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Carbon dioxide sequestration in aquifers is seen as a potential climate change miti-
gation technique. One physical mechanism by which this could occur is capillary trap-
ping of discrete pore-scale CO2 bubbles (referred to as ganglia) in the pore space.
Nuclear magnetic resonance (NMR) techniques were used to quantify the spatial distri-
bution and pore environment of such CO2 entrapment in a model porous medium (ran-
dom glass bead packing). 3D images revealed a relatively macroscopically homogene-
ous CO2 entrapment, even though the image resolution is insufficient to resolve indi-
vidual CO2 ganglia. Quantification of the pore environment of the CO2 ganglia was
achieved using NMR displacement propagators (displacement probability distribu-
tions), acquired both before and after CO2 entrapment. Lattice Boltzmann (LB) simula-
tions were used to facilitate interpretation of the propagator statistics by considering
various pore environments in which CO2 could become trapped. Comparison with the
experimental data suggests that CO2 is preferentially entrapped in comparatively
larger pores. VVC 2010 American Institute of Chemical Engineers AIChE J, 57: 1700–1709, 2011
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Introduction and Background

Carbon dioxide (CO2) is a greenhouse gas which is emit-
ted to the atmosphere from many different anthropogenic
activities such as transport, industry, and electricity genera-
tion. According to the International Energy Agency,1 in
2007, global CO2 emissions totalled 29 billion metric tonnes.
Against this backdrop, the geological sequestration or long-
term storage of CO2 in the subsurface has been put forward
and widely researched as a potential mitigation technique for
climate change. In particular, the storage of CO2 in saline
aquifers is of considerable interest, as such aquifers comprise
the highest storage capacity for CO2 of all geological forma-
tions.2 The main processes by which CO2 can be sequestered
in aquifers usually involve the injection of a bulk CO2

phase, which rises because of buoyancy and is trapped under
a layer of suitable cap rock—a process known as hydrody-
namic trapping. Other trapping mechanisms include solubil-
ity trapping, in which gradual subsurface CO2 dissolution
creates a local denser phase hence establishing convection
currents, mixing3 and mineral trapping, whereby CO2 is con-
verted into carbonate minerals such as calcite by reactions
with the mineral/rock matrix.

An alternative trapping mechanism is retention of CO2 in
water-wet pore space as discrete gas pockets or bubbles
(hereafter referred to as ganglia to be consistent with termi-
nology used to describe the entrapment of nonaqueous phase
liquids by the same physical process) through the action of
capillary forces; this is referred to as residual trapping.4

Such a mechanism might account for a residual gas satura-
tion of up to 25%.5 Note that such capillary trapping can be
induced by water flooding following bulk CO2 injection.
Capillary trapping of CO2 provides a very stable and rapid
sequestration mechanism; how best to economically achieve
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this physical state is still open to debate.2,6 Also of relevance
is the analysis by Burton and Bryant7 of a prototypical pro-
cess in which captured CO2 is dissolved in brine which is
extracted from, and subsequently reinjected into, the target
aquifer (known as ‘‘surface dissolution’’ trapping).

In the work presented here, we consider capillary or resid-
ual trapping of CO2 in the pore space as ganglia, which
occupy a small number of connected pores. Being predomi-
nately nonwetting under the conditions used in this work,8

the CO2 ganglia experience capillary forces that resist their
transport through narrow pore necks. Where this net capil-
lary force from all CO2–water interfaces exceeds or equals
the viscous forces imposed by superficial flow of the sur-
rounding wetting fluid (water) and vertical buoyancy forces,
the ganglia are trapped in the pore space of the porous me-
dium. Significant simulation-based studies have appeared in
the literature considering this capillary trapping mecha-
nism.9–12 We will consider the application of various nuclear
magnetic resonance (NMR) techniques to characterise such
CO2 capillary trapping in a model porous media. To create
residual CO2 in the form of isolated ganglia, we flow carbo-
nated brine through the porous media, a mechanism which is
also relevant to ‘‘surface dissolution’’ trapping as discussed
above. The NMR techniques used include both imaging of
the water phase in the pore space and monitoring the influ-
ence of entrapped CO2 on water flow characteristics, as
probed by NMR pulsed field gradient (PFG) techniques in
the form of displacement propagators. Such transport meas-
urements are compared subsequently with simulations of the
propagators using lattice Boltzmann (LB) techniques applied
to various CO2 entrapment scenarios. The LB method was
used because of its uncomplicated implementation in simu-
lating flow in complex porous media.13 In this manner, we
seek to investigate the pore morphology in which CO2

