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ABSTRACT: Many NMR and MRI methods probe fluid dyn-
amics within macro- and mesoporous materials, but with few
exceptions, they report on its macroscopically averaged proper-
ties. MRI methods are generally unable to localize microscopic
features of flow within macroscopic samples because the frac-
tion of the enclosing detector volume occupied by these features
is so small. We have recently overcome this problem using
remotely detected MRI velocimetry, a technique in which
spatial, chemical, and velocity information about elements of
the flow is encoded with a conventional NMR coil and detected
sensitively at the sample outflow by a volume-matched microdetector. Here, we apply this method to microporous model systems,
recording MRI images that correlate local velocity, spin relaxation, and time-of-flight in microscopic resolution and three spatial
dimensions. Our results illustrate that remotely detectedMRI is an effective approach to elucidate flow dynamics in porous materials
including bead pack microreactors and chromatography columns.

’ INTRODUCTION

Nuclear magnetic resonance spectra of liquid samples are
profoundly sensitive to both coherent and incoherent motion of
the constituent spins.1,2 Further, through their dependence on
the average local molecular environment, NMR spectra can
directly encode information about chemistry and chemical
dynamics in multiphasic or multicomponent ensembles without
labeling or perturbative modification of the analytes. Finally,
NMR, in combination with spatially varying magnetic field
gradients, provides chemically rich images deep within optically
opaque structures, materials, and organs. These advantages of
MRI over other dynamical fluid imaging techniques3-5 explain
why MRI remains a vital technique in applications as diverse as
clinical angiography and oil well logging.

A wide variety of NMRmethods have been developed in order
to probe fluid properties within macro- and mesoporous materi-
als. The majority of these studies report ensemble properties of
the flow, including diffusion, relaxation, and the flow propaga-
tor,6,7 averaged over the extent of the macroscopic sample. While
these studies have provided information about dispersion,8-10

surface relaxivity,11 wettability,12 permeability,13,14 pore size,15-17

and velocity,8 they typically cannot directly localize features of
the flow within the larger sample, because the fraction of the
enclosing detector volume occupied by the sample is so small.
Efforts to spatially resolve flowing fluids18-22 in porousmedia are
thus limited in their resolution, necessitating the use of larger
representative model systems and often employing voxel sizes on
the order of or larger than the pores themselves. These difficulties
act to conceal the intricate pore distributions and flow properties
found in complex porous samples at relevant scales.

Our particular interest is to expand the capabilities of MRI
flow imaging to a regime of microscopic detail for which the
inherently low sensitivity renders it poorly suited. The micro-
scopic details of a macroscopic object might be most sensitively
imaged if one could implant, within it, NMR detectors that
precisely enclose each feature of interest. This is, however,
impractical in most cases and impossible in systems whose
internal structures are intrinsically inaccessible to a local detector.
We instead employ remote detection,23,24 a technique that
spectroscopically mimics the implantation of a volume-matched
detector around a microscopic feature.25 In remotely detected
MRI, conventionalMRI phase encoding sequences are applied to
encode velocimetric, chemical, and spatial information into the
spin degrees of freedom of the flowing analyte using an encoding
coil that contains the entire sample. Next, the information is
stored as longitudinal magnetization (intensity along the applied
field) for travel to an optimized microsolenoid detector at the
sample outflow. Within the detector, the information is read out
stroboscopically and the data reconstructed by simple Fourier
transformation, yielding not just an image but also a correlated
time-of-flight dimension that reflects fluid transport from the
encoding region to the detector. The order of arrival of the fluid
packets is independent of spatial encoding and therefore does not
influence the appearance of the image. Because the volume of the
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microcoil is approximately matched to the volume of the voxels
in the imaging experiment, we realize a dramatically enhanced
filling factor for detection; further, because we detect the fluid in
an environment free frommagnetic susceptibility broadening, we
obtain excellent linewidths. Combined, these improve the sensi-
tivity by up to several orders of magnitude compared to conven-
tional imaging in a similar geometry.26

