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Abstract

:

Featured Application


Noninvasive inline flow-metering procedure with optically pumped magnetometers.




Abstract


We present a noninvasive procedure that measures the flow velocity of a fluid by using polarized hydrogen nuclei in the fluid. The measurement procedure is based on a time-of-flight method where magnetic information is applied on the fluid with a permanent magnet and an RF-pulse. In contrast to other methods, this magnetic-marking method works without tracers. The read-out of the magnetic information is performed by optically pumped magnetometers downstream. In order to function, the magnetometers have to be operated in a magnetic shield with magnetic field strengths lower than 100 nT, i.e., in the zero-to-ultra-low-field regime. In this regime, the magnetometers are capable of detecting induced magnetic signals of 10 pT or less with an inline-flow setup. The results presented in this paper demonstrate the viability of optically pumped magnetometers for flow metering. The first metering results yielded an average accuracy of 3% at flow velocities between 13 cm/s and 22.4 cm/s.
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1. Introduction


Flow is one of the most important variables in industrial environments, and its precise measurement is the foundation of process automation. It is an established method in the production, infrastructure and process industry [1]. Electromagnetic flow metering (EMFM) is widely used for flow monitoring in research and industry [1]. However, it requires a minimum conductivity of 5 µS/cm of the fluid of interest. For nonconductive and multiphase media, which include non-ionized gases, ceramics, fuels or oils, there is no equivalent volumetric flow-metering technique [2].



NMR-based flow metering has proven to be a viable tool for multiphase flow detection in clinical applications and does not require a minimum conductivity [3,4]. Conventional high-field NMR measuring devices established on the market are rarely used in industry [5]. The difficult system integration and the associated costs limit its applicability [6]. In the high field NMR regime, strong alternating magnetic fields are a compromise between signal strength and field generation effort. For noninvasive flow metering through metal pipes, the reduced penetration depth of the radiofrequency (RF) signals is an additional obstacle [7].



For field strengths similar to the Earth’s magnetic field or lower (<50 µT), these disadvantages are significantly attenuated. Low magnetic fields are easy to generate, can be varied rapidly, and the low frequency RF-signals penetrate deeper through metallic enclosures such as pipes [7]. Initial research on low-field NMR techniques applied to flow metering is available [8,9]. This research has already demonstrated the feasibility of NMR-based flow measurement in the Earth’s magnetic field using induction coils [10,11]. However, for a precise flow-metering method at field strengths below 50 µT, magnetometers are the better choice. In this field regime, signal frequencies are expected to be in the lower kHz to Hz range. For these frequencies, magnetometers show a higher signal-to-noise ratio compared to induction coils [7,12].



While the most sensitive magnetometers were cryogenically cooled SQUID detectors for a long time, the first optically pumped magnetometers (OPM) are now commercially available. They allow measurements with comparable sensitivity at room temperature [13]. The working principle of an OPM is based on alkali atoms in a vapor cell, which are spin-polarized by a laser. The spin polarization of the atoms couples to the magnetic field to be measured and generates a measurable frequency [14].



Utilizing the high magnetic sensitivity of OPM also renders magnetic tracer particles obsolete. Magnetic tracer particles are ferromagnetic clusters of atoms or molecules. When mixed in a liquid, these particles differ from the solution in their magnetic properties. Thus, the determination of the fluid movement is facilitated by monitoring the positions of the magnetic particles [15].



The present research demonstrates a noninvasive tracer-free flow metering procedure, which uses an OPM operating in the zero-to-ultra-low-field (ZULF) regime as the signal detector. In a first step, the medium to be analyzed (here: water) is pre-polarized. Then, a resonant RF-pulse applies a magnetic time stamp to the medium by changing the water polarization locally. This time stamp can be detected with magnetometers such as OPM downstream. The time difference between pulsing and detecting indicates the flow velocity of the medium. In essence, the apparatus performs a time-of-flight measurement, which also makes the procedure calibration-free.




2. Materials and Methods


2.1. Experimental Setup


The experimental setup of the flow-metering apparatus and the orientation of the magnetic fields involved in the procedure is shown in Figure 1 and Figure 2. The water reservoir consisted of a plastic syringe of 200 mL capacity. The syringe was operated by a syringe pump (Syringe Pump LA-800, Landgraf, Langenhagen, Germany), which can log pump rates digitally. For pre-polarization of the water sample the syringe was placed inside a 1 T permanent magnet (RHR-1T-50 Halbach magnet, BFLUX TECHNOLOGY, Dublin, Ireland). This way the whole volume of the syringe could be polarized before being pushed into the system. Pre-polarization was used to increase the magnetic signal for the OPM detector to a measurable level [7]. An interaction section and magnetic shielding (MS-2 Magnetic shield, Twinleaf LLC, Plainsboro Township, NJ, USA) containing magnetometers (Zero Field OPM, FieldLine Inc., Boulder, CO, USA.) were located downstream. The circuit ended in a water storage tank.



