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Abstract6

Intermittent fluid flow has recently been identified as an important trans-
port mode for processes involving subsurface multiphase fluids such as CO2

storage and natural gas production. However, due to experimental limi-
tations, it has not been possible to identify why intermittency occurs at
subsurface conditions and what the implications are for upscaled flow prop-
erties such as relative permeability. We address these questions with obser-
vations of nitrogen and brine flowing at steady-state through a carbonate
rock. We overcome previous imaging limitations with high-speed (1s resolu-
tion), synchrotron-based X-ray micro-computed tomography combined with
pressure measurements recorded while controlling fluid flux. We observe that
intermittent fluid transport allows the non-wetting phase to flow through a
more ramified network of pores, which would not be possible with connected
pathway flow alone for the same flow rate. The volume of fluid intermittently
fluctuating increases with capillary number, with the corresponding expan-
sion of the flow network minimising the role of inertial forces in controlling
flow even as the flow rate increases. Intermittent pathway flow sits energeti-
cally between laminar and turbulent through connected pathways. While a
more ramified flow network favours lowered relative permeability, intermit-
tency is more dissipative than laminar flow through connected pathways, and
the relative permeability remains unchanged for low capillary numbers where
the pore geometry controls the location of intermittency. However, as the
capillary number increases further, the role of pore structure in controlling
intermittency decreases which corresponds to an increase in relative perme-
ability. These observations can serve as the basis of a model for the causal
links between intermittent fluid flow, fluid distribution throughout the pore
space, and the upscaled manifestation in relative permeability.
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1. Introduction7

Accurate prediction of the propagation and trapping of multiple fluid8

phases in porous rocks of the Earth’s subsurface is important to a number9

of engineered and geological applications; fluid flow is simulated to quantify10

the volume of CO2 that can be stored safely underground (1; 2; 3) and to11

estimate the volume of hydrocarbon fluids in an oil field (4). These systems12

are modelled using a continuum framework, including Darcy’s law extended13

to multiphase flow, to describe energy dissipation as fluid moves through the14

pore network of subsurface rocks. Darcy’s law is predicated on the transport15

of the individual fluid phases through distinct pore networks, with static16

fluid-fluid interfaces. However, recent observations have demonstrated that17

multiphase flow through the pore networks of rocks is more complex, with18

modes of transport through both connected paths as well as the frequent19

rearrangement, or intermittency, of these flow networks (5; 6; 7; 8; 9).20

Distinct modes of transport occur depending on the capillary number,21

the ratio of capillary to viscous forces, and the ratio of fluid viscosities, M =22

µnw/µw (6). At capillary numbers prevailing in the subsurface and with fluid23

pairs including medium crude oil-brine or CO2-brine that have less than unity24

viscosity ratios (M ≤ 1) there are two dominant modes of transport. Either25

fluid phases flow through connected pathways, with fixed pore networks for26

each fluid, or they flow through intermittent pathways, with the competition27

between the fluids resulting in pathways that are periodically broken and28

reformed in critical locations of the pore space. Intermittent pathway flow29

has been compared to cars at traffic lights; with the pore network being30

equivalent to the road network. Flow through the pore network, like traffic31

along a road, is not continuous (7). These intermittent flow pathways persist32

even under steady-state conditions whereby the macro-scale flow properties33

such as saturation and pressure are invariant when averaged over time (10).34

The various features of the pore structure which control the particular35

locations of intermittency have been described in previous work (5). The36

intermittency occurs in intermediate sized pores, where the capillary pressure37

of the fluids is close to the entry pressure of the pore. Intermittency tends to38

occur in places where either the non-wetting phase or the pore space is poorly39

connected. Small variations in the initial invasion of a fluid phase can lead to40

variations in the location of intermittent pathways, but the characteristics of41
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the intermittent pores remain the same. Observations also show that when a42

system is perturbed from steady-state, the oscillations in the pressure signal43

caused by intermittent pathway flow continue as the system transitions to a44

new steady-state (11).45

However, due to experimental limitations, it has not been possible to46

identify what drives intermittency at the low capillary numbers characteris-47

tic of subsurface conditions, and how this impacts larger scale flow properties48

such as the relative permeability. In this paper we address these questions49

with observations of steady-state flow of nitrogen and brine through a porous50

carbonate rock. We observed intermittency in steady-state flow in unprece-51

dented detail with high temporal resolution (1 s) synchrotron X-ray tomogra-52

phy for nine capillary numbers, with total flow rate and fractional flow varied53

between experiments. We revealed a previously unidentified scaling between54

capillary number and fluid flux through intermittent flow paths. We identi-55

fied that as flow through certain areas of the pore space approached critical56

Reynolds numbers for the transition at which inertial forces are no longer57

negligible, more intermittent pathways over a more disperse area occurred,58

reducing the velocity of flow in a given region of the pore space. These ob-59

servations can provide the basis for a model for the causal links between60

intermittent fluid flow, fluid distribution throughout the pore space, and the61

upscaled manifestation in relative permeability.62

2. Methods63

We observe the fluid distribution of nitrogen and brine with time as both64

are simultaneously injected into a carbonate rock. A total of 9 observations65

were collected for 3 different total flow rates. For each total flow rate, the66

fractional flow (which is the fraction of the total flow rate constituted by the67

brine flow rate) was changed 3 times. The list of experiments is given in68

Table 1. We use a capillary number which comprises properties of both fluid69

phases:70

Ca =
q

σλ
(1)

where q is the total Darcy flux, σ the interfacial tension between the nitrogen71

and brine, and λ the total mobility (λ = fw
µw

+ 1−fw
µnw

where µ is the viscosity72

and fw is the brine flow rate as a fraction of the total flow rate) (6). The73
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Experimental
number

