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Abstract. Relative permeability is traditionally obtained in core flooding experiments during which water and oil 

phases are co-injected, using either using simplified analytical methods or by inverse modelling (history matching) 

including assisted/automated methods. However, in many steady-state (fractional flow) core flooding experiments 

significant fluctuations in pressure and saturation are observed, which can lead to increased uncertainty ranges of 

relative permeability and may even persuade experimentalists  to dismiss the experiment altogether. Here we provide 

a more detailed insight into fluctuations and show that they may not always be related to instrumental artefacts such 

as produced by back pressure regulators, but rather have a physical origin. Over the past decade we have learned 

that pore scale displacement events such as Haines jumps and snap-off can lead to small pressure pulses. Moreover, 

recent synchrotron-beamline based fast micro-CT experiments clearly show that collective displacements on a 

millimeter-sized scale of the oil cluster may lead to pressure- and saturation fluctuations on similar magnitude as 

typically observed in classical SCAL steady-state experiments on samples of several centimeters length and 

diameter. Furthermore, when monitoring pressure and saturation on a centimeter length scale we sometimes observe, 

depending on wettability and other parameters, periodic fluctuations which are accompanied by travelling waves in 

the saturation profiles. While the origin of such fluctuations are likely pore-scale events one would expect that on a 

Darcy-scale, such fluctuations of pore scale origin would average and decay very quickly. However, a more detailed 

analysis shows that such Darcy-scale solutions for traveling waves leading to fluctuations in pressure and saturation 

are permissible by fractional flow theory. The adequate interpretation of such phenomena requires consideration of 

both drainage and imbibition relative permeability bounding curves and respective hysteresis models. A potential 

physical reason is that travelling waves can have higher total mobility than a flat saturation profile.   

1 Introduction 

For most subsurface applications such as dynamic 

modelling in reservoir engineering, multiphase flow in 

porous rock is described with the multiphase extension of 

Darcy’s law. That is a continuum formulation where the 

phase fluxes are linearly related to the respective pressure 

gradients. While very effective from a practical perspective, 

one of the consequences of this phenomenological extension 

is that the flow parameters such as relative permeability and 

capillary pressure need to be determined experimentally or 

more recently with Digital Rock methods. Relative 

permeability is typically determined in core flooding 

experiments where in particular the steady-state method is 

preferred because of a number of reasons [1, 2]. As illustrated 

in Figure 1, in steady-state core flooding experiments the 

relative permeability is determined from the average 

pressure-drop at the end of each fractional flow step. 

However, in many steady-state experiments, depending 

on a range of factors, sometimes very “large” pressure 

fluctuations are observed [3-7] which can be significantly 

larger than instrumental noise e.g. from pressure transducers. 

 

Figure 1. Steady-state core flooding experiments: water and oil 

phases are co-injected at varying fractional flow 𝑓𝑤. Relative 

permeability is determined from the average pressure drops at each 

𝑓𝑤 while the raw data often shows sometimes significant fluctuations 

in pressure drop and saturation. 

In the past, in special core analysis (SCAL) programs large 

fluctuations in pressure drop or saturation [3-11] have been 
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interpreted as experimental artefacts as they can be 

potentially also caused by e.g. back pressure regulators, 

which has led in many cases to the dismissal of the data set. 

Pressure fluctuations have been also observed in many pore-

scale experiments [8-24]. In [9] the connection between 

pressure and saturation fluctuations in Darcy-scale 

experiments and pore scale displacement events and 

respective flow regimes such as ganglion dynamics [25-27] 

and intermittency [14-18] has been made. Individual pore 

filling events and associated capillary fluctuations are 

expected to average out at the Darcy scale (i.e. when averaged 

over hundreds to thousands of pores) at least for stationary 

processes and not lead to a significant saturation. However, 

that is not what is experimentally observed [3-11]. In a range 

of independent experiments, with different setups, by 

different groups, significant saturation fluctuations were 

observed which exceed the level of individual pore filling 

events by orders of magnitude. That raises the question about 

the underlying cause of pressure and saturation fluctuations 

at the Darcy scale, i.e. whether they reflect the movement of 

large oil clusters in a ganglion dynamics flow regime [26, 27], 

or if there is actually another reason why we sometimes 

observe significant pressure fluctuations.  

In this work we address this question by analyzing a 

steady-state fractional flow experiment in significantly more 

detail than normally done in the interpretation of steady-state 

experiments. The experiment has been designed to suppress 

all known experimental artefacts that could cause fluctuations 

i.e. no back-pressure controller is involved but fluids are re-

circulated, pulse-free injection pumps with zero-dead volume 

switching pumps are used and monitored for continuous 

injection, the fluid pair chosen cannot form emulsions, etc.  

We show that large pressure and saturation fluctuations 

are associated with travelling saturation waves consisting of 

sequences of drainage and imbibition. The main conclusion 

is that Darcy scale saturation fluctuations can be reconciled 

with fractional flow solutions for a hysteretic drainage and 

imbibition relative permeability pair. 