becomes entrapped, and more specifically determine whether
the CO2 ganglia are entrapped preferentially in small pores
(which provide more potential bubble nucleation sites, larger
local pressure drops per unit length in general encouraging
CO2 ganglia formation and typically smaller pore necks pro-
viding larger capillary forces for trapping) or larger pores
(which the nonwetting CO2 will occupy preferentially
occupy because of wettability effects). Note that the length
scales involved (�10–100 lm) preclude the effective use of
magnetic resonance imaging (MRI) to directly resolve indi-
vidual ganglia of CO2.

It is also important to note that recent studies appearing in
the literature14,15 have indicated that the injection of a dense,
supercritical CO2 phase can change the wetting properties of
minerals found in subsurface rock at temperature, pressure
and salinity conditions representative of deep subsurface
storage. An increase in CO2 wetting would undoubtedly
have an effect on the amount of CO2 retained because of
hydrodynamic trapping as well on as the mechanism of cap-
illary trapping.

The displacement propagator, P(f, D), is the probability
distribution of molecular displacements f averaged across
the sample over the observation time interval, D. It is meas-
ured using PFG NMR techniques.16 These techniques have
been used to study fluid flow in a variety of porous media
such as various forms of bead pack17–21 and porous rock
cores.22–25 The ultimate applications of these studies have

included biological perfusion, contaminated land cleanup,
chemical reactor hydrodynamics and secondary and tertiary
oil recovery.20 Displacement propagators, as acquired by
PFG NMR, have also been used to validate LB simulations
of flow through porous media.26–31 Advantages of PFG
NMR include the ability to probe systems under flow nonin-
trusively by acquiring NMR signal directly from molecules
in the flowing fluid without the need to inject tracer material,
as well as the ability to observe the relative contribution of
diffusion and advection to transport over different length and
time scales. PFG NMR displacement propagators can also be
used to probe structural changes in porous media, by com-
paring propagators before and after some modification to the
pore space. A similar method to the one presented in this
work was used by Johns et al.23 to study changes in the per-
meability of rock cores because of polymer treatment as
employed in the oil industry. Seymour et al.32 and Graf von
der Schulenburg et al.33 have considered the effect of biofilm
growth on liquid transport in model porous media based on
the shape of acquired displacement propagators.

Experimental Methodology

Experimental setup

The model porous medium comprised a water-saturated bed
of borosilicate glass beads (ballotini) of 100 � 20 lm diame-
ter packed randomly in a cylindrical Perspex column of length
69 mm and internal diameter 37 mm. The bead size was cho-
sen because it gives a pore size similar to that of high-perme-
ability sandstone rock.34 Borosilicate glass ballotini were used
because they exhibit smaller background magnetic field gra-
dients due to magnetic susceptibility differences between solid
surfaces and liquid, as compared with soda lime glass. The
porosity, e, of the packing was determined gravimetrically to
be 0.385 � 0.005. To prevent air bubbles forming in the col-
umn, the ballotini were poured into the column whilst it was
fully submerged in deionised water. The NMR experiments
detect the water in the pore space directly and no signal is
obtained from the glass ballotini or container.

