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ABSTRACT

Our earlier work demonstrated that nuclear magnetic resonance (NMR) spectroscopy is a viable technique for in situ analysis of vapor-liquid
equilibria (VLE) of fluid mixtures and that inserting a capillary into the NMR sample tube allows the simultaneous collection of separate
liquid- and vapor-phase spectra for composition determination. This is the result of a thin film of liquid wicking up due to capillary forces
into the vapor space, which was not possible with the undisturbed meniscus in the absence of a capillary. The present study investigates the
meniscus rise (i.e., capillary action) effect in detail. We use three-dimensional (3D) computational fluid dynamics to investigate the flow
regime of the liquid wicking in the NMR tube considering the flow as inviscid, low-viscosity laminar, or viscous-laminar. Thus, we can pre-
dict the liquid-volume fraction as a function of the capillary diameter and fluid properties. These results are compared to, and validated
against, x-ray computed tomography experiments, which provided detailed (8 um resolution) 3D imaging of the meniscus of decane in an
NMR tube. Phase determination of liquid and vapor cyclopentane in an NMR spectrometer provided additional validation, although inte-
grated over a 10-mm high detection volume. Both meniscus height and thickness are significant variables to modify; thus, in situ VLE studies
with NMR can be improved. We demonstrate that the prediction of the effect of capillary geometry on NMR signals for liquid and vapor
phases of a pure compound can be used for rapid optimization in NMR VLE measurements.

Published by AIP Publishing. https://doi.org/10.1063/5.0261517

I. INTRODUCTION

Fluid mixtures are encountered throughout the entire chemical
process industry and in numerous other applications. Vapor-liquid
equilibrium (VLE) data comprising temperature, pressure, and liquid-
and vapor-phase compositions for two phases in thermodynamic

phase. Kunz and Wagner,' for example, presented an extensive evalua-
tion of natural gases, i.e, mixtures of simple hydrocarbons together
with nitrogen, carbon dioxide, among others. Even for such industri-
ally important mixtures, the VLE data show deviations of 10% to 20%
or more. This rather poor data situation results in high-uncertainty

equilibrium are the most important data needed to fit mixture thermo-
dynamic models, which are vital for the design of equipment and pro-
cesses. An VLE experiment is conceptually very simple: fill a closed
volume (i.e., “sample cell”) with a two-phase mixture and allow it to
come to thermodynamic equilibrium, whereupon the temperature and
pressure are measured, and samples of the liquid and vapor phases are
extracted for composition analysis (most commonly by gas chroma-
tography). Literature VLE data, however, are generally characterized
by large scatter and systematic differences between datasets. Often the
greatest uncertainties arise from the composition determinations, pre-
sumably from disruption from the closed system for sampling each

thermodynamic models with limited utility, clearly indicating the need
for improved experimental methods.

Recent developments in nuclear magnetic resonance (NMR)
spectroscopy have shown promise for carrying out VLE experiments
with reduced uncertainties.” NMR is radio frequency spectroscopy that
detects nuclear spins in a magnetic field.” In a VLE-NMR experiment,
the multiphase sample is contained within an NMR sample tube, typi-
cally a 5-mm-diameter glass tube. The key quantity measured by NMR
is the in situ composition of one or both phases. Suiter et al.” discussed
the advantages of NMR for composition measurement. First of all, the
measurement is in situ, avoiding the difficulties of extracting samples
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for off-line analysis. Proton NMR (the measurement of "H nuclei)
yields a spectrum, which is proportional to the number of nuclei that
gives rise to it. Significantly, "H has a very narrow frequency range
compared to other common nuclei (e.g., 13C, N, and "F), such that
high-powered radio frequency pulses can uniformly excite the entire
frequency range of interest. This is important because it allows for the
direct determination of molar ratios in mixtures and, with calibration,
the determination of molar density. NMR is well-established for the
analysis of liquid-phase compositions,” © and Suiter et al.” demon-
strated that it can be applied to vapor-phase compositions with low
uncertainty. Crucially, the NMR signals vary with the density of the
surrounding medium; consequently, distinct signals are observed for
each mixture component in each phase. Suiter et al.” discussed the pos-
sibility of also determining temperature and vapor-phase density
directly from the NMR spectra, which presented the possibility of mea-
suring complete VLE data in situ. In some regards, NMR has some
similarities to Raman spectroscopy, which is another emerging tech-
nique for VLE measurement.” "' Raman is a laser-based technique
that relies on the inelastic scattering (i.e., Raman scattering) of laser
photons. A particular advantage of Raman spectroscopy is the ability
to focus the laser beam and thus probe a small volume of the sample.
This is in contrast to an NMR experiment, where the volume probed
corresponds to a detection window that is approximately 10-mm high
and spans the entire diameter of the NMR tube.

One challenge of this measurement is the simultaneous composi-
tion determination of the vapor and liquid phases. If the liquid-vapor
interface is centered in the NMR detection window, the large differ-
ence in density and magnetic susceptibility between the two phases
makes correcting for magnetic field inhomogeneities—a process
known as shimming'’—extremely challenging. This leads to low-
resolution NMR peaks (i.e., peaks are broad) with asymmetric shapes.
Poor NMR peak shapes are difficult to interpret quantitatively, which
results in an increased measurement uncertainty and the need for large
peak overlap corrections.” We found that this challenge can be
addressed by introducing a capillary inside an NMR tube.” With this
configuration, we can induce meniscus rise (i.e., vertical wicking), the
spontaneous elevation of liquid by capillary forces, between the walls
of the capillary and the NMR tube with just a small amount of liquid.
A rising meniscus results in a more favorable geometry within the
detection region of the NMR experiment, allowing for narrow and
symmetric peaks to be simultaneously achieved for both the liquid and
the vapor phases. An additional benefit is realized when introducing a
deuterated liquid into the capillary, which is then flame sealed and
used to automate the shimming routines and as a peak area reference
signal. »'* Although meniscus rise was implemented in our previous
work,” a rigorous analysis of how wicking could be manipulated to
achieve specific outcomes and overcome measurement challenges was
not previously pursued.