There are several consequences for the interpretation and 

application of relative permeability observed from such an 

experiment ranging from the insight that e.g. drainage relative 

permeability may involve elements of imbibition and vice 

versa and obtained relative permeability is in fact on a 

scanning curve. There are also potential consequences 

whether in presence of significant fluctuations the 2-phase 

Darcy equations correctly represent the dissipation of energy.  

2 Methods and Materials  

2.1 Flow experiment 

Steady-state core flooding experiments are performed in 

an experimental setup illustrated in Figure 2 which is similar 

to the ones used routinely for relative permeability SCAL 

measurements [28,3,4]. Water and oil phases are co-injected 

with pulse-free Quizzix pumps (Chandler, Metek) equipped 

with with zero-dead volume switching valves for smooth and 

pulse-free continuous flow (Vindum Engineering) at 

fractional flow  

                                 𝑓𝑤  
𝑞𝑤

𝑞𝑤+𝑞𝑜
  (1) 

where 𝑞𝑤 and 𝑞  are the volumetric rate of water and oil 

phase, respectively.  

 

Figure 2. (A) Steady-state core flooding experimental setup where 

water and oil phases are co-injected at varying fractional flow 𝑓𝑤 

with 2 dual-piston Quizzix pumps that operate with zero-dead 

volume switching valves for smooth and pulse-free continuous flow. 

Typically, fluids are re-circulated (after separation) without any 

back-pressure controller to accommodate for large number of 

injected pore volumes. Saturation is monitored in-situ with a linear 

X-ray system. (B) Photo of the end piece (with and without the metal 

mesh) and internal distribution network providing a continuous 

injection of oil and brine across the end face of the core.  

Water saturation 𝑆𝑤 is determined by in-situ X-ray 

monitoring using a linear X-ray scanner at 22 positions along 

the core (using an X-ray transparent core holder) at time 

intervals of 8 min 30s. Saturation from X-ray was consistent 

with an Amott spontaneous imbibition test. Electrical 

conductivity along the core is recorded at the same time 

interval. Pressure drop    along the core and the central 

section, outside of capillary end-effects [29], is monitored at 

a time interval of 1 min. The flow rate is kept constant at 𝑞𝑤 +
𝑞  3 𝑚𝑙/𝑚𝑖𝑛 corresponding to a capillary number of 10−5 

which is still below the onset of capillary de-saturation. More 

details are give in [30,28]. 

Experiments started with primary drainage at 𝑆𝑤  1 

injecting at 𝑓𝑤  1.0 (brine only) which is stepwise reduced 

to 𝑓𝑤  0.0 (oil only), followed by imbibition starting at 𝑓𝑤  
0.0 which is systematically increased to 𝑓𝑤  1.0. At each 𝑓𝑤 

step pressure-drop   , saturation 𝑆𝑤 and electrical 

conductivity are monitored. The steady state is 

experimentally achieved when    and 𝑆𝑤 are stable (vary by 

less than 1%) and relative permeability    𝛼  is then computed 

(at each 𝑓𝑤) using the two-phase Darcy equation 

                                 𝑞𝛼  −
𝑘𝑟 𝛼

𝜇𝛼
𝐴𝐾

Δp𝛼

𝐿
  (2) 

where 𝐾 is the (absolute) permeability of the rock,   the 

length and 𝐴 the cross-sectional area of the cylindrical rock 

sample,  𝛼 the viscosity of phase 𝛼  𝑜 𝑤 (oil, water).  
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2.2 Rock, Fluids 

A cylindrical sample of Fontainebleau sandstone [31,32] 

with diameter d=2.54 cm and length L=4.45 cm was used. It 

has a porosity of =0.13 and permeability K=539 mD. Prior 

to the experiment the sample was cleaned by Soxhlet 

extraction (chloroform-methanol) The sample remained 

strongly water-wet after the Soxhlet extraction. The fluids 

were n-decane with a density of 731.9 kg/m3 and a viscosity 

of 0.933 mPas, and NaCl brine doped with 5% CsCl, with a 

density of 1037 kg/m3 and viscosity of 0.992 mPas. The 

interfacial tension was approximately 40 mN/m.  

3 Results  

3.1 Raw data of fractional flow experiments 

In Figure 3 the pressure drop    of a primary drainage 

experiment conducted on the Fontainebleau sandstone rock is 

displayed for the first two cycles (out of 5). The sample had 

been cleaned in-between with isopropanol inside the core 

holder without removing the sample. Both experiments show 

in a repeatable way a lesser degree of fluctuations at high 

fractional flows and the end of drainage while at intermediate 

fractional flows between 0.75 ≥ 𝑓𝑤 ≥ 0.1 significant 

pressure fluctuations are observed. The imbibition data and 

further cycles (not shown) reproduce the pattern in a 

conceptually similar manner. 

 

Figure 3. Pressure drop    and fractional flow 𝑓𝑤 of a primary 

drainage steady-state experiment for cycle 1 (A) and cycle 2 (B) on 

the same sample (in total, 5 cycles were performed). 

