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ABSTRACT 
Fractional flow has been studied at the pore scale under dynamic flow conditions by 
using fast synchrotron-based X-ray computed micro-tomography. The pore-scale flow 
regimes have been mapped in a “phase diagram” where the regimes of connected 

pathway flow and ganglion dynamics are characterized by fractional flow and capillary 
number. The regimes are identified from the respective pore scale dynamics that can be 
conveniently characterized by using a saturation-(cluster-based) capillary number 
diagram. Therein connected pathway flow is represented by a fixed point (because all 
parameters are constant over time) and in ganglion dynamic regime the oil clusters follow 
trajectories because saturation and cluster length are changing over time. Ganglion 
dynamics is composed of breakup and coalescence processes. During coalescence 
processes, both cluster volume and length increases, i.e. clusters move “up” the 

trajectory. During break-up processes, on the other hand, both properties decrease and 
clusters move “down” the trajectory.  
 
Ganglion dynamics occurred even though the (cluster-based) capillary number of the 
average flow field was at least two orders of magnitude smaller than unity, i.e. the 
average flow field indicates capillary-dominated regime. However viscous mobilization 
can also be triggered by more complex break-up and coalescence processes that have 
much higher local flow velocities than the average flow field suggests. Most situations 
encountered are a combination of connected pathway flow and ganglion dynamics, where 
a combination of viscous and capillary-driven processes accounts for the net transport of 
oil. Static simulation approaches are not capable of capturing such regimes, as they 
require connected pathway flow. 
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INTRODUCTION  
During the recovery of oil from an underground reservoir by water flooding, the non-
wetting oil phase is displaced by the wetting water phase. Corresponding to the Buckley–

Leverett equation [1], the two fluids flow simultaneously through narrow pore space once 
the saturation front has passed. In order to determine the relative permeability of this 
simultaneous flow, commonly steady-state core flooding experiments (e.g., experiments 
on 5cm-long rock samples) are conducted [2]. However, core flood experiments often 
show fluctuations of parameters such as saturation, pressure and resistivity depending on 
the fractional flow (Figure 1). The reason for these fluctuations is not fully clear yet, but 
may be related to different flow regimes [3, 4, 5]. 
 

 
Figure 1 Results of a core flood experiment measured on a 5 cm rock sample (right) show a variation of 
fluctuations in different parameters such as saturation, pressure, and resistivity depending on the fractional 
flow (left). 

On the pore scale, Avraam and Payatakes [3] observed three types of flow regime, which 
are (i) connected pathway flow, (ii) drop traffic flow, and (iii) ganglion dynamics. During 
connected pathway flow, the non-wetting and the wetting phases move mainly through 
their respective connected networks [3]. The drop traffic regime describes the flow of oil 
through disconnected droplets smaller than the diameter of the pore throats [3]. These are 
formed by vigorous break-up of the oil ganglia and are stabilized by the flow of the 
surrounding water, which prevents the growing of ganglia via coalescence [3]. The most 
complex flow regime is the ganglion dynamics, whereby oil is disconnected into ganglia 
with sizes larger than a pore. These ganglia move or get immobilized in narrow passages, 
they break into smaller ganglia and get trapped even more easily, or they collide with 
other ganglia, grow and get remobilized [3]. The thus prevailing flow regime depends on 
different parameters such as viscosity, wettability, surface tension, flow rate ratio, 
capillary number, etc. [4]. For specific fluids in a specific porous medium most 
parameters are constant and the relative permeability appears to be a function of capillary 
number and flow rate ratio [8].  
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While most previous studies performed on dynamic two-phase flow are either based on 
2D models [3,9] or on 3D but indirectly measured [4, 5] or on simulations [6, 7], in this 
study we image directly the 3D development of clusters in real time by fast synchrotron 
based X-ray μCT. Recent studies using this technique allowed the first insights into pore-
scale processes during drainage and imbibition [10, 11, 12, 13] such as Haines jumps [14, 
15, 16], coalescence [17,18] and snap-off [18, 19]. In this study we analysed ganglion 
dynamics by co-injection of two fluids at different ratios and velocities in porous media 
in order to determine the prevailing flow regime. 
 
