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The feasibility of gas flow imaging in moderately high magnetic
fields employing thermally polarized gases at atmospheric pres-
sures is demonstrated experimentally. Two-dimensional spatial
maps of flow velocity distributions for acetylene, propane, and
butane flowing along the transport channels of shaped monolithic
alumina catalysts were obtained at 7 T by 'H NMR, with true
in-plane resolution of 400 um and reasonable detection times. The
resolution is shown to be limited by the echo attenuation due to
rapid molecular diffusion in the imaging gradients of magnetic
field. All gas flow images exhibit flow patterns that are not fully
developed, in agreement with the range of Reynolds numbers
(190-570) and the length of the sample used in gas flow experi-
ments. The flow maps reveal the highly nonuniform spatial dis-
tribution of shear rates within the monolith channels of square
cross-section, the kind of information essential for evaluation and
improvement of the efficiency of mass transfer in shaped catalysts.
The water flow images were obtained at lower Re numbers for
comparison. These images demonstrate the transformation of a
transient flow pattern observed closer to the inflow edge of a
monolith into a fully developed one further downstream. e 2000
Academic Press
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INTRODUCTION

improve various aspects of their performance, if systemati
measurements of flow and heat transfer within such structure
could be made. Therefore, information on mass transport i
liquid and gas flow in monolithic catalysts is highly desirable.
While the application of NMR imaging to study flow of
various liquids in a wide variety of geometries is done rou-
tinely (3), the feasibility of gas flow NMR imaging has not
been addressed in detail. There appears to be only one su
publication @) and it reports the application of dynamic NMR
imaging of hyperpolarize#*Xe to obtain joint spatial-velocity
distribution maps for a tube with a constriction and for two
types of polyurethane foams. The majority of gas imaging
applications deal with the imaging of human and animal air-
ways and lungs, utilizing either hyperpolarized noble gase:
(*Xe, *He) (-1 or thermally polarized gases’Xe, CF,,
C,Fe, SK) (12-19, often mixed with Q in various proportions
to produce breathable mixtures. A number of applications o
gas imaging to materials science have also been reported, bc
with hyperpolarized4, 15 and thermally polarized gasess(—
18). Finally, hyperpolarized gas imaging has also been per
formed in a very weak magnetic field9). The studies are
often performed at elevated gas pressures in order to reduce t
usually high diffusivity of gas molecules, to reduce the effi-
ciency of spin-rotational relaxation, and to increase concentra
tion. This work investigates the possibility of performing gas

Reactors with packed beds of catalysts are used in catalyt@w imaging with thermally polarized proton-containing gases

steam reforming of natural gas and other hydrocarbons,

aframbient pressures and carries out some preliminary studi

pollution prevention by catalytic combustive purification off the flow of gases and liquids in the transport channels o
automobile and plant exhaust, and other important industrfdlaped catalysts.
applications. Heat and mass transport and exchange are key

elements in such heterogeneous catalytic processes. Therefore,

EXPERIMENTAL

the shape of the catalysts/supports constituting the catalyst bed

can have a major impact on the efficiency of the processUniversal butane gas for lighters (Eurofill, Aerosols B.V.,
through its effect on flow and mixing through the bed. Indeetfiolland) liquefied in 200-ml cans (116 g net weight) was
one of the recent trends in large-scale industrial processes iptwchased in a local tobacco store. Propane (liquefied in 5-lite
control the shape of catalyst/support pellets, such as monolittanks for domestic burners), acetylene (for torch welders), an
catalysts possessing large transport channels, in order to redugdrogen gas were purchased from commercial vendors. Ur
pressure drop while uniformly distributing flow across a readertunately, information on the purity of gases was not avail-
tor (1, 2). The design of the monoliths’ shapes so far has beable from the vendors. The NMR spectrum of propane exhib.
purely empirical, and significant improvements can be madeited several weaker (not more than a few percent total) lines ¢
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z the setup through the exhaust tubing attached to the top part «

the cell into the fume hood.
\ . The cooling of the small butane gas cans upon gas expansic
21 mm and the resulting gas flow rate variation in the course of the
experiments was prevented by immersing the cans in a tank «
| water maintained at room temperature. For other gases, th
was not required owing to the larger tanks. For the relaxatior
time measurement of gases at ca. 1 atm pressure, monolit|
were removed from the Teflon cell and the flow system was
L flushed with the respective gas, and then the supply valve we
closed, and a few seconds later the outflow tubing was close
For the water flow experiments, larger tubing (5.5-mme-id)
| was used, while the cell geometry, sample positioning, anc
flow direction were the same. The flow of water was created by
IF]uid a thermostat pump (Lauda A100) and its flow rate was mea

sured by timed collection.

