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The net phase of the NMR signal is proposed as a robust mechanism for the encoding of fluid flow velocity
into phase, showing local bijectivity. While magnitude-based or imaging-based methods suffer from loss
of signal, by increasing the flow rate, the present method enables us to maintain the high SNR even for the
case of fast flow. In addition, it is shown that a well-engineered flow channel is also necessary, which is
not the case for traditional cylindrical flow channels. In this contribution, we report on implementing this
approach in a low-cost NMR-based flowmeter for use in a low field (1 T) setting, for example, for mon-
itoring reaction flow industrial processes.
© 2022 Karlsruhe Institute of Technology. Published by Elsevier Inc. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Even before the first report on magnetic resonance imaging in
1972 [9,11], it was realised that motional sensitivity in nuclear
magnetic resonance could be used to measure flow velocity [12].
This new ability, including the well-known spectroscopic identifi-
cation of most fluids, the geometric resolution of any propriety
(i.e. MRI), and less known abilities like NMR thermometry or pres-
sure quantification, shows significant potential in the implementa-
tion of new combined flowmeter/spectrometer solutions. Beyond
these unique abilities, NMR is one of the least invasive and
demanding approaches when compared to competing non-
invasive technologies, requiring no specific flow-channel (unlike
Coriolis flowmeters), no patterning of the inner walls of a flow
channel (unlike most thermal flowmeters), the use of translucent/-
conductive fluids (unlike optical and electromagnetic flowmeters),
or the introduction of supporting elements (unlike in particle
imaging velocimetry).

Nevertheless, and despite interim advances in state-of-the-art
of magnetic resonance and flow visualisation, these techniques
are not in widespread use in industry [ 1], where they could be used
to observe and optimize inline chemical engineering processes. The
aim of this work is to establish a new approach to NMR-based flow
measurement which facilitates low-cost applications for non-
invasive flow monitoring.
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NMR can be employed in a variety of ways to study several
complex features of flows: laminar, turbulent, or multiphase beha-
viour, in aerosol, slurry, or emulsion colloids, all in a non-invasive
manner [7]. However, when attempting to quantify flow dynamics,
most current approaches come at the cost of the loss of other spec-
troscopic information and are generally divided into imaging tech-
niques, and one-dimensional responses of a local or a displaced
sample.

Imaging methods, due to exceptional advances, are now able to
generate a wealth of 4D information on the flow [4], which can fur-
ther be made species-selective, or even temperature and pressure
dependent. However, these are complex to achieve and require
either high-performance instrumentation or simplistic flow condi-
tions, so as to offset the SNR loss that comes with the encoding pro-
cess, and the spatial division of the flow field into higher resolution
voxels. The latter is intrinsically linked to the reduced statistical
certainty in the subset that constitutes a voxel, a major limitation
in NMR. Furthermore, imaging encoding and readout require mod-
erate to long acquisition times [8], depending on the desired spa-
tial resolution, which prove to be limiting for fast flow rates or
when quick probing rates are necessary.