 

In Figure 5 the raw data of the cycle 1 drainage 

experiment is displayed in more detail. Figure 5A shows the 

overview of pressure drop   , saturation 𝑆𝑤 and electrical 

conductivity as a function of time and injected PV are shown. 

For selected fractional flows 𝑓𝑤 in (B-G) the pressure-drop 

   and saturation 𝑆𝑤 are shown with subtracted baseline 

which provides a more focused visualization of the associated 

fluctuations. Respective histograms and Fourier spectra of the 

fluctuations are shown in panels (B-G) in the middle and left. 

For fractional flows 𝑓𝑤 > 0.75 and 𝑓𝑤  0.0 the 

histograms of the pressure and saturation fluctuations are 

Gaussian as shown in Figure 4 and the fluctuation magnitude 

is more of the order of instrumental noise.  

 

Figure 4. Histograms for    and 𝑆𝑤 fluctuations (𝑆𝑤 fluctuations 

are magnified by a factor of 5 for better visibility) from Figure 5 for 

1.0 ≥ 𝑓𝑤 ≥ 0.75 following a Gaussian behavior (dotted lines are fits 

with Gaussian).  

For 0.67 ≥ 𝑓𝑤 ≥ 0.02 the fluctuation amplitude is 

significantly larger than for the other 𝑓𝑤 and the histograms 

are not Gaussian anymore. In many cases the histogram is 

actually bi-modal (Figure 5E,F) and respective pressure and 

saturation fluctuations are periodic in time with notable peaks 

in the Fourier spectrum representing the frequency of the 

periodicity in time. That clearly suggests that the pressure and 

saturation fluctuations for 0.67 ≥ 𝑓𝑤 ≥ 0.02 do not represent 

instrumental noise but have a different cause.  

3.2 Separating fluctuations from noise and energy scale 

In Figure 6 pressure and saturation fluctuations are 

separated from instrumental noise. From the noise statistics 

for 𝑓𝑤 > 0.75 where noise amplitudes are consistent with 

instrumental noise and histograms are Gaussian a noise floor 

is estimated which is proportional to the respective mean   ̅̅̅̅  

and 𝑆𝑤̅̅̅̅ . Pressure fluctuations of up to 𝛿   50 𝑚𝑏𝑎𝑟 are 

clearly above the thermal noise level. Already for a single 

pore-filling event the associated pressure-volume work  

                                  𝑊𝑝  𝑠𝑠𝑢  −𝑣  𝑢𝑚   𝑐 𝑉  (3) 

is  𝑊 ≈ 4.5 ⋅ 10−10 𝐽 with  𝑉 ≈ 1.1 ⋅ 10−13𝑚3 for a 

spherical pore of 60  𝑚 diameter and a capillary pressure 

 𝑐  2𝜎/𝑟 ≈ 0.04 𝑏𝑎𝑟 (for a pore throat of 𝑑  2𝑟  
25  𝑚).  
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Figure 5. Raw data of the drainage experiment (A) showing pressure drop   , saturation 𝑆𝑤 and electrical conductivity as a function of time 

and injected PV. For a number of selected fractional flow 𝑓𝑤 (B-G)    and 𝑆𝑤 are shown with subtracted baseline which provides a clearer 

focus on the fluctuations (left), the respective histograms for    and 𝑆𝑤 (middle) and Fourier spectrum (right) of the fluctuations.  
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Expressed in units of  𝐵𝑇  𝑊  1.1 ⋅ 1011  𝐵𝑇 meaning 

that pressure fluctuations associated with single pore filling 

events (Haines jumps) are many orders of magnitude larger 

than the thermal energy scale. Just as a comparison, pressure-

volume work related viscous dissipation from connected 

pathway flow is of the same order of magnitude as the thermal 

energy scale.  

The saturation fluctuations which can range up to 𝛿𝑆𝑤  
±5%, however, are much larger than individual pore filling 

events. For Fontainebleau sandstone with typical pores of 

volume 𝑉𝑝    𝑠  𝑔   1.1 ⋅ 10
−7 𝑐𝑚3, 5% fluctuation of 

saturation for a total pore volume of 𝑉𝑝    𝑡 𝑡  2.85 𝑐𝑚
3 

means that a very large number of individual pores are 

involved.  

 

Figure 6. Fluctuations can be separated from instrumental noise by 

considering the relationship between mean and standard deviation 

for each 𝑓𝑤. Respective figures for    (A) and 𝑆𝑤 (B) show a clear 

deviation from the linear trend for noise (established for 𝑓𝑤 ≥  0.67) 

in the range of fractional flows 0.67 > 𝑓𝑤 ≥ 0.02. For e.g. 𝑓𝑤  
0.67 the fluctuation amplitude is about 3 times larger than the 

instrumental noise.  

3.3 Averaging pressure and saturation raw data 

In Figure 7A we see that the saturation fluctuations do not 

follow exactly the same trend as the pressure fluctuations. 

