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Abstract

NMR is employed to study liquid and gas flow in a tube and in the channels of shaped catalysts, mass transport during
drying of water saturated porous monoliths, and gas adsorption by porous alumina pellets. NMR flow imaging and pulsed
field gradient NMR are shown to yield the same average propagators for liquid and gas flow in a straight circular tube. The
complicated patterns of gas or liquid flow in shaped reactors are characterized successfully by NMR flow imaging through
the detection of all three flow velocity components. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Heat and mass transport processes are crucial for
heterogeneous catalysis. One of the ways to control
these processes is to use catalyst/support pellets with
a well-defined shape. The shape of the catalysts and
supports can have a major impact on the efficiency of a
catalytic process through its effect on flow and mixing
through the reactor. For instance, implementation of
monolithic catalysts possessing large transport chan-
nels allows one to uniformly distribute flow and to re-
duce pressure drop across a reactor [1,2]. The informa-
tion on mass transport in liquid and gas flow in shaped
catalysts can be utilized to improve their performance.
Therefore, systematic studies of mass transport in
shaped catalysts and reactors are highly desirable.
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NMR has been widely used to characterize diffu-
sion of gases [3-9] as well as diffusion and flow of
liquids [10-20] in a variety of geometries for a long
time. However, applications in heterogeneous cataly-
sis are few [13,21], and until recently the technique
was not employed to study fluid flow in shaped cat-
alysts. A number of applications of gas NMR imag-
ing to materials science have been reported, both with
hyperpolarized [8,22] and thermally polarized gases
[5,23,24]. However, gas flow imaging was not ad-
dressed at all until 1999 [22,25]. The application of
dynamic NMR imaging of hyperpolarized '*°Xe to
obtain two-dimensional spatial maps of flow velocity
distribution for a tube with a constriction and for two
types of polyurethane foams is reported in [22]. We
have demonstrated recently that thermally polarized
gases such as acetylene, propane and butane at the at-
mospheric pressure are amenable to NMR gas flow
imaging at moderately high (e.g., 7 T) magnetic fields
[25] (vide infra). New and promising studies of this
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type are emerging in the fields of materials science
and catalysis.

In this work, we have applied NMR microimaging
to study the flow of liquids and gases and other types
of mass transport processes in shaped catalysts. The
aim of this study is to demonstrate the feasibility and
potential usefulness of such applications and to com-
pare the results obtained for liquid and especially gas
flow by NMR flow imaging and pulsed field gradient
(PFG) NMR.

2. Techniques

A number of NMR techniques exist which can be
employed to study flow phenomena both qualitatively
and quantitatively [10,26]. NMR flow imaging pro-
vides spatially resolved picture of the flow patterns.
The spatial maps of all three flow velocity compo-
nents can be obtained. A different approach to the
characterization of flow by NMR is based on the PFG
experiment [11,15-17]. This approach is employed
successfully to detect certain average characteris-
tics of motion, such as P(z, 7), the probability for a
molecule to be displaced by the distance z in time
7, sometimes called an ‘average propagator’. If the
velocity V of the molecule does not change within the
measurement time (a few to a few hundred ms), i.e.,
z = Vr, the two approaches are expected to yield
equivalent results. The important difference with the
flow imaging approach is that the PFG NMR exper-
iment can be employed even if there is no net flow
in the object, i.e., to study diffusive displacements
of spins including the case of restricted diffusion in
porous materials [12—14]. Furthermore, this approach
can provide direct information on flow dispersion
coefficient, e.g., for fluids flowing in porous materials.

3. Experimental

Propane gas was purchased from a commercial ven-
dor. Distilled water was used in the water flow studies.
For the studies of water or gas flow in a circular tube,
a single, 5-6 m long piece of flexible plastic tubing
with 7.6 mm i.d. was used, with the measurements
performed on its straight section. For the studies of
fluid flow through various monoliths, a 21 mm i.d.

cylindrical Teflon cell was employed to accom-
modate the roughly cylindrical pieces of the
monoliths.

During the gas flow experiments, the gas was ex-
panding from the tank into the supply tubing and was
leaving the setup through the open end of the exhaust
tubing into the fume hood. The flow of water was cre-
ated by a thermostat pump. In all experiments, water,
propane or dry air entered the sample cell at the bot-
tom and left at the top.

