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This study investigates the experimental conditions required for magnetic resonance imaging (MRI) of thermally
polarized hydrocarbon gas, focusing on ethane. The nuclear magnetic resonance (NMR) spectra and relaxation
properties of ethane were analysed at different pressures in the range from 1.5 to 6 bar at 7 T using 'H NMR
spectroscopy. The spin-lattice relaxation time (T;) and spin-spin relaxation time (T3) were measured, and their
dependence on the pressure was determined, showing that both relaxation times increase with pressure. Using
the estimated relaxation times, we adjusted parameters for imaging of static ethane using rapid acquisition with
relaxation enhancement (RARE) and fast low-angle shot (FLASH). The signal-to-noise ratio (SNR) of ethane
images was evaluated and compared to the calculation for the given range of pressures. Then, we imaged flowing
gas using a 2D velocity-encoded pulse sequence, which is usually used for liquid flow studies. The MRI-measured
flow rates are compared to those pre-set with a pump, showing good agreement in the slow flow range. Overall,
the results provide insights into the feasibility of 'H MRI for imaging and flow measurements of thermally

polarized ethane.

1. Introduction

Indispensable to a multitude of industrial sectors, processes
involving gas flow reactions in reactors find widespread application in
diverse fields such as food processing, pharmaceuticals, chemicals, and
construction material production. Accurate measurements and simula-
tions of these reactions in packed beds are essential to design more en-
ergy efficient reactors and for production of higher quality products.
Parameters of interest include temporally and spatially resolved flow
fields, temperature, pressure and chemical reactions (e.g. oxidation).

Not surprisingly, characterizing gas flow reactions in packed beds is
an active field of research and has attracted much attention. Various
methods are being investigated, but a gold standard for measuring all
parameters has not emerged yet. Laser-based techniques like particle
image velocimetry, offering outstanding velocity measurements [1], or
laser doppler velocimetry [2] require optical access to closed reaction
chambers or granular assemblies and can hardly be applied for reaction
monitoring.
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Magnetic resonance imaging (MRI) is an established method to
image flow [3,4], temperature [5] and reactions [6] in liquids both
qualitatively and quantitatively. MRI does not require optical access but
relatively long scan times and cannot handle magnetic and conducting
materials. A key challenge for gas-phase MRI is the low MRI signal of
gases, which are much less dense compared to liquids, and the physical
properties of the gases, such as relatively fast diffusion. One of the so-
lutions is to use the hyperpolarization of nuclear spins that allows to
boost the MR signal by several orders of magnitude, compensating for
the low spin density of gases [7]. Inert noble gases, such as xenon-129 or
helium-3, and hydrocarbons, e.g. propane, were previously hyper-
polarized. For example, Koptyug et al. have successfully studied flow
MRI of thermally polarized hydrocarbon gases under atmospheric
pressures despite their low spin density [8,9] as well as of hyper-
polarized gases with parahydrogen-induced polarization [10,11]. In
another examples, hyperpolarized xenon-129 gas was used for imaging
gas flow in [12,13] or for packed bed imaging [14]. To use this method,
however, the gases need to be hyperpolarized first in specialized devices
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(the polarizer), which are still not widespread. Moreover, the costs of
isotopically enriched xenon-129 considerably exceed the prices of
hydrocarbons.

Returning to the application of thermally polarized gases for MR
imaging, sulphur hexafluoride (SF¢) has been successfully used for
studying the flow inside the packed beds [15] with resolution up to 0.35
x 0.35 mm [16]. While inert gas SF¢ has been examined in both laminar
and turbulent flow regimes [17], hydrocarbon gases at thermal equi-
librium (which requires no isotope labelling, rare gases and polarizers)
show promise as they can be used for the investigation of chemical re-
actions in assemblies and packed beds. Focusing on imaging the gas flow
field, we studied ethane (C2Hg), which gives one strong CHs resonance,
and present both static and velocity-resolved images. Aside from the
molecule, the actual imaging methods require some attention, too, as
most methods were developed for liquids whose properties are different
to gases. Most of the approaches for gas phase MRI studies were based on
the assumption of short Ty-relaxation times, and consequently gas im-
ages were acquired with the sequences designed for spins with short Ty,
e.g. single-point ramped imaging with T; enhancement (SPRITE) [18] or
ultrashort echo time (UTE) [19]. Nonetheless, gas flow measurements
have also been successfully accomplished using pulsed field gradient
sequences [9], which are traditionally employed in MR experiments for
liquid flow. Ulpts et al., using magnetic resonance spectroscopy imaging
(MRS]), investigated ethylene hydrogenation at ambient pressures [20].
The authors also highlighted the potential enhancement of the
signal-to-noise ratio (SNR) of gases by utilizing improved imaging pa-
rameters, which can be determined based on known T; and T values, as
well as data on gas flow velocities during catalytic reactions. In this
context, a recent study by Duchowny et al. [21] focused on investigating
the chemical shifts and relaxation times of methane and its mixtures
with ethane across a large pressure range of up to 200 bar reaching an
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SNR of 17,400 for 200 bar pressurized gas. Considering these impressive
results from the spectroscopy of hydrocarbons, we aim to study the
optimal experimental conditions and MRI parameters. We investigate
the conditions for gas imaging and flow experiments with ethane —
necessary steps for studying packed beds or gas flow reactions. We
determined the essential MRI parameters (T; and T») at different pres-
sures and demonstrated both static and flow-resolved MRI under 7 T
with optimized parameters with and without a 3D printed structure.