That can be caused by the different sampling rates of pressure 

(1 min) and saturation (8min30s) in comparison with the 

frequency of the fluctuations (Figure 5B-G). When 

averaging or under-sampling the periodic structure of 

fluctuations can disappear, and fluctuations become 

Gaussian. That can potentially explain why in Figure 7 the 

saturations do not follow exactly the same trend as pressure. 

It also clearly shows what happens when raw data is averaged 

or only reported as average to make it “look nicer” because 

that can hide underlying physics. 

 

Figure 7. Fluctuation standard deviation as a function of fractional 

flow (A) shows a systematic trend. Due to the much lower sampling 

rates it is possible that saturation fluctuations are missed. From the 

dominant peaks in the Fourier spectrum the fluctuations can be 

separated into period and non-periodic fractions. The first three 

dominant peaks in the Fourier transform of the time signal (Figure 

5B-G, third column) do not scale linearly with injection fractional 

flow 𝑓𝑤 (linear trends - dashed grey lines - do not represent relevant 

fraction of dominant peaks) (B) .  

 

Figure 8. Averaging or under-sampling pressure fluctuations 𝛿   

(here applying a rolling average over 2, 4 and 16 subsequent samples 

for 𝑓𝑤  0.02) can hide periodic fluctuations and transform 

histograms from bimodal to Gaussian (dotted lines) which is 

ultimately a consequence of the central limit theorem. 
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3.4 Relative Permeability 

From averaged    and fluxes the relative permeability can 

be obtained using the 2-phase Darcy equation (2) but 

capillary pressure needs to be taken into account e.g. by 

inverse modelling [1-5,28,29]. In Figure 9 the relative 

permeability for all 5 drainage and imbibition cycles are 

displayed. The 5 cycles superimpose very well with only very 

little scatter suggesting that the repeatability of the 

experiment is given. In addition, we show the fractional flow 

curves (C,F) for the first drainage and imbibition cycle.  

 

Figure 9. Relative permeability   (𝑆𝑤) for all 5 cycles on a linear 

(A,D) and logarithmic (B,E) scale, for drainage (A,B) and imbibition 

(D,E). The dotted line represents a fit with a Corey function. Results 

for all 5 cycles are very well reproducible. Respective fractional 

flow curves 𝑓𝑤(𝑆𝑤) are shown in C,F.  

3.5 Travelling Saturation waves 

In Figure 7 the pressure and saturation fluctuations are 

not only separated from noise but also divided into a mainly 

periodic and non-periodic fraction. By focusing on the 

dominant peaks in the Fourier transform of the time signal i.e. 

power spectral density (PSD) in third column in Figure 5B-

G we can see Figure 7A that the amplitude of the first 3 peaks 

of 𝛿   follows a very similar trend with 𝑓𝑤 as the standard 

deviation. However, as shown in Figure 7B the dominant 

fluctuation frequencies do not linearly scale with fractional 

flow 𝑓𝑤. That is also an important insight as it rules out simple 

experimental artefacts such as back pressure regulators or a 

capillary instability at the injection our outflow [36-38] 

because these would show a frequency proportional to 

fractional flow.  

The observation that pressure and saturation data time 

series show systematic but non-linear trends with 𝑓𝑤 in 

general e.g. fluctuations beyond noise level are encountered 

reproducibly only for 0.67 ≥ 𝑓𝑤 ≥ 0.02 and highly periodic 

fluctuations only for 0.20 ≥ 𝑓𝑤 ≥ 0.02 raises the question 

even more about the physical origin. When inspecting the 

saturation profiles 𝑆𝑤(𝑥) for 𝑓𝑤  0.10 and 𝑓𝑤  0.05 where 

the most periodic fluctuation behavior is observed the 

saturation profiles 𝑆𝑤(𝑥 𝑡) represented in a space-time 

contour plot in Figure 10 show travelling saturation from 

inlet to outlet in a periodic fashion during the core flooding 

experiment, even at “steady-state”.  

 

Figure 10. Space-time plot for the saturation 𝑆𝑤(𝑥 𝑡) for 𝑓𝑤  0.10 

(A) and 𝑓𝑤  0.05 (B). Travelling saturation waves are visible 

which travel at nearly constant velocity from inlet to outlet in a 

periodic manner. 

3.6 Fractional flow solution 

Saturation profiles consist of a water peak that travels at 

largely constant velocity from inlet to outlet with an 

amplitude δ𝑆𝑤 ≈ 0.04  consistent with saturation 

fluctuations in e.g. Figure 5F. As already pointed out 

previously, that saturation change is significant and involves 

a very large number of individual pores. This suggests that 

travelling saturation waves are a Darcy scale phenomenon.  

Fractional flow theory based travelling wave solutions 

have been reported in the literature [33,34]. The question is 

whether that is indeed the situation in our experiment. The 

validation involves 2 steps: a fractional flow construction for 

the saturation 𝑆𝑤 for the maximum and minimum saturation 

in the traveling wave solution from Figure 10, show for two 

specific fractional flows at specific times in Figure 11.  

Starting point for a respective analysis is a hysteresis 

fractional flow model as shown in Figure 12 where both 

drainage and imbibition 𝑓𝑤(𝑆𝑤) are considered since the 

moving saturation peak represents water displacing oil 
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(imbibition) at the leading edge and oil displacing water 

(drainage) at the trailing edge.  

