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Fluid flow and dispersion in porous media are important in 
many contexts including hydrology, oil recovery, chemical re- 
action engineering, chemical separations, composite materi- 
als processing, biology, and medicine. Of particular impor- 
tance in many separations operations such as adsorption or 
chromatography is the uniformity of the fluid-flow field and 
the minimization of axial dispersion, which are crucial for 
maximizing the efficiency of the separation process. The 
porous medium in these cases is typically a packed or consoli- 
dated bed of porous particles. Because of the extreme sensi- 
tivity of the local permeability of the packed bed to the local 
packing density (or void fraction), as expressed in the 
Blake-Kozeny equation, it is imperative that columns be 
packed as uniformly as possible in order to achieve uniform 
fluid velocities throughout the column. It is also important 
that column headers distribute flow uniformly and that uni- 
form temperature be maintained over the column cross sec- 
tion. 

Several strategies have been developed for introducing 
particles to the column and consolidating the bed. These in- 
clude dry packing, slurry packing, column vibration, axial 
compression, and radial compression, and have recently been 
reviewed by Guiochon et al. (1997). There is an increasingly 
large body of evidence that suggests that most of these tech- 
niques yield a packing density that is radially nonuniform; the 
results of several measurements indicate that, for axially 
compressed columns, the fluid velocity near the wall of the 
column can be substantially less than in the column center 
(Yun and Guiochon, 1997; Guiochon et al., 1997). Further, 
macroscopic measures of column efficiency via a height 
equivalent of a theoretical plate (HETP or H) indicate a dra- 
matically larger plate height near the column wall than near 
the column center. 

We report here spatially resolved measurements of fluid 
velocity and apparent dispersion coefficient in a packed col- 
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umn of impermeable polystyrene beads by magnetic-reso- 
nance-imaging velocimetry (MRIV). The measurements show 
that in our column, there is a gradual decrease in fluid veloc- 
ity from the column center to a distance of about eight parti- 
cle diameters from the wall, followed by a dramatic decrease 
to a minimum velocity at about three particle diameters from 
the wall. Our measurements may show larger radial variation 
in the axial velocity than other measurement techniques on 
the same column because the MRIV technique employed 
measured fluid displacements of only tens of particle diame- 
tcrs; hence, transverse dispersicm does not significantly flat- 
ten the observed velocity profile in these short-time measure- 
ments. 

Magnetic Resonance Velocimetry Methods 
Several reports of magnetic-resonance applications to 

studying transport in packed columns have appeared recently 
(Chen et al., 1993; Rajanayagam et al., 1995; Hoffman et al., 
1996; Kutsovksy et al., 1996; Lightfoot et al., 1997; Sederman 
et al., 1997; Feinauer et al., 1997; Mitchell et al., 1997; Van 
As and van Dusschoten, 1997). Many of these are based on 
the pulsed-field-gradient (or PFG) technique in which it is 
possible to measure the spectrum of molecular displacements 
(or propagator) over a time interval A (Callaghan, 1991; 
Baumeister et al., 1995; van Dusschoten et al., 1997; Tallarek 
et al., 1998). The consensus of several recent publications is 
that for flow in several types of porous media including 
packed beds of impermeable spheres and natural porous rock, 
the shape of the spectrum of molecular displacements de- 
pends strongly upon the quantity Au/d,, where A is the time 
allowed for the displacements to occur, u is the interstitial 
fluid velocity, and dp is the average particle size of the porous 
medium (Lebon et al., 1996, 1997; Packer and Tessier, 1996; 
Tessier and Packer, 1998). For small Au/d, the propagator is 
very asymmetric; it reflects the instantaneous velocity distri- 
bution in the channels and pores of the medium. For large 
Au/dp, the propagator becomes nearly Gaussian. For inter- 
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mediate D®rd , behavior can be very complex; for packed bedsp
of uniformly sized, impermeable spheres, multimodal propa-
gators have been observed with the various modes corre-
sponding to the preferred displacements of an integer num-

Žber of interstices between particles Seymour and Callaghan,
.1996; Amin et al., 1997 .