The bead pack was connected to a flow rig consisting of two
Teledyne ISCO model 260D syringe pumps to provide continu-
ous flow when required, see Figure 1. Two different solutions
were pumped through at room temperature: ‘‘ordinary brine’’ (pH
8.0) consisting of a 2 wt% KCl aqueous solution and ‘‘carbonated
brine’’ (pH 3.6). The pH was measured using a Corning pH me-
ter. Brine was used (as opposed to deionised water) because it
more accurately reflects the conditions in geologic saline aquifers.
From CO2 solubility data,35 the saturation concentration of CO2

in water under room conditions is 0.33 wt%. Using Henry’s law
and the pH data above, the concentration of CO2 in the carbo-
nated brine was estimated to be 0.65 wt% giving a degree of
super saturation of approximately 2. It is acknowledged that under
typical geological reservoir conditions, however, the solubility of
CO2 ranges between 2 and 12 wt% depending on the temperature,
pressure, and salinity of the formation waters.36

NMR Measurements

All NMR measurements were performed using a Bruker
Biospin AV85 spectrometer equipped with a 2 T horizontal-
bore superconducting magnet, operating at a 1H resonant
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frequency of 85.18 MHz. A birdcage radio frequency (rf)
coil of 55 mm inner diameter, and 204 mm length was used
for signal excitation/detection. 1D spin-echo profiles were
acquired along the sample in the z-(axial) direction, at a spa-
tial resolution of 0.469 mm and a total acquisition time of
12 s. 2D spin-echo images in the x–y (transverse) plane of
the sample were acquired with a data matrix size of 256 �
256 points (voxels) for a field of view of 40 mm � 40 mm,
thereby giving a pixel resolution of 156 lm. The slice thick-
ness used was 2 mm, and the recycle time (RT) used for
imaging was 5 s resulting in a total image acquisition time
of 1 h 25 min. 2D Images were acquired at several locations
along the axis of the sample.

PFG NMR was used to acquire displacement propagators
using both:
• A standard APGSTE (alternating pulsed gradient stimu-

lated echo) pulse sequence based on the ‘‘13 interval’’ Cotts
pulse sequence35 (Figure 2a) that minimises the effect of
background gradients arising from susceptibility differences
between the fluids and the solid matrix and,
• A modified version of the APGSTE sequence incorpo-

rating a slice-selective 180� soft rf pulse (Figure 2b). A
slice, from which signal was detected, was selected along
the axis of the sample. Slice selection was added to the
sequence to eliminate any signal contribution from the entry
and exit regions of the column and to select a region of the
sample with near uniform CO2 entrapment to allow for an
effective comparison with the simulations.

Propagators were acquired over a gradient (g) range of �10
to 10 G/cm with 32 equally spaced acquisition points. Observa-
tion times (D) of 100, 250, 500, and 750 ms were used. To
accommodate this range and provide a suitable displacement
acquisition window without aliasing, the gradient application
time (d) was varied from 7 to 2 ms. The RT used was 4.5 s
resulting in a total acquisition time of 20 min per propagator.

Experiments performed

The experimental procedure used was as follows: the sam-
ple saturated with brine solution was placed in the NMR
spectrometer and a 1D spin-echo profile was acquired, as
well as 2D spin-echo images of slice thickness 2 mm centred
at z ¼ 4.5 mm, z ¼ 34.5 mm and z ¼ 54.5 mm.

Brine solution was then pumped through the sample at a
volumetric flowrate (Q) of 20 ml/min. Displacement propa-
gators were acquired at Observation times (D) of 100, 250,
500 and 750 ms with and without slice selection. The
brine was then replaced with carbonated brine solution; Q
was retained at 20 ml/min. Flow was maintained until no
further CO2 entrapment was evident based on the acquired
1D MRI profiles. The suite of NMR imaging (under no
flow conditions) and displacement propagator experiments
was then repeated. The position of the selected slice used
for the displacement propagator acquisition was adjusted to
a region of relatively homogeneous CO2 entrapment
informed by the acquired 1D MRI profiles. All propagator
experiments were performed multiple times to ensure
reproducibility.

