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Abstract During imbibition, initially connected oil is displaced until it is trapped as immobile clusters.
While initial and final states have been well described before, here we image the dynamic transient
process in a sandstone rock using fast synchrotron-based X-ray computed microtomography. Wetting film
swelling and subsequent snap off, at unusually high saturation, decreases nonwetting phase connectivity,
which leads to nonwetting phase fragmentation into mobile ganglia, i.e., ganglion dynamics regime. We find
that in addition to pressure-driven connected pathway flow, mass transfer in the oil phase also occurs by a
sequence of correlated breakup and coalescence processes. For example, meniscus oscillations caused by
snap-off events trigger coalescence of adjacent clusters. The ganglion dynamics occurs at the length scale of
oil clusters and thus represents an intermediate flow regime between pore and Darcy scale that is so far
dismissed in most upscaling attempts.

1. Introduction

Multiphase flow in porous media is constituted by the interplay of viscous and capillary forces. Capillarity
leads to a rich set of phenomena that are ultimately manifested as the commonly observed hysteresis and
irreducible residual saturations of wetting (w) and nonwetting (nw) phases. Capillarity is also what limits
the recovery of nonwetting phase during enhanced oil recovery operations [Lake, 1989]. On the Darcy scale,
residual saturations are embedded into the relative permeability and capillary-pressure-saturation
relationships. However, these parameters must be determined independently, i.e., the classical two-phase
Darcy formalism does not allow for the prediction of residual saturations. A generalized theory for two-phase
flow in porous media which combines connected and disconnected phases leading to hysteresis and
entrapment has been developed by Hilfer and coauthors [Hilfer, 2006a, 2006b; Doster and Hilfer, 2011], where
the basic idea was already formulated in Hilfer [1998]. Over several decades ago, the pore-scale mechanisms
of snap off [Roof, 1970] and corner flow [Mohanty et al., 1987] were established to be responsible for the
disconnection and thus trapping of nw phase. While we have a good view on the initial and final states of
this process [Andrew et al., 2013; Murison et al., 2014; Iglauer et al., 2011; Pak et al., 2015; Chaudhary et al., 2013;
Deng et al., 2014], it is far less clear how we actually arrive from an initially connected pathway flow to trapped
nw phase [Datta et al., 2014; Krummel et al., 2013; Lenormand et al., 1983].

Such a transition occurs, for example, during an oil recovery water flood, when an initially high oil saturation,
which is presumably connected, is ultimately reduced to trapped disconnected immobile oil. To a large
extent, the transition occurs in the capillary dispersion zone at the shock front of the displacement
[Buckley and Leverett, 1942; Lake, 1989], as sketched in Figure 1. However, the macroscopic saturation
profiles that are well described by the two-phase extension of Darcy’s law offer only very little insight as to
what the associated flow regimes are at the pore scale, where capillary forces play a dominating role. The
difficulty in establishing a consistent understanding of pore-scale displacement is evident from the
paradox [Cense and Berg, 2009] that in the extended two-phase Darcy formalism, on sufficiently large
length scales, flow is viscous dominated (and the two-phase extension of Darcy’s law is formulated in a
viscous structure while capillary effects are lumped into relative permeability), whereas two-phase flow is
capillary dominated at the pore scale (where capillary forces dominate over gravity) [Hilfer and Øren, 1996].

Ganglion dynamics [Avraam and Payatakes, 1995; Hilfer, 2006a, 2006b] offers a way of resolving the paradox.
The pore-scale process is capillary dominated but the collective transport, when averaged, starts to behave
as if viscous dominated. The experimental work by Avraam and Payatakes [Avraam and Payatakes, 1995]
conducted on 2-D micromodels demonstrates that at the pore scale, connected pathway flow and ganglion
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dynamics occur side by side. The oil clusters [Andrew et al., 2013] that span over several individual pores flow
through a sequence of breakup and coalescence processes, which contributes to mass transfer. In the
generalized theory for two-phase flow in porous media by Hilfer, breakup and coalescence are the processes
responsible for the exchange between connected and disconnected phases [Doster and Hilfer, 2011].