Figure 1 shows an overview of four different NMR experimental
configurations and measurements, illustrating some of these challenges
when analyzing multiphase systems. Figures 1(a)-1(d) show four pos-
sible scenarios of NMR tube positions within the NMR probe, and
Figs. 1(e)-1(j) show the NMR spectra that were obtained from these
configurations. The experimental configurations in Figs. 1(a) and 1(b)
can only detect one phase. This requires two separate experiments and
relocation of the NMR tube, as shown in Figs. 1(e) and 1(f) for multi-
phase studies of propane. The discontinuity of this test process is
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FIG. 1. Schematic of possible geometrical configurations that can be used to mea-
sure multiphase systems by NMR and example spectra. The rectangular box repre-
sents the detectable region in the NMR experiment, which is determined by the
relative positioning of the NMR coil to the sample tube. Shown configurations,
wherein the blue region represents the liquid phase, observe: (a) the vapor phase,
(b) the liquid phase, (c) both the liquid and vapor phases centered around the
meniscus, or (d) both the liquid and vapor phase due to meniscus rise, a narrow
layer of liquid rising between the capillary (not shown) and the inner wall of the
NMR tube. Examples of NMR spectra obtained for the various configurations are
shown in (e)—(j).
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disruptive to thermodynamic equilibrium creating additional measurement
uncertainty and is not possible with some NMR probes. The experimental
configuration in Fig. 1(c) captures a meniscus in the detection region, mak-
ing it possible to simultaneously observe both liquid- and vapor-phase sig-
nals. However, the resulting NMR peaks are broad and uninterpretable, as
shown for propane in Fig. 1(g) and refrigerant R1234yf in Fig. 1(h). Finally,
the inclusion of a capillary can induce a wicking effect, which is depicted in
Fig. 1(d). This allows for both liquid and vapor signals to be simultaneously
detected while retaining narrow and symmetric peaks that are appropriate
for quantitative analysis, as shown for multiphase studies of propane in
Fig. 1(i) and in the binary VLE for ethane/neopentane in Fig. 1(j).

Characterizing wicking dynamics is still the subject of experimen-
tal, theoretical, and computational studies,” *" especially in complicated
geometries,”>*” and requires a deep understanding of capillary phenom-
ena. Wicking can exhibit inherent oscillatory behavior'®'”***" that leads
to some viscous dissipation”’ in liquids of relatively low viscosity.
Depending on the wall geometry (e.g., the diameter of a tube containing
a liquid), the material properties of the fluid phases (e.g., liquid surface
tension), and the wall wettability (i.e., the liquid’s affinity for the surface),
the meniscus evolution over a characteristic timescale can follow differ-
ent flow regimes. The primary regimes are inertial (or inviscid), viscous,
or a transition between the two. Robust computational algorithms facili-
tate the interpretation of relationship between geometry and the menis-
cus evolution, which is subjected to the transient interplay of capillary,
inertial, viscous, and gravitational forces. Computational fluid dynamics
(CFD) is a numerical method that has been extensively used to describe
multiphase flows due to the versatility of mathematical models that can
be implemented. However, the predictive capability of CFD simulations
of multiphase systems under surface tension can be adversely affected
by nonphysical flows due to numerical instability”® and spurious veloci-
ties,” dissipation and mass loss,”” and smearing of the interface.””
Spurious currents or velocities can be exacerbated by inadequate mathe-
matical techniques and/or inadequate temporal and spatial resolution.
To reduce model uncertainties and the cost of transient multiphase sim-
ulations, experimental model calibration and validation are necessary to
describe in detail unexplored interfacial phenomena with certainty.

The present study extends our understanding of meniscus rise and
further shows the potential of NMR for multiphase measurements, such
as multicomponent VLE experiments, when guided by calibrated com-
putational models. Thus, we can predict wicking between the NMR tube
and the capillary positioned inside, i.e., the geometry shown in Fig. 1(d).
We calibrated three-dimensional (3D) multiphase CFD models against
x-ray computed tomography (XCT) of meniscus rise in an NMR tube
with a capillary insert. Then, we implemented the calibrated CFD mod-
els to predict meniscus rise for several NMR tube and capillary geome-
tries in the NMR detection region and used NMR spectroscopy to
measure the extent of meniscus rise in the spectral window. This allowed
us to adjust the relative peak area of the vapor- and liquid-phase signals
in the NMR experiment, which improves data quality and reduces
uncertainties due to peak overlap corrections.”””’ This experimental—
numerical approach provides benchmark results that can extend and be
used to optimize NMR spectroscopy for in situ VLE measurements.

II. NUCLEAR MAGNETIC RESONANCE
A. Materials

Ultrapure water was obtained in-house using a commercially
available water purification system. 99.9% pure deuterium oxide, D,0,

pubs.aip.org/aip/pof

was purchased from Sigma-Aldrich’' and used without further purifi-
cation. 99% cyclopentane was purchased from Sigma-Aldrich and
used without further purification. 99% decane was purchased from a
Sigma-Aldrich and used without further purification. A 178-mm boro-
silicate-glass NMR tube with an outside diameter of 5.0 mm and an
internal diameter, Dy, of 4.1 mm along with a standard cap was used
for each NMR and XCT experiment. A set of Pyrex capillaries with
outer diameters, D¢, of 2.5, 2.0, 1.7, 1.5, and 1.0 mm were obtained
from a commercial source. A butane-fueled micro torch was used to
flame-seal the capillaries after the reference fluid was added.

B. Sample preparation

Samples were prepared by transferring either 20 or 50 uL of
cyclopentane into the bottom of a standard NMR tube using a gas-
tight syringe. Measurements were attempted for decane, but the vapor-
phase peak area was too small, preventing adequate characterization.
The tube was rotated briefly using a hand centrifuge to move any
droplets on the tube walls down to the tube bottom. A 95% D,0-5%
water, H,O, solution was prepared by mass and transferred to the
capillaries with a gas tight syringe. A capillary was carefully placed into
the bottom of the NMR tube to avoid splashing. The tube-capillary
setup was briefly hand centrifuged a second time. Immediately, menis-
cus rise was observable by the capillary adhering to the wall of the
NMR tube and stretching vertically between the tube and capillary.
The NMR tube was then capped and transferred to the NMR spec-
trometer for data collection.

C. Acquisition and processing of NMR spectra

An NMR spectrometer with a 14.1 T superconducting magnet and
workstation, and two-channel broadband probe were used for data
collection. The proton, 'H, operating frequency was 600.13 MHz. Each
experiment started by inserting the sample into the NMR spectrometer
and allowing for at least 10 min of temperature equilibration at the mea-
sured T=297.6 = 0.1K (as determined based on calibrations with
methanol™). The temperature was controlled by the spectrometer’s
flowing-air thermostat. After temperature equilibration, the NMR probe
was tuned, matched, shimmed automatically, and fine-shimmed manu-
ally to achieve an optimized free-induction decay area and line shape
for each sample. A high-power 90° pulse of 10.875 u's was used for all
experiments. 128,000 data points were collected with a spectral width of
20.0277 ppm (12,019.230 Hz) for a total acquisition time of 5.45s. The
relaxation delay was set to 180 s—greater than 5 X 1, the relaxation
time—and eight scans were collected for each experiment. Data were
converted from the time to frequency domain and zero-filling to
256,000 points was applied. 0.6 Hz of exponential line broadening was
used, and the data were phase and baseline corrected manually.