The interaction section consisted of a Helmholtz-coil (Ferronato®-BHC-2, Serviciencia, S.L.U., Toledo, Spain), which was used as an RF coil, and racetrack coils. The racetrack coils served a dual function of spin guiding between Halbach and shield, and providing a constant ambient magnetic field necessary for RF pulsing. The presence of a magnetic field is necessary for RF pulsing because a manipulation of the water polarization is not possible otherwise. In the presence of a magnetic field, the nuclear spin energy level of the hydrogen atom is split in two equidistant energy levels. This is called the Zeeman effect. To induce a transition between the energy levels, which define the macroscopic polarization of the water, an RF pulse with the transition frequency of the hydrogen can be applied. This transition frequency is called Larmor precession    ω L    and is defined as    ω L  = γ B  . Here,  γ  is the gyromagnetic ratio of the proton, which is roughly 42.577 MHz/T, and  B  is the strength of the ambient magnetic field. In the case of this experiment, the field generated by the racetrack coils was about 200 µT, which translates to an RF frequency of roughly 8 kHz.



The magnetic shield downstream contained zero field OPM for the detection of polarization changes induced by the RF coil. OPM are very sensitive sensors that can reach a sensitivity of 10   fT /   Hz     [13] if they are operated in an environment where magnetic noise and the absolute magnetic field are strongly suppressed.



The distance   ∆ L   between the center of the interaction section and the OPM was fixed at 212(1) mm throughout the experiment. A plastic tube with an inner diameter of 5 mm was used as a water guide. For validation, the data taken were compared to the pump rates indicated by the syringe pump in the end. Therefore, the flow velocity detected by the apparatus was converted to volumetric flow.




2.2. Procedure


After starting the pump, the pre-polarized water flows through the apparatus. The water polarization interacts with the RF pulses of the RF coil in the interaction section (cf. Figure 3). This coil is operated with amplitude modulation (AM). The 8 kHz RF signal has a sinusoidal envelope of 1 V at 100 mHz. The RF pulses manipulate the water polarization with an intensity proportional to the magnetic field generated by the AM RF coil. Thus, the RF coil periodically changes the polarization amplitude of the water passing the interaction section. Finally, the OPM detects an alternating magnetic amplitude of the water polarization analogue to the RF envelope. The time difference   ∆ t   between pulse application and detecting its effect on the water polarization yields the time information to calculate the flow velocity v using the distance   ∆ L  :


  v =   ∆ L   ∆ t    



(1)







To compare the measured flow rate to the pump rates indicated by the pump,  v  was converted to the average volumetric flow Q inside the tube using the tube cross-section A and its diameter d.


  Q = v A = v      d 2     2  π  



(2)








2.3. Determination of ∆t


The voltage U(t) applied to the RF coil is a sinusoid


  U  t  = A  t  sin    ω L  t   ,  



(3)




where    ω L    is the Larmor frequency and   A  t    is the modulated amplitude with a sinusoidal shape. To feed the RF coil, only the positive halfwave was used. Let the time of excitation    t E    be defined as   A    t E    = max   A  t     . Then the detection time    t D    is the corresponding point in time where the magnetic signal detected by the OPM is at its local minimum. An illustration of how the envelope RF voltage affects the magnetic signal recorded by the OPM is shown in Figure 3. To determine    t E    and    t D    from the RF voltage and magnetic field data, parabolas were fitted to the raw data:


  f  t  = y     t −  t  E , D      2  + Offset .  



(4)







The horizontal shift of the function    t E    and    t D    were used to calculate ∆t and determined as fit parameters. Thus,   ∆ t   is the time difference between    t E    and    t D   :


  Δ t =  t D  −  t E  .  



(5)







This method of data acquisition implies that we measure the average flow of water inside the tube. For demonstration purposes the AM frequency was set to 100 mHz.





3. Results


3.1. Volumetric Flow Measurement


Pump rates were varied from 150 mL/min to 275 mL/min in steps of 25 mL/min. According to Equation (2) these pump rates correspond to flow velocities from 12.7 cm/s to 23.3 cm/s. For this velocity range the maximum Reynolds Number   R e   is


  R e =   v d ρ  η  = 1165 ,  



(6)




where  d  is the tube diameter,  ρ  is the density of water at 20 °C and  η  is the dynamic viscosity of water at 20 °C. Thus,   R e   being smaller than   R  e  c r i t   = 2300  , we assume that we have laminar flow. Hence, the apparatus measures the laminar flow of water inside the tube.



