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Regular and irregular catalyst packings are extensively used
in the chemical industry for promoting mass transfer and
chemical reaction between gas and liquid. Traditionally, ran-
domly packed beds of catalyst particles operating in co-cur-
rent downflow operation, often termed trickle-bed reactors,
have been used because of the high mass-transfer rates
achievable. More recently, structured supports are increas-
ingly considered for use because of the potential improve-
ments they offer with respect to, for example, the decoupling
of heat- and mass-transfer phenomena, operation under re-
duced pressure drop conditions and at much higher gasrliquid

Žflow rates, and a greater resistance to attrition Irandoust and
Andersson, 1988a,b; Irandoust et al., 1998; Kapteijn et al.,

.1999 . Monoliths, which comprise a metal or ceramic struc-
ture with a large number of straight or parallel channels, are
an example of such structured supports, and their use in
solid-catalyzed gas-phase chemical reactions is well estab-
lished. One example is the monolithic exhaust converter used
throughout the automotive industry. In contrast, the applica-
tion of monoliths to gas-liquid reactions is not well advanced
and a significant research activity exists to provide the neces-
sary understanding to enable reliable scale-up for process op-

Ž .eration Nijhuis et al., 2001 . Undoubtedly, such efforts would
be significantly aided if it were possible to develop an in-situ
probe of the multiphase transport and reaction phenomena
occurring within these porous structures. Magnetic resonance
techniques show particular promise in this regard because of
their ability to provide chemically-specific information on
both the internal phase distribution and transport processes

Ž .occurring within three-dimensional 3-D optically opaque
systems.

Visualization of gas-liquid flow in ceramic monoliths has
Ž .previously been attempted by Mewes et al. 1999 using the

capacitance tomography technique. While temporal resolu-
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Žtion of capacitance tomography is high 100 images per sec-
.ond can be achieved , spatial resolution is relatively low with

typical in-plane resolutions being 5]10% of the diameter of
the system under investigation, thereby making impossible vi-
sualization of phase distribution within a single channel. In

Ž .contrast, magnetic resonance imaging MRI has the poten-
Ž .tial for relatively high spatial resolution say, 30]200 mm ,

but the temporal resolution obtained for gas-liquid flow has
to date been far too slow to visualize dynamic processes oc-
curring in reactors. Time-averaged visualizations of single-
and two-phase flow have been reported with data acquisition

Žtimes of minutes to hours Sederman et al., 1998; Tallarek et
al. 1998; Johns et al., 2000; Sederman and Gladden, 2001;

.Mantle et al., 2001 . Fast velocity imaging techniques have
been reported which are able to acquire liquid velocity im-

Žages in several minutes Seifert et al., 2000; Scheenen et al.,
.2000 , but these techniques can only be applied to systems

characterized by low fluid velocities and where the flow fields
Ž .are temporally steady. Koptyug et al. 2000 have also used

MRI to obtain velocity images of single-phase steady-state
gas flow through a monolith catalyst support. Typical image
acquisition times are 20 to 40 min.

The purpose of this article is to report the development
and application of a novel MRI technique which provides 2-D
images of in-plane resolution 391 mm = 781 mm, with a data
acquisition time of 160 ms. The technique is robust in appli-
cation to systems characterized by significant magnetic sus-
ceptibility variations and rapid nuclear spin relaxation times.
These characteristics are typical of the multiphase systems of
interest in chemical engineering, and, therefore, this tech-
nique provides a first opportunity to study nonsteady-state
phase distribution in optically opaque environments under a
range of conditions configured within the imaging volume.
Possible applications are the distribution of two phases dur-
ing displacement processes in rock cores, moisture migration
during drying within particle arrays, and time-resolved visual-
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ization of phase distribution within multiphase flows in
packed-bed reactors. Limitations on the spatial resolution
obtained will depend on the magnetic resonance characteris-
tics of the system being studied. The system considered here
represents one of the more challenging systems to visualize
due to the high magnetic susceptibility variations present;
hence, the resolution reported here should be readily

Ž .achieved in any nonferromagnetic system of interest to
chemical engineers. In this article, the capabilities of this
technique are illustrated with application to gas-liquid flow
Žmore commonly referred to as Taylor flow or bubble-train

.flow through a ceramic square-channel monolith system, for
which it is demonstrated that bubble-size distributions, phase
volume fractions, and bubble-velocity distributions can be ob-
tained. The technique is entirely general and can therefore
be applied to obtain rapid, time-resolved visualization of
phase distribution within many gas-liquid-solid systems.