Another approach to flow analysis and the one taken here, con-
sists of reducing the intrinsic information obtained from con-
strained, repeatable, and calibrated flow conditions, such as
laminar flow in a pre-defined channel, to which imaging tech-
niques afford no extra information. If the flow channel is pre-
engineered and well-characterised, this allows for a repeatable
laminar flow profile and consistent behaviour over a range of flow
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speeds that include a predefined calibration point. Given these pre-
suppositions, one can correlate the spatially extended flow mea-
surement with a single point, one-dimensional response to the
channel’s flow. This approach is commonly used to encode the
NMR signal’s magnitude with the flow information, with or with-
out time resolution. Local techniques [17,14] use a single coil
where either the sensitive volume is saturated and the measured
signal is from freshly polarised spins that have entered the mea-
surement volume, or the sensitive volume is excited and the signal
decay is exacerbated as excited spins flow away. Non-local meth-
ods are based on different readouts of a given sample plug excited
with one coil and detected with another downstream, in a time-of-
flight manner [13]. It becomes clear that the aforementioned tech-
niques intrinsically suffer from two major limitations: their
dimension-linked response, and sub-optimal acquisition. The for-
mer arises from the need to have a significant signal magnitude
change within the residence time of the fluid plug in the coil,
which ultimately limits the measurable range of a particular setup.
Furthermore, the acquisition procedure requires either a signifi-
cant delay time (e.g. the time-of-flight), or an acquisition that
spans a significant signal decay (from a high to a low amplitude),
which degrades the SNR of the measurement. So, in contrast to
reports in the literature, in which flow rate is correlated with the
magnitude of the signal, [10,5], leading to loss of signal for a range
of flow rates, this study records the relationship between the flow
rate and phase of the signal. This techniques enables one to per-
form a measurement with maximum signal and keep SNR high,
even for the case of fast/slow flows. In an effort to combine the
benefits of flow-adjustable phase-encoding procedures used for
flow-imaging, and the low-information, yet statistically significant
one dimensional response of portable systems, a simple front-end is
proposed in Section 3, implementing the concept developed in Sec-
tion 2. This new approach to flow velocimetry, despite initial lim-
itations, achieves measurement precision matching that of the
NMR measurement itself. Experimental results are shown in Sec-
tion 4 and further interpreted in Section 5, dissecting the strengths
of the technique, and exploring the potential for its improvement.

2. Theoretical setup

Given the objective of measuring engineering flows in a non-
invasive manner, the authors took a top-down approach to the
design of an NMR front-end, so as to maximise flow sensitivity.
Phase encoding was found to be an optimal technique to measure
flow, as it introduces information in an often disregarded dimen-
sion of 1D NMR, namely the signal’s phase, rather than its ampli-
tude. Unlike magnitude-encoding methods, which, by definition,
require a change in magnitude away from the optimum, thus
degrading overall SNR, phase can be registered at the optimal sig-
nal strength. The phase encoding approach was thus used to
encode flow, as an R — R mapping function, to best leverage fast
NMR measurements, at fast probing rates, in a harsh environment,
and at low cost, for which SNR will become the precision bottle-
neck. Consider the incremented phase encoded into a spin ensem-
ble after a bipolar gradient G, is applied, for a total time T, on a
fluid element moving at velocity v, and accelerating at ay:

Tenc _A 2
¢ = / YG(E) - 1(t) dt ~ % (vo +%a0Tem> = Kenc U (1)
0

The encoded phase will be well-resolved for each spin but, without
imaging techniques, only its weighted contribution will be mea-
sured in a real flow. The overall response of plug flow, assuming a
uniform encoding gradient, would match the theoretical ideal with-
out convolution with a velocity profile, but is not achievable in gen-
eralised flow setups. Conversely, common setups use a cylindrical
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tube for the flow, which performs sub-optimally due to the sharp
velocity distribution introduced by no-slip conditions at the tube
boundary. Attempting to reduce this limitation, one could remove
wall effects by measuring only the centre of the channel, to the
detriment of SNR, or by extending the channel width sufficiently
beyond the measurement region, thereby achieving an approxi-
mately two-dimensional flow profile. The net-phase of the signal
consisting of the sum of all spins, each encoded with a velocity-
dependent phase, is shown in Fig. 1.

The approach shown in Fig. 1 maintains a coherent net phase,
allowing for a non-zero total signal even for large velocity ranges.
Furthermore, whereas the encoding k... can be adjusted for cylin-
drical flow to allow for a non-zero amplitude, these show much
faster phase wrapping, which, due to non-bijectivity, only allow
for the measurement of much slower varying flows. Furthermore,
a 2D flow allows for a higher phase encoding value per ke,,., which
will prove beneficial below. Being able to express the net response
as a function of k., 7 introduces a degree of adjustment of the tech-
nique to varying flow ranges, unlike other non-imaging methods.
This ultimately shifts the limitation of the technique to the phase
encoding process (sequence and gradients), which determines
Kene, instead of to the front-end itself (flow chamber and Rx/Tx
coils). Having established the ability to measure a fluid across a
large phase range, we next have to define the optimisation func-
tional for the desired measurement. Aiming for a high precision
measurement of a laminar flow, the Q in a well-defined channel
with section A is:

SNRg = & = AZ _ __ kanc¥

6q _ Ao, v
oQ 7 k’encdd,2 70421

— 2 d
= Kenc”SNRo /M~ —d(ﬁﬁ’;)

Here SNRy is the signal-to-noise ratio of the stationary measure-
ment, M is the ratio of the SNRs after and before encoding, and
d¢,_, is the phase difference between two consecutive acquisitions.
This formula leads to the well-known closed-form for the SNR of a
flow measurement in a plug flow regime (¢ = kepc, 7 = v,M = 1),
usually approximated well within a single imaging voxel, of:

(2)

SNRq = 2 — Kenc? _ 55N
03 Oy, \/2

While the method could be expanded to infer the desired flow
measurement from both the phase and magnitude changes intro-
duced by a bipolar gradient, the statistical significance of the mag-
nitude variation is small (due to an equally small relative variation)
and has been seen to be far less robust w.r.t. experimental varia-
tions. Eq. (3) is plotted for three flow responses to a bipolar gradi-
ent (plug, 2D, and cylindrical flow) in Fig. 2.

Despite the promising framework of the method, its limitations
must be taken into consideration when it is implemented for vary-
ing configurations. The 'lower bound’ of the method, at low veloc-
ities, is the inability to generate a sufficient k..., due to a limited
current supply, thermal concerns in the gradient, or a T, rivalling
the measurement time or T3, which imparts a small, statistically
non-significant phase, meaning that flow cannot be discerned. On
the other hand, slow measurable flows require the application of
the strongest gradient possible for a short period of time (to
achieve the large k., value necessary), to avoid leading to loss of
signal due to diffusion.

Despite the increasing statistical significance of measurements
at large k.,.7, other measurement-detrimental effects will come
into play, creating a finite span of the flow measurement, and
therefore the method’s 'upper bound’. For high velocities, and as
seen in this manuscript, both physical and information-limiting
effects come into play. Despite an easier path towards increasing
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Fig. 1. Magnitude and phase response of the NMR signal from of a phase-encoded
fluid with average velocity 7. Results shown for three flow conditions:
v=7,v=157(1-2%/2zf) and v =27 (1 — r?/r}), respectively.
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Fig. 2. Dependence of the NMR flow measurement’s SNR on average flow velocity
and encoding intensity ke, for three distinct flow conditions.

the injected phase (i.e. a large velocity reduces the encoding time
and gradient strength necessary), a large encoding value requires
a sufficient flow range within which the mapping remains bijec-
tive, so that a local phase-to-flow correspondence can be achieved.
This flow range will become prohibitively narrow as the wrapping
frequency increases, as the variation within the bijective domains
becomes comparable to that of effects stemming from non-linear
gradient terms, or from sharp time variations in the flow. At the
same time, the expected phase response requires that the flow
retains its near-2D laminar flow profile, which is not guaranteed
as Reynold’s numbers and entry/exit lengths increase with increas-
ing flow speeds. This deviation, while possibly information-
preserving, is outside of the scope of this manuscript. Similarly,
and depending on hardware used, faster flows mean that the fluid
has a shorter residence time inside the measurable or encodable
volumes at play, which either requires shortening the experiment,
or the introduction of further deviations from the model.

3. Flowmeter front-end

Given the promising theoretical results shown in Section 2, our
objective was to design a simple flow channel prototype that gen-
erates the desired near-2D laminar velocity profile with the less
possible deviation within the volume of interest (VOI). To achieve
this, a top-down development procedure was followed to obtain a
compatible relationship between the flow channel, the sensitivity
profile of the detector, and the selective shim-set. The entire sys-
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tem was designed to be inserted in a 15 mm gap permanent mag-
net, for operation under field conditions, and thus the sensitive VOI
was set as a rectangular prism of dimensions 3 x 10 x 10 mm at
the centre of the volume containing all the relevant coils of
15 x 57 x 60 mm. Components of the device and parameters of
the employed pulse sequence are listed in Table 1.