For each pump rate the syringe was emptied completely. The batch volume and the set pump rate determine the measuring time. In Figure 4 streamed data from the 200 mL/min measurement are shown as an example. The OPM data were periodically modulated by the RF pulses and yielded a signal amplitude of about 60 pT. Please note that the Signal amplitude off-set was corrected in such a way that it was set to 0 before the start of the measurement.



The flow rate and volumetric flow calculation was done as explained in Equations (1) and (2). For each pump rate, data were recorded until the syringe was completely emptied. Depending on the flow rate, every measurement yielded 5 to 14 data points. The flow velocity for a given pump rate was determined by the average of the individual values    t D  −  t E    in one recording. The error on the average flow velocity was calculated from the scatter of the individual measured values for each pump rate. The results are listed in Table 1 and shown in Figure 5. On average, the relative error on the volumetric flow  Q  and thus on the detected flow velocity  v  was 3%. In addition, the predicted pump rate of the syringe pump was mostly within one standard deviation of the detected volumetric flow. For 275 mL/min the predicted pump rate lays within two standard deviations.



For any practical application of the presented scheme, the dynamic range of the procedure was limited by two factors. The first limitation derived from the decay of the medium polarization. For too-small flow velocities, the signal would decay before it arrived in front of the sensor. The second limitation was caused by bandwidth of the OPM sensor (currently 100 Hz). This limited the accuracy of the determination of    t D    and, hence, of   Δ t   and the flow velocity.




3.2. Short RF Pulsing


In the experiments described above, the sinusoidal AM modulation of the RF pulses with 0.1 Hz limited both the data rate (one data point every 10 s) and the accuracy of the determination of   Δ t =  t D  −  t E   . Shorter RF pulses are expected to produce narrower transients in the polarization signal, allowing one to determine   Δ t   more accurately and to increase the pulse rate.



In the following, an experiment was conducted as described in Section 2.2 but rectangular RF pulses with a duration of 250 ms and a repetition rate of 0.4 Hz were applied. The flow velocity was set to of 12.7 cm/s. For comparison, the amplitude modulated RF pulse approach has a pulse length of 5 s. The RF amplitude in the experiment was 236 mV.



The experimental results are shown in Figure 6. The mean full width at half-maximum (FWHM) of the observed transients of the magnetic field was 0.38(4) s. The specified error was calculated as the standard deviation (1 sigma) of the scattering data.



This width of the observed B field “pulses” was about 50% larger than the duration of the applied RF pulses (0.25 s). To get a first insight into the action of the RF pulses on the flowing water, a simple model was used: The change of macroscopic polarization for a pre-polarized water voxel was assumed to be proportional to the integral   ∫ B d t   experienced by the water voxel. Let  v  be the velocity of the water inside the tube. Then the magnetic field experienced by a water voxel S starting to move at a point    x 0    inside the interaction section is given by


  S    x 0    =   ∫  0  P u l s e   L e n g t h   B   x  t    d t     T s   ,  



(7)




where   x  t  =  x 0  + v t   is the position of the water voxel and   B   x  t      is the magnetic field at this position. In a first approximation,  B  is calculated using the Biot–Savart approach for the magnetic field along the symmetric axis of the Helmholtz coils:


  B  x  =    μ 0  N I  2       R 2         R 2  +     x −  d 2     2         3 2      +    R 2         R 2  +     x +  d 2     2         3 2         



(8)







   μ 0    is the vacuum permeability,  N  the number of coil windings of each coil,  I  the electric current created by the RF voltage,  R  the coil radius and  d  the distance between the coils.   B  x    is shown in Figure 7 for a range of ±10 cm from the coil center. Due to the geometric situation of the setup, the outer layer of the magnetic shield has approximately 6 cm from the center of the Helmholtz coil (see the shaded area in Figure 7). For this reason, the  B  field distribution according to (8) shall only be considered a simple approximation.



To make the result of   S    x 0      comparable to experimental OPM data, the spatial distribution was converted to a temporal distribution   S  t   . This was done by converting the starting point argument    x 0    to the time t it takes for the water to arrive in front of the OPM sensor:   t =   ∆ L −  x 0    / v  .   ∆ L   is the distance between the RF coil and the OPM (cf. Figure 1).