2. Methods
2.1. Gas-phase MRI setup

To investigate the nuclear magnetic resonance (NMR) characteristics
of ethane gas, including the T; and T relaxation times, we employed a
26 mm borosilicate flask (model P170002, Synthware, Hong Kong) with
an inner diameter (ID) of 20 mm, a length of 80 mm, and a volume of 75
mL. This flask is designed to withstand pressures of up to 6 bar. The flask
was filled with ethane (CyHg) of 3.5 grade (99.95% purity, Linde plc,
Dublin). MR images of ethane were obtained by filling an empty flask
solely with ethane or by inserting an additional 3D-printed structure
(Fig. 1(a)). The structure consisted of small spheres with a diameter of
approximately 9 mm, printed in a body-centred cubic (bcc) packing
configuration with a length of 70 mm; the spaces between the spheres
were approximately 1 mm. The spheres were printed from urethane
dimethacrylate (“clear resin”, Formlabs, Somerville) on a stereo-
lithography (SLA) printer (Form 3, Formlabs). The resulting assembly of
spheres printed from clear resin were smooth without visible structural
defects.

Ethane flow was measured in a different configuration, wherein it
was directed through a 6 mm polyurethane tubing (Shan Hua Plastic
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Fig. 1. Three gas setups utilized in this study. An empty flask (a) was filled with ethane of various pressures to analyze the relaxation behavior of the gas. MR imaging
of static ethane was done in two configurations: (a) an empty flask and (b) a flask filled with 3D printed structures. Additionally, a separate gas setup (c) was designed
and employed specifically for gas flow measurements. The majority of the components comprising this system were positioned outside the MRI room, resulting in an

overall length of the polyurethane tube of approximately 10 m.
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Industrial, Taiwan) with a 4 mm inner diameter. This tubing formed a
closed cycle that passed through the bore of the MRI machine, as
depicted in Fig. 1(b). The gas flow was generated using a small gas
pump, which was able to create a flow rate up to 192 L/h. The motor
speed and consequently the flow rate was controlled by a power source
unit (NGL 202, Rohde & Schwarz, Munich). The exact flow rate value
was monitored using a variable area flow meter with a float (1AF-
M1-01M-1-0, Swagelok, Solon). We note that the flow meter was pre-
calibrated for air at 20 °C and 1 bar. Therefore, ethane flow was
calculated from the value indicated by the flow meter (fehane=fair-F)
using a calibration factor, F:

ir P*as Tair
F= Pair |_g3s, (€8]
pgus P, air Tgus

Here p indicates density, P — pressure and T — temperature of air or
the gas under investigation, i.e. ethane in our case.

Gas pressure on the outlet side of the MRI machine was monitored
using a pressure gauge (316 SS EN 837-1 with maximum measuring
pressure of 10 bar, Swagelok). During the measurement, an increase in
pressure of approximately 0.25 bar with respect to the nominal value set
by the pressure reducer on the gas bottle (3 bar) was observed. Although
all the tubes forming the closed cycle had a fixed inner diameter of 4
mm, this pressure increase originates from the smaller inlet and outlet
diameter of the pump of ~ 2 mm. Prior to the experiment, the gas line
was flushed with ethane using a one-way quarter-turn valve as an
exhaust mechanism. All connection parts, adapters, and valves utilized
in the setup were constructed from stainless steel components
(Swagelok).

2.2. Magnetic resonance measurements

2.2.1. Magnetic resonance hardware

All magnetic resonance experiments in this work were performed on
a 7 T pre-clinical MRI (BioSpec, Bruker, Billerica), equipped with a 3D
gradient system with gradient strength of 600 mT/m and maximum slew
rate of 4570 T/m/s. For the measurements, we used a H transmit-
receive quadrature volume resonator (86 mm inner diameter, Bruker).
This geometry allowed for the imaging of the entire gas flask. Note that
the B; field is almost homogeneous, i.e. deviates by + 5% from the
average B; value in the middle of the coil. The overall length of this
homogeneous part is approximately 36.6 mm, and the B; field goes
down by 30% from the maximum in the middle to the sides of the flask
(see details in Supplementary material, Fig. S1).

2.2.2. Magnetic resonance spectroscopy and relaxometry

The free induction decay (FID) of ethane’s protons was measured
after a single 90° radiofrequency (RF) pulse (quadrature excitation from
two r.f. coil channels, 90° rectangular pulse was calibrated to 200 W and
70.7 ps, acquisition time of 0.517 s, spectral width of 30 ppm, number of
averages Nys=1). Before the signal acquisition, the system was cali-
brated on the flask filled with ethane to 6 bar: the resonator was tuned to
'H frequency using variable capacitors (tune and match), then basic
(central) frequency, reference power and receiver gain were automati-
cally adjusted, as well as B; field was automatically calibrated (Para-
Vision 360 V 2.0, Bruker). Additional manual shimming was performed
by changing the linear harmonics (X, Y, Z) while monitoring the spec-
trum in situ. The peak position and full width at half maximum (FWHM)
of the ethane signal were derived by fitting a Lorentzian function for the
dominating peak (Top Spin 4.1.1, Bruker). Only phase and baseline
correction without line broadening or zero-filling was applied during
post processing. Before the analysis, the background signal of a flask
filled with air was subtracted from each spectrum. The signal-to-noise
(SNR) values were calculated as the ratio between the ethane peak
height divided by the root-mean-square of a noise area in the spectrum.

Additionally, an ethane spectrum inside a gas-tight thick-wall 5 mm
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NMR tube (513-7PVH-7, Life Science Wilmad, Vineland) was measured
on a 9.4 T NMR spectrometer (WB400, Avance NEO, 5 mm BBFO probe).
In this experiment, we first performed the shimming on deuterated
methanol CD3OD (methanol-d4), and then added pressurized ethane gas
of 3 bar to the same tube. After adding the gas, the tube was shaken for
several seconds, and shimming was repeated. Finally, the 'H-spectrum
of the gas and liquid mixture was acquired using a 90° rectangular pulse
(linear excitation with 24.9 W and 10 ps, spectral width of 99 ppm, four
averages, recycle delay time of 5 s and acquisition time of 1 s).