Simulation Methodology

Displacement propagator simulations were performed
using a LB platform to describe the flow field and a Lagran-
gian particle-tracking algorithm (also denoted as a directed
random walk [DRW] algorithm) imposed on fluid ‘‘par-
ticles’’ or seeds migrating through the resultant flow field.
This method is the same, essentially, as that used by Manz
et al. (1999),27 where further details of the methodology can
be sourced. Subsequently, this simulation methodology has
been used extensively in the literature in this capacity,28,38–39

and features frequent favorable quantitative comparisons of
simulated displacement propagators against corresponding ex-
perimental results.

Figure 2. (a) APGSTE pulse sequence for displacement
propagator acquisition; (b) Modified APGSTE
pulse sequence with a 180� ‘‘gaussian’’ soft rf
pulse used for slice-selective signal acquisi-
tion instead of the usual hard 180� rf pulse.

The NMR signal is acquired at the center of each echo.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 1. Experimental setup for pumping the fluids
through the porous media sample.

The use of two pumps enables continuous flow via a refill-
pump switch mechanism. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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The LB technique used is based on the modified lattice
Bhatnagar-Gross-Krook method.40 The chosen mean pore ve-
locity of 0.81 mm s�1 was set equal to that used in the
experiments. Displacement propagators were then simulated
using the DRW algorithm that takes into account both diffu-
sive and advective processes experienced by fluid molecules
in the porous bed over the observation time, D. The observa-
tion time was divided into small computational time steps,
dt, where dt specifies the size of the advective and diffusive
increments as defined by:

Dxadv ¼ vdt (1)

and

Dxdif ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2D0dt

p
(2)

where v is the interpolated velocity from the surrounding grid
nodes (as determined using LB), and D0 is the self-diffusivity
of water at 21�C � 2 � 10�9 m2 s�1. The advection step Dxadv
at any given position is thus calculated for each coordinate
direction. The diffusion step size Dxdif is calculated randomly
within a Gaussian probability window for which the root mean
squared average of the diffusive jump sizes in each coordinate
direction is given by Eq. 2. The total displacement of the
‘‘particle’’ during dt is given by the vector sum of Dxadv and
Dxdif. The overall displacement of each seed during D is
defined as the vector sum of all individual Dxadv and Dxdif
increments for that ‘‘particle’’; collation of all ‘‘particle’’
displacements results in the final displacement propagator. All
voxels in the image domain are seeded with such fluid
particles. A flow chart summarising the key operations and
decisions of the DRW algorithm is shown in Figure 3. If a
fluid particle is transported to a position in the simulation
mask that corresponds to solid packing then it will undergo a
number of diffusive steps (denoted as Njump in Figure 3) up to
a maximum of 500, to diffuse back into the fluid-occupied
pore space so that it can undergo another advective step. This

provides a computationally cheap method of simulating
collisions between the fluid particles and the solid packing.

A 3D MRI image of a monodisperse bead packing was
used to provide a lattice for the simulation. This image was
binary gated to differentiate the fluid occupied pore space
from the solid matrix. The original image consisted of 3-mm
diameter beads packed randomly in a 45-mm inner diameter
column. The image consisted of 2563 voxels, the length-
scale of these was scaled such that the mean bead diameter
matched that employed experimentally (100 lm). This lattice
generation procedure was necessary because it is not possi-
ble to image the 100-lm bead diameter packing at sufficient
resolution to provide the required simulation lattice. A simi-
lar simulation lattice generation procedure has been success-
fully used before.39 Sample transverse and axial 2D slices
extracted from the 3D simulation lattice are shown in Fig-
ures 4a and b. This was the largest simulation domain com-
putationally possible with our resources, presenting aFigure 3. DRW algorithm used for displacement propa-

gator simulations from LB flow fields.

Figure 4. (a) Transverse and (b) axial slices extracted
from the simulation lattice.

