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Observation of electro-osmotic flow echoes in porous media by nuclear magnetic resonance
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A method for assessing the time reversibility of molecular displacements in fluids is presented. The method
utilizes pulsed field gradient NMR experiments, in which the flow driving force is inverted during the mag-
netization lifetime in each measurement cycle. The method is suitable for opaque three-dimensional systems
and short displacements, and provides inherent separation between thermal diffusion and displacements driven
by externally controlled forces. This approach was applied to study the time reversibility of an electric-field-
driven flow of water in natural sand samples, over time scales of up to 0.4 s and displacement scales of the
order of one particle diameter. It is demonstrated that the intensity loss of the NMR signal, caused by flow-
induced phase dispersion, is fully refocused upon inversion of the polarity of the applied electric field, resulting
in flow echoes.
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I. INTRODUCTION

The characterization of hydrodynamic dispersion in p
rous media is an important theoretical and experime
problem in fluid mechanics, often investigated through
temporal and spatial distribution of a passive tracer and
time reversibility of the tracer dispersion. In principle, o
expects the displacements due to linear flow to be fully ti
reversible for low Reynolds numbers and over distances
are short compared to typical path lengths between ‘‘stag
tion points,’’ i.e., obstacles in the sample at which the flow
forced to change direction and magnitude. Nevertheless
experimental demonstration of complete time reversibility
porous media has so far been elusive. Such time reversib
studies were previously conducted on pressure-driven fl
mixing processes using echo tracer dispersion experim
@1,2# in which the flow was mechanically inverted at a ce
tain time (t inv) after injection of the tracer, and the tracer
concentration front was measured at the point of injection
t52t inv ~echo dispersion! and compared to the front obtaine
after unidirectional flow for the same total timet ~transmis-
sion dispersion!. Whent inv was sufficiently long for travers
ing several layers of particles in the porous bed, the dis
sion was completely irreversible. For shorter penetrat
distances, of the order of a single particle diameter, the e
dispersion was observed to be significantly smaller than
transmission dispersion, indicating a regime in which the d
persion process was partially reversible@3,4#. Yet even in
this regime, the apparent echo dispersion coefficient
peared to be several times larger than the thermal diffus
coefficient. Similarly, experiments conducted in tw
dimensional model systems containing a single stagna
point demonstrated deviations from linear, time-reversi
behavior even under conditions considered to be hydro
namically reversible@5,6#.

In the present study we probed the time reversibility
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electric-field-driven flow in a natural porous medium, usi
nuclear magnetic resonance~NMR!. Various forms of NMR
spectroscopy and imaging~MRI! have been applied to th
measurement of flow and diffusion in porous media@7,8#.
The ability to measure molecular displacements while
system is at steady state~i.e., the concentration of the de
tected species is constant in space and time! is a unique
feature of NMR. These experiments usually involve the a
plication of magnetic field gradients~pulsed field gradients
PFGs!. Diffusion in the presence of magnetic field gradien
causes irreversible loss of phase coherence, leading t
attenuation of the NMR spin-echo signals@9#, while coherent
flow results in phase shifts that may be measurable, if
spatial resolution of the NMR experiment is smaller than
length scale of the local velocity variations in the samp
@10#. The latter approach can be used to obtain spatially
solved velocity maps, which was demonstrated, for exam
for mechanical-pressure-driven flow through sandstone c
@11#, and for electric-field-driven flow through a bed of 2–
mm glass spheres@12#. Other previous NMR studies o
electric-field-driven flow investigated flow through gla
capillaries in open@13,14# and closed@15# systems. In the
present study the time reversibility of fluid displacements
porous media was probed by inversion of the flow direct
during the evolution time of the NMR signal.

II. THEORETICAL BACKGROUND

A. Electro-osmotic flow

Electro-osmotic flow~EOF! is initiated in a conducting
fluid by the application of an electric field parallel to
charged surface in contact with this fluid@16#. A thin layer of
fluid ~the electrical double layer, EDL! close to the~usually
negatively! charged surface contains an excess of~positive!
charges, which are dragged toward the electrode with op
site charge, exerting a viscous drag on neighboring layer
fluid. Under typical conditions the width of the EDL is of th
order of ;1028 m, and if the width of the flow channel is
©2003 The American Physical Society07-1
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much larger than that of the EDL, the bulk flow velocity
independent of the channel width and obeys the Helmho
Smoluchowski equation:

ueo52
«0« rzE

h
~1!

where«0 is the permittivity of free space,« r the dielectric
constant,z the surface potential,E the electric field, andh
the viscosity. While the theory of EOF in a single flow cha
nel of simple geometry is relatively well established@17#, the
situation in porous media is much more complex and
fully understood@18#. In particular, if the electric field is
applied to a noncompressible fluid in a closed system, E
will create pressure gradients which must be balanced
secondary backflow and transverse flow. A previous M
study of EOF in closed system porous media revealed c
plex flow and backflow patterns and velocity distributio
that did not conform to straightforward theoretical pred
tions @12#.