D. NMR spectra data analysis

For each NMR spectrum, peaks were selected manually, and peak
areas were determined using the approach described in Refs. 2, 7, and 30.
In brief, the approach relies on first measuring the linewidth of each peak
in a given spectrum. Next, integral bounds are chosen for each peak
based on its measured linewidth. Finally, the peak area is determined,
and a correction is applied based on the number of line widths used
to integrate the peak area. A complication arising from this approach is
that several peaks in a given spectrum can significantly overlap with
their neighboring peaks due to the Lorentzian line shape of the peaks.
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To address this, a correction is applied which accounts for this overlap
as described in our previous publications.”””" In this work, each 'H
spectrum contains three peaks: Peak 1 corresponds to the 5%/95% mix-
ture inside the capillary, which was used in place of pure H,O to reduce
the total "H peak area and provide a D,O lock signal for automated
shimming, Peak 2 corresponds to the hydrocarbon ~CH, protons from
the liquid phase of cyclopentane, and Peak 3 corresponds to the ~CH,
protons from the vapor phase of cyclopentane. Once peak areas were
determined through integration, relative peak areas were calculated by
dividing the peak area of the liquid cyclopentane —~CH, protons by the
peak area of the vapor cyclopentane —~CH, protons. This metric was
used to evaluate the effect of the NMR tube-capillary configuration on
the wicking properties in the experiment. This geometrical configura-
tion was based on the relation between Dt and Dc.

I1l. X-RAY COMPUTED TOMOGRAPHY
A. Methods

XCT was used to measure the shape and cross-sectional area of
the 50 u L decane liquid suspended by the capillary in the NMR sample
tube as a function of height. Decane was used in place of cyclopentane
due to the longer measurement times required, which resulted in sig-
nificant cyclopentane evaporation over the course of the XCT experi-
ment. While two different D¢ were investigated: 1.0 and 2.5 mm, Dr
remained the same for both. Additionally, the meniscus of the liquid
in an NMR sample tube with no internal capillary was measured,
which was used to mimic the case scenarios depicted in Figs. 1(a)-1(c)
and verify the accuracy of the computational models as well as to
approximate the contact angle, ¢. Identical mounting, XCT settings,
and image post-processing steps were chosen for all of the NMR sam-
ple tubes. All XCT measurements were performed using a ZEiss XRADIA
VEersa XRM-500. Prior to the XCT measurement, prepared as previ-
ously described in Sec. 1IB, the NMR sample tube was securely
squeezed into a hole that was carved out of a block of foam board.
Rigid foam board was chosen since it is effectively transparent to x
rays, yet it holds the sample in a mechanically stable configuration.
The bottom of the foam block was clamped by a fixture that was posi-
tioned on a three-point kinematic mount on top of the sample stage
inside the hutch of the XCT machine. The NMR sample tube was
mounted vertically, along the z axis, such that the axis of rotation of
the sample stage was collinear with the central, longitudinal axis of the
NMR tube. Inside of the hutch, the sample was maintained at
T=301*2K. A figure illustrating the XCT measurement setup can
be found in the supplementary material.

For the two NMR sample tubes containing capillaries, four fields
of view (FOV) were measured along the glass tube starting from the
bottom of the sample. The radiographs were taken at multiple angles
and reconstructed for each FOV using the ZEiss proprietary software,
Reconstructor Scout-and-Scan  v.14.0.1, with drift corrections
accounted for via adaptive motion compensation. While the recon-
struction algorithm is proprietary, it is based on the popular
Feldkamp-Davis-Kress (FDK) cone-beam reconstruction algorithm.“
The reconstructed volumes for each FOV were exported as 16-bit gray-
scale image stacks. These FOV's were vertically stitched together with
24% overlap using FIJI”* and linear blending techniques described by
Preibisch et al.”” For the NMR sample tube without a capillary, only
one FOV was required to characterize the meniscus (i.e., vertical stitch-
ing was unnecessary). A voxel edge length of 8.01 um * 0.25 um was

ARTICLE pubs.aip.org/aip/pof

chosen for all the XCT measurements, and the resultant reconstruction
after vertical stitching spanned a height of approximately 25 mm start-
ing from the bottom of the NMR sample tube. For both NMR sample
tubes containing capillaries, the reconstructed image stacks contained
a total of 3301 image-slices, and each image-slice measured was 1024
pixels wide and 1004 pixels deep. The single FOV of the NMR sample
tube without a capillary contained 1012 images after reconstruction,
and similar to the other measurements, each image-slice was 1004 pix-
els wide and 1024 pixels deep. A summary of additional XCT machine
parameters is provided in Table I.

B. Image segmentation

Following reconstruction, the three image stacks (representing
the three NMR sample tubes) were post-processed and segmented
using the open-source PyttoN library, IMPPY3-D.” The goal of seg-
mentation was to identify the pixels corresponding to liquid decane in
order calculate the liquid-to-vapor (L/V) ratio as a function of height
along the NMR sample tube. Figure 3 illustrates the results of the seg-
mentations for the two NMR sample tubes containing capillaries.
Although not shown, the segmentation quality (of the liquid decane)
in the NMR sample tube that did not contain a capillary was similar to
those which are shown in Fig. 3. All reconstructed segmented images
are shown in Fig. 2 (Multimedia view). The details of the segmentation
strategy are described next.

The first post-processing step was to apply a histogram normali-
zation to the reconstructed image stacks. This normalization ensured
that the pixels corresponding to liquid (or glass materials) were repre-
sented by nearly identical grayscale intensities between image stacks.
Next, the images were converted to 8-bit grayscale images to save
memory. Then, a nonlocal means denoising filter was applied to each
image. After denoising, the images were segmented using a 3D hystere-
sis thresholding algorithm implemented by the SciKit-Image library.””
Hysteresis thresholding considers two user-defined grayscale thresh-
olds as well as the connectivity of neighboring pixels. Pixels were seg-
mented into one of four categories: vapor decane, liquid decane found
only outside of the capillary tube, liquid water found only inside the
capillary tube, or solid glass. Each of the four classifications were saved
as separate and binarized image stacks. The binary images underwent
further post-processing to improve the quality of the segmentation.
First, a 3D morphological closing operation was performed, followed
by a 3D morphological opening operation. These morphological oper-
ations filled in small holes of the liquid-phase segmentation. Finally, to
reduce segmentation noise, isolated regions (or islands) of pixels that
were smaller than a user-defined volume were removed from the
segmentations.