Pore space is shown in beige. The corresponding velocity
images after application of the LB simulation method are
shown in (c) and (d), respectively. Velocity is shown in the
superficial (axial) flow direction. (e) and (f) show the parti-
tioning of the pore space into individual pores in the same
slices as above, prior to allocation of selected pores as
being ‘filled’ by CO2. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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column-to-bead diameter ratio of 16; generally a ratio of 10
is considered sufficient to minimise wall packing effects.41

Nevertheless the simulation domain is necessarily approxi-
mately 24 times smaller than the packed column used exper-
imentally for propagator generation. The corresponding ve-
locity images generated by application of LB are shown in
Figures 4c and d for the corresponding slices in (a) and
(b)—the component in the superficial flow direction has
been plotted.

Different pore environments for CO2 entrapment were
then considered. A pore thinning algorithm developed by
Baldwin et al. (1996)42 was used to divide the void space in
the image into discrete pores where the boundaries between
pores are defined as local minima in hydraulic radius (known
as ‘‘pore necks’’). The algorithm is a variant of morphologi-
cal thinning, a technique commonly used in image analysis
for reducing an image down to a skeleton; pore centres are
identified as local maxima in the assigned thinning layer
value. This method enables various statistics such as pore
size distribution to be obtained from the pore partitioned
data. Moreover, the generalised definition of a pore used in
the algorithm makes the method valid for any image of a 3D
porous medium. Figures 4e and f shows this pore allocation
for the corresponding slices shown in (a) and (b), respec-
tively. Different ‘‘rules’’ were then applied in terms of allo-
cating pores that became occupied by CO2. CO2 is a nonwet-
ting fluid with respect to water in the bead packs; and thus,
will preferentially occupy the larger pores. However, smaller
pores will provide more surface area for ganglia formation
from the carbonated brine solution and higher local pressure
drops per unit length possibly encouraging local bubble for-
mation. Smaller pores are also more likely to be associated
with smaller pore necks which will impose larger capillary
forces for ganglia entrapment. Thus using the known experi-
mental CO2 gas saturation from experiments, pores in the
simulation lattice were switched from being water saturated
to being occupied by CO2 until the % value for the experi-
mental CO2 gas saturation was reached for the following
scenarios:

Scenario 1—the smallest pores fill with CO2 preferentially,
Scenario 2—the largest pores fill with CO2 preferentially

and,
Scenario 3—random allocation of pores to be filled

with CO2.
LB flow fields were then recalculated treating CO2-

occupied pores effectively as solids and the propagators
resimulated.

Results and Discussion

Experimental

Figure 5a shows displacement propagators acquired for or-
dinary brine, using both the standard and slice selective
APGSTE pulse sequences, see Figures 2a and b, respec-
tively. The soft pulse employed in the slice selective
APGSTE pulse sequences excited a slice of thickness
14 mm centred at a position of 34.5 mm along the total sam-
ple length of 69 mm, i.e., approximately near the middle of
the sample. The small peak centred on zero mean displace-
ment in Figure 5a for the full sample propagator is associated

with entrance and exit effects of the sample and is eliminated
by the slice selection. Apart from this minor peak, there is
excellent agreement between the two methods indicating that
transport in the selected region is indicative of bulk behav-
iour. Figure 5b shows the evolution in the slice selective
propagators as a function of D, the observation time. As D
increases, the displacement propagator evolves from a skewed
exponential shape to a Gaussian shape centered on the mean
displacement, as observed frequently in the literature.43 The
experimental mean displacement, hfim, was determined for
each of the propagators shown in Figure 5b and compared
with the predicted mean displacement, hfi0, predicted based
on the known porosity, volumetric flowrate, and D. This pro-
duced a ratio hfim/hfi0 of 1.11, 1.1, 1.07, and 1.07 for D of
100, 250, 500, and 750 ms, respectively. A systematic error
might arise from the porosity in the selected region being
slightly different to that measured for the bulk packing.
Nevertheless these values are broadly consistent with those
of Scheven et al. (2005)24 for a similar bead pack, where an
average hfim/hfi0 of 1.05 was reported. This discrepancy
may be explained by the presence of surface signal relaxa-
tion effects, which reduces the relative contribution of
‘‘slow’’ molecules, located near or on relaxing pore walls, to
the propagator measurement—thus artificially enhancing the
measured mean displacement.