B. NMR measurement of flow and diffusion

Figure 1 depicts a common NMR pulse sequence for
measurement of molecular displacements@19#. The signal is
detected in the form of a stimulated echo@20# at time t
following the third 90° pulse. This pulse sequence can eit
be nonselective~in space!, as in Fig. 1, or combined with
well-known spatial encoding methods to yield images. In
former case the term ‘‘sample,’’ used in the following discu
sion, applies to the entire sensitive volume within the rf
ceiver coil, and in the latter case it applies to each volu
element in the image. Magnetic field gradients, which eit
can be applied as pulses~PFG! as shown in Fig. 1, or are
inherently present in the sample due to local variations
magnetic susceptibility, will ‘‘label’’ the nuclear spins wit
different frequencies~and hence phases! according to their
spatial coordinates, during the timest ~internal background
gradients! or d ~PFG!. During the timetd , the spins that
contribute to the echo signal are aligned parallel to the m
magnetic field and are therefore not affected by field gra
ents. Thermal diffusion of the spins during the delaytd will
prevent complete refocusing of the echo and result in sig
attenuation. If the displacement duringtd is in the form of
coherent flow~with a common velocity of all spins in the
sample!, then the echo signal will experience a phase sh
but no further intensity reduction. If, however, the flow v

FIG. 1. Schematic plot of the stimulated echo pulse seque
The different time intervals are not drawn to scale.
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locities in the sample cover a sufficiently wide range, t
velocity dispersion will result in a displacement and pha
dispersion, causing additional signal attenuation. One can
fine an echo attenuation factorE as the ratio between th
measured signal intensity, relative to the intensity whentd ,
t→0 ~or whenG50 in PFG experiments!. It is convenient
~and often justified! to neglect the spin displacement duringd
andt, compared to the displacement duringtd . In this case,
for displacement in the background gradients,

E~ td ;t!5 f relE E r~R1!P~R22R1 ,td!exp$ ig@B~R2!

2B~R1!#t%dR1dR2 . ~2!

Here, f rel is a factor determined by relaxation,g is the
nuclear gyromagnetic ratio,P(R22R1 ,td) is the probability
for a displacement fromR1 to R2 during the timetd , r~R! is
the spin density, andB(R) is the internal magnetic field a
locationR. For PFG experiments the signal intensity, relati
to the intensity atG50, is

E~G;d,td!5E P̄~r ,td!exp~ igdG"r !dr , ~3!

where P̄(r ,td) is the ensemble-averaged probability~or
propagator! for displacement byr during time td , and the
influence of the background gradients was neglected in
expression.

If the displacement occurs through thermal molecular d
fusion and flow, where both processes are independent
not correlated, then the overall propagator in Eq.~3! is a
convolution between the probability functions for diffusio
and flow. The displacement for each isochromat~a spin pack-
age with common frequency and phase!, rT , can be written
as the sum of displacements due to diffusion,rd , and flow,
r f .

rT5r f1rd . ~4!

The phase shift vanishes for spins that return to their poin
origin at the end of the observation timetd , but since the
observed signal is the sum of a large number of spins, ph
dispersion and signal attenuation due to diffusion are ine
table. On the other hand, if the flow displacements are s
that all spins return to their original position, then th
dephasing~and signal attenuation! in the presence of diffu-
sion and flow will be indistinguishable from the signal a
tenuation due to diffusion alone. This is the basis for t
‘‘flow echoes’’ reported in this study.

III. MATERIALS AND METHODS

A. The sand sample

The experiments were conducted on a packed bed of n
ral sand ~Ottawa! saturated with sodium tetrabora
(Na2B4O7) buffer (pH58.4). The sample was enclosed in
cylindrical measurement cell@Teflon with internal diameter
(i.d.58 mm, length513 mm, or Perspex with i.d.510 mm,
length510 mm), in contact with circular gold electrodes

e.
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the bases. Figure 2~a! shows an x-ray microtomograph
~XMT ! image of the sand bed. Statistical analysis of
three-dimensional 3D XMT data revealed a porosity of 0.
an average pore diameter of 0.2360.03 mm, and an averag
grain diameter of 0.8160.04 mm. Figure 2~b! shows the
probability of a volume element within the pore space be
within a given distance from the nearest pore/particle in
face, as derived from the XMT data@21,22#. The graph in-
dicates that about 50% of the total water volume is with
0.02 mm of the closest stagnation point.