The NMR pulse sequences employed in our work are shown
in Figure 1a. The first part of the sequence is an alternating-
direction, pulsed-gradient, stimulated-echo sequence used for

Ž .motion encoding Cotts et al., 1989 . Magnetization encoded
in this fashion is then stored longitudinally for later readout

Ž .by either 1 a slice-selective gradient echo used for our mea-
surements of displacement spectra averaged over the entire

Ž .column cross section, or 2 a slice-selective spin-warp spin-
echo sequence used to obtain spatially resolved measures of

Ž .fluid percolation velocity Callaghan, 1991 . The phase cy-
cling used for both the imaging and bulk displacement spec-
tra studies is a 32-element cycle designed to eliminate un-
wanted echoes and signal resulting from longitudinal relax-
ation during the storage periods.

In the short gradient-pulse approximation, negligible mo-
tion occurs during the gradient-pulse intervals 2t , and the

( )Figure 1. a Timing diagram for the NMR pulse se-
( )quence; b flow system and NMR magnet.

For the bulk displacement spectra, the imaging section of
the pulse sequence was replaced by a slice-selective gradient
echo.

Žstimulated echo signal can be represented by Callaghan,
.1991

< X X X <w xS q ,D s r r P r r ,D exp i2p q ? r y r dr dr , 1Ž . Ž . Ž . Ž . Ž .H H s

Ž .y1 w xwhere qs 2p gd g cyclesrm and can be thought of as the
Ž .wave vector for motion encoding; r is position; r r is the

Ž < X .nuclear spin density; and P r r ,D is the probability of as
nuclear spin initially at location r moving to location rX in the
time interval D; and g is the pulsed magnetic-field gradient.

Ž .Fourier transformation of S q,D with respect to q then per-
mits the determination of the spatially averaged propagator

Ž . Ž . Ž <or displacement spectrum given by P R,D sHr r P r rqs s
. XR,D dr, where Rs r y r. Note that in the preceding treat-

ment we have neglected nuclear relaxation, inflowroutflow,
and chemical shift and coupling effects.

Measurements described herein were performed with a
Bruker Avance DMX spectrometer operating at 600 MHz for
protons and coupled with a 14-tesla, 89-mm-bore
BrukerrMagnex magnet. This system is equipped with an ac-
tively shielded gradient set capable of switching 0.96 Trm in
110 ms at 40 A. A 25-mm-ID ‘‘bird cage’’-type resonator was
used for the radio-frequency coil. The active length of the
resonator is approximately 40 mm.

Column Packing
Ž .An 11.7-mm-ID column BioSepra, Marlborough, MA was

Žslurry packed with 99-mm-diameter polystyrene beads Bangs
.Laboratories, Fishers, IN . The column was packed by gravity

flow of an aqueous suspension of beads containing 0.005% of
the surfactant Triton X-100 in order to thoroughly wet the

Žbead surfaces and a small amount of bacteriostat Sigma
.Clean water bath treatment . The top distributor was then

replaced and the bed slightly axially compressed in order to
remove air spaces near the top of the column. The column
was then placed in the radio-frequency probe and inserted
into the bore of the NMR magnet, as shown in Figure 1b.

ŽFlow at 0.12 mLrs was provided by a piston pump SciLog,
.Inc., Madison, WI .

Bulk Displacement Spectra
Bulk displacement spectra for a 5-mm-thick slice of the

column were obtained for a range of evolution times and are
shown in Figure 2. For short evolution times the spectra are
asymmetric, but for long times the spectra become nearly
Gaussian. For the three long-time spectra in Figure 2b, the
data are well fit by the displayed Gaussian curves with dis-
persion coefficients of 0.13, 0.16 and 0.17 mm2 for 207, 507
and 1,007 ms, respectively. These values correspond to re-
duced plate heights hs Hrd of 0.92, 1.1, and 1.1. The 1007-p
ms spectrum shows a tailing deviation from Gaussian behav-
ior that may be due to a spatially inhomogeneous flow field
over the column cross section. Pore scale velocity inhomo-
geneity causes the short-time spectral broadening and asym-
metry; these inhomogeneities should be averaged to produce
a Gaussian spectrum on a time scale of d r®. Larger, col-p
umn-scale inhomogeneities will take much longer to average.

The displacement spectra shown in Figure 2 were obtained
by Fourier transforming 128 pulsed-gradient echoes, ac-
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( )Figure 2. Displacement spectra or propagators for the
flowing fluid in a packed bed of impermeable
polystyrene spheres for a range of evolution
times D.