A number of monolithic structures made of
v-Al,O3 with the straight channels of different ge-
ometry were used in the experiments. Most of the
studies were carried out with the monolith which had
a specific surface area of 62m?/g and 14 nm average
pore diameter. It had transport channels of 4 x 4 mm?
square cross-section and wall thickness of 1 mm and
was 50 mm long. In some experiments it was placed
on top of another monolith with smaller channels
(1 x 1 mm?, wall thickness 0.2mm). Other experi-
ments were done with a cylindrical monolith which
had six approximately triangular channels separated
by 2mm walls. For all monoliths, the orientation of
the channels was coincident with the direction of the
cylindrical cell axis.

All '"H NMR microimaging experiments were per-
formed at 299 MHz on a Bruker DRX spectrometer
equipped with a vertical bore superconducting mag-
net. The spin-echo pulse sequence was employed in all
flow imaging experiments. The echo time was 2.7 ms
for water and 5.1 ms for gas flow imaging. The 2D im-
ages were detected in the plane perpendicular to the
cell axis. The slice thickness was 2 mm for water and
15 or 4 mm for gas studies. Two extra gradients were
applied along the z-axis to phase encode the flow ve-
locity [26]. The field of view was 24 mm? in all exper-
iments. Each 2D data set was zerofilled to 256 x 256
prior to 2D Fourier transformation. It took 20-40 min
to acquire each 2D image.

PFG NMR experiments were performed using the
spin-echo pulse sequence with echo time 8.1 ms (wa-
ter) or 4.7 ms (propane). In some cases, slice selection
along the direction of the main flow was used to re-
duce the influence of the inflow/outflow effects on the
signal amplitude.

The 1D single point imaging (SPI) technique
[27,28] was employed to map the distribution of a
fluid within a porous solid both in the monolith drying
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experiments and in the imaging of propane adsorbed
on a single alumina pellet.

4. Results and discussion

The first set of experiments deals with the water
and gas flow imaging in a well-defined geometry —
a straight section of a circular tube. Fig. 1a shows
the spatial distribution of the axial flow velocity com-
ponent in the transverse cross-section of such tube
for water flowing at Re = 285 (Re = ud/v is the
Reynolds number, u the average flow velocity, d the
tube diameter, and v the kinematic viscosity). The 1D
cross-section of the flow map along the tube diameter
is superimposed on the map. It is fitted with a parabola
(solid line) to demonstrate the excellent agreement of
the experimental results with the expected behavior.

Fig. 1c shows the results of the same experiment, but
with the Reynolds number of water flow Re = 1825. In
this case, the flow velocity distribution is distorted, and
the 1D cross-section clearly deviates from a parabola.
Under conditions of this experiment we estimate the
entrance length to be of the order of 42 cm, which is
comparable to the length of the straight section of the
tube. The geometry of the vertical superconducting
magnet requires the tube to bend as it enters the mag-
net from below. We therefore conclude that the figure
shows the flow pattern which is not fully developed,
since the Re number is too low for an onset of turbu-
lence to be observed. The NMR method is sensitive to
unsteadiness in the flow and our results indicate that
this flow was steady, which further indicates this was
a developing and not a transitional flow.

Fig. le shows the result of the propane gas flow
imaging experiment at Re = 580. It is obvious that
despite a much lower signal/noise ratio and a much
higher diffusivity of gas as compared to water, a good
quality flow map with a parabolic cross-section is ob-
tained. While this result may appear trivial, the valida-
tion of the flow imaging technique for the case of gas
flow was never attempted. Therefore, this experiment
is essential to ensure that reliable conclusions can be
drawn from the further gas flow studies.