The longitudinal relaxation time, T;, was measured at different
pressures via an inversion recovery (IR) sequence (180° pulse - inversion
time, TIL, — 90° pulse, TI = 0.001 s, 0.005 s, 0.01 s, 0.05 s, 0.075 5, 0.1 s,
0.25s,0.55,0.755s,1s, 1.55, 55, Nyys = 4, recycle delay time of 5 s,
linear (no quadrature) excitation using one channel, 90° block pulse
calibrated to 200 W and 100 ps, 180° pulse was set to 200 ps).

The changes in longitudinal magnetization M,(t) monitored in IR
experiment is usually modelled by an exponential decay function:

M, () = M- (1 - B~e*%) @)

where MY is an equilibrium magnetization and parameter B represents
the rotation of the magnetization in the IR experiment, where B = 2
corresponds to the ideal inversion induced by the first 180° pulse.

To derive the transverse relaxation time, T, we used a variant of the
Carr-Purcell-Meiboom-Gill (CPMG) sequence: 90°x-(t—180°y- T)n180.
acquisition [22] (inset in Fig. 2(c)) [23,24] with n;gg spin echo elements
between 12 and 6144, T = 300 us and N,ys=4. With the refocusing pulses
of 200 ps (linear excitation from one channel of the r.f. coil), effective
echo times (i.e. the time between excitation pulse centre and beginning
of signal acquisition) were between 12-(600 us +200us) = 0.0096 s and
6144-(600 us + 200us) = 4.9 s.

To estimate the transverse relaxation time, T, we used a mono-
exponential model for net magnetization of the CPMG echo train with
two-parameters, Myy(0) and Ta:

_ migo(27+ri80)
T

M,y (1) = Myy(0)-e 3
where Myy(0) is the transverse magnetization directly after the appli-
cation of 90° pulse, ny g is the number of refocusing pulses and p g is the
duration of the 180° pulse.

Thus, relaxation times T; and T and standard errors were derived by
fitting Eqs. (2) and (3) to corresponding experimental data using linear
error propagation1 (Origin Pro).

The dephasing relaxation time Ty* was recalculated from FWHM of
the signal spectra as:

L1 4
" = Fwim “

The diffusion of the gas during the experiment can influence the
observed signal. So, in the CPMG experiment, during the echo interval,
(2-71), the average displacement of the gas molecules due to diffusion can
be calculated as [25]:

Ar = +/6:D-(2-7) ®

2.2.3. Magnetic resonance imaging

Ethane imaging was performed with a fast-low angle shot (FLASH)
gradient echo (GRE)-based sequence, and rapid acquisition with relax-
ation enhancement (RARE) turbo spin echo (SE) pulse sequence. Both
were available in ParaVision 360 V 2.0, Bruker. The scans using RARE
and FLASH were repeated five times for each pressure to check for the
reproducibility of the measurement. We note, that these repeated

1 The standard error was calculated as a square root of sum of partial de-
rivatives for each variable and the derivatives of their covariances.
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measurements were done within one day to maintain the same MRI
machine adjustments.

We used the following parameters for FLASH: constant TR = 200 ms,
field of view (FOV) = 58 x 58 mm, image matrix size of 64 x64 pixels,
slice thickness of 80 mm, bandwidth (BW) of 5 kHz, N,ys = 8, with
centric phase encoding and TE = 7.562 ms; this TE was chosen as the
shortest possible. The excitation angle was adjusted for each pressure in
respect to the measured relaxation time T;. The total duration of the
FLASH sequence is given by:

Tior (FLASH) = Ny, TR-Ny, ©)

where Ny, is the number of phase-encoded lines in k-space, here e.g., we
used 64. In general, the signal of FLASH [26] depends on the afore-
mentioned parameters as follows:
_IR _IE
sina~(1 —e Tl)~e o
SFLASH

)

_IR
(1 —e Tl~cosa)

For the selected TR and fixed total duration of experiment, the SNR
achieves its maximum when the so-called Ernst angle is used:

ap = arccos (ef%) 8)

For the RARE imaging, we kept the same geometry as for FLASH and
used the following acquisition parameters: FOV = 58 x 58 mm, slice
thickness of 80 mm, image matrix size of 64x64 pixels with centric
phase encoding, BW = 5 kHz, but changed the TE = 15.36 ms and set
RARE factor (number of acquired echoes per excitation) Ngagg= 2. TR
and N,y were selected according to the relaxation time of ethane, which
is a pressure-dependent parameter.

For RARE, the total acquisition time can be calculated similar to Eq
(6) but including the acceleration factor Ngagrg:

Navs'TR'A,])h

NRARE

T (RARE) = 9
The signal of RARE [27] imaging depends on the aforementioned
parameters as follows:

TR-1E

SRARE , ,~F. (1 —2e T + 67;_'1?) (10)

A 3D FLASH imaging of the flask with ethane gas and the 3D printed
bcce structure was acquired using following sequence parameters: TE =
3.087 ms, TR = 100 ms, N,ys = 36, BW = 50 kHz, excitation angle a =
28°, FOV = 50 x 50 x 40 mm, resolution = 0.521 x 0.521 x 4 mm and
image matrix size = 96 x 96 x 10 pixels.