However, it is unclear how the 2-D results of Payatakes andAvraam translate to a 3-D porousmediumwhere several
relevant conditions like percolation thresholds and long-range connectivity of the wetting phase through corner
flow [Mohanty et al., 1987] are different. It is also unclear which saturation ranges the different flow regimes
correspond to. Which saturation marks the transition from connected pathway flow to ganglion dynamics,
over what saturation range does ganglion dynamics occurs, and at what saturations are oil clusters immobile?

Here we present a study where the pore-scale displacement of oil and brine is imaged during imbibition in a
sandstone rock by using synchrotron-based fast X-ray computed microtomography (μCT) [Berg et al., 2013;
Youssef et al., 2014]. We find that the onset of ganglion dynamics occurs at high oil saturations (around
75%), which is preceded by a regime of corner flow and film swelling that decreases the connectivity of
the nonwetting phase. In the ganglion dynamics regime, oil clusters are not yet capillary trapped but
remain mobile over a wide saturation range until they start becoming immobile around an oil saturation
of 30%. Ganglion dynamics coexists with connected pathway flow and contributes to the transport of oil.
The contribution of connected pathway flow decreases as the cluster, which percolates between the inlet
and outlet, fragments into smaller disconnected ganglia.

Through direct imaging, we gain novel details about the ganglion dynamics flow regime. Ganglion dynamics
occurs in a capillary-dominated flow regime where oil clusters are not mobilized by viscous forces but by a
sequence of breakup and coalescence processes that are driven by capillary pressure differences over
single clusters. One of the key findings is that coalescence appears to be triggered by meniscus
oscillations caused by large snap-off processes. Similar to drainage, also in imbibition, nonlocal effects and
cooperative displacement are key to understanding the pore-scale flow characteristics. The local
displacement is generally much faster than the average and/or externally applied flow suggests, which
results in large local viscous forces and potential contributions of inertial forces.

2. Methods

The 3-D images were obtained by using synchrotron-based X-ray computed microtomography at the TOMCAT
beamline (Paul Scherrer Institute, Swiss Light Source). The spatial resolution was of 2.2μm (voxel length) and

Figure 1. On the Darcy scale, imbibition is associated with a distinct saturation profile with a shock front, which under the
influence of capillarity is broadened into a capillary dispersion zone. It is far less clear how on the pore scale, within the capillary
dispersion zone, the flow regimes change from connected pathway flow of the initially connected oil to disconnected, resulting
in trapped oil. Synchrotron-based fast X-ray computedmicrotomography allows us to follow the transient process step by step.

Geophysical Research Letters 10.1002/2015GL064007

RÜCKER ET AL. GANGLION DYNAMICS 3889



the time resolution was of 40 s. The flow cell was designed specifically for fast μCT, with a built-in micropump
for pulse-free continuous injection at low flow rates [Berg et al., 2013]. A cylindrical sample (diameter= 4mm,
length=10mm) of Gildehauser sandstone (Bentheimer formation, μCT scan, and pore size distribution are
shown in Figure S1 in the supporting information, with porosity φ=20%, permeability K=1.5± 0.3D) was
used for imbibition experiments with an injection rate = 0.1μL/min, which corresponds to a capillary number
of Camicro =μw · v/σ =1.8 · 10�8 (with the water viscosity μw, water interstitial flow velocity v, and water-oil
interfacial tension σ). For fluids, we used n-decane as nonwetting phase and water, doped with CsCl at a 1:6
weight ratio to increase the X-ray contrast, as the wetting phase. The interfacial tension σ between both
fluids was 30mN/m. Before the imbibition experiment started, the sample was first saturated with the CsCl
brine, which was then displaced by oil (primary drainage), arriving at an initial oil saturation of 78% while the
water phase remained connected over the whole sample (see Figure S2). Image processing was performed
with Avizo Fire 8.1 (FEI) and involved filtering (nonlocal means) and watershed segmentation obtaining the
nonwetting and wetting phase distribution (see the supporting information for details).