Next, based on the flow maps obtained, we have
constructed the histograms of the velocity probability
distribution P(V) (Fig. 1b, d and f, solid line), and
compared those to the P(z/t) measured directly by

PFG NMR (dashed line). The results are in a very
good agreement for both water and propane at different
Re numbers. Nevertheless, some differences between
the solid and dashed curves can be seen. The direct
PFG measurement of P(V) clearly underestimates the
P-values at higher velocities because some spins leave
the sensitive volume of the RF coil or the volume
of the selected slice during the pulse sequence [20].
The fresh spins flowing into the sensitive volume after
the first RF pulse do not contribute to the detected
signal. The higher the velocity is, the larger fraction
of spins leave the sensitive volume within the duration
of the pulse sequence. Therefore, the directly detected
P(V) plots are skewed toward higher velocities, and
this distortion becomes more pronounced at higher
Re numbers. The histograms, on the other hand, are
constructed by counting pixels of the flow maps and
therefore are not affected by the inflow/outflow effects
directly. The inflow/outflow effects should be less of
a problem in the porous media flow studies.

It can be seen in Fig. 1f that the histogram (solid
line) has steeper edges as compared to the P(V) mea-
sured directly by PFG NMR (dashed line), because
the latter is sensitive to diffusive motion of spins as
well. This effect becomes pronounced for gases due
to their large diffusivity values (6.5 x 1072 cm? /s for
propane at 20°C and atmospheric pressure).

It should be noted, however, that NMR flow imaging
becomes impractical for channel diameters less than
50 pm for liquid flow NMR experiments since the spa-
tial resolution can be improved only at the expense of
the signal/noise ratio. For thermally polarized gases,
the signal/noise ratio is much lower, and the practical
channel diameter limit is of the order of 0.5-1 mm.
For smaller channels and pores, the direct detection of
P(z) or P(V) is thus the only option available, and the
comparison of the two techniques indicates that the
reliable results can be expected.

In the next set of experiments, we have employed
NMR flow imaging to visualize flow patterns of wa-
ter and protonated gases flowing through the channels
of monolithic catalysts. Fig. 2 shows 2D flow veloc-
ity maps detected transverse to the direction of the
monolith channels at various distances from the in-
flow edge of the monolith. The flow velocity compo-
nent directed along the channels is visualized. Also
shown in Fig. 2 are the 1D cross-sections of the 2D
flow velocity maps. The experiment was performed
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Fig. 1. Two-dimensional flow maps showing the spatial distribution of the flow velocities for water (a) and (c) and propane (e) in a circular
tube, with one-dimensional horizontal cross-sections superimposed. All 2D maps show the velocity component perpendicular to the image
plane, and zero velocity level of the 1D cross-section defines the position of the cross-section relative to the 2D map. The probability
distribution P(V) calculated from the flow maps ((b), (d) and (f), solid line) and the same quantity measured directly (dashed line) are shown.
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Fig. 2. Two-dimensional flow maps showing the spatial distribution of water flow velocities in a cylindrical cell containing a monolith
with triangular channels, with the one-dimensional cross-sections superimposed. The 2D maps were detected at various distances from
the inflow edge of the monolith. These distances are indicated in the figure, with the negative values corresponding to the cross-sections
outside the monolith. The length of this monolith was 18 mm, i.e., the map in (d) is detected downstream of the monolith.

with a single monolith possessing six channels with a
triangular cross-section. It was placed in a cylindrical
cell 20mm above the bottom edge of the cell, with
the cell axis coincident with the axis of the monolith
and parallel to the direction of its transport channels.
Water inflows into the cell at the bottom through the
narrow supply tubing approximately along the axis of
the sample (central peak in Fig. 2a). As the stream ap-
proaches the lower edge of the monolith, it separates
into several parts entering the channels of the mono-
lith (positive peaks in Fig. 2b). Four of the streams

(Fig. 2b) are roughly crescent-shaped, while in the two
other channels the flow pattern is somewhat different,
presumably due to the deviations of the geometry of
the experiment from cylindrically symmetric one. As
the streams proceed further along the channels they
gradually expand to fill out the entire cross-section of
the channels (Fig. 2¢). Eventually, the developed flow
pattern is established. Since this monolith was only
18 mm long, it was also possible to visualize the six
streams after they leave the monolith at the top (Fig.
2d). A low signal intensity area in the center of the
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flow map of Fig. 2d implies the likely presence of vor-
tices in this region. Furthermore, the flow maps clearly
reveal the presence of recirculating flows in the di-
rection opposite to that of the main flow in various
regions (negative peaks in Fig. 2a and b).