In other studies, we have applied remote detection in flow imaging
and velocimetry of liquids within microfluidic devices25,27-30 and
membranes,31 as well as gas flowwithinmacro-32 andmeso-porous33

materials.Here,we extend themethod toflow imaging, velocimetry,
and relaxometry of liquid flow within porous bead packs, an
initial application of remotely detected velocimetry techniques
outside the realm of regular microfluidic flow. In addition to their
use as microreactors, such bead packs are ubiquitous model
systems for many investigations of flow in porous media, includ-
ing rocks, sand, membranes, and biofilms. We acquire images of
water flowing through packed beads with diameters ranging from
150 to 600 μm, obtaining spatial resolutions as low as 45 μm,
smaller than in any previous porous media MR imaging experi-
ment. To record these images, we employ MRI experiments that
measure flow and diffusion through the application ofmagnetic field
gradient pulses that render the NMR phase sensitive to position or
velocity alone.6 A series of such experiments with velocity encoding
gradients applied along orthogonal axes reconstructs a Eulerian
vector flow field. Since the spatial resolution of all MRI images is
limited by the nonrefocusable dispersion during the encoding time,
we use gradient moment nulling methods to compensate for the
deleterious effects of spin motion.34

An example of a remote detection pulse sequence with velocity
encoding is shown in Figure 1. In the context of a spin echo
sequence, our experiment begins with slice selective excitation,
which is followed by spatial phase encoding, optional velocity or
T2 encoding, storage along the longitudinal axis, transport to the
microcoil detector, and stroboscopic detection. For a detailed
explanation of remote imaging and velocimetry experiments, as
well as a schematic of the remote detection experiment, see the
supporting material for ref 25.

’EXPERIMENTAL METHODS

Bead Pack. The packed bead flow systems were contained in
enclosing Teflon cylinders with microfluidic connectors on each
end (Upchurch Scientific). The diameters of the coarse and fine
bead pack bores were approximately 2 and 1.6 mm, respectively.
The bores were filled with glass beads (Sigma-Aldrich) with
diameters ranging from 150 to 212 μm for the fine pack and
425-600 μm for the coarse pack. While the beads were not fixed
by sintering or chemical adhesion, our relatively slow flow rates
ensured that they were not fluidized and that they reached
equilibrium positions in a very short time. Following passage
through the porous encoding region, fluid traveled to the
microcoil detector through a short length of 150 μm ID PEEK
microcapillary tubing, driven by regulated, pressure-based flow.
For the high-resolution experiments with size 64� 64� 64 (16-
fold subsampled, as described vide infra), we attained a voxel size
of 54 μm� 54 μm� 89 μm for the coarse bead pack (FOVx,y =
3.45 mm, FOVz = 5.72 mm) and 45 μm � 45 μm � 53 μm for
the fine bead pack (FOVx,y = 2.90 mm, FOVz = 3.40 mm).
Experimental Setup. The remote detection experiments

were performed with a 7.05 T Oxford Instruments wide bore
magnet and a Varian imaging console. Excitation and storage pulses
were performed with a 40 mm Varian volume imaging probe, while
gradients were applied using a Varian triple-axis gradient system
producing up to 100 G/cm on all three axes. The detection probe
was a custom-builtmicrocoil probe connected to the capillary tubing
via commercially available connectors (Upchurch Scientific). Water
flowed through the system at constant pressures of 18 and 50 psi
(coarse and fine bead packs, respectively), driven by a nitrogen gas
ballast system and monitored by a proportional control setup
(Omega Engineering).
Pulse Sequence. The pulse sequence for remote detection

(shown in Figure 1) consisted of a slice selective π/2 excitation
(typically, a sinc pulse with 5 kHz bandwidth), followed by two-
or three-dimensional phase encoding (1-1.5 ms). Slice selection
and phase encoding gradients were balanced in order to cancel
phase evolution due to motion of the spins.34 Refocusing of
transverse magnetization occurred via a π pulse, and a final π/2
pulse was applied after the proper echo delay in order to store the
encoded magnetization along ẑ for transport to the detection
coil. When used, two- or three-lobe velocity-encoding gradients,
designed to null the phase accrued due to the position (and, if
three-lobed, the acceleration) of spins and encode only the
velocity, were applied before the storage pulse, with a total
duration of 1-1.5 ms. T2 encoding was performed via a set of
experiments with an additional delay symmetrically incremented
about the refocusing pulse. Phase cycling was employed to store
each component of the magnetization and to filter out any signal
from spins outside of the encoding region.
Subsampling. Compressed sensing methods were used in