1D NMR profiles of the sample were taken along the axial
direction both before and after carbonated brine flowed
through the sample, these are shown in Figure 6. The

Figure 5. Displacement propagators corresponding to
an observation time of 500 ms acquired with-
out and with slice-selection.

Slice selection was introduced using the pulse sequence
shown in Figure 2(a) and excited a region 14-mm thick cen-
tred in the middle of the column at a distance of 34.5 mm
from the inlet (along a total column length of 69 mm). (b)
The evolution in the propagator shape with increasing D.
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profiles were normalised using a homogeneous sample of
identical bulk dimensions to the porous media flow cell, con-
sisting of water doped with 0.5 g/L Mn2þ (T1 ¼ 50 ms).
This corrected for any r.f. inhomogeneities or gradient nonli-
nearities and enabled the determination of calibrated axial
brine-saturation profiles for the column. The profile acquisi-
tion parameters were selected to minimise any significant
signal relaxation. Figure 6 shows that there is a reduction in
water saturation as expected after flowing the carbonated
brine through the sample, with more CO2 being trapped near
the inlet. This axial trapping variation was reproducible and
tended to increase when an increased flowrate was used.

To provide a sensible comparison with simulations based
by necessity on a smaller lattice, propagators were acquired
using slice selection to detect signal only from the region
between the solid black lines in Figure 6. CO2 entrapment in
this region was seen to be relatively homogeneous in an
axial direction, and the average reduction in water saturation
was 13% after entrapment. A 1D profile was also acquired
at the end of propagator acquisition (shown in Figure 6) and
revealed minimal differences from that acquired before prop-
agator acquisition. This confirmed that minimal change had
occurred in CO2 spatial distribution as a consequence of prop-
agator acquisition. Figure 6 also reveals obvious oscillations
in the signal intensity with a period of approximately 3.8
mm equivalent to 38 bead diameters. The reason for this is
unclear at present, although the oscillation is reproducible

Figure 6. 1D NMR water content profiles across
the sample in the axial-direction before and
after flowing carbonated brine through the
packing.

The solid vertical lines indicate the boundaries of the sam-
ple slice used for propagator measurements. The dashed
vertical lines indicate the positions of the 2D cross-sectional
images presented in Figure 9.

Figure 7. (a)–(d) 1H APGSTE displacement propagators for ordinary and carbonated brine at a flowrate of 20 ml/
min through the column filled with 100 lm ballotini.

A 180� soft rf pulse was added to the APGSTE pulse sequence, which selected a slice of thickness 14 mm centred on z ¼ 34.5 mm and z
¼ 46 mm (along a sample of length 69 mm) for ordinary and carbonated brine, respectively.
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and occurs over a broad range of flowrates; it will be
explored further in future work. However, the region
selected for propagator acquisition contains relatively mini-
mal oscillation in signal intensity.

Figure 7 shows the slice-selective displacement propaga-
tors obtained for ordinary and carbonated brine solution
flowing through the column at 20 ml/min. Overall, the
propagators for both cases are similar, although the differen-
ces that do exist are reproduced consistently across all values
of D. In particular, the larger mean displacements observed
in the carbonated brine propagators are consistent with CO2

being trapped in the pore space; and therefore reducing the
available cross sectional area for flow, which results in a
greater interstitial velocity. These mean displacements, hfim,
obtained from Figure 7 are shown in Figure 8. The relation-
ship between hfim and D for the two sets of propagators is
seen to be linear in both cases, as expected. From the
gradients of the lines of best fit in Figure 8, the reduction
in pore space available for the flow of brine solution was

calculated—this produced a value of 12.7% in good agree-
ment with the 13% determined from the 1D profile data in
Figure 6. Hence, the pore space available for flow of brine
solution was reduced by 13% in all post-CO2 entrapment
simulations.