For constructing the fractional flow solution we start with 

a line from the origin to intersection with the drainage 𝑓𝑤(𝑆𝑤) 
at injection fractional flow 𝑓𝑤   𝑗 as shown in Figure 12 [35]. 

 

Figure 11. Saturation profiles 𝑆𝑤(𝑥) at a specific time 𝑡 for 𝑓𝑤  
0.10 (A) and 𝑓𝑤  0.05 (B). From an initial water saturation 

𝑆𝑤    𝑡 𝑎  a saturation peak 𝑆𝑤 𝑝 𝑎𝑘 is observed which moves forward 

through water displacing oil at the leading edge (imbibition). At the 

trailing edge, oil displaces water (drainage). In principle both edges 

can move at different velocities, but the width of the peak in space 

is less than a capillary dispersion zone [29] and therefore we only 

operate with an average velocity  𝐷 at which the peak moves and 

refer to it as an overall drainage process at which the peak is pushed 

forward by the injected oil fraction.  

The fractional flow shock front solution is constructed 

from imbibition fractional flow 𝑓𝑤  𝑚 at initial water 

saturation 𝑆𝑤    𝑡 𝑎  to the intersection of the line (4) and the 

imbibition 𝑓𝑤  𝑚(𝑆𝑤).  
In Figure 13 this fractional flow construction is applied to 

the cases for 𝑓𝑤   𝑗  0.15 and 𝑓𝑤   𝑗  0.10. While for 

𝑓𝑤   𝑗  0.15 we see a behavior conceptually similar as in the 

cartoon in Figure 12 i.e. that the shock front saturation 𝑆𝑤
∗  

which would represent the saturation peak of the travelling 

wave from Figure 10 and Figure 11 is larger than the initial 

saturation 𝑆𝑤
∗ > 𝑆𝑤    𝑡 𝑎 . However, for fractional flow 

𝑓𝑤   𝑗  0.10 we see that 𝑆𝑤
∗ < 𝑆𝑤    𝑡 𝑎  meaning that there 

is an inflection point for a fractional flow somewhere 0.07 <
𝑓𝑤
∗ < 0.12. For injections above the inflection point 𝑓𝑤   𝑗 >

𝑓𝑤
∗ the shock front saturation increases over the initial 

saturation i.e. represents an imbibition process, and for 

𝑓𝑤   𝑗 < 𝑓𝑤
∗ the shock front saturation decreases i.e. is a 

drainage process. 

 

Figure 12. Schematic description of the fractional flow solution for 

the traveling wave: starting with drainage (1) and imbibition (2) 

𝑓𝑤(𝑆𝑤) curves, a line (4) is drawn from the origin to the intersection 

(3) of the injection fractional flow 𝑓𝑤   𝑗 and the drainage 

𝑓𝑤 𝑑 𝑎  (𝑆𝑤) curve (1). The fractional flow shock front solution (7) 

is constructed from the imbibition 𝑓𝑤 at initial saturation 𝑆𝑤    𝑡 𝑎  

(5) to the intersection of line (4) with the imbibition 𝑓𝑤  𝑚(𝑆𝑤
∗ ) at 

shock front saturation 𝑆𝑤
∗  (6).  

 

Figure 13. Fractional flow solution for injection at 𝑓𝑤   𝑗  0.15 

(A) and 𝑓𝑤   𝑗  0.10 (B) considering the hysteresis fractional flow 

model from Figure 12 but with the drainage and imbibition 

fractional flow curves of the Fontainebleau experiment (Figure 9).  
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Given the limited experimental accuracy and uncertainties 

with which the initial saturation 𝑆𝑤    𝑡 𝑎  can be determined 

(see Figure 11) which also impacts the fractional flow 

solution it is very well possible that the 𝑓𝑤   𝑗  0.10 step is 

still above the inflection point while 𝑓𝑤   𝑗  0.05 would be 

clearly below the inflection point. From the space-time plot 

𝑆𝑤(𝑥 𝑡) in Figure 10 it is difficult to see any conceptual 

difference above and below the inflection point 𝑓𝑤
∗. Only the 

slope of the waves in the space-time domain is different 

which suggest a different propagation speed. However, in the 

saturation profiles shown in Figure 11B we see that for the 

trailing front the saturation falls below the initial saturation 

which could indicate that water is pushing oil, i.e. has more 

of an imbibition character.   

3.7 Velocity of the traveling waves 

In the next step we compare the propagation velocity of 

the saturation peak with the prediction from fractional flow 

theory for the velocity  𝐷 at which saturation 𝑆𝑤 propagates 

                                  𝐷|𝑆𝑤  
𝑥𝐷

𝑡𝐷
|
𝑆𝑤

 
𝑑𝑓𝑤

𝑑𝑆𝑤
|
𝑆𝑤

  (4) 

where 𝑥𝐷  𝑥/  is the dimensionless distance (  is the length 

of the core) and 𝑡𝐷  𝑃𝑉  𝑗 𝑐𝑡 𝑑/𝑃𝑉 the dimensionless time 

expressed in terms of the fraction of injected pore volumes to 

the pore volume of the core 𝑃𝑉.  