TABLE I. Summary of the nominal XCT parameters.

Phys. Fluids 37, 042114 (2025); doi: 10.1063/5.0261517
Published by AIP Publishing

Accelerating voltage 80kV
Accelerating amperage 88 uA
X-ray exposure time 1.5s
Voxel edge length 8.01 um
Radiographs taken about 360° 1,201
Image bit depth 16 bit
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Capillary Outer Diameter: 1.0 mm

Image Number: 1743

Pixel Resolution: 8.01 um/pixel

Number of ‘Liquid—Decane' Pixels: 2024
Area Fraction of Liquid Decane: 0.010647

ARTICLE pubs.aip.org/aip/pof

Capillary Outer Diameter: 2.5 mm

Image Number: 1743

Pixel Resolution: 8.01 um/pixel

Number of 'Liquid—Decane' Pixels: 5745
Area Fraction of Liquid Decane: 0.046651

FIG. 2. Shown are reconstructed images that slice through the volumetric XCT data for two NMR sample tubes containing liquid decane. On the left is the NMR sample tube
containing a capillary with an outer diameter of nominally 1.0 mm, and on the right is the NMR sample tube containing a capillary with an outer diameter of nominally 2.5 mm. For
clarity, the segmented regions corresponding to liquid decane are overlaid in translucent red. Relevant metrics, such as the image number and the area fraction of liquid decane,
are annotated at the bottom of each reconstructed image. The beginning of the video, which represents the lowest image numbers, corresponds to the bottom of the NMR sample
tube. In this context, down corresponds to the direction of pull due to gravity. As the video progresses, the crosssectional regions of the two NMR sample tubes, including the
diminishing area fractions of liquid decane, are revealed as a function of height. Note, to reduce file size, every other reconstructed image was excluded from this video.

C. Area fraction calculation

The area fraction of liquid decane, Ay, was calculated for each
reconstructed image-slice using the segmentations described in Sec.
IIIB and shown in Fig. 3. For a given image-slice, we have
Ay = PP(PP 4 p2P)~!, where P is the number of pixels corre-
sponding to liquid decane and P2P is the number of pixels correspond-
ing to the vapor phase inside the NMR sample tube. The area fraction
of the vapor phase is simply 1 - P?P. Referring to Fig. 3, the segmenta-
tion of liquid decane (in red) was virtually indistinguishable from the
underlying grayscale region of liquid decane. However, a small discrep-
ancy can be seen in the area where the capillary was in tangential con-
tact with NMR tube, as indicated by the red arrows in Fig. 3(b). The

Interface )
2.5 mm capillary
\4 /

K

1 mm capillary

Liquid

a) b)

Liquid

e

\

Interface

\ 4.1 mm /

inner diameter NMR tube

FIG. 3. Examples of reconstructed XCT images of NMR sample tube of 4.1 mm
inner diameter (Dr) containing a capillary of a given nominal outer diameter (Dc).
The segmented meniscus of liquid decane has been overlaid in translucent red for
clarity. (a) Post-processed image-slice after segmentation corresponding to
Dc =1mm and (b) post-processed image-slice after segmentation corresponding
to Dc =2.5mm. Red arrows placed across the NMR tube thickness in (b) point to
discrepancy due to segmentation algorithm (see Sec. II| B).

red segmented region did not reach all the way into the crevices of the
tangential contact zone. This is a limitation of the XCT measurements
and segmentation strategy. The pixels that were not included in the
segmented region near the tangential contact zone were manually
counted for several segmented image-slices in an effort to estimate the
error in Ay of decane. In all cases, the estimated errors in Aj due to
this limitation were less than +1 %.

IV. MATHEMATICAL MODELING

3D multiphase CFD models were implemented to simulate
meniscus rise in the NMR measurements of a liquid-vapor mixture.
These models were developed using Ansys 2024 R1 codes FLUENT
MEsHING for mesh discretization and FLuent for the numerical solution
of the CFD models. An undisturbed 50-4 L liquid phase was set at the
bottom of the NMR tube, at an initial time £, for a transient regime,
where the initial fluid velocity, 1, was zero. The wicking of two differ-
ent fluid compounds were modeled: (1) liquid-vapor decane to cali-
brate against XCT reconstructed liquid phase in terms of A;, and (2)
liquid-vapor cyclopentane for further model validation against NMR
measurements of liquid volume fraction, ;.. Evolution of menisci was
studied using five different geometrical configurations, where the
NMR tube had a fixed Dy of 4mm and an internal sealed capillary
with varying Dc. Because the modeling study was carried out prior
NMR measurements, approximate dimensions for the NMR tube were
chosen as round numbers (the NMR experiments were done at a later
stage and the exact dimensions of the NMR tube were measured then).
Dr in the models was approximated to 4.0 mm (true diameter value
was 4.1 mm). Both the walls of the tube and the capillary were virtually
connected through a contact line—between the internal surface of the
tube and the external surface of the capillary for a nonaxisymmetric
arrangement (similar to that of a cylinder resting in a cylindrical cavity).
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D¢ ={1.0,1.5,1.7,2.0,2.5} mm with corresponding lengths of
{65,70,75,75,75} mm. These geometrical arrangements are referred
here-after based on the capillary-tube diameter ratios, Dc/Dr: 0.25,
0.375, 0.425, 0.5, and 0.625. Capillary lengths varied slightly as-received
from the manufacturer. Any influence of these small variations in capil-
lary length on wicking was considered to be negligible.

A. Model geometry and discretization

Figure 4 shows details of the 3D computational domain and
mesh discretization corresponding to the 0.625Dc/Dy model
(D¢ =2.5mm). The minimum orthogonal quality, a primary metric
that measures cell quality from 0 (worst) to 1 (best), was greater than
0.72 with average values over 0.90, as shown in the histogram of
Fig. 4(a). These cell quality metrics are representative of the mesh dis-
cretization of all model configurations presented in this study. The lig-
uid-vapor fluid domain in Fig. 4(b) had a flat (undisturbed) interface
at tp so that uy=0. For computational cost, only a portion of the
length of the NMR tube was modeled and was therefore considered to
be sealed at a height of 4 mm from the top of the capillary.