Ž .Note that the spectra are nearly Gaussian for long D in b .
Points are experimental data for a 5-mm slice and lines are
Gaussian curves.

quired with positive- and negative-gradient amplitudes along
the axis of the column for full echo acquisition, with respect

Ž .to the amplitude of the pulsed gradient Callaghan, 1991 .
Acquiring data for both positive- and negative-gradient am-
plitudes permits calculation of magnitude spectra without
contamination of the spectra by dispersion-mode signal.

The spectra do not exhibit the multimodal behavior at in-
Ž .termediate evolution times reported by Amin et al. 1997 .

We have, however, observed multimodal behavior for other
columns packed with impermeable beads. The lack of multi-
modal displacement spectra for intermediate times in the col-
umn considered here may be a result of the spatially inhomo-
geneous velocity field as demonstrated below.

Velocity and Dispersion Maps
These data demonstrate the approach to Gaussian behav-

ior for long evolution times D and hence suggest the ap-
proach used for mapping fluid velocity and dispersion over
the column cross section. If the assumption of a Gaussian

displacement spectrum is valid for each pixel, then it is not
necessary to acquire data corresponding to a large number of
pulsed gradient or q amplitudes. Rather, a limited number of
images can be acquired for a small number of pulsed-gradi-
ent values. By fitting a Gaussian damped sinusoid.

2SsS exp y 2p q DDDq i 2p q ®Dqf 2Ž . Ž . Ž .Ž .0

to the data from each pixel with S , ®, DD, and f as free0
parameters, where ® is the fluid velocity, D is the evolution
time, DD is the apparent diffusion or dispersion coefficient,
and f is an arbitrary phase angle, it is possible to estimate
reliably these values at each pixel. Precision in estimating the
adjustable parameters is typically on the order of 1 to 5%
Ž .Gibbs et al., 1996 .

Figure 3 shows example data from single pixels as a func-
tion of the applied magnetic-field gradient and the velocity
map obtained by fitting Eq. 2 to data collected for Ds1.01 s,
d s2 ms. Fourteen images were acquired with the same 32
transient phase cycle used for the bulk-displacement spectra
for values of g ranging from 1.0=10y4 mTrm to 2.0=10y2

z
mTrm. The image matrices are 128=128 pixels for a 1.4-cm
field of view. The data in Figures 3a and 3b are from pixels
near the center and near the wall of the column, respectively,
and the smooth curves are least-squares fits of Eq. 2 to the
data. It is clear that the fluid velocity near the wall is signifi-
cantly less than that near the column center. The velocity
map in Figure 3c appears roughly symmetric about the center
of the column and suggests further analysis of the data by
plotting velocity vs. radial position. The procedure for going
from the two-dimensional Cartesian map to a radial plot is
simple in principle, but several important details are dis-

Ž .cussed by Gibbs et al. 1996 .
The radial plot of velocity in Figure 4a shows a striking

and systematic decrease in the apparent velocity from the
center of the column to a distance approximately eight parti-
cle diameters from the wall. Over this distance, the fluid ve-
locity decreases from about 0.33 cmrs at the column center
to approximately 0.26 cmrs. The velocity then arbruptly de-
creases to 0.20 cmrs at a distance of about three particle di-
ameter from the column wall. At radial positions closer than
three particle diameters from the wall, the apparent fluid ve-
locities are more highly scattered than those nearer the cen-
ter of the column, but on average increase as the wall is ap-
proached. These three general features of the radial-velocity
distribution have been reproduced for three other columns
packed in the same way with the same materials, but much
more uniform velocity profiles have been observed for porous,
compressible packing materials.

Ž .Guiochon et al. 1997 have recently reviewed reports of
inhomogeneity in the velocity field in chromatographic
columns. Our results are consistent with the trends observed
for other slurry packed, axially compressed columns, but show
a much larger degree of inhomogeneity. The larger velocity
inhomogeneity in our case may be due to an actual greater
variation in packing density, but also due to less time being
allowed for averaging of the velocity field by radial dispersion
in the short-time PFG NMR measurements as compared with
macroscopic impulse-response measurements.
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( )Figure 3. a,b NMR signal from single pixels as a func-
tion of pulsed gradient amplitude for D f1 s;
( )c resulting 128=128 pixel velocity map for a
6-mm slice through the column.
Shown are the real and imaginary parts of the experimental

Ž .data points and the best fit of a Gaussian damped sinusoid
Ž . Ž . Ž .Eq. 2 lines . The data in a are from a pixel near the

Ž .center of the column and the data in b are from the edge
of the column. Black represents 0.5 cmrs and white 0.0 cmrs.