In the experiment, for 𝑓𝑤   𝑗  0.10 we find   

0.76 𝑚𝑚/𝑚𝑖𝑛 which corresponds to a dimensionless 

velocity  𝐷  0.6. For 𝑓𝑤.  𝑗  0.05 the wave velocity   is 

between 1.7 and 2.1 𝑚𝑚/𝑚𝑖𝑛 which corresponds to 

dimensionless velocity  𝐷  2.1 − 2.6. In Figure 14  𝐷 from 

the two experiments is compared with the fractional flow 

prediction from eq. 4.  

 

Figure 14. Dimensionless velocity  𝐷 of the propagating saturation 

peak from Figure 9 and comparison with the fractional flow 

prediction where  𝐷  𝑑𝑓𝑤/𝑑𝑆𝑤  (eq. 4). For injection 𝑓𝑤   𝑗  

0.10 we find a behavior compatible with the drainage 𝑑𝑓𝑤/𝑑𝑆𝑤 

while for 𝑓𝑤   𝑗  0.05  𝐷 is compatible with imbibition. That is 

somewhat consistent with the observation of the inflection point 

somewhere 0.07 < 𝑓𝑤
∗ < 0.12 observed in Figure 13. 

We find that for 𝑓𝑤   𝑗  0.10 the experimental  𝐷 is 

compatible with a drainage behavior consistent with the 

fractional flow construction above the inflection point i.e. 

from Figure 13A. As already pointed point, even though 

Figure 13B suggests that 𝑓𝑤   𝑗  0.10 is below the 

inflection point 𝑓𝑤
∗, because of the experimental uncertainty it 

is very well possible that it is actually above the inflection 

point.  𝐷 being consistent with drainage 𝑑𝑓𝑤/𝑑𝑆𝑤 also 

suggests that overall the velocity of the saturation peak is 

dominated by the trailing edge.  

for 𝑓𝑤   𝑗  0.05 the experimental  𝐷 is compatible with 

an imbibition behavior. That is consistent with the 

observation that 𝑓𝑤   𝑗  0.05 is clearly below the inflection 

point 𝑓𝑤
∗.  

3.8 Physical interpretation of travelling waves 

From Figure 10 it is clear that saturation fluctuations are 

caused travelling saturation waves. They are also likely the 

cause of pressure fluctuations as per fractional flow theory, 

pressure and saturation response are coupled. The 

observation of different pressure and saturation frequency 

and amplitudes from Figure 6 and Figure 7 can be potentially 

attributed to the different sampling rates and the associated 

impact of under-sampling as shown in Figure 8.  

The remaining question is why we observe travelling 

waves first place. The traditional expectation is that when a 

steady-state is reached, saturation is constant in time and 

space (except for capillary end-effects [29]).  

A possible reason for the presence of travelling saturation 

waves is that for the specific flow conditions, the solution of 

the governing fractional flow equations are unstable against 

perturbations such as pore scale displacements, Haines jumps 

etc. The effects of such instabilities could be shown 

mathematically by using for instance linear stability analysis.  

However, moving banks that are initialized via respective 

initial conditions do not explain why during constant 

fractional flow injection the moving saturation banks appear, 

i.e. why a homogeneous saturation solution becomes unstable 

against perturbations. In order to prove that, a linear stability 

analysis of the governing equations e.g. in [33,34] would be 

required, which would involve a significant level of 

complexity. Given the degree of uncertainty and assumptions 

involved it is not clear whether such an analysis can be 

successful. 

Here we follow a different approach and argue more from 

a physical side why nature would prefer a travelling wave 

solution over constant saturation. Starting point is the 

question whether travelling waves would transport more flux 

than fractional flow at constant saturation. The assessment of 

that question will be based on the flux 𝜆𝛼     𝛼/ 𝛼 of phase 

𝛼. We have to honor the flux boundary condition i.e. injecting 

water and oil phases at 𝑓𝑤. Therefore, we weigh the mobility 

of water with 𝑓𝑤 and oil with (1 − 𝑓𝑤). For a flat saturation 

profile we obtain 

                                 𝜆𝑡 𝑡
𝑓 𝑎𝑡

 𝑓𝑤
𝑘𝑟 𝑤
𝑑𝑟𝑎𝑖𝑛

𝜇𝑤
+ (1 − 𝑓𝑤)

𝑘𝑟 𝑜
𝑑𝑟𝑎𝑖𝑛

𝜇𝑜
 (5) 

In order to estimate the total mobility of a travelling 

saturation wave we treat it as a moving water bank with 

length 𝑙𝑤  0.1 − 0.2 (i.e. having a length of 10-20% of the 

total saturation profile, see Figure 10 and Figure 11) and a 
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saturation height of 𝛿𝑆𝑤  ±0.01 and 𝛿𝑆𝑤  ±0.02. The 

total mobility of the travelling bank is then 

                    𝜆𝑡 𝑡
 𝑎 𝑘  𝑙𝑤𝜆

𝑤𝑎𝑡    𝑎 𝑘 + (1 − 𝑙𝑤)𝜆
     𝑎 𝑘 (6) 