The computational mesh is shown in Figs. 4(c) and 4(d).
Polyhedral cells were used to enhance velocity gradient approxima-
tions. Ideally, a line of contact exists between the walls of the outer
capillary and the inner NMR tube. While refining the mesh around
this contact line could improve resolution, it may also lead to stability
issues and increased computational effort. To aid model convergence
while minimizing computational cost, a 0.05mm gap [depicted in
Fig. 4(d)] was set between the walls of the tube and the capillary.
Figure 4(d) shows the discretization of the initial liquid-vapor inter-
face, with cell sizes of approximately 0.007-0.1 mm. At a time, £, we
had t > t; and the liquid-vapor interface was no longer undisturbed.
Thus, the mesh at the initial interface needed to be sufficiently small to

a) Cell Quality

396,559 cells
1,965,851 nodes

b) Liquid-vapor system

()
=3
k=3

- =
S 8

Number of cells (x10%)

0.7

075 08 085 09 095

Orthogonal quality

Liquid-\'}apor
"7 interface
u,=0att=t;

All [mm]

FIG. 4. CFD model of undisturbed liquid phase (i.e., flat liquid-vapor interface) at f
(u;=10) in xyz for the 0.625 D¢ /Dr configuration: (a) histogram of mesh orthogonal
quality; (b) computational domain; (c) mesh discretization using polyhedra showing
(d) liquid—vapor interface in Xy
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capture the onset of fluid velocities primarily driven by the competition
between inertial forces and capillary forces. Six boundary layers were set
at this initial interface region. In the rest of the domain, the characteris-
tic cell lengths gradually varied from 0.1 mm, close to the line of the
tube-capillary contact, to 0.5mm away from the meniscus region.
Model cell discretization and mesh convergence was established based
on the fluid dynamics of the 0.625 D¢ /Dy model using decane, which
had the narrowest region between the walls of the capillary and the tube
and the highest velocity fields. The metric for mesh convergence used
was the area-weighted-average of A; at a maximum meniscus height,
Imax> at the end of the simulations. The meniscus height varied per
D¢ /Dy configuration and is defined as the meniscus length or filling
along the longitudinal position (i.e., along the z axis). A represented
the meniscus thickness at a given cross section (i.e., a measure of the
amount of liquid at a given xy). A;, was used to minimize any deviation
introduced by meniscus oscillations, which had a more accentuated
effect on both the velocity and pressure of the rising liquid. At a height
of meniscus, [, of 15.75 mm, Ay was compared across three mesh mod-
els, which showed a consistent [y, A~ 23 mm. For quality consistency
purposes, all of these meshes had an averaged orthogonal quality of
about 0.90. These models differentiate in the degree of spatial resolution
consisting of (a) 164,934 cells, (b) 396,559 cells, and (c) 584,961 cells
with normalized spacing ratios in the meniscus region of 2.8, 2.0, and
1.0, respectively. The deviations of A;, found in the 164,934-cell mesh
and the 396,559-cell mesh with respect to the 584,961-cell mesh were
—12.5% and —4.12%, respectively (A; was underestimated in both
cases). For computational cost, we chose mesh (b) for the 0.625 Dc/Dr
CFD model, which had relatively small phase composition deviations.
The remaining models, each having different Dc/Dr configuration,
were meshed in a similar fashion—based on the characteristic cell length
and cell distribution used for the 396,559-cell mesh. For temporal dis-
cretization, first-order implicit or backward Euler scheme, wherein the
time derivative is derived by employing a backward Taylor series expan-
sion in time, was implemented to achieve higher numerical stability.

B. Wicking of the liquid phase

1. Surface tension and wall adhesion

The force generated by surface tension is balanced by the pressure
gradient force that is across the interface. The pressure drop on the lig-
uid-vapor interface is

Pi — Po = OvLKqg, (1)

where the subscript “q” denotes the fluid phase that is either the vapor
phase (V) or the liquid phase (L); p; and p,, are the pressure inside and
outside the curvature, respectively; oy, is the surface tension coeffi-
cient of the liquid-vapor mixture; and x4 is the local interface curva-
ture. kq = V - i with i as the local unit normal vector to the interface
at the given contact angle ¢, which equals to

A = fi,, cos @ + ty sin @, 2)

where fi,, and t,, are the normal and tangential vectors. Equation (2)
implements wetting in the model based on Brackbill et al.,” where ¢ is
used to account for the surface normal in cells near the wall and adjusts
the meniscus curvature near the wall.”’ The contribution of the surface
tension vector force, F,, when wall adhesion (wall wetting) is a source
term in the momentum equation and is a volumetric force, F;, defined as
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prqVoy
OVL /7 . ..\
0.5(p + pv)’

where p is the volume-fraction-averaged density of the fluid mixture
and o is the volume fraction of the qth phase.

F, = (3)

2. Conservation laws

Based on the 3D Navier-Stokes of the transient-state fluid and
oy =constant, the conservation of continuity and momentum rela-
tions is dependent on ¢y through p and the dynamic viscosity y. These
are given in Eqgs. (4) and (5) as
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based on the scaled residuals of continuity and velocity fields with a
threshold of 1 x 107*. The flow of the meniscus was considered to
reach equilibrium when the height/rise remained unchanged within 1%
of the preceding oscillations, at which point the simulation was ended.
The liquid-vapor flow was set as incompressible under the isothermal
and isobaric standard conditions of 298.15 K and 0.101 MPa. The pres-
sure value was chosen for broad sea-level applications—local pressure
where the XCT and NMR experiments were carried out is 0.082 MPa.
The chosen flow regime was either inviscid or laminar and was based on
the model that better approximated the XCT measurements. ¢ was con-
sidered constant/static and calculated based on the XCT measurements
of the 50 11 L liquid decane sample in the NMR tube with no capillary.

9p +V-pli =0, (4) The advection, or transport of fluid, at the liquid-vapor interface

ot was solved using the built-in volume-of-fluid (VOF) method,” which

which becomes Vi = 0 in incompressible systems, and uses a piecewise linear calculation of the momentum equation [Eq. (5)].
o o . o Thus, the liquid-vapor interface shared the same velocity field. These

p ot +pu- Vi = -Vp+uVaa + pg + Fo, (5) VOF submodels include the effects of ov;, and wall adhesion using the

where u is the instantaneous stream velocity vector, g ~9.81 ms 2
and is the fluid acceleration due to gravity, and p is the static pressure.
Note that in the inviscid regime, Eq. (5) becomes Euler’s relation by
having a zero-diffusion term (uV?d = 0).