MATERIALS AND METHODS 
For this experiment, n-decane was used as nonwetting phase and brine as wetting phase. 
A strongly water-wet sintered glass sample (4 mm diameter, 20 mm length, embedded 
into a polycarbonate tube by heat-shrinking) with a porosity of 35% and permeability of 
22±2 D was mounted at the top of a flow cell. The flow cell was specially designed for 
fractional flow experiments and contained two remotely controlled micro piston pumps, 
which enables continuous rotation of the sample and constant data acquisition in the field 
of view during the experiment. A full 3D image with a voxel size of 2.2 μm was obtained 
in 1 min. The measurements were performed at a fast synchrotron-based X-ray computed 
microtomography facility (TOMCAT beamline, Swiss Light Source, Paul Scherrer 
Institute). Details on the flow cell and the experimental settings were described 
previously [20]. The reconstructed �CT images were filtered, segmented and processed 
with the software package AVIZO 8 (Visualization Science group).  
 
Subsequently, the resulting binarized images containing the porous medium and the oil 
and water phases were used for further analyses, e.g., for estimation of the relative 
permeability. The single-phase flow simulation by the software package GeoDICT 
(Math2Market) was used in the Navier-Stokes mode to calculate the permeability through 
the connected portion of the oil- and water-phase for each time step.  
 
Furthermore, all flow events occurring during the experiment were determined and 
separated into oil-filling and water-filling events. While the former event type describes a 
situation in which pores drained from water are filled by oil, the latter type corresponds to 
oil being replaced by water. The events are determined by generating a differential image 
of two consecutive 3D binary images containing only the oil phase. The differential 
image gives the positon and size of both water- or oil-filling events. A single event is 
defined as a spatially separated fluid change at a specific position. The event size is 
defined as the volume of the spatially separated change. To reduce effects due to noise, 
small events (< (21 �m)3 corresponding to 10 voxels in each direction) are ignored. 
In addition, the development of clusters was observed. To follow a chosen cluster 
through the different time steps, the space occupied by this cluster in the first time step is 
compared to the same space in the next time step. All clusters inside this space or 
connected to this space are then used as a mask for the next time step. This procedure is 
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iterated over all measured time steps, enabling clusters to be tracked over time and 
statistics to be obtained.  
 
RESULTS AND DISCUSSION 
The flow regime depends on the fractional flow and the capillary number. The fractional 
flow is given by the injection rate ratio of each fluid to the total fluid, while the capillary 
number in this study is determined by the macroscopic cluster-based definition [9, 24]:  
 

       ,      (1) 

 
With the cluster length ( ), radius of a pore throat ( ), porosity ( ), viscosity of the 
wetting phase ( ), interstitial velocity of the wetting phase ( ), and interfacial tension 
( ). The radius of the peak pore size of the pore size distribution calculated by the 
software code GeoDICT was used as pore throat radius. The velocity is derived from the 
injection rate and represents the average flow field, which is often used to characterize a 
flow regime.  An overall  was calculated by averaging lcl of all clusters as 
described in [24]. The fractional flow-capillary number diagram (Figure 2) shows how 
the experiments were conducted, starting at a high water fraction and low total injection 
rate of 4x10-6 m/s corresponding to a low . The total injection rate increased 
stepwise up to 4x10-4 m/s before changing to a lower oil fraction. For all experiments 

 indicating capillary dominated flow regime. However, since local velocities 
may deviate from the overall velocity, the transition from capillary dominated to viscous 
dominated regimes is rather smooth. 
 

 
Figure 2 The experiments started with a high water fraction (80% water) and a low flow rate (4x10-6 m/s). 
The total injection rate was increased stepwise up to 4x10-4 m/s before repeating the experiments at a lower 
oil fraction (left). In all experiments, a  corresponding to a capillary-dominated system (right). 

In our experiments, we captured the transient regime when changing flow rates followed 
by the quasi steady-state regime. This transition could be recognized by the initial change 
in saturation. At low flow rates, the transition took longer and, therefore, was ideal for 
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observing growing and decreasing clusters. An increase in oil-saturation with a high 
frequency of oil-filling events appeared as Haines jumps and coalescence, while a 
decrease in saturation was dominated by snap-offs and led to disconnected clusters. For 
this reason, initial drainage led to a high connectivity, while in general a low saturation 
corresponded to low connectivity. 

 
Figure 3 Pressure (1), saturation (2), and event statistics (3) for an experiment at fw = 0.5 and a total flow 
rate of 4x10-4 m/s. Transitions between different fractional flows / flow rates where the target conditions 
had not been fully reached are marked by the grey bars. In these transition regimes, we observed natural 
changes in pressure, saturation, and pore-filling events, because flow conditions have been changed 
externally. However, in the quasi steady-state regime there are also pressure data and saturation 
fluctuations, which coincide with pore-scale water- and oil-filling events as signature of ganglion dynamics 
behavior. 