Experimental Methods
Flow Cell

Ž .A glass column 48 mm I.D. containing a cylindrical
square-channel monolith was positioned within the vertical

Ž .bore of the magnet. The ceramic cordierite monolith of 43
mm dia. and 0.15 m length was rated at 400 channels per
square in. with each channel having a square cross-section of

Ž . Ž .1.2 mm side. Gas compressed air and liquid water were
introduced at the top of the column as two separate feed-
streams with flow rates of 1 L miny1 and 6 L miny1, respec-
tively. The superficial flow direction was along the axis of the
magnet, that is, in the z-direction. The high velocity liquid jet
at the column inlet created an intensely agitated gas-liquid

Ž .dispersion Boyes et al., 1992 flowing downwards and the
upper surface of the monolith was positioned at a distance
0.85 m below the inlet. The column was operated under recy-
cled cocurrent downflow conditions with a pressure drop of
0.0024 barg across the monolith, not including the hydrostatic
head.

Figure 1. Single-shot 2-D RARE r.f. pulse sequence
used.

Ž .The loop A of successive 1808 radio-frequency rf refocus-
ing pulses is repeated 256 times enabling rapid acquisition
of the 2-D data for a single initial 908 rf excitation. The rf
pulses and magnetic field gradients are: 908 soft excitation
pulse s 500 ms Gaussian truncated at 5%; read gradient s
12.0 Gcmy1; phase gradient s 6.39 Gcmy1; slice gradient
s 5.84 Gcmy1. The 1808 rf pulse after every read gradient
allows the read direction to be the same for all lines of k-
space, thus avoiding oddreven echo ghosting artifacts.

MRI
MRI experiments were carried out on a Bruker Spectro-

spin DMX 200, 4.7 T magnet with a birdcage coil of 6.3 cm
Ž1 .length and diameter. Proton H images were acquired at a

frequency of 199.7 MHz. Spatial resolution was achieved us-
ing shielded gradient coils providing a maximum gradient
strength of 13.90 G cmy1. The effective spin-spin relaxation
time TU of the water within the monolith was 1 ms. Figure 12
shows the pulse sequence used to obtain 2-D images in the xz
plane. The pulse sequence is based on the 2-D ‘‘Single Shot

Ž . ŽRARE’’ or Turbo Spin Echo pulse sequence Hennig et al.,
.1986 ; in this experiment a single 2-D image is acquired for

each excitation pulse, and successive images can be acquired
at time intervals of a few seconds. In the present work, this

Figure 2. 1H magnetic resonance visualizations within the ceramic monolith.
Ž .Xy-image of the fully water-saturated monolith a monolith’s internal structure; each channel has a side length 1.2 mm. It highlights the

Ž .image slice position in the xz direction for which the visualizations of gas-liquid distribution during two-phase flow are shown b and c .
Ž .Data acquisition time for each image was 160 ms; there was a time period of 160 ms between the start of each of the images shown in b

Ž . Ž . Ž .and c . In all images, the presence of water is indicated by high intensity white ; gas and ceramic are identified by zero intensity black .
Ž .The area within the solid white bars in b defines the analysis region.
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pulse sequence is modified such that a single excitation is
Ž .used to acquire a number of images four in this case in

immediate succession; the details of the implementation of
Žthis new pulse sequence will be published elsewhere Seder-

.man et al., 2001 . Each image took 160 ms to acquire and the
time between the start of successive acquisitions was also 160
ms. Therefore, effective image times are taken as 80, 240, 400
and 560 ms after the initial excitation. Subsequent sets of
four images were acquired following a time delay of 3 s; this
delay could be reduced to less than 1 s with suitable gradient

Ž . 1cooling. Figure 2a shows a 2-D transverse xy H image of a
fully water-saturated monolith in the absence of flow; in-plane
spatial resolution is 391 mm = 391 mm. The boxed area shows
the location of the xz slice for which visualizations are shown
in Figures 2b and 2c. The visualizations in Figures 2b and 2c

Ž . Ž .consist of a 128 x-read = 64 z-phase data array with a
field-of-view of 50 mm = 50 mm, which yields an in-plane
pixel resolution of 391 mm = 781 mm. The imaging section
was chosen to focus on the monolith outlet. The thickness of
the image slice is 1.0 mm. Following acquisition, the data were
transferred to a Sun Sparc 20 workstation for processing us-
ing in-house software.