3. Meniscus rise regimes

To establish the flow regime of the meniscus rise of the liquid-vapor
mixture in the NMR tube with no capillary, we used the Ohnesorge (Oh)
number—a measure of oscillation damping based on the NMR tube inner
diameter, Dr—where Oh= i; (0.5 p; oy D) *°. To measure the
influence of gravity, we used the Bond number (Bo), where
Bo=0.25 D3 p; g oy, and the critical diameter, D", is

5 1/5
D" =2 (“;fg V;) : ®)
L

We characterized the flow regime as follows:

* Oh/Bo > 1 and Dy <« D*, where g is mostly negligible and the
viscous regime follows the inertial regime (viscous forces become
dominant).

* Oh/Bo <1 and Dr > D*, where viscous forces are negligible
and the inertial regime transits to the oscillatory regime.

* Oh/Bo ~ 1 and Dy ~ D*, where the effects of viscous and inertial
forces are balanced; the meniscus is in transition to viscous and
oscillatory regimes.

C. Numerical model setup

The governing equations (Sec. IV B2) were solved via finite-
volume discretization. The convergence criterion for the solution was

TABLE II. Liquid and vapor fluid properties at 298.15K and 0.101 MPa.

continuum surface force approach™ and the prescribed ¢ (between the
fluid phases and the walls of the NMR system configuration). A nonslip
condition was imposed on the walls (i.e., zero fluid velocity at the fluid-
wall boundary). The tracking interface was accomplished by solving the
continuity equation [Eq. (4)] for the vapor phase, set as the primary
phase. The scenarios of the fluid phases represented in the cells of the
mesh were (a) oy =0, and the cell was empty of the vapor phase and
full of the liquid phase (o, = 1); (b) oty = 1, the cell was full of the vapor
phase and empty of the liquid phase (o), = 0); or (c) 0 < ay < 1 the cell
contained the liquid-vapor interface. We used the geometric reconstruc-
tion approach™ to reconstruct the liquid-vapor interface based on sce-
narios (a)-(c). Upon equilibrium, the concentration of liquid phase at
the interface cells was reported as either 0.95 < A <1 or 0.95 <
oy, < 1 to minimize the effect of smearing on the liquid fraction calcula-
tions. I, was achieved prior to meniscus oscillations—oscillations
occur when oy, decays and increases with time, and during those fluctua-
tions I < Iy, where [ is the meniscus height.

Simulations were run with a Courant number (CFL) < 2—a
dimensionless value that represents the number of cells traveled by a
fluid at a given time step with an initial time step size of 1 x 107> ms.
The solution for the computed quantities was established by implement-
ing adaptive time step settings so that CFL was satisfied. The PISO algo-
rithm (Pressure Implicit Splitting of Operators) solved for the pressure-
velocity coupling with PRESTO (PRessure STaggering Option) and a
second-order upwind spatial discretization for both pressure and
momentum.” To hinder any spurious contribution to the velocity field,
the meniscus velocity was set as <Immms ' (velocity limiting treat-
ment), which was imposed upon calibration against using XCT recon-
structed Ay, (Sec. V' A). Table II reports the fluid properties of liquid and
vapor of cyclopentane (used for model validation via NMR results) and
decane (used for model validation via XCT results) that were
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Properties Cyclopentane, vapor Cyclopentane, liquid Decane, vapor Decane, liquid
p (kg - m~3) 1.22 740.46" 1.22 726.53"
oy (mN - m~3) 21.85" 21.85" 23.39" 23.39°
i (mPa-s7!) 7.426 x1073° 0.4413" 527 x1073° 0.8479°
*NIST ThermoData Engine SRD-103a v10.4."
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implemented in the VLE models. Saturation pressure of both decane
and cyclopentane at 298.15K—0.001 and 0.042 MPa, respectively, was
below the experimental pressure (systems were not evacuated). Thus, all
vapor phases were assumed to be mixed with about 50% of air and p
was approximated to that of dry air at the standard ambient conditions
of 298.15K and 0.101 MPa. For a close approximation to the XCT
reconstructed A;, of liquid decane, we modeled several flow regimes:

1. Inviscid flow (ie., viscous forces are negligible): uV*i =0
[Eq. (5)] and the meniscus rise is governed by the competition
between inertial and capillary forces.

2. Low-viscosity laminar flow: from inviscid to viscous transition
and pfor both liquid and vapor phases is that of dry air,
U= 1.79 x 10°mPa - s~! at 298.15K and 0.101 MPa.

3. Viscous laminar flow: viscous forces balance with capillary forces.

V. RESULTS
A. Calibration of CFD model and comparison to XCT

The first configuration we evaluated by XCT and CFD was for
50 u L of decane inside an NMR tube without a capillary inside. This
configuration helped us establish a baseline for our models and mim-
icked the NMR experimental scenario where the liquid phase is far
below the detection window—leading to the detection of only vapor
signals [as previously shown in Fig. 1(a)]. The value of [ was defined as
the vertical liquid rise (along the z axis) from where 0.01 < A}, < 0.99
for both the XCT measurements and the CFD approximations. This
scenario (NMR tube with no capillary) resulted in Oh/Bo = 0.021 and
D* =0.43mm, so that Dy was over ninefold greater than D*. This
indicated the flow at the meniscus was inviscid (inertial forces domi-
nated) while exhibiting fluid oscillations. Figure 4 shows Ay, vs the nor-
malized meniscus height 1, where [ =2I /Dr, for both the XCT
measurements and CFD predictions, with an estimated error of the
mean value of the meniscus thickness, y,,, of 8.11% (meniscus thick-
ness is defined as a measure of the amount of liquid at a given xy). The
XCT measured relative meniscus height, Ych, was approximately
0.745 with a measured ¢ = 30 °. Furthermore, the XCT measure-
ments prove that in cases wherem 1 < 1 nonfully “developed menisci
can evolve."” The CFD relative meniscus height, Icpp, was approxi-
mately 0.750 and the numerical error with respect to Ixcr was 0.67%,
showing the models have a much higher accuracy in predicting menis-
cus height vs meniscus thickness.