2.2.4. Estimation of the signal-to-noise ratio

In general, the SNR of an MRI image is affected by many factors: (1)
magnetization of the media contributing to the signal (this term includes
the spin density N(*H), the gyromagnetic ratio of the nuclei, tempera-
ture, and the main magnetic field By); (2) frequency of the nuclei; (3) r.f.
coil’s quality factor; (4) volume of the object; (5) number of averages,
Ngys; (6) bandwidth (BW); (7) filling factor of the coil with an object; and
(8) the sequence used for imaging (here, FLASH and RARE) [28,29]. In
the current work, we kept most of the parameters the same: magnetic
field, nuclei (protons), quality and filling factor of the coil (quadrature
volume coil with the same flask filled with the gas), bandwidth, voxel
size (Ax, Ay) and slice thickness (42). Other parameters can be optimized
for FLASH (Eq. (8)) or RARE (Eq (11)) sequences or are functions of the
gas pressure (N( ). As a result, in our case the difference between the
pulse sequences and pressures can be represented as:

. /Na\vs
SNRFLASH or RARE | N(lH) . W'SFLASH or RARE (1 1)

Where the spin density, N( lH), is calculated as:
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_ N,-n-p

N('H) i

12)

Here, N, is Avogadro’s number (6.02-1023 mol_l), n is the number of
nuclear spins in a molecule (6 for ethane), M is the molar mass (0.03007
kg/mole for ethane), and p the gas density, which is a pressure depen-
dent parameter and can be calculated as:

_PM

P=%T 13)

where T is the room temperature (293 K), P is the gas pressure (from 1.5
to 6 bar in our experiments), R is the gas constant (0.0821 L-bar/
mole-K).

The SNR in all experimental 2D and 3D MR images was calculated as
the mean signal from the sample divided by the standard deviation of
the noise signal outside the sample (see Figs. 3 and 5 in Results Sections
3.2 and 3.3 correspondingly). In the case of the 2D FLASH and RARE
imaging, the SNRs were calculated as mean values from the series of five
images done for each pressure; STDs from these SNR values were used as
errors (see further in Tables 2, 3 and Fig. 4(a), (b) in Section 3.2).

2.2.5. Magnetic resonance velocimetry

Ethane flow was studied using a flow-compensated gradient echo
sequence (FLOWMAP, Para Vision 360 V 2.0, Bruker). This sequence is a
modification of FLASH used for gas imaging. It incorporates a flow
compensation technique to eliminate undesired phase shifts in the signal
arising from fluid movement. To assess the velocities, bipolar gradient
pulses are introduced during the encoding period, generating phase
contrast changes, which depend on the flow rate. In this experiment, we
studied ethane flow at different velocities inside a 4 mm inner diameter
tube at 2 bar (Fig. 1(b)). Velocity was measured in one direction
perpendicular to the selected slice, corresponding to the longitudinal
velocity component. The velocity encoding parameter (venc) that should
be selected to account for the highest expected velocity from the mea-
surement was changed for different flows set by the pump. The pump
produced a flow ranging from 5 L/h to 50 L/h, which corresponded to
flow rates of ethane from 7.2 L/h to 71.6 L/h calculated by Eq (1). Thus,
venc was increased in a range from 75 cm/s up to 300 cm/s, adapting to
the motor speed of the pump. The FLOWMAP scans were acquired using
the following parameters: 0.375 x 0.375 mm resolution, TE = 2.2 ms,
TR =50 ms, a = 25°, Nays = 36, FOV = 30 x 30 mm, slice thickness 40
mm, axial slice orientation and total duration of 5 min. For velocity
evaluation, a FLOWMAP image of the static gas (the pump was switched
off) with the same parameters was acquired and used for background
signal correction of the velocity encoded images. The measured velocity
magnitude in the imaging plane was linearly interpolated, increasing the
total number of points by 2. These interpolated values were visualized
voxel-wise using a colour-coded representation (MATLAB R2023a,
MathWorks, Natick, MA, USA). The flow rate, f, from the magnetic
resonance velocimetry (MRV) images was calculated as a product of the
mean velocity values of the gas, v, inside the tube and the cross-section
of the area:

f = V'Saren (14)
Additionally, we calculated Reynolds numbers for the gas flow:

_ ved;p
n

Re (15)

where d; is the inner diameter of the tube and 74y, is the dynamic vis-
cosity, which was calculated according to the formula for the ideal gas:

4-kg-T-m
= 16
i V 9'ﬂ3'd2‘2H6 (1%

Where m is the mass (4.99~10_26 kg) of the ethane molecule.
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3. Results
3.1. Nuclear magnetic resonance measurements of ethane

First, non-localized 'H NMR spectra of ethane were measured at
pressures from 1.5 bar to 6 bar at 7 T MRI system using a 90° RF pulse. A
single scan yielded an ethane peak at around 3.8 ppm with an SNR of
1500-6700 (Table 1, Fig. 2(a)). An elevation of the signal on the right
side of the peak at about 3.5 ppm was attributed to imperfect shimming.
This was confirmed by high resolution NMR spectroscopy at 400 MHz:
the spectrum of dissolved ethane in methanol-d4 had a FWHM of 1.5 Hz
and did not feature any impurities in the gas (not shown here).

The spin-lattice relaxation time increases steadily from T; (1.5 bar)
= 386 ms to T; (6 bar) = 1649 ms. The mean value of the inversion
parameter, B (Eq (2)), for different pressures was 1.49 + 0.05, indicating
incomplete inversion of spins. The results of the CPMG experiment were
similar: Ty increased with the pressure from Ty (1.5 bar) = 409 ms to T,
(6 bar) = 1550 ms. We note that for some pressures (1.5, 3, 4 and 5 bar),
spin-spin relaxation time was measured slightly higher than spin-lattice
relaxation time.

At the same time, dephasing time, To*, calculated from the FWHM of
the spectra according to Eq (4), did not change considerably between the
different pressure settings with a mean value of 15.8 ms. Both relaxation
times increased monotonously with pressure.

3.2. Ethane 2D imaging. comparison to calculation

The 75-mL flask filled with ethane at different pressures was imaged
on the 7 T MRI. As described in Section 2.2.3, two imaging sequences
were tested: FLASH (Fig. 3(a)-(c)) and RARE (Fig. 3(d)-(f)). The imaging
time was kept at 100 s for each scan. We note that some of the imaging
parameters were adjusted with respect to the relaxation times measured
above, i.e. flip angle in FLASH sequence, repetition time and number of
averages in RARE.