In Figure 15 we plot the ratio of 𝜆 𝑎 𝑘
𝑡 𝑡  from eq. 6 over the 

total mobility of the flat saturation profile 𝜆𝑡 𝑡
𝑓 𝑎𝑡

 from eq. (5), 

i.e. 𝜆 𝑎 𝑘
𝑡 𝑡 /𝜆𝑡 𝑡

𝑓 𝑎𝑡
. For 𝜆 𝑎 𝑘

𝑡 𝑡 /𝜆𝑡 𝑡
𝑓 𝑎𝑡

< 1 the flat saturation 

profile has the higher total mobility. But for 𝜆 𝑎 𝑘
𝑡 𝑡 /𝜆𝑡 𝑡

𝑓 𝑎𝑡
> 1 

the travelling wave has the total higher mobility. We can see 

from Figure 15 that this is the case for saturations 𝑆𝑤 <
0.4 − 0.5 or 𝑓𝑤 < 0.4 which is consistent with the general 

observation  

 

Figure 15. Ratio of the total flux of the travelling saturation waves 

(“banks”) and the total flux of a flat saturation profile. We see that – 

depending on the saturation wave amplitudes 𝛿𝑆𝑤 – the total 

mobility of the traveling wave solution is higher than for a 

homogenous saturation profile, meaning that for the same pressure 

drop more total flux is transported than for a homogenous saturation 

profile. For a saturation wave amplitude 𝛿𝑆𝑤  ±0.01 that occurs 

for 𝑆𝑤 < 0.3  and for 𝛿𝑆𝑤  ±0.02 for 𝑆𝑤 < 0.45. That is roughly 

consistent with the experimentally observed onset of fluctuations 

beyond the noise level from 𝑆𝑤 < 0.4 − 0.5 or 𝑓𝑤 < 0.4-0.6.  

 

That means that travelling waves can transport at the same 

pressure drop more flux than a homogeneous saturation 

profile, i.e. it is energetically more favorable than transport at 

a flat saturation profile. Note that this is just a rough 

approximation and does not replace a more rigorous stability 

analysis which is subject to future work. 

4 Influence of Wettability  

In an unrelated study (but with the same experimental 

setup) we demonstrate the influence of wettability conditions 

on the magnitude of the pressure and saturation fluctuations. 

For that study, three cylindrical samples (5 cm length and 3.8 

cm diameter) of Bentheimer rock (𝜙  0.25, 𝐾  2.6 𝐷, 

twin-samples taken from the same block specifically selected 

for homogeneity) were aged with 3 different crude oils 

(properties listed in Table 1) following largely the de-

saturation (using a centrifuge) and ageing protocol (40 days) 

outlined in [41] (but without pre-drilling small sub-samples 

because these are Darcy scale experiments). The flow 

experiment was conducted with decalin instead of crude oil. 

The raw data for first imbibition experiment for the 3 

samples is shown in Figure 16A. Based on an extensive 

analysis of the 3 different crude oils using gas 

chromatography and cyclotron resonance mass spectrometry 

methods which allows to distinguish chemical species to the 

level of functional groups extending significantly beyond 

TAN, TBN and SARA analysis, the potential for wettability 

alteration is highest for crude oil 3 followed by crude 2 and 

the least for crude 1. This is confirmed by the trend of residual 

oil saturation, 𝑆     and the water endpoint relative 

permeability    𝑤(𝑆   ) displayed in Figure 16B.  

 

Figure 16. Raw data for 3 steady-state core floods in Bentheimer 

rock aged with 3 different crude oils (A) resulting in 3 different 

wettability conditions from more water-wet to more intermediate-

wet, consistent magnitude of residual oil saturation, 𝑆    and water 

relative permeability endpoint,    𝑤(𝑆   ) (B). The magnitude of 

pressure and saturation fluctuations systematically decreases from 

water-wet to intermediate-wet conditions.  

Table 1. Properties of crude 1, 2 and 3. 

Crude Density Visc. TAN TBN Sat Aro Res 

 kg/m3 mPas mg KOH/g mg /kg wt-% wt-% wt-% 

1 934.7 88.43 1.37 320 37 48 14 

2 833.9 4.87 0.07 83.9 58 37 4 

3 859.2 9.47 0.09 271 44 44 10 

 

