of the
magnet system, which is crucial for a simple op-
eration in the field.
The RF interaction region and the detection re-
gion where the OPM is located must be magneti-
cally enclosed to eliminate stray fields. To con-
struct a clamp-on magnetic enclosure a press-on
design of two half shells of mu metal around the 
pipe is used. Pressing the shells together en-
sures the connectivity of the mu-metal enclosure
components. Separate enclosures are con-
structed for each region. The RF enclosure con-
tains a built-in coil system to maintain a constant
magnetic background field necessary for RF
pulsing. Additionally, a clamp-on RF coil is fabri-
cated using PCB manufacturing techniques.

Results
The design of the clamp-on Halbach magnet is shown
in Fig. 3. This magnet system is operated

Fig. 3. Clamp-On Halbach system. In (a), a total view
with opening levers is depicted. It consists of half
shells which house trapezoid neodymium magnets. In
(b), a close-up of a half shell is shown. The housed
magnets are shifted outwards for an overview. The
yellow ring is the hinge cylinder.

using two levers mounted on the exterior of the 
neodymium magnet housing. By pulling the lev-
ers apart, the half-shell magnet housing opens,
allowing for effort-less deinstallation from the
pipe due to the magnet’s orientation. The mag-
netic field inside the Halbach system points per-
pendicular to the symmetry axis as the example 
shown in Fig. 2. The magnet system measures
416 mm in length and 86 mm in diameter. The 
modular construction enables the adjustment of
the polarization length by adding or removing
half shells from the magnet system.
The design of the RF magnetic enclosure is
shown in Fig. 4. It has two layers mu metal
pressed-on perpendicular to the symmetry axis
and screws on both sides lock the layers into
place. The enclosure measures 283 in length,
135 mm in diameter and has a simulated shield-
ing factor on the order of 103. The inner coil sys-
tem for RF pulsing and background field gener-
ation cannot be shown at the current develop-
ment stage. The enclosure is manufactured by
Sekels GmbH, Germany.
Although having more layers of mu metal and,
thus a higher shielding factor, the magnetic en-
closure for the OPM is manufactured in a similar 

Fig. 2. Schematic arrangement of a clamp-on Halbach
magnet with magnet orientation in open (a) and closed 
(b) depiction. The opening geometry allows for force
free access. Image adjusted from [7], Fig. 3.

fashion as the RF magnetic enclosure but with-
out a coil system in plan. 

Fig. 4. Cross-sectional view of the clamp-on design for 
the interaction region enclosure. The magnetic field 
and RF coils are not depicted. The flow pipe is in-
tended to run horizontally. Image provided by Sekels 
GmbH. 

Discussion 
This study presents advancements in clamp-on 
magnetic flow metering technology, emphasiz-
ing its non-invasive capabilities for measuring 
fluid flow in various pipe materials. By employing 
OPM, our method enables precise flow detection 
without disrupting the fluid dynamics, which is 
crucial for maintaining operational efficiency in 
industrial applications. 
Our findings indicate that the clamp-on device, 
particularly the Halbach magnet design, allows 
for easy installation and removal, thus minimiz-
ing downtime. This reinforces the potential of our 
system to enhance measurement reliability while 
reducing maintenance needs. 
The research contributes to the ongoing evolu-
tion of magnetic flow metering technology, show-
ing promise for broader industrial applications. 
Continued development will focus on designing 
the OPM magnetic enclosure design and field 
tests when the apparatus is ready. 

In conclusion, our clamp-on magnetic flow me-
tering solution represents a pivotal step toward 
the industrial use as more efficient, accurate, 
and non-invasive flow measurement systems, 
aligning with the industry's increasing demands 
for sustainability and operational efficiency. 
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