3.1. Flow channel

The total length of the flow measurement chamber consisted of
the 10 mm length of the VOI, and the entrance length necessary for
the flow to develop. Within the dimensional constraints imposed
by the coils, the width was increased as much as possible, so as
to best approximate a 2D flow profile along the 10 mm width of
the VOI. The coils also constrained the design and positioning of
the inlet and outlet. The final design of the flow channel, seen in
Fig. 3, resulted in a chamber size of 27x19x3 mm, and makes use
of all the available space within the measurement coil (shown in
Fig. 7). Following standard planar fabrication techniques, the flow
channel was fabricated using three laser-cut PMMA pieces, glued
together with UV-curable adhesive (Dymax 1187-M, Dymax Eur-
ope GmbH).

The expected near-2D laminar velocity profile and the stream-
lines are shown within the flow channel design in Fig. 3. In order
to verify the behavior of the flow, and its velocity profile, at differ-
ent mass flow rates, Computational Fluid Dynamics (CFD) simula-
tions were performed using a commercial FEM solver (COMSOL
Multiphysics, COMSOL AB). In these, the Navier-Stokes equations
were solved for incompressible flow in the laminar regime with a
no-slip boundary condition at the walls. The mass flow rate at
the inlet was varied between 0.1 kg/h and 2.0 kg/h. The numerical
results are in a good comparison with the expected velocity profile
within the VOI up to a certain mass flow rate, after which recircu-
lation effects became dominant, as shown in Fig. 4. At this point,
the phase behaviour was expected to drastically deviate from the
one proposed by the framework, showing an implementation-
dependent upper bound to the measurable flow rates. These results
were experimentally confirmed in Section 4.

3.2. Rx and Tx coils

Having generated a volume where the velocity matched the
desire profile, we selected this volume as the source of signal. This
was possible through the design of the detection coil. The use of a
stripline geometry allowed to access a large volume enclosed by
the measurement coil, unlike what would have been possible for
common resonator geometries. The system is described in [18].
The narrow, most sensitive section of the stripline, achieved an
optimal total response from the VOI, with a 7 mm width and
10 mm length, and was seen to have a higher sensitivity to the
spins localised at the centre, further emphasising the volume that
best represented the desired near-2D flow, see Fig. 5.

3.3. Shim set

The use of the system in a permanent magnet setup necessi-
tated the need for shim coils. Given the simplicity of the two-
magnet gap system, only small high order contributions to inho-
mogeneity are expected and thus a second-order shim set was
developed. Active shimming systems employ a set of coils capable
of producing an orthogonal basis of the B, component of the mag-
netic field, assuming a local approximation of |B| ~ B,, typically
consisting of regular solid spherical harmonics [19], generated by
coils obtained by the target field method [20]. This method relies
on the inversion of the Biot-Savart law, allowing us to determine
the current distribution that best generates a desired magnetic
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Table 1

A summary of the geometrical parameters of the flow setup as well as the NMR

acquisition parameters.

Item Description
Device Size 125 x 57 x 15 mm?
Device Mass 0.205 kg

Detection Coil (VOI)
Shimming Coil (VOI)
Transmitter Coil (VOI)
Flow Channel Size (VOI)
Magnetic Field

Gradient Power

Gradient Duration

First Acquisition Duration
Second Acquisition Duration
Sampling Frequency

RF Pulse Duration

RF Pulse Power

SNR

Stripline (10 x 7 x 3 mm?3)
Biplanar (10 x 7 x 3 mm?3)
Solenoid (entire sample)
27 x 19 x 3 mm3(10 x 10 x 3)
1.05T

14165.19 Hz/mm

6 ms

0.2 ms

12 ms

50 kHz

0.0256 ms

0.52 W

260

Fig. 3. Schematic of the flow channel and the expected streamlines of the fluid flow.
The expected, idealised laminar-flow velocity profile along the channel is shown on

three cross-sections of the VOI.