the acquisition of the three-dimensional data sets, following a
methodology detailed in a previous work.35 In brief, k-space
sampling took place according to a predetermined subsampling
mask, chosen to give an accurate representation of the data after
transformation and reconstruction in a sparse wavelet domain.
Experiments with 32 � 32 � 32 resolution used a k-space mask
with 8-fold subsampling (∼12 h acquisition time), while the data
taken with 64� 64� 64 resolution were subsampled by a factor
of 16 (∼55 h). For further details regarding the generation of
subsampling masks, transformation between k-space, real, and
sparse domains, and reconstruction, please see ref 34.

Figure 1. Pulse sequence for multidimensional remotely detected
imaging experiments, shown with optional velocity and relaxation
encoding steps. Following the initial slice-selective excitation, informa-
tion regarding the position, velocity, and relaxation properties of the
fluid may be encoded in the phase of the spins. Information is stored
along the longitudinal axis for transport to a microcoil detector, where it
is read off stroboscopically to provide an additional time-of-flight
dimension.
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Data Processing. All data were processed using Matlab
(Mathworks). Following apodization and Fourier transforma-
tion of the direct dimension, the water resonance is integrated to
obtain complex-valued data for the indirect phase-encoded
dimensions of the experiment. For data acquired with com-
pressed sensing, the images are first reconstructed by a nonlinear
L1 minimization scheme that seeks to maintain the agreement of
the image model with experimental data and maximize the
sparsity of the image model that agrees with the experimental
data.36 All of the acquired data sets are apodized by Gaussian
functions centered at the origin of k-space, zero-filled by a factor
of 3, and transformed by amultidimensional Fourier transform to
obtain the complex image.
Images containing a velocity-encoding dimension were pro-

cessed as described above, followed by determination of the
phase difference between two images taken with velocity gradient
pulses of opposite sign, to yield velocity data. The repetition of
this procedure along three orthogonal axes yields a Eulerian
(vector) flow field in each voxel. All image information is also
correlated to a Lagrangian description of the flow, expressed in
the particle frame by the correlated time-of-flight dimension.

T2 values were obtained by fitting a monoexponential decay in
each voxel to a series of experiments with incremented T2-
encoding delay. Velocity andT2 data were masked by eliminating
voxels with signal intensity less than the maximum intensity
multiplied by a cutoff value.

’RESULTS

Time-of-Flight Images of Flow. We obtained high-resolu-
tion time-of-flight images of flow through both coarse (425-600
μmdiameter) and fine (150-212 μmdiameter) bead packs at 64
� 64 � 64 resolution (with 16-fold subsampling). Surface plots
of the fluid distribution within coarse (Figure 2a) and fine
(Figure 2b) bead packs are shown in isometric and head-on
views for five representative time-of-flight points, and movies of
the flowmay be found in the Supporting Information. Fluid flows
from left to right, with liquid closest to the bead pack outlet, or
liquid following comparatively rapid flow lines, arriving first at
the detector. As longer TOF points are sampled, we see flow
from regions farther from the outlet and from areas with slower
or more restricted flow. Fluid from stagnant flow regions may not

Figure 2. High resolution time-of-flight images of flow through both coarse (a) and fine (b) bead packs. 3D isosurfaces of signal intensity are shown at
five representative TOF points, in both isometric and axial points of view. The imaging resolution was 64� 64� 64 with 16-fold subsampling, yielding
voxel dimensions of 54 μm� 54 μm� 89 μm for the coarse bead pack (FOVx,y = 3.45mm, FOVz = 5.72mm) and 45 μm� 45 μm� 53 μm for the fine
bead pack (FOVx,y = 2.90 mm, FOVz = 3.40 mm). Movies of these data (across the time-of-flight dimension) are available in .avi format as Supporting
Information.
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reach the detector before spin-lattice relaxation erases the
encoding information, and therefore, our time-of-flight images
may understate their contribution to the overall flow dynamics.
The void space within the remote images may correspond either
to the beads themselves or to areas with slow-moving flow. The

beads themselves do not contribute to the flowing signal, and
therefore, their positions cannot be directly inferred.
Velocity-Encoded Images. MR images can be sensitized to

motion by the addition of magnetic field gradient waveforms that
cause signal phase to dependon velocity, while nulling its dependence