B. NMR experiments

Experiments were conducted in a 9.4 T (1H frequency
5400 MHz) vertical bore spectrometer~Bruker, Billerica,
MA !. The electrodes in the sample were connected to a v
age source and the measurement cell positioned in the p
of the NMR spectrometer. Electric field pulses were gen
ated in synchrony with the NMR pulse sequences, by us

FIG. 2. ~a! XMT image of a representative slice through a 3
data set, obtained with isotropic linear resolution of 0.011 mm. T
image shown here has an effective thickness of 0.022 mm~resulting
from the binding of two adjacent slices!, and dimensions of 7.8
35.7 mm2. ~b! Probability of finding a pore space volume eleme
within the distance range indicated by the horizontal bars from
closest pore/grain interface. The data were obtained by comp
ized binning of ;83106 voxels of the 3D XMT data into the
appropriate distance ranges.
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the low-voltage gradient demand pulses of the spectrom
and amplifying them by an external amplifier up to 120
The stimulated echo pulse sequence shown in Fig. 1
used either with or without applied PFG, and both with no
selective pulses and with slice-selective excitation, where
excited slice excluded the regions close to the electrodes~no
significant differences between the selective and nonselec
experiments were detected!. The influence of electric fields
on the displacement probabilities of the water molecules w
examined by applying currents during the delay timetd and
comparing the signals in the presence and absence of
currents. An electric field pulse was applied either with co
stant amplitude duringtd ~unipolar current!, or with its po-
larity reversed halfway through thetd delay~bipolar current!.
After recording of each echo signal, a voltage pulse of eq
duration and opposite polarity~compared to the pattern ap
plied during td) was applied, to minimize sample polariza
tion and electrochemical reactions. Successive repetition
the pulse sequence were separated by 4–12 s.

IV. RESULTS AND DISCUSSION

Application of the electric fields did not cause measura
signal phase shifts in any of the experiments, as expected
vanishing average velocity. However, signal attenuation
to velocity dispersion was measured. An example of this
fect is shown in Fig. 3~a!, in which the relative echo inten
sities from PFG measurements are plotted vsq5gGd/2p,
and the gradients were applied along the direction conn
ing the electrodes. The values plotted with squares were
tained in the absence of the voltage pulses, and the si
decay represents the effect of diffusion alone. In the prese
of unipolar voltage pulses, the signal decay was significan
enhanced over the displayed range ofq values, as is eviden
from the circular symbols. This effect can be explained
the velocity dispersion of the electro-osmotic flow, whic
caused a larger phase dispersion than diffusion alone. H
ever, when the electric field was applied as a bipolar pu
~e.g., positive during the first half oftd and negative during
the second half!, the observed signal intensities~1 symbols!
were almost identical to the case of zero voltage, indicat
that the effective dispersion coefficients were identical
both cases.

Experiments were also conducted with the PFG orien
perpendicular to the axis connecting the electrodes, and
results are shown in Fig. 3~b!. The results confirm that ther
is a significant velocity dispersion perpendicular to the av
age orientation of the electric field vector, which was a
reported in@12#, but again the dephasing caused by this d
persion is almost completely refocused when the elec
field is reversed duringtd . For the data shown in Fig. 3,td
was 70 ms~thus, for the echo experiment,t inv535 ms).

Data shown in Fig. 4 are for stimulated echo experime
conducted without applied PFG but with variation oftd (td
52t inv). In this case, a signal attenuation due to diffusi
and flow is caused by the strong internal gradients in
sand sample. Here we directly plot the ratios between
signals for unipolar~circles! and bipolar ~pluses! electric
field patterns and the zero-current signal, and observe
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after a total flow time of 0.4 s, the signal is about 90
refocused.