Since the NMR technique employed measures the intersti-
tial fluid velocity rather than the superficial velocity, measur-
ing the total flow rate Q allows calculation of the column
void fraction e provided that the column cross-sectional areab

² :is known, according to Qs A® s Ae ® , where A is the0 b
² :column cross section and ® is the cross-sectionally aver-

aged interstitial fluid velocity. The cross-sectionally averaged
velocity determined from the NMR data in Figure 4a is 0.28
cmrs; in combination with the overall flow rate of 0.12 mLrs,
measured by timed mass collection, this intersitial velocity in-

( )Figure 4. Radial profiles of apparent a fluid velocity,
( ) ( )b dipersion coefficient, and c nuclear mag-
netization measured by MRI for water flow in
the 11.7-mm-diameter column packed with
99- mm-diameter polystyrene beads.
Dots represent measurements from a single pixel. Points
represent the average of 200 pixel measurements in a given
radial bin; error bars represent the standard deviations of
those 200 measurements.
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dicates an average column void fraction of 0.4. This calcula-
tion is, however, very sensitive to the exact value of the col-
umn internal diameter used; here we have used a diameter of
11.7 mm as determined from several caliper measurements.

The radial plot of apparent axial dispersion coefficient in
Figure 4b shows a gradual decrease of the apparent axial dis-
persion coefficient with increasing radial position. This de-
crease is nearly proportional to the observed velocity de-
crease, but the dispersion data are noisier. This observation
is in contrast with the majority of those reviewed by Guio-

Ž .chon et al. 1997 in which the apparent plate height or dis-
persion coefficient was found to increase dramatically near
the column wall. Again, this difference between the macro-
scopic tracer measurements and the short-time PFG NMR
measurements is consistent with radial dispersion acting to
flatten the observed velocity profile and increase the ob-
served dispersion coefficient in regions of velocity-field inho-
mogeneity.

The results of many observations in packed beds suggest
that the long-time axial dispersion coefficient can be corre-
lated by EErDDf N N for N N 41, where N N sRe Sc Re Sc Re Sc
d ®e rDD. For our conditions, N N f49 and the observedp b Re Sc
pixel average EE s1.3=10y3 cm2? s, making EErDDs56. This
value corresponds to a reduced plate height hs Hrd of ap-p
proximately 0.9, and is less than the bulk values observed at
507 and 1,007 ms, and is thus consistent with significant dis-
persion being caused by macroscopic flow field inhomogene-
ity. It is interesting to study the experimental data of Mag-

Ž .nico and Martin 1990 on carefully packed beds of imperme-
able glass beads; for the same reduced velocity as in our mea-
surements, they observed a reduced plate height of approxi-
mately 2.

Figure 4c shows the dependence of NMR signal intensity
S with radial position in the column; this dependence mim-0
ics that of the fluid velocity. Variations in S must be due0
either to variations in the local water density in the column
or to variations in the effective nuclear relaxation times, or to
both. The first of these would be directly related to variations
in the local packing density; however, it seems unlikely that
the column void fraction could change enough to account for
the nearly factor of 2 change in S from the wall region to0
the center of the column. The local nuclear relaxation times
in the column will depend on the local surface-to-volume ra-
tio, and hence both on the local packing density and the local
particle size distribution. We have obtained similar S maps0

Žfor stationary fluid and different packed columns using the
.same packing techniques and the same materials .

At this stage it is impossible to determine whether the ob-
served dependence of ® and S upon radial position in the0
column are due to radial variations in packing density alone,
particle-size distribution alone, or some combination of these
effects. Careful NMR relaxometry and finer spatial resolu-
tion NMR imaging may provide some clues. It will also be
important to measure axial variations in packing density and
fluid velocity and to determine effects of flow distributor de-
sign on the fluid velocity distribution. Further, it will be im-
portant to quantitatively account for the smoothing effects of
transverse dispersion on the observed radial variation in the
axial velocity in order to understand the correspondence be-
tween macroscopic column measurements and MRI velocity

maps. In combination with traditional impulse-response mea-
surements, NMR imaging methods show tremendous promise
for understanding many of the mysteries of column packing
techniques and degradation of column performance with time.
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