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Displacement imaging pulsed field gradient nuclear magnetic resonance (PFG NMR) is applied to a number of
porous model systems, consisting of either solid or porous patrticles. By pulsed field gradient nuclear magnetic
resonance, the molecular displacement can be measured that occurs during a time interval, between two
consecutive magnetic field gradient pulses. In contrast to conventional techniques, which cover displacements
over distances several times the bead diameter, pulsed field gradient nuclear magnetic resonance covers
displacements in the order of subpore to several pore distances. Dimensionless scaling is possible based on the
root-mean-square displacement normalised on the bead diameter. In solid particles, v anklare interchangeable,
although different flow regimens are covered. In porous particles, the exchange time between the stagnant mobile
phase in the particles and the flowing outside must be taken into account with respect th as well as the porosity.
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INTRODUCTION change. At distances shorter than the bead diameter it is
considered to be stationary random flow, which can be

There is a strong interest in the direct and noninvasive thought to be the sum of unidirectional, more or less time-

measurement of flow and transport processes in Complexindependent, flow lines with a distribution of the flow

microporous systems. The understanding of these pro- e tion. At longer distances pseudo-diffusive flow or dis-
cesses has applications in many fields of research, €.9-persive flow develops.
(petro-)chemistry, agriculture, environmental sciences, |+ would be advantageous if the fundamentals of flow
hydrology, biotechnology, and medicine. A thorough anqg transport processes could be studied in upscaled
understanding of these processes requires information afmodel) systems with good NMR properties and if the
the void (interparticle space) scale. results could be mutually compared via dimensionless
Pulsed field gradient nuclear magnetic resonance (PFGscaling. Here we present the results of PFG- or g-space
NMR) techniques have recently been presented demonstratNMR obtained in a number of different systems, con-
ing the potential to study these processéBy PFG NMR, sisting of either solid or porous beads and varying bead
the molecular displacement can be measured that occurdiameter, and discuss to what extent the results are
during a time intervalA, between two consecutive mag- dependent on characteristic scales (both spatial and tem-
netic field gradient pulses. In contrast to conventional tech- poral) within these models.
niques, which cover displacements over distances several
times the bead diameter, PFG NMR covers displacements MATERIALS AND METHODS

on the order of subpore to several pore distances. Over these  Flow and transport were studied in a number of different
relatively short distances, the characteristics of the flow systems: a number of 14-mm inside diameter glass col-
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Fig. 2. Normalised axial (a) and transversal (b) rms displace-
I i ment for glass beads systems with varying bead diametets:
= A(ms): | 290 ), 1347 §), 290 (1), and 420—1265&) pm.
= L
® ).9 -
g column packed with nonconsolidated, totally porous,
2 monodisperse, chromatography {Gilica) particles, with a
§ 50-um diameter; two 4.4-mm inside diameter PEEK col-
5 | umns packed with either 50- or }&m diameter Ggsilica
> 0.6 . , . . . ;
@« particles. The G silica particles have interparticle pores
= i .
s with an averaged pore diameter of 120 A. Flow was con-
; I trolled by a precision double syringe high performance
& liquid f:hromatography pump. PFG NMR (both spin-echo
8453 L 4 and stimulated-echo) methods have been used for the mea-
4 surement of the averaged propagator JRthe probabil-
= ity that a spin at any initial position is displaced Ryn the
gradient direction over timd, the time between the two
magnetic field gradient pulses. Typically 64- or 128-G steps
0 P AN WU SR S SR T - .
s 0.25 0 025 05 have been measured, withtypically 4 ms or less, and

varying A. Before Fourier transformation of the complex
echo-top amplitudes as a functionwiG, the dataset was
B zero filled once. Both transversal (no net flow) and axial

. . . flows were studied.
Fig. 1. Normalised axial (A) and transversal (B) averaged
propagator P(RA) in a glass bead system with a bead diameter Al measurement.s yvere performed on a 0.5 TNMR
of 0.29 mm at different values af. (A) (v) = 6.1 mm/s; (B) spectrometer, consisting of a SMIS (Guildford, Surrey,
(v) = 4.06 mm/s. UK) console, Bruker (Karlsruhe, Germany) iron core
magnet, and DOTY (Columbia, SC, USA) actively

shielded gradient and radiofrequency probe.