From the time series of segmented images not only was saturation determined but also the Euler
characteristic χ which is a measure for the topology of an object and used in this work to determine
through how many individual pore throats the nonwetting phase clusters are internally connected. In the
context of the nonwetting phase in porous media, the Euler characteristic χ can be decomposed into
the number of objects (β0, the zeroth Betti number, here the number of clusters) minus the number of
redundant loops (β1, the first Betti number), χ = β0� β1 [Herring et al., 2013, 2015; Schlüter et al., 2014]
(for more details, see Figure S6 where we show β0, β1, and χ = β0� β1 as a function of time). From the
time series, also displacement events (snap off and coalescence) [see also Berg et al., 2015] were
determined by subtracting fluid distributions of consecutive time steps (for more details see Figure S3),
which also allowed statistics to be obtained on the displacement events. The connected single-phase
permeability was computed with a direct Navier-Stokes-Brinkman solver using the commercial GeoDICT
code (Math2Market, Kaiserslautern, Germany). The relative permeability for the connected oil phase is
the (connected phase) oil permeability divided over the absolute permeability of the porous media
saturated 100% with water phase.

3. Results and Discussion

The results displayed in Figure 2 suggest that imbibition occurs in two distinct regimes, where in the first
“regime 1” the oil saturation decreases only very little and the oil phase mainly stays connected (Figure 2a,
red); followed by “regime 2”, where the oil phase breaks up into individual clusters (Figure 2a, yellow)
accompanied by a substantial decrease in oil saturation from 75% to 30% (Figure 2b). The onset of cluster
breakup, which occurs at an oil saturation of approximately 75% (consistent with Joekar-Niasar et al.
[2013]), is marked by a sharp increase in the snap-off events (Figure 2d).

In regime 1, there is one dominating oil cluster, which initially contains 99% of the total oil volume and is
connected across the whole sample, providing a connected pathway for the flow of oil. While in regime 1,
the saturation changes only very little, the Euler characteristic χ = β0� β1 of the oil phase increases. That
indicates a decrease in connectivity within the connected oil phase, which finally leads to breakup into
isolated, nonpercolating clusters. If the rock was saturated 100% by oil, β1 is negative due to the loops
through pore bodies and pore throats leading to high connectivity. While in regime 1, the oil stays
connected, i.e., β0 = 1 for the biggest cluster that contains 99% of the total oil, β1 decreases. That is caused
by “loops” (i.e., internal connectivity in the oil cluster through multiple pores and pore throats) being
removed through snap-off processes (Figure 2d) disconnecting oil in pore throats, and hence χ increases
as displayed in Figure 2e. This causes also a slight decrease in the connected oil phase relative
permeability as shown in Figure 2c. Therefore, regime 1 is mainly characterized by wetting film swelling
and reduction of the nonwetting oil phase connectivity through redundant loops that have little effect on
phase permeability.

In regime 2, we observe a transition from a connected oil phase flow (Figure 2a, red) to disconnected clusters
(Figure 2a, yellow), which break off from the connected oil phase as fragments of increasing size. [Berg et al.,
2015] provide for a more detailed view how clusters break up and what the impact on the cluster size
distribution is. In this process, the fraction of connected oil phase decreases and the number of clusters β0
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increases. At the same time, the connectivity β1 further decreases, which leads to a strong increase in χ as
displayed in Figure 2e; and consequently, the relative permeability of the connected oil phase
decreases (Figure 2c).