Next, we evaluated configurations with 50 u L of liquid decane in
the NMR tube using two different capillaries with Dc/Dr of 0.25
(1.0 mm capillary) and 0.625 (2.5 mm capillary). To calibrate our CFD
models against the XCT-segmented results, we characterized the
meniscus based on the inviscid, low-viscosity, and viscous flow
regimes. Figure 5 shows the experimental measurements and numeri-
cal predictions of Ay, as a function of the normalized meniscus rise for
the two limiting tube-capillary configurations. The XCT-segmented
measurements showed that [ > 1 and, therefore, these configurations
result in a composite tube-capillary diameter that can significantly
induce vertical wicking within the NMR detection region—as previ-
ously shown in Fig. 1(d). Based on the y,;, values between the predicted
models and the XCT measurements, 750 /X", the meniscus flow
under viscous regime had the greatest deviation, being 4.81 for
Dc/Dr =0.25 [Fig. 5] and 1.75 for Dc /Dy = 0.625 [Fig. 5]. The invis-
cid flow results showed a relatively closer approximation to the XCT
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FIG. 5. Comparison of XCT and CFD area-weighted average vs meniscus height
for 50 uL of decane contained in a NMR tube-capillary configuration of (a)
0.25D¢ /Dy and (b) 0.625 D¢ /Dr. Meniscus height is normalized to 1. Shown data-
points were sampled as 1% of the XCT generated data and 30% of CFD simulation
data. Error, e, is based on the data standard error.

measurements as compared to the viscous flow, with a 750 /X1 of

for Dc/Dr = 0.25 [Fig. 5] and 0.65 for D¢ /Dy = 0.625 [Fig. 5], respec-
tively. The latter configuration (Dc/Dr=0.625) showed that the
inviscid flow model captured the meniscus height but not the thick-
ness. Numerically capturing the meniscus thickness is a key condition
to predict sharp peaks in NMR VLE experiments when using the capil-
lary insert. Finally, the low-viscosity models showed a close approxi-
mation with the XCT experimental data. For the 0.25 Dc/Dr model
[Fig. 5], x50 /4XCT =1.05 and for the 0.625D¢c/Dr model [Fig. 5],

vl yXCT 1.04. Overall, deviations in all the flow-regime models
from the XCT results increased as the D¢ /Dy ratio decreased, showing
that it is more challenging to predict the behavior based on force inter-
play when using smaller-diameter capillaries.

The results of these calibrated CFD models indicate several key
features of the wicking behavior that are important for understanding
the NMR experiment. First, Ay is larger when the D¢/Dr ratio is
larger. This indicates that using a capillary with a larger-external diam-
eter (for examples 2.5 mm vs 1.0 mm) will increase the relative amount
of liquid in the NMR detection window leading to larger NMR signals
for the liquid-phase compared to vapor-phase signals. Next, the XCT
and CFD results demonstrate that the meniscus does not rise in a uni-
form manner with an internal capillary, with the liquid having a higher
area fraction when closer to the bulk liquid source (I =0 in Fig. 6).
The meniscus rise initially had a steep slope before leveling off more
subtly at distances of approximately / =2 (I=4mm) above the bulk
liquid. The NMR detection window is located at heights between
approximately 13 mm (I=6.5) and 23 mm (I = 11.5) above the bulk
liquid source (I = 0 in Fig. 6) indicating that for both D¢/ Dy ratios the
NMR detection region lies in the more linear regime. This is important
because a more-even distribution of the liquid phase along the length
of the capillary leads to improved NMR peak shapes avoiding the
data quality issues observed when collecting data without a capillary
[Figs. 1(g) and 1(h)]. This finding is particularly valuable since the
NMR experiment reports on the average amount of liquid present
over the entire detection window and not specific liquid fractions vs
height. The data also suggest that we can adjust the initial volume of
bulk liquid placed into the NMR tube, essentially moving the starting
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point for the meniscus rise to be closer or farther away from the NMR
detection window, as an additional adjustable parameter for manipu-
lating the relative amount of liquid visible in the NMR experiment.

B. NMR spectroscopy and comparison to numerical
model

The normalized peak areas for the NMR measurements of identi-
cal NMR tubes containing 50 and 20 p L of cyclopentane and capillar-
ies with Dc={1.0, 1.5, 1.7, 2.0, 2.5} (mm)—corresponding to
D¢ /Dy:={0.25, 0.375, 0.425, 0.5, 0.625}, respectively, are summarized
in Table IIT and Fig. 7.

Results were replicated by using two capillaries of each nominal
diameter. The results were in close qualitative agreement with the
observations from the CFD model and XCT data discussed in Sec.
V A. As the capillary diameter, or D¢ /Dy ratio, becomes larger, oy

increases and there is an increase in the NMR peak area for the liquid
phase within the NMR detection window. The NMR results were also
in agreement with CFD and XCT observations that suggest that as the
distance from the bulk liquid increases, o decreases. This was
observed in the NMR experiment as a smaller «;, in the NMR detec-
tion window when 20 L of cyclopentane was used as compared to
50 u L (for the same o, ratio). The experimental data shows that the
liquid-vapor ratios range from approximately 8.1:1 to 32.3:1 over the
range of capillary outer diameters tested when 50 1 L of cyclopentane
was added to the NMR tube and from approximately 5.9:1 to 19.1:1
when 20 ¢ L of cyclopentane was added. Both the 20 and 50 4 L cyclo-
pentane data were fit to a line. In both cases, the L/V and D¢ /Dy inter-
cepts were forced to pass through zero, a realistic scenario where no
capillary equates to no wicking. This was done to extrapolate possible
liquid to vapor ratios for capillary diameters that were not experimen-
tally tested. With commercially available capillaries, which are readily

¥1:%0:02 §202 I4dY 80

TABLE lIl. Relative peak area of liquid signal to vapor signal for 50 and 20 1 L samples of cyclopentane placed into an NMR tube with capillaries diameters ranging from 1.0 to

2.5mm.
Liquid peak area 50 u L Liquid peak area 20 u L
D¢ (mm) D¢ /Dy Vapor peak area’ Capillary 1 Capillary 2 Capillary 1 Capillary 2
2.5 0.625 1 30.71 32.32 18.45 19.14
2.0 0.5 1 20.64 20.34 15.12 13.57
1.7 0.425 1 17.53 16.69 11.55 11.79
1.5 0.375 1 14.55 13.81 10.18 10.03
1.0 0.25 1 8.86 8.07 6.69 5.94
"Normalized to 1.
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FIG. 7. Liquid-to-vapor peak area ratio with (a) 20 uL of cyclopentane and (b)
50 L of cyclopentane.

available in outer diameters (D¢) ranging from 0.1 to 4.0 mm, liquid to
vapor ratios of less than 1 to about 40 are possible. Utilizing thin-
walled NMR tubes with larger-inner diameters would extend the liquid
to vapor range to even high values when using appropriate Dc/Dr
ratios. In practice, it is possible that this trend would eventually break
due to incompatible geometries between the capillary and the wall of
the NMR tube or due to other force imbalances.