-15

Fig. 4. Simulation results of the z-component of the flow field (indicating strongly
varying out-of-plane flow) for different mass flow rates (a) 0.1, (b) 0.2, (c) 0.3, (d)

0.6, (e) 1.2, and (f) 2.0 kg/h.

field over a certain VOI. As a way to overcome the system'’s ill-
conditioning, the dissipative power of the current density [16]
was introduced as a regularisation term.
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Fig. 5. Normalised sensitivity profile of the 7 mm wide stripline optimised for
detection on the VOIL Directions of the main precession field, By, and the RF
excitation field, Br, are shown for clarity.

The implementation of a biplanar coil geometry was based on
principles developed in [6]. The output of the method is a contin-
uous distribution over the coil planes, which we discretised by tak-
ing level sets of the corresponding stream functions [3,15]. This
routine was used for the design of seven shimming coils, and their
simulated performance was quantified in Table 2.

To test the performance of the shims, the flow channel was
filled and placed inside a commercial NMR imaging system (ICON,
Bruker BioSpin) with its shim system disabled. Using the shim sys-
tem developed and shown above, it was possible to drastically
improve the unshimmed decay time (FWHM,, gim ~1/T; =

1 ms)":990 Hz) to a far longer decay (FWHMgm =

(36 ms) ' = 28 Hz) which enabled continuous measurement dur-
ing the flow probing experiments. These had probing rates requir-
ing two FID measurements in 100 ms, for example. Comparing the
SNR obtained in the 36 ms decay to that of an ideal non-decaying
signal in a 50 ms acquisiton, one obtains 58%, a value considered to
be sufficient given the complexity of further marginal improve-
ments. The shims required for the linewidth correction in Fig. 6
had a total power dissipation of 6 mW, corresponding to an adia-
batic heating of stationary water in the flow channel of 93 pK in
50 ms, a negligible value even in a worst case scenario.

The aforementioned parts, devised to be assembled together,
were then connected and prepared for measurement in a complete
setup spanning 15x57x95 mm. To confirm the correct function of
the system, a FLASH imaging sequence was used to measure the
selection of the effect of the three components developed. Initially,
the magnitude contrast allowed us to see how the major signal
contribution was derived from proximity to the stripline. Its out-
line and the flow channel shape is visible in Fig. 7. As the spins
dephased, only the spins on VOI remained coherent, due to selec-
tive behaviour of the shim system, and thus the response appeared
to approximate well that of the desired near-2D flow.

4. Flow results

A functioning front-end, equipped with all the components to
enable a flow velocimetry experiment, was combined with the
pulse sequence of Fig. 8 to measure flow. All subsequent measure-
ments were carried out in a 1T field (ICON, Bruker BioSpin). To
have a robust phase response, a wideband excitation pulse was
used to compensate for drift, which represents one the most
important problems of low-field permanent magnets, in particular
when the phase of the signal is used to extract the results. Despite
the use of a drift adjustment step before each readout, such an
excitation pulse is still necessary because the it cannot compensate
the magnetic field precisely. Furthermore, frequency adjustment
cannot be used since it changes the phase response of the spec-
trometer hardware, after which the results can no longer be corre-
lated. The pulse sequence consisted of two acquisitions. The
excitation pulse was followed by the first acquisition. The second
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Table 2
Simulated performance of the seven spherical harmonic shims, for coil position z, the
m? the total resistance R, the inductance [2] L, and the inductive rise time t.
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standard deviation E of the field relative to the shim, the power dissipated P, per T/m or T/

SH z (mm) E (ppm) Py (mW) R(Q) L (uH) tir (Ks)
y 7.42 881 9.72 41 12 2.9
x 7.09 936 8.60 40 11 2.8
6.87 658 459 3.1 9.4 3.0
yz 6.56 617 18.6 14 26 0.5
xz 6.34 659 15.8 14 2.6 05
Xy 6.04 756 396 2.4 3.9 0.6
22 -2 5.82 327 249 3.2 6.3 0.5
—Unshimmed
—Shimmed
‘ : ‘ ‘ r - Flow channel
2000 1000 0 1000 2000 7-layer biplanar shims
Frequency (Hz) Heat-sink connection

Fig. 6. Magnitude of the Fourier transform of two equal and sequential experiments
with and without the shims enabled.