FIG. 1. The geometry of the Teflon cell containing the monolithss the All *H NMR microimaging experiments were performed on
distance from the Iowe_r edge of the catalyst to the center of the imaged sligeBryker DRX spectrometer equipped with a vertical bore
(the center of the gradient and the RF coils). superconducting magnet at 299 MHz. A birdcage RF coil with

25-mm-id was used to accommodate the Teflon cell. The
lower fields relative to the main resonances, while the othgpin-echo pulse sequence with a slice-selective 90° pulse anc
gases did not have any impurities which could be detected bgrd 180° pulse was employed in all experiments. Frequenc
proton NMR. Distilled water was used in the water flovand phase encoding were along the two orthogonal direction
studies. No attempt was made to reduce the relaxation timeimfthe x-y plane perpendicular to the cell axis, and slice
water by doping it with paramagnetic species in order to avosglection took place along tlzeaxis. The slice thickness was 2
contamination of the catalysts. mm for water and 15 mm for gas studies. Two extra gradient:

The monoliths were made of-Al,O; and had a specific were applied along theaxis to phase encode the flow velocity
surface area of 62 ffg and 14-nm average pore diameter aR0). In the gas imaging experiments, the number of scan:
measured by the low-temperature nitrogen adsorption methasieraged was 8 for butane, 16 for propane, and 256 for ace
However, the permeability of the channel walls does not siglene, and the original data matrix size was>644. For water,
nificantly influence the flow fields described in this study. Thine number of scans was reduced to 4 and the data matrix si:
monoliths studied in this work had transport channels of #mrincreased to 12& 128. The field of view was 24 mfin all
cross-section and wall thickness of 1 mm. The roughly cylirxperiments. Each 2D data set was zerofilled to 2586 and
drical pieces were cut out of bigger monoliths to fit into &ourier transformed in two dimensions. For each measuremel
21-mm-id Teflon cell, with the orientation of the channelthe experiment was performed twice, with and without the fluid
coinciding with the direction of the cylindrical cell axis. Thesdlowing. The pixel-by-pixel phase difference was then calcu-
monoliths were cut so that either a channel or an intersectionlated for each pair of images, and phase unwrapping wa
channel walls coincided with the center of the cylinder. It wilapplied to those velocity maps where phase wrap occurre
be seen later that these two kinds of monoliths created vasHiyne apodization was employed in certain cases to reduc
different flow patterns when the fluid inlet was a narrow jetruncation artifacts.
comparable in width to that of a channel. The magnitude of the frequency encode gradient in the ga