VI. DISCUSSION

For multiphase NMR experiments, such as VLE, the ability to
manage the relative size of liquid and vapor peak areas is significant.
For example, when working with a fluid mixture possessing a low-
vapor pressure at the experimental temperature and pressure, small-
peak areas are expected for vapor-phase signals while larger-peak areas
are expected for liquid-phase signals. The disparity between signal
intensities can necessitate a large peak-area-overlap correction during
analysis that can lead to increased measurement uncertainty.””*' In
contrast, if a fluid mixture has a higher vapor pressure or vapor den-
sity, under relevant experimental conditions, it is possible to observe
the opposite effect where vapor-phase signals are larger than those
of the liquid. The consequence is the same in this scenario with a
disparity in signal size necessitating a large peak-area-overlap correc-
tion leading to higher measurement uncertainty [as previously
shown in Figs. 1(a) and 1(b)]. An example calculation is provided in
the supplementary material, which shows that the peak area overlap
correction for the smaller peak can be reduced from approximately
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72% to approximately 13% by switching from a 2.5 mm capillary with
50 1 L of bulk liquid starting volume to a 1.0 mm capillary with 20 L
of starting volume.

Another consideration for this type of experiment is the reference
fluid that is flame-sealed inside of the capillary that provides a standard
peak area used for chemical shift referencing or signal size compari-
sons. For the experiments described in this work, a mixture of 95%
D,0-5% H,O was used as the reference fluid. Since a signal is present
in each spectrum, the signal peak area must also be considered when
performing overlap corrections. The relative height of the water peak
area increases as D¢ increases. There are several different approaches
to controlling the relative peak area of the water signal in our experi-
mental setup. First, the ratio of D,0 to H,O flame sealed into the capil-
lary can be adjusted. A higher percentage of D,0 to H,O will decrease
the size of the observed signal in the 'H spectrum, for example.
Alternatively, capillaries with thinner or thicker walls can be used. A
capillary with a thicker wall will yield a smaller water signal for a given
Dc, for example.

The NMR peak area that is determined during data analysis is
directly related to the number of atoms contributing to each peak:"” if
more atoms are present in the NMR detection window, the measured
peak area will be larger. When the peak areas are normalized, as was
the case for the vapor and liquid signals shown in Table I1I, the liquid
and vapor peak area ratio is equivalent to a molar or mass ratio since
the molecular weight of cyclopentane is equivalent for both phases.
The density of cyclopentane at experimental temperatures is
1.22kg - m™* for the saturated vapor phase and 740.46kg - m~> for
the liquid phase. From this, a calculation can be made of the volume
fraction present in the NMR detection window. A comparison was
made between the o calculated from the NMR measurements and
that predicted from a low-viscosity CFD model. Figure 8 shows the
results from this comparison for the volume fraction of liquid cyclo-
pentane. CFD model data were based on 0.01 < oy, < 0.99. In all
cases, the NMR experiments showed slightly larger volume fraction of
liquid than those predicted by the CFD model. There could be a num-
ber of reasons for this. If oscillations in the height of the meniscus rise
occur this might not be fully captured by the CFD model at a given
time (characteristic timescale) in the simulations. In addition, the radio
frequency excitation in the NMR detection window accuracy is not
uniform, being more accurate toward the center of the detection

T I T I T T

0.05 - A NMR measurement — trial 1

7 NMR measurement — trial 2
0.04 - ® CFD prediction

LR

0.01 - # .

[ - I | 1 | | | | |
0.25 030 035 040 045 050 0.55 060 0.65

De/D,

Liquid voulme fraction, A, (-)

FIG. 8. Measurements of liquid volume fraction in NMR detection window of 50 z L
of cyclopentane vs capillary-tube configurations.
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window when [ &~ 17 mm or [ ~ 8.5. Also, it was possible that the low-
viscosity CFD models, which were calibrated using liquid decane, did
not capture the magnitude of the true effect of viscous forces on the
meniscus thickness when using liquid cyclopentane, a fluid with a vis-
cosity of roughly one half that of decane. All of these elements can
impact the final calculated volume fractions in both cases. Although
the model and measurements do not agree exactly, the overall trends
were captured correctly and proved the utility of the CFD modeling
approach for understanding the meniscus rise behavior and how it can
lead to improved NMR data collection.

VIl. CONCLUSIONS

The XCT-calibrated CFD models guided our approach by dem-
onstrating that using capillaries with larger outer diameters in identical
NMR tubes provide a larger liquid fraction within the NMR detection
window and increase the liquid-to-vapor ratio. A narrower capillary
provides the opposite effect. Both the CFD models and XCT experi-
ments also demonstrated that, for a given NMR tube, the meniscus
rise depends on capillary diameter and that it is not uniform along the
entire length of the capillary, with larger liquid fractions being present
closer to the bulk liquid source. These findings allowed us to probe a
specific set of conditions for validation by NMR spectroscopy where
we determined that liquid-to-vapor ratios could be adjusted from
about 5.9:1 to 32.3:1 depending on the capillary and the starting vol-
ume of bulk liquid. In aggregate, understanding how to manipulate the
relative size of liquid and vapor signals provides a framework for quan-
titative measurements of multiphase samples by NMR spectroscopy
that will improve our data collection efforts moving forward.

Questions remain for our CFD modeling efforts regarding the
underlying physics that dominate the meniscus rise behavior in arbi-
trary geometrical configurations. Specifically, the role of force interplay
and flow regime in stabilizing the meniscus is still to be demystified in
unexplored geometries. In the future, our models will be extended to
include more exotic shapes, surface roughness, capillary material, or
fluids with different properties (example given hydrophobic vs hydro-
philic). In cases such as surface roughness, porous walls, or capillary
shape, modeling can be used to save time and effort vs experimenta-
tion where certain shapes or roughness areas might require specialized
capillary production.

SUPPLEMENTARY MATERIAL

See the supplementary material for details of the following: Figs.
S1 and S2 show the experimental setup for XCT and NMR experi-
ments. Figures S3 and S4 depict the NMR spectra corresponding to
different D¢ using 50 and 20 uL of cyclopentane, respectively. An
example peak overlap correction using different D¢ and starting vol-
umes is discussed. Figure S5 shows an example NMR spectra to dem-
onstrate overlap corrections. The values for overlap corrections for
different experimental scenarios are given in Table S1. Finally, the liq-
uid volume fraction calculation based on NMR data is discussed and
the calculated values for the liquid volume fraction of cyclopentane in
the NMR detection window are presented in Table S2.
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