acquisition was preceded by a pair of bipolar gradients, resulting in
a direct relationship between the velocity and the injected phase
difference between the acquisitions. Because of the combined
effects of T3, eddy current, diffusion, and phase dispersion due to
flow encoding, the signal of the second acquisition was much
weaker than the first one. Different acquisition times needed to
be used to balance the SNRs. The trade-off was designed based
on the employed k... Larger k.,.s necessitated a greater ratio
between the second and first acquisition time. Regarding the bipo-
lar gradients, as long as SNR was sufficient, it was better to use the
stronger bipolar gradient which injected more phase, resulting in a
better phase-velocity resolution and phase-SNR. Hence, a bipolar
gradient with 6 ms pulse length and 14165.19 Hz/mm of power
was used for this study.

The measurement was performed for 26 different flow rates
ranging from O to 2 kg/h, and for 10 repetitions for each point. A
flow system was set up using a pressure control system (OB1
MKIII+, Elveflow) with a stated pressure stability of 0.006% FS, well
below the precision of common flow measurements. This meant
that the flow could be considered to be steady-state for the dura-
tion of the measurement. Given the unknown hydraulic resistance
of the setup, a high-precision Coriolis flowmeter (mini CORI-FLOW
M13, Bronkhorst®) was used to benchmark the flow results at a
precision of 0.2%. The current setup was designed based on a bipo-
lar gradient technique, yielding the volumetric flow of the fluid.
The density of the fluid was taken into account to compare these
results with those of a Coriolis flowmeter, which yields the mass
flow rate.

The experimental results, shown in Figs. 9 and 11, were in a
very good agreement with the phase response of Fig. 1, as long
as the flow followed the simulation profile shown in Fig. 4. In the
other words, the injected phase linear depended on flow until
Kenc¥ ~ 2.7 which corresponded to a mass flow rate of 0.25 kg/h.
The phase experienced a maximum at 0.30 kg/h, after which there
was a downward non-linear trend. The expected model breakdown
was caused by the flow response introduced in Fig. 4, showing a

PCB alignment screws

X gradient and Tx coil
Power /control inputs
Stripline Rx coil

VOI

Fig. 7. Sequential disassembly steps of the flow measurement setup used for the
experiment, with the third photo indicating the VOI with a red frame. The static no-
flow MRI image shows the dominance of the VOI signal.
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Tx
Gy Tenc/2
grady
Rx /\ / = N
{f0,01} {10,902}

Fig. 8. Pulse sequence used to encode flow into phase, establishing ke,c = 7G, T, /4
to obtain the phase difference ¢ = ¢, — ¢,.

recirculation region in the flow channel before 0.30 kg/h, which
affected flow behaviour in the detection region and resulted in a
reduction in the injected phase. As the flow rate increased, the
recirculation region expanded into the VOI and at 1.2 kg/h, the pos-
itive and negative z-components completely cancelled each other
out, resulting in a vanishing injected phase. Nonetheless, despite
the deviation from the model, results showed that the setup could
still be used to measure the flow rate. For our particular geometry,
because the flow pattern changed at 0.3 kg/h, the setup could be
used to measure the flow also for faster flows, as long as the mod-
el’s progression in Fig. 9 was accounted for in a look-up table.

In order to evaluate the precision of the current method, a com-
parison between experimental results of the current setup, and
that of Bronkhorst® flow meter, is made and shown in Fig. 10.
The results from both setups are in good agreement up to 600 mbar
(corresponding to 0.25 kg/h). Beyond that, the results diverge,
since the flow behaviour loses ideal conditions in the flow channel.