The geometry of the Teflon cell and sample positioning aimmaging experiment was 9.3 G/cm, and the acquisition time
shown in Fig. 1. Either a single monolith, 41 mm long, or &as 690us. An attempt to improve spatial resolution in the gas
stack of two pieces, 25 mm each, were used. In all experimentsages by doubling the gradient led to an almost complets
reported here, the fluids entered the cell at the bottom asignal loss. When imaging various gases, we kept most of th
exited at the top. For the gas flow experiments, a 2- to 3-parameters of the spin-echo pulse sequence the same (inclt
piece of 4-mm-id polyethylene tubing was attached to the cétig echo time,T¢ = 5.1 ms) except for the recovery time and
on each end. The desired flow rate was adjusted using the valve number of accumulations, which were adjusted for eacl
of the float-type rotameter (preceded by the gas tank presspeagticular gas. In water imaging experiments the echo time wa
regulator for H and acetylene), which was calibrated for each.7 ms. It took 20 to 40 min to acquire each 2D image.
gas with the use of a drum gas meter as well as by measurindRelaxation times of gases were measured in the Teflon ce
the time necessary to displace a known volume of water fraafter removing the monoliths. THE, times were measured by
a calibrated flask. The gas expanded from the tank into thversion-recovery, while th&, times were measured using
supply tubing attached to the bottom part of the cell and exitéae CPMG sequence. It was verified that a factor of 2 variatior
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in the refocusing timer has no influence on the measured weighted images indicate that it could be inducing some flow
value r << T,). The measured values were reproducible to the plane of the image, although it does not seem to have ar
within a few percent, but the values should be considereffect on the flow velocity distribution along the channels.
approximate since the amount of impurities and residual air in
the samples was unknown. 2. Gas Flow Imaging
We carried out a series of flow velocity imaging experiments
with hydrogen-containing gases—molecular hydrogen),(H
acetylene (GH,), n-propane (GHg), and n-butane (GH,).
The primary goal of these studies was to assess the feasibili
Figure 2 shows water flow velocity maps detected at 12d5 gas flow velocity imaging with'H detection of thermally
(Fig. 2a) and 18.5 mm (Fig. 2b) from the catalyst inflow edg@olarized gases at ambient pressures and temperatures anc
As in all other images detected, the walls and the squaracover the limitations of this approach.
channels of the monoliths can be unambiguously identified.Our attempts to detect images of Fhiled, even when the
The flow enters through a small orifice on the central axis etho time was reduced to 1 ms and the flow encoding gradien
the cylindrical sample cell. The catalyst walls cross near theere eliminated. We subsequently measured thel Hto be
axis of the cell and redirect the flow toward the sample peripB-38 ms (Table 1), too short for the signal to be detected unde
ery, as indicated by the flow velocity distribution in the centrahese experimental conditions. In addition, the large diffusivity
four channels of the sample. The flow pattern is even mooéH, of 1.66 cni/s at 22°C and 1 atn2(), more than an order
complicated in the outer channels. As the positive and negativiemagnitude larger than that of other gases used in this work
“c"-shape structures in Fig. 2a suggest, there is some kindrofkes the signal even more elusive. Our attempt to image +
slow vortical motion of liquid in these channels. At the moyielded only a weak but unmistakable image of the birdcage
ment we are unable to say whether this is the up—dovRF insert parts made of hydrogen-containing materials. For th
circulation or a circular flow within the image plane, and wéhree other gases, both static and flow-weighted images ¢
will clarify this point in the future. However, 6 mm furtherreasonable quality were detected, with a true in-plane resolt
downstream (Fig. 2b) the flow pattern has already developtan of ca. 400X 400 um, artificially improved to 100< 100
into one which could be expected for a fully developed flom by zerofilling.
within a channel of a square cross-section, with the square flowFigure 4 shows a two-dimensional axial flow velocity map
velocity contours near the channel walls gradually transforrof propane gas flowing through the cylindrical cell (no mono-
ing into the circular ones toward the channel centers. Rotatililps in the cell). It demonstrates that the geometry of our flow
the upper block of the stack by 45° relative to the lowesystem is not perfectly cylindrically symmetric. In addition, the
(imaged) one transforms the contours in at least the two chajas flows in the reverse direction at a much lower velocity
nels with the highest flow velocities into arrowhead-shapmitside of the jet in the center of the cell. This is shown in Fig.
structures pointing away from the center. When the flow rates As can be seen, the image quality is sufficiently good tc
further increased, the flow direction in the outer channels wgarrant the application of the method to the studies of more
reversed, while most of the flow is still going through theomplex flow patterns.
central four channels (not shown). A flow velocity map for acetylene £, is shown in Fig. 6
In another series of liquid flow imaging experiments, theshereas Fig. 7 shows butanghG, flowing through the same
stack of two monoliths was supported by a third monolitmonolith. All parameters were the same in the two experi-
having much narrower channels with cross-section of 1?mnments, except for a somewhat higher flow rate for butane, an
This structure could be useful for preserving the jet-type flothe maximum flow velocities in the images are nearly equal
of liquid entering the cell. The variation of the experimenMost of the flow goes through the central channels in botf
geometry and flow rate can have a strong and sometinesses. Despite very different appearances of the flow pattert
curious influence on the flow pattern. For example, we camthe two images of Figs. 6 and 7 (circular vs square-shap
change the flow rate, mutual orientation of the monoliths, affildw velocity contours), both images indicate little interaction
the distancel., to reproducibly redirect most of the flow intoof the flow with the channels walls. The circular contours
the outer channels of the monolith. Such behavior will bebserved in Fig. 6 may have developed in the long gas suppl
studied in more detail in the future. tubing. The inner diameter of the latter (4 mm) is equal to the
Figure 3 maps the flow of water through a monolith of aide length of the square cross-section of the channel, and tt
different geometry, with a channel in the center. In this case tparaboloid just fits into the central channel of the monolith.
main flow is observed in the central channel, while there is alsoThe flow in Fig. 7 has an appearance of a plug flow, with a
measurable flow in its four nearest neighbors. A 150- farge flow velocity gradient in the immediate vicinity of the
250-um slit in one of the walls which goes along the entirehannel walls and little variation of the rate within the rest of
monolith is circled in the image of Fig. 3. Transverse flomthe channel. This type of velocity profile may be expected in