The pressure and saturation fluctuations shown in Figure 

16A follow a systematic trend with wettability where the 

fluctuations are largest for water-wet conditions and lowest 

for intermediate- to mixed-wet conditions. This observation 

confirms that that the fluctuations are not an artefact because 

except for the wettability no other condition was changed and 

the same setup was used with practically identical rock 

samples. It rather confirms that the effect is systematically 

affected by wettability conditions. In an independent set of 

pore-level experiments conducted with smaller twin-samples 
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from the same block of Bentheimer rock following the 

preparation protocol in [41] similar trends i.e. strong 

fluctuations in the water-wet case [10] and much less 

fluctuations in the intermediate-wet (aged) case [11] were 

observed. This confirms, on the one hand, the independent 

reproducibility of the effect, and on the other hand, links the 

Darcy-scale observation to pore scale flow regimes. Already 

a previous study performed in Ketton limestone showed that 

in mixed-wet rock the flow regimes are systematically 

different due to enhanced ganglion dynamics [27]. The study 

by Lin et al. [11] provided the insight of increased 

connectivity in mixed-wet conditions due to bi-continuous 

interfaces. Increased connectivity implies less pore scale 

displacement events together with an overall lower capillary 

pressure magnitude resulting in lower magnitude of pressure 

fluctuations. At the same time the different wettability will 

also impact relative permeability and consequentially the 

fractional flow curves. A detailed analysis similar to that 

presented in section (3) would be required to fully understand 

how that impacts the travelling saturation wave instability.  

5 Summary & Conclusions 

The raw data of a steady-state (drainage) core flooding 

experiment in water-wet Fontainebleau sandstone rock shows 

reproducibly pressure, saturation and electrical conductivity 

fluctuations in a systematic manner in terms of fractional flow 

and saturation range but also wettability (for imbibition 

experiments where rock has been aged with crude). The 

experimental setup has been designed to rule out common 

experimental artefacts such as back pressure regulators or 

complex fluid behavior. Artefacts from e.g. the injection 

instability (effects in the end-piece and capillary entry 

pressure for oil) can be also largely ruled out because the 

effect would be present for all fractional flows and would 

scale with oil injection rate but that is not what is 

experimentally observed. In a very recent experiment using 

the same concepts and in particular the same end pieces as 

shown in Figure 2B the fluid distribution inside the end piece 

was imaged, observing continuous injection for both oil and 

water phases. While water injection occurred mainly in the 

center (and re-distributed in the first few layers of pores) the 

oil phase is distributed over the whole end face of the core, 

i.e. no signature of slug-like injection has been observed.  

By systematically analyzing the raw data, fluctuations can 

be separated from instrumental noise suggesting that 

fluctuations mainly occur in the fractional flow range of 

0.67 ≥ 𝑓𝑤 ≥ 0.02. The saturation space time 𝑆𝑤(𝑥 𝑡)  
analysis reveals that the underlying reason of saturation (and 

pressure) fluctuations are travelling saturation waves, which 

can be reconciled with fractional flow theory. There is also an 

intuitive physical explanation for traveling saturation waves 

as a rough estimate reveals that travelling waves transport 

more flux at the same pressure drop than for flat saturation 

profiles which occurs roughly in the same fractional flow and 

saturation range where non-noise fluctuations are observed in 

the experiment.  

That clearly demonstrates that the observation of strong 

pressure and/or saturation fluctuations in steady-state 

experiments are not necessarily experimental artefacts or 

noise but can have a physical origin. This also means that 

observation of such strong fluctuations can no longer be a 

reason for dismissing the experiment as invalid. It rather 

means that we need to update our interpretation methodology 

for such experiments and this work provides respective 

guidance.  

There are a range of potential consequences which we 

need to be aware. Travelling saturation waves involve 

hysteresis because the leading front of a propagating water 

saturation peak represents an imbibition process while the 

trailing front is a drainage process. Therefore, construction of 

the fractional flow solution involves both drainage and 

imbibition fractional flow curves. That also means that the 

resulting relative permeability curve measured in such 

steady-state experiments is not a pure drainage or imbibition 

bounding curve anymore but rather a scanning curve. Given 

the complexity of hysteresis models, previous work [34] 

pointed out that solutions of such models are inherently non-

unique. That would explain why interpretation workflows of 

relative permeability core floods by inverse modelling [1,2] 

show even with the most flexible relative permeability model 

still residuals which are non-Gaussian.  

The second level of consequences are more conceptual 

and relate to the transition from pore- to Darcy scale. While 

we speculate that pore scale events provide a trigger for 

pressure and saturation fluctuations, it is clear that based on 

volumetric assessment the saturation change associated with 

fluctuations involve hundreds to thousands of pores, i.e. are 

not a pore scale phenomenon anymore. Without a valid 

fractional flow solution, pore scale fluctuations would 

eventually average out at REV scale. Only because a valid 

fractional flow solution exists, they are still visible on the 

centimeter scale. The length of the moving saturation bank of 

a few mm is approximately in the same range as the size of 

the biggest possible oil clusters [39] just before getting 

mobilized by viscous forces [40] and also approximately the 

length of a capillary dispersion zone [29]. Therefore, the 

travelling saturation waves represent the transition from pore 

to Darcy scale. We have never looked at the transition from 

pore to Darcy scale in this way which means that it deserves 

also a more detailed investigation in the future. 

 
Diederik van Batenburg, John van Wunnik and Jasper de Reus are 

acknowledged for helpful discussions about the fractional flow 

analysis. 
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