Then, using Eqs. (6)-(13) we estimated SNR values for different
pressures. The most essential parameters contributing to the SNR in
FLASH and RARE are assembled in Tables 2 and 3 correspondingly.
Although the calculation of the SNR factor (Eq (11)) does not give a
quantitative result, but gives a trend for variation of pressure or other
parameters of MRI sequences.

According to the calculation, the SNRs of the RARE sequence were, in
general, higher than the values expected for the FLASH sequence (black
dots in Fig. 4(b) and black squares in Figure (a) correspondingly). The
rising of pressure led to higher calculated SNR values; however, starting
from 4 bar, the SNR reached a plateau for the FLASH calculation or
slowed down to rise for the RARE. Experimentally, the SNR of the RARE

Table 1

1H spectroscopy results of ethane: chemical shift, FWHM, To* (Eq (4)), SNR of
single acquisition, T; and T, relaxation times with their standard errors from the
fitting (Eq (2)-Eq (3)). T; and T, are plotted in Fig. 2(d). The fitting accuracy was
monitored by checking the R-square parameter, which was 0.99834 on average
for T, and 0.95947 for Ts.

Pressure Chemical FWHM T2* SNR T; [ms] Ty [ms]

[bar] shift [ppm] [Hz] [ms]

1.5 3.769 19.9 16.0 1577 386 + 409 +
16 13

2 3.770 21.2 15.0 1888 583 + 526 +
21 15

3 3.769 20.6 15.5 3285 747 + 879 +
28 23

4 3.783 18.0 17.7 3979 812 + 1067
44 + 31

5 3.758 18.9 16.8 4571 1248 1362
+ 57 + 47

6 3.748 20.5 15.5 5719 1649 1550
+ 43 + 68
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images increased steadily for ethane at 5 and 6 bar (blue dots in (b)). As
for the FLASH images overall, the SNR values varied in a smaller range
between 195 and 277 as compared to the RARE values that changed
between 164 and 430. Moreover, unexpectedly, the SNR of the ethane
FLASH image for ethane at 5 bar dropped from 287 to 204 and then rose
again at 6 bar to 277.

3.3. 3D ethane imaging

To assess sensitivity of MRI to image reaction chambers, we acquired
3D MR images of the flask filled with 4 bar ethane using a 3D FLASH
sequence. Imaging parameters were slightly modified to find a balance
between the image resolution, echo time and total scan time. Here,
similar values of SNR of approximately 80 for the flask without and with
a bcc structure were found. We note, that the SNR was lower than the
SNR measured in the 2D experiment due to the thinner slice used in
imaging: slice thickness in 3D FLASH was 4 mm while in 2D FLASH - 80
mm.

3.4. Magnetic resonance velocimetry of ethane

After optimizing the imaging of ethane on static gas, we proceed with
measuring MRI of a gas flow. For this, a FLOWMAP sequence was used
and velocity-encoded 2D MR images were acquired within 5 min each.
The accuracy of gas flow measurements using the MRI was estimated by
comparing the experimental data to the flow rate set by the pump. In
consideration of safety precautions, the pump-driven circuit was
employed in this study at 2 bar pressurized ethane. The gas flow inside a
4 mm-diameter tube was varied from 7.2 L/h to 71.6 L/h with steps of
7.2 L/h. The venc (velocity encoding parameter) was incremented
accordingly.

Overall, flow rates measured by MRI showed a good agreement with
the values measured with the flow meter in the slow flow range,
approximately up to 35.8 L/h. At the same time, the highest experi-
mental values corresponding to the pump flows of 64.5 L/h to 71.6 L/h
underestimate these pre-set values by 30%. With the Reynolds numbers
below 2000, a laminar flow inside the tube is expected for all flow rates.
Indeed, the observed parabolic profile characteristic for laminar flow,
with the velocity maximum in the centre of the tube that decays towards
the edges, was observed (Fig. 5(f)—(h)).

4. Discussion

In this work, we investigated the experimental conditions required to
perform MR imaging of thermally polarized hydrocarbon gas, specif-
ically ethane. Ethane, a symmetrical molecule, contains six hydrogen
atoms whose NMR spectrum features a single narrow line. Despite the
low spin density of the gas phase, one 90° pulse with no further aver-
aging was enough to gain an SNR of around 1500 for 75 mL of ethane at
1.5 bar (Table 1).

Our experimental T; and Ty values measured at 7 T were comparable
to each other and exceeded 1 s at pressures above 5 bar. Indeed, the
theory of molecular motion [30] predicts that in gases intermolecular
interactions can be considered negligible and only intramolecular and
spin-rotation interactions should be considered (for liquids or solids all
the components should be taken into account). For rapidly tumbling gas
molecules, the intramolecular and spin-rotation correlation times are
extremely short, in the range of ps [31]. In such extreme narrowing
regime, the T and T; not only increase but tend to be equal [30].

Then, the inversion parameter, B, from Eq (2) was ~ 1.5, indicating
an incomplete longitudinal magnetization inversion. We explain such
deviation by the inhomogeneity of our r.f. coil, especially on its edges,
where the B; dropped by more than 30% (see Supplementary material,
Fig. S1). Notably, the homogeneous area of the coil was only ~ 40 mm —
half of the total length of the flask (80 mm). One of the solutions would
be to use a shorter flask or restrict the gas in the 40 mm homogeneous
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(Eq (2)) and (Eq (3)) to determine the T; (b, solid curve) and T (c, solid curve). We note that values of the integrals were divided by 108. (@) Summary of the T; and
T, data depending on ethane pressure (also listed in Table 1). The inset in (c) shows the scheme of the CPMG sequence used in the current work.
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mm with the slice thickness of 80 mm giving the voxel size of 65.7 mm?; all other imaging parameters are listed in Section 2.2.3 Magnetic resonance Imaging. For
SNR calculation, the mean values of the signals inside the flask (marked with orange circles in (a), (d)) were divided by the root-mean-square of a noise signal outside
of the flask (marked with orange square boxes in (a), (d)) was calculated. We note that for the sake of comparison, the same contrast level was set in all images as

shown on the grayscale.