RESULTS

1. Liquid Flow Imaging
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FIG. 2. Two-dimensional axial flow velocity maps of water flowing through a cylindrical cell containing a stack of two monolithic catalysts with identi
orientation. (a) Distance from the monolith edge to the detectedlslieel2.5 mm, flowrate 69 ml/min, maximum flow velocity 3.6 cm/s; (b)= 18.5 mm,
flow rate 76 ml/min, maximum flow velocity 2.4 cm/s. Figure 9 shows a one-dimensional velocity profile along the dark line.

FIG. 3. Two-dimensional axial flow velocity map of water flowing through a cylindrical cell containing a monolithic catalyst with a central channel.
12.5 mm, flowrate 128 ml/min, and maximum flow velocity 21.6 cm/s. The slit in one of the monolith walls is circled.

FIG. 4. Two-dimensional axial flow velocity map of propane;t) gas flowing through a cylindrical cell (no monoliths). Flow rate is 400 ml/min and
maximum flow velocity is 93.0 cm/s.

FIG. 6. Two-dimensional axial flow velocity map of acetylene, k), L = 18.5 mm, flowrate 500 ml/min, maximum flow velocity 72.0 cm/s.

FIG. 7. Two-dimensional axial flow velocity map of butane,tG,), L = 18.5 mm, flowrate 375 ml/min, maximum flow velocity 70.0 cm/s.

FIG. 8. Two-dimensional axial flow velocity map of propane gas flowing through a cylindrical cell containing a stack of two monolithic catalysts v
identical orientation relative to each other= 18.5 mm, flowrate 360 ml/min, maximum flow velocity 43.0 cm/s. Figure 9 shows a one-dimensional velocit
profile along the dark line.

entry flow regions, where the effects of viscosity are confinaghannels is not attained in the image plane and that mapping «
to thin boundary layers adjacent to solid surfaces. The diffdtew velocity distributions in longer channels is required to
ences between Figs. 6 and 7 could be, in part, due to the factizualize the establishment of a fully developed flow. Although
of three difference in the kinematic viscosities of the two gasabe direction of flow coincides with that of the supply tubing in
We thus conclude that fully developed flow within thahe central channel and its four closest neighbors, the wea
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TABLE 1
Relaxation Times of Gases Studied in This Work

Gas T.%, ms T, ms

Hydrogen (B) 3.1 0.38
Acetylene (HC,) 205 150
Propane (HC-CH,—CH;) 995 586 -15 10 5 0 5 10
n-Butane (HC-CH,—CH,—CH;) 1270 746 distance, mm

Phase difference, rad @

aJ

o

@ Inversion-recovery.
® CPMG. 5

flow in the other channels is in the opposite direction. This is
in agreement with the results for the cylindrical cell with no
monolith inserted (Figs. 4 and 5). We confirm also that spatial
resolution in the gas images is lower than in the water images;
the slit in one of the walls of the monolith circled in Fig. 3 is
not resolved in the images of Figs. 6 and 7.