To check for any bulk trapping of the CO2, 2D images
with a slice thickness of 2 mm were taken at distances of
4.5 mm, 34.5 mm, and 54.5 mm along the axis of the 69-
mm long column. The 2D images were also normalised
using the homogenous phantom sample described earlier, to
correct for rf inhomogenieties and gradient nonlinearities
and hence enable quantitative comparison of the images.
Difference maps of the two images acquired before and fol-
lowing CO2 entrapment sets are shown in Figure 9; these
have been converted into a % reduction in water saturation
or content. From the 1D profiles shown in Figure 6, it is
clear that the CO2 is trapped preferentially near the sample
inlet, this is also evident for the 2D images in Figure 9. Fig-
ure 9 also shows that the trapped CO2 occurs throughout the
entire column cross-section with a slight preference for the
upper regions of the cell, due presumably to buoyancy
effects. These images are consistent with the CO2 ganglia
locally occupying a small integer number of connected
pores; large regions of CO2-occupied pore space are not
observed. This is consistent with the simulation lattices and
CO2 entrapment scenarios simulated.

Simulations

The simulated LB flow field in the chosen lattice (Figure
4) was then used to simulate displacement propagators,
which were then compared with the experimental displace-
ment propagators for ordinary brine solution. This compari-
son is shown in Figure 10. There is reasonable agreement
between experimental and simulation results consistent with
previous publications.28,38–40 The simulated propagators are
slightly broader (i.e., have a larger second moment) than the
corresponding experimental propagators. We speculate this
difference to be a consequence of the significantly smaller
column-diameter to particle diameter ratio used for the simu-
lations compared with that in the actual column. As such,
the displacements determined from the necessarily smaller
simulation lattice are influenced more heavily by flow heter-
ogeneities because of the column wall.

Figure 8. Measured mean displacements plotted
against observation time with best-fit lines
for ordinary and carbonated brine propaga-
tors, respectively.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 9. Difference map of 2D image intensity of sample cross-section before and after CO2 bubble or ganglia
formation in the pore space.

As such it represents the % local reduction in water saturation. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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The propagators simulated for the three scenarios for CO2

entrapment are shown in Figure 11, along with the simulated
propagators from the original unmodified simulation lattice.
In all cases, the volumetric flowrate through the lattices was
kept constant and consistent with the pore velocity of the
corresponding experimental scenario. After CO2 entrapment,

there is an increase in mean displacement as expected and a
broadening of the displacement peaks occurs for all scenar-
ios considered. There are subtle differences between scenar-
ios 1 and 2. The blocking of smallest pores in scenario 1
produces a more prominent stagnant peak at all observation
times. This suggests that occupation of the smallest pores
has the greatest effect on pore space connectivity and the
creation of dead volume. Note that with respect to the corre-
sponding experimental data in Figure 7, no significant peak
is observed around zero displacement. The results for sce-
nario 3 (blocking of random pores) appear to be in between
those for scenarios 1 and 2, which is to be expected given
that scenario 3 effectively represents a random combination
of small and large pores occupied by CO2.

To provide a more quantitative comparison of the simula-
tions and the experiments, the ratio of the standard deviation
of the carbonated brine propagators, r1, to the standard devi-
ations of the ordinary brine propagators, r2 was calculated.
The standard deviations were calculated using the definition:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
f02 � f021

q
(3)

where f
0
1 and f

0
2 are the first and second raw moments of the

displacement propagator, respectively. The equivalent r1/r2
ratio was determined for the experimental data. The resultant
ratio data for both the simulations and the experiments is
plotted in Figure 12. The data for scenario 3 falls in between
scenarios 1 and 2, as expected. The best agreement with the
experimental data in Figure 12 is produced by scenario 2, where
CO2 entrapment occurs in the largest pores. Discrepancies

Figure 10. Comparison between experimental and
simulated propagators for water flowing
through a packing of 100 lm borosilicate
ballotini at 20 ml/min at different observa-
tion times D.