Table 2

Estimated SNR of ethane for the FLASH sequence as a function of pressure in a
fixed scan time of 100 s. In the last column, mean SNR values measured from the
repeated experimental FLASH images together with the STD from the image
series are listed (Fig. 3(a)-(c)). TR=200 ms, TE= 1.892 ms, N,,=64, BW = 5 kHz,
and N,ys = 8 (Eq (6)) — the same as for imaging - were used. Ernst angle was
calculated according to Eq (8).

Pressure Ethane Spin Ernst SNR factor ~ Experimental
[bar] density density angle FLASH SNR (FLASH)
[g/L] 0% ] [10" au]

1.5 1.851 2.22 53.4 3.88 195 + 12

2 2.467 2.96 44.8 4.10 226+ 9

3 3.701 4.45 40.1 5.54 278 + 22

4 4.935 5.93 38.6 7.53 287 +13

5 6.168 7.41 31.6 7.43 204 + 11

6 7.402 8.89 27.7 7.47 277 £ 15

Table 3

Estimated SNR of ethane for the RARE sequence as a function of pressure in a
fixed scan time of 100 s. In the last column, mean SNRs measured from the
experimental RARE images and the corresponding STDs calculated from the
repeated measurements are listed (Fig. 3(d)-(f)). In the calculation TR=2-Ty,
TE=15.36 ms, Ny, = 64, number of echoes Ngarg = 2, BW = 5 kHz were used,
the same as for imaging. Values for the relaxation times T; were taken from

Table 1.
Pressure TR Experimental SNR factor Experimental SNR
[bar] [s] Navs RARE [10'° a. (RARE)
u]

1.5 0.772 4 7.4 164+ 5

2 1.166 3 8.1 204 +9

3 1.494 2 10.9 260 + 12

4 1.624 2 14.0 312+ 9

5 2.496 1 14.2 365+ 6

6 3.298 1 14.8 430 + 25
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derived from the repeated five times experimental FLASH (blue squares in (a))
and RARE (blue circles in (b)) images shown in Fig. 3 for a total scan time =
100 s. Note a similar trend for calculated SNRs for FLASH and RARE, where
experimental values especially for FLASH imaging deviate from the calculation.
We note, that the absolute values for calculated SNR were divided by 10'°. The
scales for calculated (3 - 15.5 a.u.) and measured (100 - 500) SNRs were set the
same between RARE and FLASH for the sake of comparison. Error bars around
the experimental values indicate the STDs calculated from the RARE and FLASH
image series.

flow

area. Nevertheless, the estimation of the T; itself would not be affected
by the inversion of less than 180° as can be seen from Eq. (2). Also, to
account for the long T; at 5 and 6 bar, we have repeated the measure-
ment with a longer delay time of 10 s, which resulted in very similar
values to the ones listed in Table 1.

Previous works have already investigated hydrocarbon gases in some
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detail, providing values for relaxation times [8,21,32,33]. T; and Ty
values for acetylene (205 ms and 150 ms) and propane (995 ms and 586
ms) were reported for ambient pressure [8]. For methane, T; of 200 bar
was measured at 4.5 s and Ty — of 2.5 s [21]. Though, only a few works
on the ethane relaxation times could be found in literature: King et al.
reported the T; relaxation time of 1.25 s for approximately 3.5 bar, 2.25
s —for 6.9 bar and around 10 s — for 34 bar [34]. At the same time, Zhang
et al. also measured the longitudinal relaxation time at approximately
10 s for approximately 100 bar pressure gas® [32]. Our relaxation data
from pressure range between 1.5 bar and 6 bar are, thus, consistent with
prior results and as shown before, both T; and Ty increased together
with the pressure [21]. A relation between the relaxation times of
diluted gases (i.e. where the collisions between molecules can be
considered absent) and gas pressures was first described by Bloom et al.
for methane [35]. Theoretically and experimentally, it was shown that
for higher pressures, the correlation time monotonously decreased and,
as a result, the relaxation times increased.

Moreover, one can expect that the relaxation times of hydrocarbon
gases is independent of the magnetic field strength (Eq. (17)). Spin-
lattice relaxation rates can be described using normalized spectral
density J(®), which is defined as:

T(.

1) =1z 4

where o is a Larmor frequency (a=B(*y) and 7. — correlation time. As
mentioned, in the extreme narrowing regime for diluted gases: o*t ~
107% <<1. Thus, the only term containing magnetic field strength
involved in the relaxation rate can be neglected. For a full theoretical
description of the gas relaxation mechanisms, we refer to the equations
from Ref. [35]. Indeed, reviewing the sparse experimental data on the

Fig. 5. 14 3D FLASH image of 4 bar ethane without (a) and with 3D printed structure (b) acquired in 60 min. In the lower row, a single selected slice (4 mm thick) is
presented. Imaging parameters were slightly different from the 2D experiment: TE = 3.087 ms, TR = 100 ms, N,ys = 36, a = 28°, FOV = 50 x 50 x[ADM1] 40 mm?,
resolution = 0.521 x 0.521 x 4 mm® and image matrix size = 96 x 96 x 10 pixels. For SNR calculation, the signal from ethane and STD outside the flask was measured
in the 7' slice (c), (d) as marked by orange areas in (d). Blurring in the area of the 3D-printed structure inside the flask in (d) may be explained by different rows of
spheres arranged in the bec structure which are coinciding within one slice (4 mm) selected for 2D imaging. No significant degradation of image quality was found

when the printed structure was inserted. [ADM1]Reviewer 1, 16)

2 The exact pressure value was not indicated by the authors, we re-calculated
it from the diffusion coefficients provided in their work.
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Table 4

Summary of the results studied in the MRV experiment: velocities measured by MRI can be compared to the velocity setting calculated from the flow rates indicated by
the flow meter (set flow). Interestingly, increasing the flows by the flow meter leads to a lower measuring accuracy of the MR], i.e. measured-to-set flow ratio. Reynolds
numbers were calculated from the measured velocities using Eq (17). We note that ethane flows set by the pump (second column) were re-calculated from the nominal

values shown on the flow meter calibrated initially for air (first column) using a calibration factor F=1.433 (Eq (1)).