Regarding the amplitude of the signal shown in Fig. 11, despite
the fact that in theory it showed a sinusoidal downward trend,
there was an upward trend at the beginning of the measured curve
which was not expected. It appeared that another unknown effect
lead to phase dispersion, and the phase dispersion due to flow
encoding compensated the effect up to ke, ~ 1, which corre-
sponded to a mass flow rate of 0.09 kg/h. The reason could be dif-
fusion, eddy currents, or, most probably, a small asymmetry in the
bipolar gradient. In fact, to some extent, the superposition of this
unknown effect with flow effects lead to better in-phase signals
for part of the range, and at higher velocities a sinusoidal down-
ward trend in the amplitude of the signal was observed.

mL |
— Experimental Results
Simulation
2 |
el
<
N
= 0
,I,. |
0.01 0.5 1 5 10

Kene V

enc

Fig. 9. Comparison between simulation and experimental results for the injected
phase vs. mass flow rate (error bar is plotted for 10 different measurements).
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Fig. 10. Comparison between experimental results of the current setup and
Bronkhorst® flow meter.
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Fig. 11. Comparison between simulation and experimental results for the magni-
tude of the second acquisition vs. mass flow rate (error bar is plotted for 10 different
measurements).
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Fig. 12. Comparison between simulation and experimental results for SNR vs. mass
flow rate based on Eq. (2).

5. Conclusions

In this manuscript, a phase-encoding method was proposed for
an NMR based flowmeter, showing a theoretical upper bound
above that of the NMR measurement itself, thus confirming that a
near-2D net-phase flow encoding method can outperform concepts
based on cylindrical flow, and without suffering the amplitude loss
of magnitude-based flow encoding solutions (See Fig. 12). At the
same time, on the more practical side, we could show that this idea
can be implemented using low cost techniques, which would facil-
itate translation into a product. Our concept relies on an NMR
front-end, depicted in Fig. 7, which could be built and integrated
into a standard gap/C-shaped magnet for an overall pricetab that
remains under 1000€, i.e. using standard electronics and mechan-
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ical construction, and (in hindsight) requiring about a fortnight of
implementation effort.

Together, these advances thus demonstrate how the phase-
encoding approach shown in Fig. 1, based on engineered flow pro-
files, open the door to the simplification of NMR flowmeters, while
showing several advantages when compared to magnitude-based
methods:

e Improved SNR: the results in Fig. 2 introduce two new clear
advantages past the current state of the art. Initially, introduce
the SNR advantage of highly phase-wrapped encodings versus
standard —7 to 7 approaches. Simultaneously, they show how
the engineering of a 2D flow accesses a larger SNR when com-
pared to cylindrical flow, all while remaining fully compatible
with standard NMR methods.

Large locally-bijective domain: similar to what is expected from
an ideal plug flow, but very different from what would be
achievable in cylindrical flow, the 2D flows show a continually
non-zero amplitude of their response. This property, while
appearing trivial at first, as one could in principle adjust ke
for a non-zero value of the response of cylindrical flow, means
that a continually and locally-bijective correspondence of phase
to velocity exists. At high phase wrapping numbers, where a
small change in the average velocity implies a large behavioural
change, one does not run the risk of a missed measurement,
which allows for the continuous tracking of velocity/wrapping
numbers, even in highly dynamic flow.

Velocity independence: the theoretical framework which estab-
lishes a function of k., 7, instead of simply 7, allows for an
encoding process that is fully velocity independent as long as
kene can be adequately adjusted. This contrasts with the low-
turndown ratio of magnitude-based methods, which do not
have this freedom. This adjustment further allows one to lever-
age the increasing statistical significance of measurements at
large k.7 up to the upper and lower bounds of ke, or up until
when secondary effects become limiting.

The main limitation of this method is that it is not easily appli-
cable to fluids with very small gyromagnetic ratio. Its main poten-
tial is that spectrometry and flow metering can be conveniently
combined, which sets it apart from other approaches. We therefore
expect that several interesting developments can be expected in
this field. Having a custom flow chamber is one of the promising
directions. Despite the fact that the current setup has a limited
range of measurable flow, it is readily feasible to highly increase
the range using the same technique. A 2D-like flow profile for a
wider range of flow rates would push forward the limit. Also, in
case a bigger volume is required for the chamber, a similar setup
at a larger scale can be used. It is not necessary to have laminar
flow in the detection area (FOV). However, having it will lead to
a higher SNR. Turbulent flow will still lead to a correct measure-
ment, as long as a locally bijective relationship exists between flow
rate and the injected phase. Another topic for further studies can
be multiphase flow measurement, by exploiting signals from
nuclei with differing chemical shift.
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