Results and Discussion
Inspection of Figures 2b and 2c clearly shows it is possible

Ž .to visualize individual gas bubbles zero image intensity
within the channels of the monolith. Liquid films on the walls
of the monolith were not observed, although, in principle, it
might be possible to optimize the magnetic resonance experi-
ment to address the characterization of such films; the typical
film thickness is expected to lie in the range 5]50 mm
Ž .Thulasidas et al., 1995 . Bubble-size and velocity distribu-
tions are obtained by binary gating each image as shown in
Figure 3a, such that each image pixel is identified as contain-

Ž . Ž . Ž .ing either gas black , liquid white , or solid monolith grey .
The value at which the image pixel intensities are gated is
obtained by plotting a histogram of image intensities, charac-
terized by two peaks corresponding to pixels filled with gas

Ž .or ceramic or liquid; the gating level is identified as the
pixel intensity which is positioned at the midpoint in the in-
tensity distribution between these two peaks. Figure 3b shows
the bubble-size distribution directly obtained from the gated
image shown in Figure 3a. The liquid-phase volume fraction
obtained from Figure 3a is 0.61"0.03 which compares well
with values volumetrically obtained for liquid holdups in nor-
mal cocurrent downflow contactor reactor operation, typi-

Ž .cally 0.5]0.7 Boyes et al., 1992 . The error estimate takes
Ž .into account the sensitivity of the result to both a a 10%

shift in the image intensity selected as the gating level, and
Ž .b finite pixel effects which occur when, for example, a given
pixel containing some gas or ceramic is assigned as totally
liquid-containing, as a result of the image-analysis procedure.
It is noted that the implementation of this RARE-based
technique provides a measurement which is particularly ro-
bust with respect to motion in the phase encoding direction,
that is, the technique is relatively insensitive to flow artifacts.
This insensitivity to velocity artifacts arises because there is

Žnot only a phase unwind gradient hence, the phase gradients
.act as small velocity encoding gradients , but the following

Žphase windrunwind gradient pair although having a slightly
reduced magnitude due to them encoding a different part of

.k -space act as velocity-compensating gradients, therebyy
minimizing the effect of velocity artifacts in the measure-
ments. Errors in bubble size and velocity as a result of ‘blur-
ring’ in the image arising from the translational motion of the
bubble between each successive phase winding gradient are
considered negligible; a detailed analysis of this has been

Ž .considered elsewhere Sederman et al., 2001 . In summary,
blurring is seen as a monotonic decrease in signal intensity in
the region of the gas-liquid interface defining the boundary
of the bubble. We define the ‘‘image time’’ associated with
each image as the mid-point in the overall acquisition time
for that image; given that, we position the binary gate at the
mid-point in the observed signal intensity. This positioning of
the gas-liquid interface in our data analysis procedure identi-
fies the position of the interface at the ‘‘image time.’’ Images
acquired over data acquisition times of 100 ms yield the same
bubble-size and velocity distributions as those reported here.

Figure 3. Obtaining bubble-size and bubble-velocity distributions.
Ž .Images are first binary gated: a image in Figure 2b after binary gating. The bubble-size distribution is obtained directly from this gated

image. The distribution of bubble velocities is obtained by identifying the position of the gas-liquid interface in two successive visualizations
recorded for a single rf excitation. Apparent varying wall thickness between channels results from the image analysis process in which pixels
are associated with only one phase gas, liquid, or ceramic. The upper error limit in determining bubble size and velocity is 20%.
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The bubble-velocity distribution shown in Figure 3c is ob-
tained by following the position of the gas-liquid interface
characterizing each bubble between successive pairs of im-
ages, in this case the images shown in Figures 2b and 2c. It
should be noted that only bubbles wholly contained within
the area bounded by white lines in Figure 2b are included in
the analysis. Analysis of the data presented here confirm that
the system is demonstrating bubble-train flow and that MRI
can be used as a quantitative tool to probe two-phase flow

Ž .within ceramic channels over very short that is, 160 ms
time-scales. Preliminary observations which can be directly
made from a sequence of four images are:
Ž .a In the case when more than one gas bubble exists within

the same channel, the velocity of each bubble, as calculated
using two successively acquired images, is the same.
Ž .b Throughout the sequence of four images, a given bub-

ble does not change in size to within the spatial resolution of
Žthe experiment bubble-length changes of greater than 781

.mm would be detected .
Ž . Ž .c Using the four images 1]4 acquired following a given

r.f. excitation, it is possible to calculate bubble velocity as a
function of time by comparing bubble displacement between
Ž . Ž . Ž .a images 1 and 2; b images 2 and 3; c images 3 and 4.
This analysis shows that the bubble velocity is not stable with
time.
Ž .d Bubble motion in the direction opposite to that of the

superficial flow is observed in one channel as expected given
the possibility of negative pressure drop existing at different

Ž .locations across the monolith Mewes et al., 1999 .
Ž .e No correlation was observed between bubble size and

bubble velocity.
The development in MRI technique implemented here

demonstrates that MRI can now be applied to look at dy-
namic processes in the highly magnetically heterogeneous en-
vironments characteristic of many systems encountered in
chemical engineering. Future work will use this rapid data
acquisition methodology to study chemically reactive systems
where we will also exploit the chemical-specific nature of
magnetic resonance measurements.
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