Figure 11. (a)–(d) Displacement propagators simulated on the original 2563 simulation lattice and on the modified lat-
tice with 13% of the pore space assigned to be CO2 according to the three scenarios outlined in the text.
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between scenario 2 and the experimental r1/r2 ratio never-
theless are evident. These probably arise from several potential
contributions, including the use of the smaller simulation
lattice as discussed previously, the fact that the CO2 might
only preferentially occupy larger pores and not simply all the
largest pores as assumed in the simulations, and the fact that in
the experiments, CO2 will only partially occupy many pores,
whereas in the simulations full individual pore occupancy is
assumed. Notwithstanding, we conclude from the results in
Figure 12 that the CO2 ganglia preferentially form in larger
pores. This methodology will also potentially prove useful in
terms of estimating the amount of CO2 entrapment in rock
cores.

Conclusions

Displacement propagators were acquired for brine flowing
through a model porous medium (packed bed of glass ballo-
tini) both before and after CO2 entrapment in the pore space
of the medium. These propagators were acquired using a
slice selective APGSTE NMR pulse sequence for a range of
observation times, D, which enabled selective signal detec-
tion from an axial region of the medium with relatively
homogeneous CO2 entrapment (average of 13% of the
available pore space), as revealed by 1D NMR profiles of
the column used. 2D NMR images revealed relatively homo-
geneous CO2 entrapment across the cell cross-section with
no large gas-filled regions. Analysis of the displacement
propagators showed that the effective porosity of the column
occupied by water was reduced by 12.7% as a consequence
of CO2 entrapment. This was in good agreement with the
reduction in water saturation observed in the 1D NMR pro-
files. Interpretation of the differences in the propagators
without and with CO2 entrapment was facilitated by LB flow
and propagator simulations applied to a model lattice. Differ-
ent scenarios for CO2 entrapment were considered in the

simulations with occupation of the largest pores producing
best agreement with the experimental data. Hence, we have
been able to explore the pore characteristics of where CO2

ganglia are most likely to form during entrapment. This
work used a 3D realistic porous medium which was opaque
and did not permit direct imaging of the CO2 ganglia.

In this article, we have demonstrated the applicability of
combining NMR experimental techniques (displacement
propagators and 1D profiles) with LB flow and propagator
simulations to gain insight into a porous medium where
modifications are occurring to the pore space because of the
capillary trapping of CO2. This approach can now be
extended to systems that more accurately reflect conditions
in sub-surface aquifers such as higher temperatures and pres-
sures and the use of real sandstone rock cores. Different ex-
perimental mechanisms to encourage CO2 entrapment will
also be explored and the LB simulation methodology
extended to two-phase flow such that local CO2 ganglia
entrapment can be directly predicted.
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Notation

A ¼ cross sectional area of the sample
D0 ¼ diffusion coefficient
dt ¼ lattice Boltzmann timestep
g ¼ strength of applied magnetic field gradient

Njump ¼ number of diffusive steps
Nmax ¼ sotal number of seeded voxels
Nseed ¼ seeded voxel number
DP ¼ pressure drop
Q ¼ volumetric flowrate

RT ¼ recycle time
t ¼ time duration

T1 ¼ spin-lattice relaxation constant
T2 ¼ spin-spin relaxation constant
T2* ¼ apparent spin-spin relaxation constant
up ¼ mean pore velocity
v ¼ Lattice Boltzmann velocity

Dxadv ¼ advection step length
Dxdif ¼ diffusion step length

Greek letters

D ¼ PFG NMR observation time
d ¼ gradient pulse duration
e ¼ porosity

eeff ¼ effective porosity
f ¼ displacement
f
0
1 ¼ first raw moment of displacement propagator
f
0
2 ¼ second raw moment of displacement propagator

hfim ¼ measured mean displacement
hfi0 ¼ expected mean displacement

r ¼ standard deviation
s ¼ echo time
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