The resulting expected signal according to (7) and an extract from the experimental data are shown in Figure 8 for comparison. For both curves the x axis was centered at t = 0. The y axis of the modeled signal was rescaled to match the peak height of the observed pulse. While the observed polarization “pulse width” (FWHM = 0.34 s) was longer than the duration of the applied RF pulse (0.25 s), it was clearly shorter than the width derived from our simple model (0.67 s). This, as well as the asymmetry of the observed “pulse” shape, indicates that the assumed B field distribution along the x axis may considerably differ from our simple model assumption.





4. Conclusions


We presented a noninvasive, magnetic-marking-based flow metering procedure, which uses an OPM operating in the ZULF regime at magnetic-field strengths lower than 100 nT as the signal detector. The detection method was based on a time-of-flight measurement, which makes the procedure calibration-free.



In the frame of the experiments, a macroscopic polarization of 300 pT was created in the water samples using a 1 T Halbach magnet. Applying short RF pulses as “markers” on the water flow resulted in polarization transients with amplitudes between 10 and 80 pT, which were detected with the OPM with good signal-to-noise ratio and used to derive the flow velocity of the medium.



In the current demonstration setup, the useful flow velocities ranged between 12.7 cm/s and 23.3 cm/s. Utilizing the procedure presented, we successfully demonstrated measuring the water flow with an average accuracy of 3% in the given velocity interval. Comparing the measured results to the pump rates of the syringe pump showed that the data were consistent with expected values.



The current experiments demonstrate the feasibility of a marker-free magnetometry-based flow metering, enabled by the outstanding performance of commercially available optically pumped magnetometers. A number of steps will be necessary to move from our “proof-of-concept” experiment to a metering system applicable in practical situations by answering the following questions:



What signals are still detectable in a certain background situation? How much shielding effort is required? Which level of pre-polarization and RF pulsing is required? What is the resulting time accuracy? What RF pulse form is best suited?



The mentioned aspects must not be considered isolated from each other. Addressing them is the topic of experiments currently under way.
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Figure 1. Schematic overview of the experimental setup with applied magnetic fields and the trend of the medium polarization. (a) Schematic of the experimental setup: The dashed green line encircles the interaction section with the coil system. The green square in the center marks the location of the RF coil. The two black cylinders represent the racetrack coils. The distance ∆L between the center of the RF coil and the OPM is known and used to determine the flow velocity. The red double arrows indicate the direction of the pumping mechanism. (b) Orientation and field strengths of the magnetic fields as they are found in the apparatus. The magnetic field of the Halbach array to pre-polarize the water and the field of the racetrack coils point in z-direction. (c) Trend of the macroscopic water polarization throughout the water circuit in z direction. The RF coil operates in x direction to reorient the water polarization away from its pre-polarization direction. The OPM sensors measure the z component of the field to detect how much water polarization is reoriented by the RF coil. The partial decay of the polarization amplitude during the flow of the medium through the tubing is neglected for simplicity. 
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Figure 2. Image of the experimental setup with the syringe pump, the Halbach magnet with the syringe inside, the interaction section with the coil system and the magnetic shield containing the OPM sensors. The spatial directions are defined as indicated by the white arrows in the upper right corner. The interior of the magnetic shield is shown below. The white plastic pipe contains the water to be measured. The water crosses the image from left to right. The white OPM sensors are installed on a nonmagnetic mount in the center of the image. The mount enables accurate position referencing of the sensors. The sensitive axis of the sensors is in z direction. The red double arrow indicates the direction of the pumping mechanism. 
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Figure 3. Schematic representation of the RF-Pulse and the OPM signal used in the experiment. The center of the RF pulse envelope (blue) defines the time    t E   . The time where the OPM signal (red) reaches its minimum defines    t D   . The quantity of interest is the delay between    t E    and    t D   :   Δ t =  t D  −  t E   . 
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Figure 4. Data stream showing all relevant parameters for a flow measurement. The water velocity is 200 mL/min. The pump is turned on at 5 s. Then, the polarized water flows past the OPM. This increases the magnetic field measured to a plateau region of 300 pT. At 25 s the RF coil is switched on, which periodically changes the water pre-polarization amplitude by about 60 pT. As explained in Figure 1, the OPM measures the vector component of the water polarization in z direction. Thus, it detects how much of the water pre-polarization is destroyed by the RF pulse. Residual fields in the shielded environment are on the order of nT. For this reason, the data are shifted to start at zero. Please note: The reference voltage plotted in the upper channel was recorded using the “trigger input” of the FieldLine OPM interface. The resulting line shape does not exactly reproduce the applied sinusoidal envelope of the RF pules. It is only used to determine    t E   . 
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Figure 5. Comparison of the pump rate indicated by the syringe pump and the detected volumetric flow measured by the flow metering apparatus (blue). Error bars indicate one standard deviation. The black line indicates the ideal behavior. The error in x-direction is set to 1% (pump specification: <1% inaccuracy of the pump rate). 
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Figure 6. The experimental results for the application of short RF pulsing on the pre-polarized water. The black dotted lines mark the timing of the individual RF pulses. The asterisk marks the peak, which is used to compare the experimental data in Figure 7 with a signal estimate. 
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Figure 7. Spatial distribution of the magnetic field of the Helmholtz coil according to Equation (8). The distribution is calculated using a current of 200 mA. The green lines mark the positions of the Helmholtz coil pair. The outermost layer of the magnetic shield is positioned at x = 6 cm. As a consequence, the field distribution in the hatched region will differ from the simple model. 
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Figure 8. Extract of the experimental results with the predicted signal for comparison. The OPM data shows the peak of Figure 6 highlighted with a red asterisk. The predicted signal is longer than the experimental data and has a full width at half-maximum (FWHM) of 0.67 s. The experimental data has a FWHM of 0.39 s. In a first approximation, we assumed the magnetic field of the RF coil is symmetric, which is not confirmed by the data. Thus, we refrain from a detailed analysis. 
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Table 1. Flow velocities and volumetric flows detected by the flow-metering apparatus. For comparison the pump rates of the syringe pump are listed in the left column. The manufacturer of the syringe pump noted an error of <1% on the pump rate. The error specifications represent one standard deviation.
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	Set Pump Rate (mL/min)
	Flow Velocity (cm/s)
	Calculated Volumetric Flow (mL/min)