Figure 3. Selected 2D slices of the 3D velocimetric data for each bead pack. Intensity contours are drawn parallel (a, b) and orthogonal (c, d) to the
direction of flow for a selected time-of-flight point in each data set, overlaid with 2D in-plane velocity vectors. The velocity component along the
direction of flow (Vz) is shown for the chosen axial slices in parts e and f.
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on position or acceleration. This has been previously demon-
strated in remote detection experiments performed with micro-
fluidic devices.25 The phase generated by motion of nuclei
through these gradients allows for direct measurement of each
velocity component, when normalized to a control experiment in
which the sign of the gradient lobes has been inverted. In Figure 3,
we show several two-dimensional velocity plots for a single time-
of-flight, in both coarse and fine bead packs. In parts a and b, we
see contour plots chosen so that the slice is in the xz-plane,
parallel to the direction of flow, with two-dimensional in-plane
velocity vectors. Axial (xy) slices from the same time-of-flight are
shown with transverse velocity vectors in parts c and d, while the
z-component of velocity is shown in parts e and f.
While the velocity vectors are generally inclined toward the

direction of flow in both bead packs, the distribution of flow in
the fine bead pack is far more complex. The axial Vz plot shows
substantial regions of retrograde flow, while the parallel plot
illustrates large regions of circulatory flow. By contrast, flow through
the coarse bead pack is quite straightforward and is primarily
confined to several large flow paths. Due to the irregularity of the
bead structure, the flow pathways are not necessarily symmetric
about the axis of flow. As can be seen in Figure 2, fluid in the fine
bead pack undergoes a net displacement along the x-axis while the
distribution in the coarse bead pack clearly shifts along the y-axis,
observations which are confirmed and characterized by examining
per-voxel distributions of velocity.
In Figure 4, we show histograms of velocity distributions for

both coarse and fine bead pack data. The complex velocity-
encoded images were summed over the time-of-flight dimension
(for points containing encoded spins), and the phase difference
was found for each voxel. Finally, the data were weighted by the
signal intensity for each fluid-containing voxel. The amplitudes of
the velocity component histograms are scaled to the largest bin
for their respective bead pack. In the coarse bead pack (red,

bottom row), the distributions for Vx (f) and Vy (g) are
noticeably shifted toward a nonzero mean, consistent with
asymmetric flow pathways discussed above. The distribution of
flow pathways in relevant porous media samples is likely to be
similarly nonuniform, and the combination of velocity data
(Eulerian) and time-of-flight images (Lagrangian) is particularly
well-suited to elucidate irregular flow pathways.
In parts d and h, we show the fine and coarse bead pack

velocity histograms for Vz, the component along the flow
direction. The nonzero mean corresponds to a net movement
of spins in the direction of flow, although the distributions also
include negative velocities which may indicate the effects of
reversed flow and recirculation,20 dispersion, and tortuosity.
The histograms of velocity magnitude are shown in parts a and

e. When comparing the widths of the histograms relative to their
means, the fine bead pack histogram demonstrates a wider range
of relative velocities, as would be expected for the increased
dispersion within the smaller pore network. However, further
conclusions regarding the comparative velocities within each
porous region cannot be easily drawn in these circumstances, due
to the differences in phantom construction and experimental
conditions.
T2-Encoded Images. A separate series of three-dimensional

experiments involved an incremented T2-encoding delay applied
symmetrically about the refocusing pulse, as indicated in Figure 1.
We fit the T2 decay curves for each voxel using experiments with
additional T2 encoding delays of 0, 3, 6, and 9 ms (on top of the
∼2-4 ms remote encoding period), shown in Figure 5 for three
slices within a single time-of-flight in both coarse (425-600 μm
diameter) (a) and fine (150-212 μm diameter) (b) bead packs.
The T2 values typically vary from∼1 to 20 ms, and are generally
smaller within the fine bead pack. While our goal is to demon-
strate that the remote detection experiment is well-suited to
measureT2 relaxation, analysis of the underlying factors and their

Figure 4. Intensity-weighted histograms for each velocity component and the overall velocity magnitude, for fine (a-d) and coarse (e-h) bead packs.
Average velocities for each histogram are noted, and the overall intensity of each bin is scaled to the maximum bin within its respective bead pack.
Weighting each velocity by the signal intensity in that voxel serves to correct inaccuracies due to variations in fluid density.
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relative significance is not straightforward, and our discussion
below will be limited to a short overview of these concerns.