The term “quasi” steady-state is chosen to indicate that fluctuations and events may still 
occur even though the average saturation has adjusted to the new injection rate. These 
fluctuations may be indicative of ganglion dynamics. At quasi steady-state conditions the 
saturation remained mostly stable and the number of events was smaller. Nevertheless, 
some fluctuations could be observed at water fraction fw = 0.5 and high total flow rates 
(4x10-4 m/s, Figure 3). A sudden pressure drop followed by an increase occurred between 
the sixth and eighth minute (Figure 3.1). In the same time period, the oil volume dropped 
(Figure 3.2) and the number of water- and oil-filling events increased (Figure 3.3).  
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This observation is very similar in terms of saturation and pressure fluctuation to the 
results of core flood experiments at fw = 0.5 and 5 cm long rock samples. 
 
Growing and Shrinking Clusters 
We tracked individual clusters to gain further insights into ganglion dynamics. In Figure 
4, the development of a cluster that grows over time is shown.  
 

 
 

Figure 4 Tracking a growing cluster at fw = 0.8 and v=4x106 m/s: In the first phase (1), the cluster 
continuously increases in volume. For this reason, the corresponding cluster-trajectory in the cluster 
volume-capillary number (V-Ca) space moves slowly towards high volume and capillary number, before it 
suddenly jumps (3) due to a coalescence with another cluster (2). 
The cluster grows first through pathways outside the field of view by invading adjacent 
pores (Figure 4.1) before it coalesces with another cluster (Figure 4.2). In the volume-
Camacro space, this development is visible in a trajectory moving from low V-Camacro to 
high V-Camacro regime. 
 
A “shrinking” cluster behaves differently, because in addition to a decrease in volume 
due to water film swelling [11] (and oil moving out the field of view), we also observe 
fragmentation. As shown in Figure 5, the cluster first decreases until snap-off events lead 
to fragmentation. The evolution of the saturation distribution of a shrinking cluster is 
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shown in Figure 5.1. The initial cluster A snaps off apart into two smaller clusters A and 
B. After redistribution of oil the volume apparently further decreases which is an imaging 
artifact from moving oil due to snap-off (few milliseconds [22]) during the acquisition 
time of a tomogram (60 s). Then cluster B snaps off into B and C. The corresponding 
trajectory in the V-Camacro space is in this case moving, vice versa, towards low volume 
and Camacro.  
 

 
 

Figure 5 Tracking a decreasing cluster at fw = 0.5 and high Ca. First, the cluster slowly decreases due to 
film swelling, before snap-off events fragment it into smaller ones, which further decrease in size and break 
apart. The clusters shown in (1.) correspond to the clusters shown in the trajectory (2.), where the single 
new appearing fragments are named A-C to indicate which fragment in later time steps is represented by 
which point in the diagram. 

 
The cluster trajectories in the V-Camacro space move upwards when they are growing by 
coalescence or Haines jumps, and downwards while they snap off during shrinkage. 
However, all clusters have to be taken into account in order to determine the flow regime. 
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Figure 6 All clusters for each time step at fw = 0.5 and v = 4x10-4 m/s follow a power-law distribution with 
an exponent α ≈ 2.5, which gives information about the shape of the clusters. The capillary number of the 
largest clusters is limited by the sample size leading to a bias. 

Figure 6 shows the distribution of all clusters for all time steps at fw = 0.5 and v = 4x10-4 

m/s. The distribution of the clusters appears to follow a power-law like behavior, 
, with an average exponent α ≈ 2.5. Since , the 

exponent gives information regarding the shape of the cluster. The exponent of α = 2.5 
indicates a cluster shape between an area-filling shape, where volume scales as (length)2, 
and a volume-filling shape (such as spheres) where volume scales as (length)3 
Furthermore, the exponent corresponds to the fractal dimension of invasion percolation 
and indicates that the volume of clusters during fractional flow scales within percolation 
universality class. The length of the largest cluster is restricted by the length of the 
sample and/or field of view and, therefore, the largest clusters do not follow the general 
distribution. Once a cluster percolates from bottom to the top of our field of view, we can 
observe volume increase but cannot observe increase in length. This finite size effect is 
displayed as the maximum   in all following figures.  

 
Pathway flow and Ganglion dynamics in the S-Ca-diagram 
So far only individual clusters have been analyzed, while in the following we aim to 
characterize the complete flow regime involving all clusters. Therefore we consider 
average properties like saturation but also the averaged capillary number , taking 
into account that each cluster has a different length and volume.  
 