displacement (mm)

umns, packed with nonconsolidated, homodisperse, solid
glass beads, ranging from 290-12f% in diameter; a
glass column packed with nonconsolidated, partly porous  P(R,A) has been measured for different values of the
Sephadex beads (G25/300); a 16-mm inside diameter glassaveraged flow velocityv) andA, with the PFG direction

RESULTS AND DISCUSSION
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Fig. 3. Stagnant&) and net displaced] water volume fractions in the porous &silica particle system in dependence drat a
constant flow rate (2.2 mL/min; A) and in dependence on flow rate at a const@tt ms; B).

in either the flow (axial) or perpendicular (transversal) the interpore diameter o116 um), the shape of the
the flow direction. Combinations ¢f) andA have been axial propagator is exponential. Increasing the averaged
used to cover displacements ranging from less than onedisplacement by increasing the observation tithere-

to several pore diameters. A set of P(R,curves mea-  sults in a transition from an exponential to a Gaussian-
sured in the transversal and the axial direction in the shaped propagator, which emerges at displacements
column packed with 29@sm solid glass beads is pre- larger than the bead diameter. At the same time, the
sented in Fig. 1. At very short displacements (less than exponentially decaying part, the maximum of which is
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slightly shifted from zero displacement, is reduced in Fig. 3, where the volume fractions of the stagnant and
amplitude and is hardly observed as the averaged dis-flowing fluid are given as a function ¢¥) (Fig. 3a) or of
placement is about 1.5 times the bead diameter. TheA (Fig. 3b). This behaviour is due to the exchange of
maximum value of the Gaussians shifts to longer dis- water between the intraparticle and/or deadend space and
placements and turns out to be equal to the averagedthe interparticle spack.As a result the effective poros-

displacement in the flow direction, defined by the prod- ity for the flowing fluid phase as observed by NMR
uct of (v) andA, where(v) is defined by the ratio of the  gepends om\: p,,,, = Pinter T fPinua Where f= 1—

net flux and the effective cross-sectional area available exp(-Aft...), and t,..is the residence time of water in

for flow (cross-sectional area times porosity). In the he headd® The results of dispersive flow measurements

radial direction there is no net displacement, and Gaus-jy horous particles fit within the results for solid beads as
sian-shaped P(R) curves are observed symmetrically ,esented in Fig. 2 itr is corrected for this exchange

around zero displacement. At short displacements theseb : :
. . . ehaviour by takingr( Pinted/Prmd)s Wherepi.r can be
radial propagators turn out to be bi-Gaussian. Based ON . nsidered the limiting value af,,. for A = 0.

the width of these Gaussians one can calculate the dis- .
In complex systems where more than one particle-

persion coefficients. The smallest fraction represented a o .
) . o : .. _related water fraction is present these fractions can also be
constant dispersion coefficient of about 4 times the dif- - .
separated based on a combinationDofind T, informa-

fusion coefficient, and the largest fraction represented a4 n11 e has been d trated in the Sephadex syt
dispersion coefficient that increased with increasing av- lon, ™ as has been demonsirated in the Sephadex system.

eraged axial displacement. The amplitude of the smallest

fraction decreased to zero at increas{ngand A. AcknowledgmentsThis research was supported in part by Grant
It is cIearIy observed from the results that the disper— 8?010 AG from Kon.inklijke/SheII Laporatory Amsterda“m a{nd Konin-

sion coefficientD depends om, reﬂecting different klijke/Shell Explpraﬂon and .Ffroductlon Laboratory Rijswijk and by

. P . . . EU-Human Capital and Mobility Grant ERBCHGECT 940061.

flow regimens. By consequence, dimensionless scaling,

e.g., by plotting the ratio oD, and the molecular diffu-

sion coefficienD versus the dimensionless Peclet num-

ber, Pe, does not hold for these restllRe is defined as:
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