Flow metre setting Ethane flow setting ~ venc Measured mean MRI Measured area Measured MRI flow Measured-to-set Reynold’s
(air) [L/h] [L/h] [em/s] velocity [cm/s] [em?] [L/h] flow ratio number
0 0 75 -1.3 - - -
5 7.2 75 27.2 0.0956 9.4 1.3 312
10 14.3 100 41.7 0.0984 14.8 1.0 477
15 21.5 100 54.7 0.097 19.1 0.9 626
20 28.7 150 71.4 0.0956 24.6 0.9 817
25 35.8 175 83.3 0.0942 28.2 0.8 953
30 43.0 200 98.4 0.0956 33.9 0.8 1127
35 50.1 250 111.1 0.0956 38.2 0.8 1272
40 57.3 250 123.1 0.0984 43.6 0.8 1410
45 64.5 300 136.8 0.0956 47.1 0.7 1566
50 71.6 300 148.4 0.097 51.8 0.7 1699
~ (h) o
E £
£ S
L]
S 40 150 5
= E
7] L
8_ . L] 50 0>)
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position (mm)

position (mm)
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Fig. 6. MR velocity maps of ethane for different flow rates: pump off (a, e), 7.2 L/h (b, f), (c) 35.8 L/h (c, g), 71.6 L/h (d, h). For each flow setting, the maps are
shown in grey scale (top) and color (bottom) to emphasize the flow profile. Note the parabolic flow profile in the colored images (f - g). The signal intensity in the
phase image was lower for the highest flow (71.6 L/h, (d)) compared to the intermediate flow (35.8 L/h, (c)). The reason for this is that of the encoded velocity range
was different, venc (71.6 L/h) = 300 cm/s, venc (25 L/h) = 175 cm/s. All the venc parameters for each flow are listed in Table 5. Orange circle in (a) depicts roughly
the area where mean velocity values were measured and flow was calculated (Eq (16)). That final areas used for flow calculation slightly varied depending on the

pixels’ brightness (Table 4). Bright spots outside the gas tube in (b)-(c) are imaging artefacts.

relaxation properties of hydrocarbon gases published for different
magnetic fields, we hamper finding any trend. For instance, for ethane
T1 of 1.25 s was measured at 0.63 T and 3.5 bar [34], which is similar to
the value reported here (0.8 s at 7 T and 4 bar); for methane, more data
can be found: T; ~ 1 sat 0.68 T and 21 bar [36], T; ~ 1.1 s at 1.43T and
70 bar [21], and T; = 1.62 s at 2.15 T and 67 bar [37]. We note that for
better comparison of gas-phase relaxation data, multiple factors should
be considered, i.e. gas pressure, purity of the gas or presence of para-
magnetic oxygen, homogeneity of the r.f. coil providing a uniform signal
excitation along the gas cell (or NMR tube).

Despite the consistency of our results, correlating with the other
works, we will discuss the limitations of our gas-phase relaxometry ex-
periments, which may explain the T, exceeding the T; values for some
pressures. One can check if the diffusion of fast-moving gas molecules
affects the Ty estimation. In our CPMG sequence, a very short TE = 600
us was employed. When the magnetic field is homogeneous enough
(hence To* is almost equal to T5), such that no significant dephasing
occurred for each molecule due to motion in-between refocusing 180°-
pulses, then the observed decay time in the CPMG experiment is a good
estimate of To. In our case, despite the fine tuning of shimming per-
formed on the gas sample, the field inhomogeneities could not be
eliminated entirely, which also appeared as a nonuniformly broadened
spectral line (Fig. 2(a)). As a result, we obtained very short To* ranging

from 15 ms to 18 ms in the measured pressure range of 1.5-6 bar. In
literature, the To* was rarely reported with Ty for hydrocarbon gases.
For instance, Prado et al. [18] also showed a short Ty* relaxation time of
methane (1.6 ms), but that was an order of magnitude lower than the
spin-spin relaxation time Ty (13.5 ms) as measured in a glass container
at 2.4 T presumably at ambient pressure (though the exact pressure for
methane was unidentified by the authors).

In the case of the inhomogeneous magnetic field, the Ty* relaxation
rate can be estimated as:

R =R, +21-AG-L (18)
where Ry*=1/Ty*, Ry=1/T», L — is the whole length of the flask (L = 80
mm), AG - is the gradient of magnetic field inhomogeneity. Then, using
the data from Table 1, we define AG for our two extreme cases, i.e.
pressure 1.5 bar and 6 bar: AG = 0.75 Hz/mm (for 1.5 bar) and AG =
0.80 Hz/mm (for 6 bar). Finally, the phase, ¢, accumulated by spins
during one TE (in our case TE = 2-t = 600 ps) interval in the CPMG
experiment can be estimated as:

@ = 2-1-AG-Ar-TE 19

Here, Ar is the molecule displacement calculated from Eq. (5) and
using the diffusion coefficient of ethane of 0.1078 cm?/s [38]. Thus, our
dephasing was: ¢ = 271:(9.0-107°) for 1.5 bar and ¢p= 271-(9.6-107°) for 6
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bar in radians, which is almost negligible. Overall, we suggest that our
measurement of spin-spin relaxation time was accurate regarding in-
dependence from gas diffusion.