The perturbation of the flow is strongest when the monolith 0 W\/‘A
walls intersect in the center. The flow is redirected unequally 45 0 5 0 5 10 15
into the four central channels (Fig. 8), and the spatial distribu- distance, mm
tion of the flow velocity depends critically on the details of the FIG.9. One-dimensional horizontal cross-sections of the images shown ir
experiment. In this particular example with propane gas, t@ Fig. 2b for water and (b) Fig. 8 for propane. The positions of the
flow velocity contours change from roughly circular to buttercross-sections are indicated with the solid lines in the respective 2D images
fly-shaped upon the increase of flow rate from 360 to 480
ml/min. edge of shear rates and entrance lengths in the operating moc

Figure 9 shows profiles of the axial component of velocitigactor is required. As the water and gas images obtained |
along selected lines through the color images of Figs. 2b and/@s work demonstrate, NMR microimaging can provide such
The liquid velocity profile of Fig. 9a appears to be highlynformation in a nondestructive and noninvasive way. For
developed and shows significant flow in the outer channel8stance, the transition from a transient flow pattern to a fully
The gas velocity profile of Fig. 9b is more jet-like and showdeveloped one is demonstrated in Fig. 2. The Reynolds nurr
a higher wall shear rate in the central channel and a near-zBgss Re estimated from the known flow rates and assuming th:

Phase difference, rad

flow in the outer channels. water flows predominantly through the four central channels
are ca. 70—80. The corresponding entrance length can t
DISCUSSION estimated as ca. 10 mm. This number is in a good agreeme

with the experimental observations of a transient pattern a
Mass transfer between the monolith and the fluid flowing2.5 mm and a developed pattern at 18.5 mm. Gas flow image
through its channels is expected to be most efficient in there detected for Re in the range 190-570 corresponding t
entrance regions where flow patterns are not fully developedtrance lengths of 25-70 mm. This is why the observed ga
and the boundary layer is thin. Therefore, to assess and iflow patterns are far from being fully developed and why
prove the efficiency of monolithic catalysts, a detailed knowskignificant interaction of the flowing gas with the monolith is
evident only in the immediate vicinity of the channel walls.
The results reported here demonstrate the feasibility of ga
10 flow imaging with thermally polarized hydrocarbon gases at
ambient pressures, with reasonable detection times and tri
spatial resolution of the order of 4Qm. The diffusion-limited
resolution for propane can be estimated aB{P°, where
D = 0.066 cni/s (21) is the self-diffusivity of propane at 295
K and 1 atm, andr is the time of spatial localization of the
R e R spins in the pulse sequence employed. Witk 1 ms, the
distance, mm diffusion limit for the achievable spatial resolution is 1i6.
FIG. 5. One-dimensional transverse cross-section through the center'%?summg that the diffusivity of acetylene is similar to that of

the axial flow velocity map shown in Fig. 4. Each radian of phase differen&@hyle€ne, the corresponding number for acetylene is 60
corresponds to approximately 10 cm/s. while for butane this value should be approximately 100.

Phase difference, rad
N o N Ao ®
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The spatial resolution of the images detected is 2.5 to 4 timeghnique with an encoding time shorter than 1 ms had to b

larger than these estimates. used in order to observe signals from water in pores.
The relaxation times of gases imaged are given in Table 1.
The T, and T, times are rather long and approach those of CONCLUSIONS

common liquids as the size of the gas molecule increases. The o

long T, times eliminate one of the advantages of some gas!his work demonstrates that it is not necessary to use hy
imaging, namely the possibility of using very short repetitioR€"Polarized gases or to work at elevated pressures in order
times for rapid data averaging2). The large value oT , time successfully image spatial distributions of gas flow velocities.
might be an asset for spectroscopic studies, but has little 18 the best of our knowledge, this is the first time that NMR
contribute to the imaging modality, unless the centde-space 925 flow velocity maps of thermally polarized gases have bee

is imaged without any applied gradients, as in SPI and SPRIfgtected. The spin-warp imaging sequence in combination wit
techniques 16). flow velocity phase encoding by a pair of magnetic field

éadients allowed us to achieve a 4061 true in-plane spatial
solution in two-dimensionalH NMR flow velocity images
a 15-mm slice for acetylene, propane, and butane gase

In spin and gradient echo sequences fast diffusion in tH
applied gradient attenuates the signal much faster than spﬁ
spin relaxation does. As mentioned earlier, an attempt to in- =~ = T
crease spatial resolution by doubling the frequency encodi locities up to 93 cm/s were measured in this study. Attempt:

gradients used in this work led to a complete echo dephasi re not m_ade to_ reduce t_he slice thickness, but _the_ _Iarg
despite the echo times being much shorter than the measuit pal-to-noise ratio of the images shows that a significan
uction in slice thickness can be tolerated. We applied ga

: - : r
T, times. Thus, we are at the upper limit of the gradient an . . .
: . L . . and water flow imaging to measure the flow velocity patterns
encoding time combination for detecting signals from these - . .
. e in the channels of monolithic catalysts. The highly nonuniform
rapidly diffusing gases.