In regime 2, there is coexistence between two flow regimes: (1) connected pathway flow and (2) ganglion
dynamics. When the fraction of connected oil saturation decreases, the associated (connected pathway)
relative permeability decreases to values <0.04. However, the total oil saturation keeps decreasing by
another 10%, and snap-off and coalescence events still frequently occur. This indicates that oil transport
may not only occur through connected pathway flow but also through mobile clusters (but at this
moment in time, we can unfortunately not quantify the exact contributions). This can also be seen from
the fact that not only the biggest cluster decreases over time but also the fragments become in most
cases smaller [Berg et al., 2015], while the overall oil saturation decreases, i.e., fragments breaking up into
smaller pieces do not explain the decrease in oil saturation. This is already an important observation in
itself because it clearly shows that clusters remain mobile even though the flow regime is characterized as
capillary dominated. For the length scale and flow rate investigated in this experiment, viscous forces
exerted by the wetting phase flow are not sufficient to mobilize nonwetting phase clusters. In order to
mobilize an oil cluster, the viscous pressure drop over the cluster (caused by the average flow field v) has
to overcome the capillary forces associated with a narrow pore throat which is the case for faster flow
rates and could also be the case for longer samples (not accessible to the μCT field of view associated with

Figure 2. (a) During the imbibition experiment in the Gildehauser sandstone, the initially connected oil (red) breaks up into
disconnected clusters (yellow). (b) Imbibition occurs in two distinct phases where first the saturation decreases only very
little and the oil stays connected, corresponding to the swelling of the wetting phase film(s) (regime 1). Breakup events
cause a strong decrease in oil saturation from 75% to 30% (regime 2). The fraction of connected oil decreases, and oil
becomes increasingly disconnected. (c) The relative permeability of the connected oil phase follows the saturation trend
decreasing only slightly in regime 1 but shows a rapid decrease in regime 2 as connected oil phase saturation substantially
decreases. During the film-swelling phase, only snap-off events are observed. (d) In cluster dynamics regime 2, the
frequency of the snap-off events increases and also oil coalescence events occur. (e) The Euler characteristic of the oil phase
indicates that during the film-swelling phase, the internal connectivity of the percolating oil phase decreases until it
reaches local percolation thresholds and breaks up into individual clusters.
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pore-scale resolution). The capillary number Camacro describing this balance [Armstrong et al., 2014] is here
approximated as

Camacro ¼ l cl

rp
φ
μwv
σ

(1)

where l cl is the average cluster length, and rp the radius of a pore throat. Camacro values range between
9.1 × 10�7 and 1.3 × 10�6, which are several orders of magnitude smaller than unity. Therefore, on the
basis of the average flow field, the flow regime was capillary dominated and one would not expect cluster
mobilization by viscous forces.

In the capillary-dominated flow regime, clusters rather remain mobile through a sequence of breakup and
coalescence processes evident from the event statistics in Figure 2d and also occur homogeneously over
the whole sample length (see Figure S4). While breakup through snap off is an expected phenomenon
in imbibition [Roof, 1970], it is much less clear what causes coalescence. The event statistics shown in
Figure 2d provide a first clue because the onset of coalescence events coincides with the sharp increase in
snap-off events. A more detailed analysis of the event statistics displayed in Figure 3a reveals that at the
onset of regime 2 not only the frequency of the snap-off events increasing but also the associated
displaced volume. Besides the more classical snap off in a single pore throat (Figure 3b) [Roof, 1970; Deng
et al., 2014], we observe much larger “jump” events that exceed the size of several pores (Figure 3c) and
are not accounted for in common percolation models [Dias and Wilkinson, 1986].