Two factors affecting the accuracy of our relaxation times measure-
ment could be excluded: the inhomogeneity of the r.f. coil and diffusion
effects. We also do not expect the presence of oxygen due to the flask’s
periodic flushing before the gas’s measurement at each pressure.
Nevertheless, the magnetic field inhomogeneity was strong, and as we
mentioned in Section 3.1, the shimming could be improved by using a
solvent together with the gas. Overall, we do not suggest that T can be
longer than T; for ethane and attribute the slight increase of the To
relaxation time over T; (Table 1) to the measurement error and suggest
that the relaxation times are similar.

Knowing the relaxation times allowed for rapid optimization of
signal intensities for FLASH 2D and 3D and RARE 2D images. Given a
restricted time limit for 2D imaging of 100 s, an impressive SNR in the
range of 164-430 was achieved for both sequences for a voxel of 65.7
mm®. Typically, RARE showed higher SNR than FLASH. We consider
here the poor By homogeneity as one of the leading contributors: RARE
depends on T, while FLASH depends on Ty*, which was 25-100 times
different. According to the calculation, the rising of pressure led to
higher spin densities and higher SNR - as observed in RARE imaging
experiments (Fig. 4(b)). Concerning the FLASH experiment, the SNR
followed the trend of the calculated values, including the “plateau” at 4
bar. Then, experimental SNR unexpectedly dropped at 5 bar and went
back to the plateau level at 6 bar (Fig. 4(a)). Adding a 3D printed
structure to the flask in the 3D FLASH acquisition did not degrade the
SNR. Although the resolution (0.521 x 0.521 mm) was not sufficient
enough to see fine details of the bec structure, dim contrast from the gas
penetrating in the free spaces between the spheres (~ 1 mm size) could
be observed (especially in Fig. 5(d)). Not monotonous behaviour of
FLASH’s SNR achieved in the experiment, we attribute to the inhomo-
geneous field distribution of the r.f. coil (Supplementary material,
Fig. S1). Thus, the “real” excitation angle, especially outside of the ho-
mogeneous coil area, could be different from the nominal Ernst angle set
from the calculated T; relaxation time.

Using a commercial FLOWMAP sequence initially developed for
studying blood flow in rodents, we measured the gas flow of a moderate-
pressure range of ethane in a long tube. The encoding duration in our
sequence was 0.824 ms; thus, the distance that ethane molecules can
travel within one encoding step was between 0.022 cm and 0.122 cm
depending on the velocity, which lies within the homogeneous length of
our coil (36.6 mm) and considering the used slice thickness (40 mm).
The best accuracy was achieved for the flow range between 7.2 L/h and
28.7 L/h corresponding to the velocities between 27 cm/s and 71 cm/s.
Higher flow rates were underestimated (Table 4). Here we note that
pressure was approximately 0.25 bar higher than the nominal value (2
bar) as measured by an additional pressure gauge on the outlet side of
the tube. This could lead to slowing of the actual flow along the long
tube (~ 10 m) and considering that the gas was passing through the inlet
and outlet of the pump being twice smaller (~ 2 mm) than the main tube
(4 mm). Thus, a solution for measuring the flow in the proximity of the
MRI acquisition area should be found for future measurements. In pre-
vious publications on the velocimetry of hydrocarbon gases, velocities in
a similar range, e.g. 60-93 cm/s [8,9,25] as ours, were measured by
pulsed field gradient methods, though measuring accuracy was not
discussed. The Reynolds numbers estimated for our experiments are all
within the laminar flow regime (312 to 1699). Indeed, a characteristic
slowing down of the gas flow near the inner walls of the tube, as typical
for laminar flow, can be seen in the colour-coded velocity maps (Fig. 6
(H)-(h)). It was shown that hyperpolarized xenon was also employed for
flow studies [13] also with the spatial resolution of (0.1 mm)® [39].
While xenon is sensitive to its environment, using thermally polarized
gases, like hydrocarbons, can be advantageous for studying packed beds,
especially in large-scale systems where high resolution is not the pri-
mary concern. Mirdrikvand et al. measured methane flowing through a
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3D monolith printed from PLA material and compared the data to CFD
simulations with the voxel size of (0.8 mm)3 [40]. There, slower ve-
locities of 17-21 cm/s were employed with the velocity encoding
parameter of 30 cm/s — one order of magnitude lower than used in the
current work. As a next step, after probing the gas phase imaging and
velocity measurements, we aim to fully access the velocity fields of the
hydrocarbon gas under various flows inside packed beds.

5. Conclusions

In conclusion, we accessed the MR imaging and flow measurements
of thermally polarized ethane gas. The 'H NMR spectra and relaxation
properties of ethane were characterized at different pressures, revealing
pressure-dependent increases in T and T relaxation times. The SNR of
ethane images obtained using different MRI sequences was evaluated,
highlighting the advantages of the RARE sequence over the FLASH im-
aging sequence. Moreover, RARE imaging is preferable when the uni-
formity of the static and RF magnetic fields is questioned. 3D MRI
imaging of ethane-filled flasks demonstrated the sensitivity of MRI for
imaging reaction chambers. Magnetic resonance velocimetry of ethane
was performed using a velocity-encoded 2D MR sequence, showing good
agreement with pump settings, especially in the slow flow range. These
findings suggest that MRI can be a valuable tool for studying thermally
polarized hydrocarbon gases, offering insights into their behaviour and
flow dynamics in various applications. Future studies can further
explore MRI techniques and optimization strategies to enhance imaging
and flow measurement capabilities, including the packed bed studies for
a wider range of hydrocarbon gases.
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