. . . istribution of shear rates observed should have a profoun
Some signal enhancement can be achieved by using

. . .. = [nffuence on mass transfer between the fluids flowing througl
gases at elevated pressures, WhIFJh will reduge t.he. d|ffu5|vﬂ¥e channels and pore spaces of shaped catalysts.
and increase the spin density. This approach is limited by the
fact that propane and especially butane liquefy at relatively low
pressures (ca. 8.3 atm for propane and 2 atnnfbutane at
20°C). Furthermore(T, is bound to increase further as the The collaboration between the International Tomography Center and Nev

pressure is raised and working at any pressure other thégxico Resonance was supported by NATO Collaborative Linkage Gran
ambient complicates the experiment PST.CLG 975244. I.V.K. thanks the Russian Foundation for Basic Researc

o th ibl N licati f th . Project 99-03-32314a) and the Siberian Division of the Russian Academy o
ne other possible area or applications o € eXperimeldSences for financial support of this work, and O.P. Klenov (Boreskov

reported here is the study of porous media. Adsorption of gasgsiitute of Catalysis) for the samples of monoliths and useful discussions
within the pores can lead to a substantial signal enhancemadditional support by the Engineering Research Program of the Office of
(17). Furthermore, the restrictions on diffusive displacemen@SiC Energ)_/ Sciences, U. S. Department of Energy, under Grant DE-FGOZ2
of gas molecules provided by the pore walls can reduce tha 4912 is acknowledged.
diffusive echo attenuation. It has been demonstrated before that
restricted diffusion of gases can be used to selectively suppress
the signal of the bulk gas and to obtain images of the 985 g Kapteijn, J. J. Heiszwolf, T. A. Nijhuis, and J. A. Moulijn, Mono-
confined within the pores2@). On the other hand, paramag- iths in multiphase catalytic processes—Aspects and prospects,
netic impurities in the pore walls can enhance bbthandT, CATTECH 3, 24-41 (1999).
relaxation to such a degree that the NMR signal disappears.2t J. Votruba, O. Mikus, K. Nguen, V. Hlavacek, and J. Skrivanek,
is not obvious which way the relaxation times of gases perme- Heat and mass transfer in honeycomb catalysts—Il, Chem. Eng.
ating porous materials should change. Bdthdecreasesl) Scl. 30, 201-206 (19_75)" _ _
. . . 3. P. T. Callaghan, “Principles of Nuclear Magnetic Resonance Mi-
and increasesl{) for gases in porous maten_als compared to croscopy.” Clarendon Press, Oxford, (1995)
bulk values have been reported. However, signals from gas gr Brunner, M. Haake, L. Kaiser, A. Pines, and J. A. Reimer, Gas
water permeating the porous walls of the monoliths were not fiow MRI using circulating laser-polarized **Xe, J. Magn. Reson.
observed in this work. The porosity of the monoliths alone 138, 155-159 (1999).
would suggest a fourfold reduction of the signal within the5. M. S. Albert, G. D. Cates, B. Driehuys, W. Happer, B. Saam, C. S.
walls compared to the bulk fluid, but the actual signal reduction Springer, and A. Wishnia, Biological magnetic resonance imaging
exceeds an order of magnitude. A possible reason for such YSing 1aser-polarized xe, Nature 370, 199-201 (1994).
behavior is a very shoff* within the pores, due to paramag ® ;/'h E. Wagshul, T. E. Button, H. F. Li, Z. Liang, C. S. Springer, K.
L. . : ; ) . . ong, and A. Wishnia, In vivo MR imaging and spectroscopy using
netic impurities in alumina for the samples studied in this pyperpolarized 2*Xe, Magn. Reson. Med. 36, 183-191 (1996).
work. Indeed, in the previous studies where the drying of thesg . sakai, A. M. Bilek, E. Oteiza, R. L. Walsworth, D. Balamore, F. A.
monoliths saturated with water was investigat2d)(the SPI Jolesz, and M. S. Albert, Temporal dynamics of hyperpolarized
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