	150
	13.0(3)
	153(4)



	175
	14.3(6)
	168(7)



	200
	17.4(5)
	205(6)



	225
	19.2(3)
	226(4)



	250

275
	20.9(8)

22.4(5)
	246(9)

264(6)
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
200

150

Magnetic Reld Strength (uT)
2
8

o
3

iShielded})

—

10





media/file4.png
‘ Halbach Magnet | Coil System

o |
Water Tube - -






nav.xhtml


  applsci-12-01275


  
    		
      applsci-12-01275
    


  




  





media/file16.png
N
o

—— OPM Data Stream

Preaicted Signal

AN

W
o

N
o

\\

A Magnetic Reld, B(pT)

RN
o

A\

-1.0

0.0
Time (s)

0.5

1.0





media/file2.png
| Fﬁ """ I
g€ | I R
> D i — : w N
_ | A S ——
Halbach Array Coll OPM Magnetic Shield
System
b) B4

Residual
Field

»

c) Pol,

OPM Measuring
_— Direction
— X






media/file5.jpg
(‘n'e) apnyidwy [eubs onaubey

—— RF Envelope,
—— OPM Signal

Time (a.u.)

("ne) abejjon





media/file3.jpg





media/file1.jpg
a)

P
Magnetic Shield

OPM Measuring
.—— Direction
X





media/file7.jpg
1 - RF Envelope Voltage|

('n"e) abeyjon

Time (s)





media/file10.png
Volumetric How (ml/min)

300

250

N
o
o

150

100

o)
o

| |

\ e Detected Flow\

50 100 150 200
Pump Rate (ml/min)

250

300





media/file12.png
A Magnetic Held, B(pT)

300

280

260

ialnintlalal

\— (SPM D;ta Stréam\

*

3 10 15

Time (s)





media/file9.jpg
300 T T T T T

* Detected Flow 1
250 - 4

N
8
3
T
L

150 ~

100 | -

Volumetric How (ml/min)

o
3
T
L

0 50 100 150 200 250 300
Pump Rate (ml/min)






media/file0.png





media/file14.png
200

150

100

Magnetic Held Srength (uT)

Shielded”
// \ Region
Coil Positiong—— -
-10 -5 0 10

X (cm)





media/file8.png
\

o
/ 0
L I
b
T
=
®
D
0 N
1 I
= @
@)
= f -~
o =
S m-u.
m //
L
LL
o
T
-— o o o o o
o (@) o
(qp) (Q\] <~

(‘n'e) abejjon

(1d) espnyjdwy jeubs

50

40

30

20

10

Time (s)





media/file11.jpg
OPM Data Stream

Time (s)





media/file6.png
(‘n'e) spnydwy [eubg oljpube )

—— RF Envelope
—— OPM Sgnal

At

(‘n'e) abejjon

Time (a.u.)





media/file15.jpg
50

A Magnetic Feld, B(pT)
] ] 3

3

—— OPM Data Stream
— Predicted Signal

0.0 0.5 1.0