The experiments described here provide quantitative
formation for only the electric-field-induced velocity dispe
sion, not for the actual local velocities and their spatial d
tribution. For the conditions of the experimental resu
described here, the typical local velocities could be estima
at ;0.3 mm/s@23#. Thus, a Pe´clet number of Pe;40, and a
Reynolds number of Re;0.08 can be estimated for the flo
conditions. Furthermore, for a velocity of 0.3 mm/s and
time of 0.2 s, the flow displacement is 0.06 mm, which
within reach of the closest pore/particle interface for m
water molecules in the sample@Fig. 2~b!#. It can therefore be
concluded that the time-reversibility results reported h
characterize an intermediate length scale, where the typ
displacements approach the pore radius. Under these co
tions we were therefore able to observe virtually compl
time reversibility for electric-field-driven flow in a close

FIG. 3. ~a! Normalized echo intensities vsq for PFG stimulated
echo experiments in 10 mM sodium tetraborate buffer, withtd

571 ms, and the pulsed gradient oriented along the axis conne
the electrodes.t56.2 ms,d52 ms. Squares: no applied electr
field. Circles: with unipolar electric field pulses, 7.73103 V/m, cur-
rent of 13 mA. Plus signs: with bipolar electric field pulses.~b!
Same as~a! but with pulsed gradients oriented perpendicular to
axis connecting the electrodes.
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system. The full recovery of the signal intensity implies th
virtually all water molecules in the sample returned to th
point of origin att52t inv , and the coefficient for echo dis
persion differs from the thermal diffusion coefficient by n
more than a few percent. One expects a deviation from s
full reversibility due to either Taylor dispersion, i.e., the d
fusion of molecules between different flow streamlines,
geometrical dispersion, caused by the fact that flow stre
lines are split up and become successively thinner upon
countering obstacles. These conditions were apparently
negligible in our experiments.

Although time reversibility for slow flow and short time
may not be surprising, the quantitative accuracy at which
effect was experimentally demonstrated in this report, is
precedented, to the best of our knowledge. For example, R
ord et al. @3# reported that, for a tracer penetration dep
value of 0.8d ~whered is the particle diameter!, the value of
the echo dispersion coefficient was still 10–12 times hig
than the molecular diffusion coefficient.

There are some reports in the literature examining pr
erties that are closely related to time reversibility, name
reproducibility of local flow field patterns~for repeated ex-
periments! and spatial reversibility of local flow fields~for
repeated experiments with spatially inverted pressure gr
ents!. In a NMR imaging study of EOF through a bed of 2–
mm glass beads, Lockeet al. reported that the observed
complex flow patterns, were both reproducible and revers
in space, upon inversion of the electrode polarities@12#. Con-
trarily, in another MRI study, of pressure-driven flow throug
sandstone cores, the flow patterns were not reproduc
@11#.

The NMR method employed here differs from tradition
tracer dispersion measurements in that the water molec
themselves are an endogenous tracer and all points in
sample are simultaneous ‘‘injection’’ points. Therefore, de
sity contrasts which may induce convective motions

ng

e

FIG. 4. Intensity ratios between signals obtained in the prese
and absence of electric fields, using unipolar~circles! or bipolar~1!
current patterns. The stimulated echo scans were conducted
t59.4 ms, no applied PFG, andtd varied as indicated (td52t inv).
The sample contained 5 mM sodium tetraborate, and the ele
field was 4.83103 V/m.
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avoided, and no dead volume effect from tracer injectors
inhomogeneous injection occurs. Concerning the appare
more complete time reversibility and reproducibility@12# ob-
served with electric-field-driven compared to pressure-dri
flow, there could, in principle be two explanations. First,
EOF velocities are indeed independent of channel width
of the distance from the channel walls, as postulated
theory for simple systems, then the velocity dispersion its
should be smaller than for laminar pressure-driven flow, a
therefore diffusion between velocity streamlines would
less effective in spoiling the return to origin. But the electr
field-induced flow in closed porous media appears to
much more complex than implied by the basic theory
EOF in a single channel: Backflow and lateral flow a
driven by pressure gradients and could well be laminar
channel dependent, and the observed velocity dispers
were indeed significant. Therefore we tend to believe i
second reason, namely, that the control of the flow by rap
switched electric fields is more precise and less likely
J

e

e
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cause transient acceleration effects, which may have in
enced experiments in which the flow fields were changed
mechanical means.

In conclusion, an echo dispersion experiment was p
sented that is suitable for opaque, three-dimensional syst
and demonstrates the capacity for detecting complete t
reversibility of hydrodynamic dispersion, separate from th
mal diffusion effects. The method is suitable for probin
time reversibility at very short times and small displac
ments, and its accuracy in detecting the complete refocu
of a dispersed signal is important for studying the transit
from reversible flow to irreversible mixing at high tempor
resolution@24#.
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