’DISCUSSION

Previous studies of flow within porous media have established
that there is a large heterogeneity in fluid and velocity distribu-
tions. Some pores exhibit evidence of stagnant flow, while others
contain fluid flowing with velocities several times greater than the
bulk flow.18,22 A relatively small fraction of pores may conduct a
significant fraction of the fluid.21 Variations in fluid channeling and
velocity distributions within porous media arise from a combination
of the effects of local pore structure and the overall topology of the
porous network. Because of these channeling effects, the fluid
shown in Figure 2 may, in the extreme case, represent only the
primary pathways which allow for rapid, relatively unobstructed
flow. Fluid trapped in obstructed or stagnant regions may not travel
to the detector in a time shorter than the phasememory of the spins,
making it difficult to distinguish between stagnant regions, from
which encoded flow never reaches the detector, and the glass beads,
from which flow is excluded. Thus, our inability to apply direct
imaging at this scale restricts us fromobtaining a void-space image of
the bead pack.

However, it is impossible to apply conventional MR imaging
methods with pore-scale resolution in many interesting porous
media. Most porous media and the flows they conduct are far less
homogeneous and regular than any model bead pack, both in

structure and fluid composition. While the dynamics of mono-
phasic flow through a stationary bead pack scale with the
dimensionless Reynolds number, multiphasic flows observe
more complex scaling laws; experimental models, therefore, that
simply scale their dimensions to the point where conventional
MRI can be applied will fail to capture the relevant fluid
dynamics. Further, many materials for which MRI might be
useful, such asmicroporous rocks, membranes, or aerogels, either
occur naturally or are synthesized with a pore scale that is
relevant for their function and cannot be emulated by a model
system. Remotely detectedMRI allows us to avoid these tenuous
scaling conversions by performing experiments directly upon the
sample of interest (although the efficiency of the experiment may
be compromised when examining very slow flow within naturally
occurring porous media). Even in systems with larger pores, in
which direct imaging can be applied, remote detection is able to
provide a complementary time-of-flight (Lagrangian) view of the
flow field.

In microporous systems, ours is one of the few methods that
can provide simultaneous and correlated descriptions of the flow
field in terms of Eulerian local velocities and Lagrangian times of
flight. Statistical analyses of the velocity distributions show that
fluid within the fine bead pack has a wider distribution of
velocities (relative to the distribution mean), consistent with a
greater level of dispersion within the more tightly packed
phantom. The velocimetry data indicate the significant presence
of dispersive and retrograde flow, particularly in the fine bead

Figure 5. T2 relaxation data for fluid flowwithin coarse and fine bead packs, as indicated adjacent to the figure axis labels. Isosurface contours of the flow
volume are shown for a single time-of-flight, truncated at three representative planes within the sample in order to illustrate the relaxation values within
the pore structure. Relaxation values were obtained by performing a per-voxel fit of signal intensity for a series of images with incremented T2-encoding
delays.
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pack. This behavior is clearly illustrated by the large regions of
negative axial flow in Figure 3f, the circulatory behavior of the
flow vectors in Figure 3d, the increased relative histogramwidths,
and the significant number of negative velocity components in
the histograms.

In addition to the advantages in scale and flexibility already
described, remotely detected velocimetry is less susceptible to
inaccuracies in measured data. Specifically, partial volume effects
can arise when the size of an imaging voxel is comparable to the
pore size or even larger.18 In that case, the phase accrued in each
voxel is the intensity-weighted, phase space geometric sum of all
components within the voxel and not the average velocity in the
voxel. Remote detection allows us to use much smaller imaging
voxels and is additionally sensitive only to flowing spins, with the
result that the experimentally determined phase contrast more
accurately reflects the mean velocity of flowing fluid within each
voxel. In our measurements, for example, the velocities within the
coarse bead pack should be largely free of partial volume effects, as
the voxel dimensions are at least a factor of 2 lower than the bead
radii. However, average velocities may be slightly overestimated in
situations where there are stagnant or very slowmoving volumes of
flow which do not reach the detector in a reasonable time.