The observation of coincidence between coalescence and the increase in frequency and magnitude of snap
off alone does not provide a proof of causality. Observations in 2-D micromodels recorded with a high-speed
camera at millisecond time resolution, which captures the interfacial dynamics during pore-scale events,
show that snap off in one pore can trigger meniscus oscillations within the same cluster at a distant pore
(for detailed image sequence of meniscus oscillations during snap off, see Figure S5). Similar observations
of such nonlocal dynamics have already been observed during drainage [Armstrong et al., 2014; Andrew
et al., 2014]. Even though the average flow velocity is low and hence the capillary number (equation (1))
indicates capillary-dominated flow, phase velocities associated with individual pore-scale events are
generally high [Quéré and Raphaël, 1999; Ferrari and Lunati, 2014; Armstrong and Berg, 2013; Moebius and
Or, 2014b]. The associated high-phase velocities extend over several pores [Armstrong et al., 2015],
approach Reynolds numbers of 1 [Armstrong, 2015], and meniscus oscillations are observed [Quéré and
Raphaël, 1999; Moebius and Or, 2014a; Ferrari and Lunati, 2014], which indicates that inertial forces need to
be considered [Quéré, 1997; Ferrari and Lunati, 2014; Moebius and Or, 2014a]. During imbibition when an
interfacial jump occurs, local high velocities can extend over multiple pores, as explained in more detail in
Armstrong et al. [2015]. The oil that redistributes after such an event may be influenced by the local
velocity field and thus cause coalescence between clusters that are separated by perhaps one pore throat
or within the “zone of influence” of the event.

Figure 3. (a) The event statistics show that in the cluster break phase the snap-off events increase both in frequency and in
magnitude (events extend over multiple pores) by up to 2 orders of magnitude. Intrapore events occurring in pore throats
are called (b) snap off, while interpore events larger than a pore correspond to (c) Haines jumps [Berg et al., 2013].
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At a frame rate of 40 s, our μCT imbibition experiment lacks the millisecond time resolution of the micromodel
studies and, hence, cannot image the meniscus oscillation itself. However, the time resolution of the experiment
is sufficient to image initial and final states of individual pore-scale displacement events (which occur once
every few seconds in a larger sample [DiCarlo et al., 2003; Berg et al., 2013] with thousands of pores, i.e., the
frequency in individual pores becomes comparable or even smaller than the frame rate in the experiment of
40 s), which allows us to identify correlated meniscus advancement, as shown in Figure 4. That provides further
supporting evidence (a further example is shown in Figure S7) that snap-off events can trigger coalescence
between two clusters that are in close proximity. In this way, isolated clusters can become reconnected.

4. Summary and Conclusions

Imbibition in porous rock is a two-stage process that involves a combination of connected pathway flow and
ganglion dynamics as observed with fast μCT. Initially, wetting film swelling and subsequent local snap off of
the nonwetting phase decreases the connectivity of the oil phase until it fragments into individual clusters.
This breakup regime comprises multiple snap-off events which each causes displacement events larger than
single pores. The associated meniscus oscillations in the connected oil-water interface elsewhere then, in
turn, trigger coalescence events. The resulting ganglion dynamics caused by this coupled sequence of
breakup and coalescence mobilizes oil clusters even though viscous forces from the average flow field are
insufficient for their mobilization, i.e., the macroscopic or cluster-based capillary number Camacro<< 1. This
is a very prominent process, which underlines that average flow fields or externally applied injection rates
and the associated capillary numbers have very little significance for pore-scale displacement processes. In
immiscible displacement, the pore-scale dynamics are very fast [Armstrong and Berg, 2013], which leads to
much higher local capillary numbers than the average flow field suggests and ultimately gives rise to a more
complex set of nonlocal and cooperative effects (“ganglion dynamics”). The significance of such a ganglion
dynamics process is that it contributes to the net transport of oil in addition to connected pathway flow over
a wider oil saturation range, from about 75% (onset of ganglion dynamics) to as low as 30% where oil
clusters become finally immobile. These findings should not only be considered for describing imbibition
and related processes by numerical models (i.e., render quasi-static approaches as insufficient) [Ferrari and
Lunati, 2014; Raeini et al., 2014; Moebius and Or, 2014a], but more importantly ganglion dynamics that occurs
at the cluster scale (i.e., clusters and their interactions) is a significant process regime bridging the pore and
Darcy scale, which has been largely dismissed so far in most upscaling attempts.
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