A similar experiment was performed with a mono-
lith possessing channels with a square cross-section.
Similar to the results shown in Fig. 2, the flows in
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the entrance regions of four central channels are
crescent-shaped, and the reverse flows exist near the
inner corners of the channels and upstream of the
inflow edge of the monolith. In order to make water
flow through the monolith channels more uniform,
we have placed another monolith with narrower chan-
nels under the first monolith. Its structure is apparent
in the flow map shown in Fig. 3a. In this case, the
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Fig. 3. (a)~(c) Same as in Fig. 2, but with the main monolith with square channels supported by an additional monolith with narrower
channels. The structure of the latter is apparent in (a), where only part of the cylindrical sample is shown. (d) and (e) Two-dimensional
flow maps showing the spatial distribution of propane flow velocities in a cylindrical cell containing the same monolith (no support).
Propane flow rates are 236 ml/min (d) and 400 ml/min (e). The distances from the inflow edge of the monolith are indicated in the figure,
with the negative values corresponding to the cross-sections outside of the monolith.



LV. Koptyug et al./Catalysis Today 69 (2001) 385-392 391

stream first enters the monolith with narrower channels
(Fig. 3a) and then separates into four streams entering
the wider channels of the other monolith. The major
difference with the previous geometry is that now the
four streams enter the monolith near the inner corners
of the four central channels. Besides, there is much
more flow through the outer channels of the monolith
in the latter case.

We have demonstrated recently that thermally po-
larized gases such as acetylene, propane and butane
at the atmospheric pressure are amenable to NMR gas
flow imaging at moderately high (e.g., 7 T) magnetic
fields [25]. The 2D flow maps of these gases flowing in
the channels of the monoliths (Re numbers 190-570)
were detected within a reasonable experimental time
(30-90 min) with a true in-plane spatial resolution of
400 pm x 400 wm. An example of the propane flow
maps are shown in Fig. 3d and e. Despite a lower sig-
nal/noise ratio as compared to water images, the re-
sults are encouraging. The flow patterns observed are
similar to those of water, including the presence of re-
verse flows (Fig. 3e). A detailed discussion of the gas
flow imaging results can be found elsewhere [25].

It should be noted that despite a relatively high
fluid content in the porous walls of the monoliths
(porosity ca. 0.25), the images detected show no
NMR signal within the walls. The reason is a much
shorter spin—spin relaxation time 7> of fluids within
the porous material and a strong 7>-weighting of the
signals detected with the spin-echo pulse sequence
employed. Utilization of an SPI pulse sequence
[27,28] allowed us to demonstrate strong adsorption
of propane within alumina catalysts. NMR imaging
can thus be employed to study the dynamics of gas
adsorption and desorption processes.

Furthermore, NMR imaging can provide useful in-
formation on mass transport of liquids, and possibly
gases, both within the porous walls of the shaped cata-
lysts (internal mass transport) and across the gas/solid
interface at the channel walls of the catalyst (external).
As an example, we have studied the process of drying
of the alumina monolith, initially saturated with wa-
ter, by a stream of dry air passing through its channels
[29]. The results demonstrate an efficient capillary re-
distribution within the porous walls in the course of
the drying process. Work is currently in progress to
extract mass transfer parameters from the experimen-
tal data.

5. Conclusions

This work demonstrates that NMR imaging can be
successfully employed to study the flow of liquids and
gases in structured catalysts and reactors. It is shown
that the results obtained by NMR flow imaging and
PFG NMR are mutually consistent for both liquid and
gas flow. NMR flow imaging technique allowed us
to fully characterize the complicated flow pattern up-
stream, inside and downstream of the monolith, and
to reveal the presence of the recirculating flows in
the regions of significant rearrangement of the main
streams. The obtained flow maps provide direct ac-
cess to the information on shear rates which affect the
external mass transfer rates in porous systems. The
variation of the flow pattern along the channels of the
monolith affects the local rate of mass transfer across
the monolith/gas interface during drying of a prewet-
ted monolith. Finally, it is demonstrated that NMR
imaging can be employed to visualize the protonated
gases adsorbed within porous materials and to study
the dynamics of adsorption process.
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