Finally, in addition to obtaining velocimetry data within the
porous bead packs, we demonstrate the acquisition of transverse
relaxation data. We depict these not asT2-weighted images but as
images in which we have fit the T2 in each voxel through a series
of measurements. There are two primary causes of T2 relaxation
in porous media: surface relaxation due to dipolar interactions37

and paramagnetic impurities,38 and dispersion through gradients
in the internal field caused by the solid-liquid interface through-
out the sample.39-46 In situations where surface relaxation
dominates, T2 can be used as a direct probe of the surface area-
to-volume ratio of the pores, and thus a measurement of the pore
size distribution.47 It should be noted that the effects of magnetic
susceptibility heterogeneity increase in proportion to the static
magnetic field strength. Therefore, after a certain point, diffusion
through the internal field can substantially interfere with the
determination of pore size distributions.48 While a detailed
analysis is beyond the scope of our work, we observe several
trends. First, T2 within the fine bead pack is, on average, smaller
than in the coarse bead pack. This might be related both to an
increase in surface relaxation with smaller pore size as well as to
larger magnetic field gradients within the finer porous structure.
Similarly, theT2 map within the coarse bead pack indicates larger
T2 values within larger regions of flow, which could be related to a
decrease in the influence of surface relaxation as well as weaker
internal field gradients near the pore center and a smaller flow
rate through these gradients. Since we performed these experi-
ments at relatively high field, susceptibility gradients are likely to
dominate. While a direct (i.e., not remotely detected) measure-
ment of the spatially resolved T2 values within these bead packs
would be a worthwhile comparison, such an experiment would
take a prohibitively long time due to the severely reduced filling
factor in this microporous sample. However, previous bulk
experiments using a saturated sandstone core (with pore sizes
of 50 μm or less) have shown discrete T2 distributions ranging
from 0.2 to 32.6 ms,49 in good agreement with our remotely
detected values. We further note that remote detection can
permit T2 measurements at arbitrary field strengths (vide infra)
because the flowing analyte can be polarized in a high magnetic
field before it enters the sample chamber, in which it can then be
encoded in any given magnetic field.

We have demonstrated a generic method for magnetic reso-
nance velocimetry and imaging of flow within microporous
materials. We are presently applying the technique to study
multiphasic flow and small molecule separations within micro-
chromatographic columns, and anticipate its extension to multi-
component systems including microreactors and confined
combustion devices.50 In these experiments, chemical shift
information may be encoded in indirect spectral dimensions or
detected in the direct dimension after flow to the microcoil,
allowing the flow volumes associated with each signal component
to be isolated and localized within the porous structure. More
importantly, because remote detection separates the polariza-
tion, detection, and encoding steps of the experiment, it will
enable a new variety of portable flow profiling devices for use in
rock core sample characterization and online industrial process
monitoring. For example, prepolarization of the fluid can occur in
the inhomogeneous field of a permanent magnet, and the fluid
can be then transported to a region of arbitrary magnetic field in
which spatial and other encoding can take place, after which the
result can be detected inductively or by a microfabricated
magnetometer that operates without a magnetic field.51,52 Such
a geometry would also provide greater sample access and thus
lend itself to multimodal (X-ray computed tomography, optical)
imaging schemes.

’CONCLUSIONS

We have applied remotely detected imaging, velocimetry, and
relaxometry toward microporous bead packs. The sensitivity
enhancements characteristic to remote detection allow us to
perform high-resolution experiments on porous media which
would be inaccessible to typical detection techniques. The
combination of time-of-flight and velocimetry data provides
complementary views of the fluid flow within the pore structure,
and allows for clear visualization of the dominant flow pathways
and dispersive fluid behavior. Finally, we probe the T2 relaxation
of fluid within the bead packs, obtaining data which provides
further insight into the properties of the complex porous
environment.

’ASSOCIATED CONTENT

bS Supporting Information. Movies (.avi format) of high-
resolution (64 � 64 � 64) time-of-flight resolved fluid flow
through both fine and coarse bead packs, corresponding to the
full data sets used in Figure 2. This material is available free of
charge via the Internet at http://pubs.acs.org.
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