Trajectories based on the average  are shown in Figure 7. When ganglion 
dynamics occurs where the connected oil (grey) gets disconnected (yellow) and 
reconnected (Figure 7.1), the trajectory moves up and down in saturation and  
(Figure 7.2). The reason for this is that when more clusters are disconnected, the 
saturation decreases, since the narrow pore throats connecting the oil phase are filled by 
water instead of oil. Moreover, the volume of the disconnected clusters and their 

10-4

10-2

10-6

10-0

V(
clu

st
er

) /
 V

(p
or

es
)

10-310-410-6 10-5

α ≈ 2.5

max. 
Camacro

1
2
3
4
5
6
7
8
9

10
11
12

time [min]

lim
ite

d 
by

  s
am

pl
e 

siz
e



SCA2015-007 9/12 
 

corresponding length becomes also smaller, which leads to a decrease in . When 
the oil clusters become reconnected, the saturation and  increases again. Since 

 is limited due to the sample size, the trajectory is deflected at high saturations. 
On the other hand, the trajectory in connected pathway flow does not show any changes 
(Figure 7.4). Since the oil and water are moving through independent pathways, the 
cluster shape is not changing as shown in Figure 7.3.  
 

 

Figure 7 It depends on fw whether ganglion dynamics (fw = 0.5) or pathway flow (fw = 0.2) occurs. While at 
fw = 0.5 the oil gets disconnected (yellow) and reconnected (grey) during quasi steady-state conditions (1), 
the oil distribution remains constant at fw = 0.2. The S-  diagram shows that the clusters at fw = 0.5 
move up and down the trajectory (2), while the clusters at fw = 0.2 remain at one point (4). However, in both 
cases  is close to the maximal possible Camacro, which is limited by the sample size.  

Contribution to the relative permeability 
Since the ganglion dynamics observed on the S-  diagram correlates with the 
pressure and saturation fluctuations, all observations in core flood experiments appearing 
at the same water fraction (fw = 0.5) may be also associated with ganglion dynamics. 
However, at least at the pore scale, the impact on relative permeability is not as clear so 
far. In Figure 8, the development of the relative permeability through the continuous oil 
and water phase with time is shown, excluding the contribution of disconnected clusters 
via ganglion dynamics. Since the injection rate and water fraction fw was constant over 
time, the deflection in relative permeability between the sixth and eighth minutes 
represents the contribution of ganglion dynamics.  
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Figure 8 Relative permeability at fw = 0.5 and high Ca during time. At this high flow rate, the quasi steady-
state conditions are reached already after one minute. As the saturation (Figure 2) and the relative 
permeability of the oil and the water remains stable, a disconnection and reconnection (Figure 7) 
corresponding to a moving ganglion can be observed, whereby a disconnection causes an increase of the 
relative permeability of the water and a decrease for oil.  

CONCLUSIONS  
Flow regimes during fractional flow have been characterized by imaging the pore-scale 
fluid distribution using synchrotron-based fast X-ray computed microtomography. We 
observed regimes of connected pathway flow but also ganglion dynamics regime. These 
flow regimes can be categorized in the fractional flow vs. capillary number (fw-Ca) space. 
In order to construct a phase diagram indicating which flow regime prevails at which 
conditions, we sampled this space by conducting steady-state �CT flow experiments, 
which in addition to pressure and saturation data allows us to identify the respective flow 
regimes from the pore-scale displacements and oil cluster (ganglion) movement.  

Oil clusters follow distinct trajectories in the saturation-Ca space, which is caused by 
pore-scale displacement events. Pore-scale processes such as cluster coalescence and 
growing cause an increase in cluster volume and length so that the clusters move up a 
trajectory in a saturation and capillary number diagram. In break-up processes, both 
volume and length decreases and clusters move down the trajectory. Averaging over all 
clusters of a measurement for each time step allows us to characterize the flow regime 
involving all clusters in our field of view. Since almost no events occur at connected 
pathway flow, no changes can be observed at the saturation-Ca diagram. On the other 
hand, ganglion dynamics cause a movement both up and down the trajectory.  

These pore-scale processes clearly affect two-phase flow at larger scales. Fluctuations in 
saturation and pressure, as observed in Darcy-scale steady-state relative permeability 
experiments, have very similar characteristics to those observed in our �CT flow 
experiments. That clearly indicates that the pressure and saturation fluctuations observed 
on a 5 cm-long rock sample at intermediate fractional flow and saturation ranges are 
likely to be related to ganglion dynamics. The different flow regimes contribute 
differently to the total flow. Due to break-up and coalescence in a ganglion dynamics 
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flow regime, the connectivity is changing what affects the flow and causes change in 
relative permeability. This has to be considered for describing two-phase flow by 
numerical models. 
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