Nitrogen flow rate
(ml/min)

Brine flow rate
(ml/min)

Total flow rate
(ml/min)

Fractional
flow

Capillary
number

1 0.015 0.085 0.1 0.85 1.6 × 10−7

2 0.03 0.07 0.1 0.7 8.7 × 10−8

3 0.05 0.05 0.1 0.5 5.4 × 10−8

4 0.06 0.34 0.4 0.85 6.5 × 10−7

5 0.12 0.28 0.4 0.7 3.5 × 10−7

6 0.2 0.2 0.4 0.5 2.2 × 10−7

7 0.105 0.595 0.7 0.85 1.1 × 10−6

8 0.21 0.49 0.7 0.7 6.1 × 10−7

9 0.35 0.35 0.7 0.5 3.8 × 10−7

Table 1: Experimental parameters for the 9 observations described in this research.

capillary numbers associated with the observations (shown in Table 1) show74

that flow was capillary dominated.75

Experiments 1-3 are taken from (11). The processing is described in more76

detail in (11), but is repeated for completeness below, with Experiments 4-977

conducted with the same methodology. The observations were made on the78

same cylindrical Estaillades sample, 5 mm in diameter and 20 mm long. The79

absolute permeability of the sample was 1.24×10−13 (measured during single80

phase flow of deionised water). The typical porosity of Estaillades is 28-30%,81

although around half of this porosity is micro-porosity, below the resolution82

of the micro-CT images (12; 13). The micro-porosity is not of interest in this83

work as intermittent pathways occur solely in pore sizes above the resolvable84

resolution (11). The sample was initially saturated with brine (deionised wa-85

ter doped with 15% wt. KI to improve the X-ray contrast). The system was86

pressurised to 8 MPa to minimise compressibility effects, with an additional87

2 MPa of confining pressure. Then both nitrogen and brine were injected si-88

multaneously, with the flow rates of the nitrogen and the brine listed in Table89

1. A differential pressure transducer (Keller, 300 kPa transducer with 1.5 kPa90

accuracy) was connected across the sample, to measure the pressure drop.91

Steady-state was identified as the point after which the differential pressure92

had plateaued. Between observations the sample was not resaturated with93

brine.94

The X-ray imaging was conducted at the TOMCAT beamline at the Swiss95

Light Source, Paul Scherrer Institut, Villigen, Switzerland. The sample was96

exposed to filtered polychromatic X-ray radiation with a peak energy of about97

26 keV originating from a 2.9 T bending magnet source. The filter was98

2.3 mm-thick Silicon and 5 mm thick pyrolytic carbon. An in-house devel-99

oped GigaFRoST camera (14) and a high numerical aperture white-beam100
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microscope (Optique Peter) with 4× magnification (15) were used, yielding101

an effective pixel size of 2.75 µm. Each tomogram contained 1000 projections102

over 180◦ rotation. Each scan lasted 1 s, with a further 1 s required for the103

sample to rotate back to its initial position before the next scan started.104

Each image analysed was 4224×4298×4263 µm in size, and located in105

the centre of the sample to avoid capillary end effects. The images were106

reconstructed from the X-ray projections using the propagation-based phase107

contrast method (16) and the gridrec algorithm (17). The images were then108

filtered with a non-local means filter to suppress noise whilst maintaining109

the information at phase boundaries (18). The first image was taken with110

just deionised water in the pore space. This image is used to segment the111

pore space from the rock grains using a watershed segmentation algorithm112

(19). Then the sample was saturated with the brine, and another image113

was taken; this is the brine saturated image. All subsequent images with114

the non-wetting phase (nitrogen) and brine present were subtracted from the115

brine saturated image; this results in a differential image whereby only the116

location of non-wetting phase remains. From this a simple greyscale value117

threshold was used to segment out the nitrogen. The pore space was overlain118

on this segmentation to locate the pore space occupied with brine.119

The pore space morphology was extracted using a maximal inscribed120

spheres (maximum ball, MB) network extraction technique (20; 21). The121

fluid occupancy for each pore MB was assigned for every time step by over-122

laying the MBs on the segmented fluid distribution, and assigning the MB123

the fluid with majority occupancy.124

3. The stability of intermittent fluid flow pathways125

3.1. Intermittent flow pathways change to accommodate increasing fluid flux126

A total of 9 steady-state experiments were conducted across a capillary127

number range spanning two orders of magnitude (see Table 1). The average128

gas saturation for these 9 experiments was between 0.26 and 0.33, a difference129

of 27%. The average differential pressure across the sample increased from130

48 kPa to 206 kPa, an increase of 429%.131

The gas saturation remains relatively constant throughout the experi-132

ments, suggesting a similar capillary pressure for the observations across the133

range of capillary numbers. In contrast, the fluid phase distribution and134

the mode of transport for the gas phase varies considerably (Figure 1). For135

experiment 1 (top left panel of Figure 1) the gas is highly channeled and is136
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connected by a single pore in the center of the rock sample. This is also the137

case for experiments 2 and 3. However, for the group with the next highest138

total flow rate (experiments 4-6, central column in Figure 1) the gas distri-139

bution is more uniform throughout the pore space. The gas phase is more140

evenly distributed at the highest total flow rate (experiments 7-9, right hand141

column in Figure 1). As the total flux of the fluids increased, transport across142

the porous medium also changed. As we will show in subsequent sections,143

this corresponds to an increase in intermittency as a fluid transport mode.144

3.2. Intermittent flow pathways develop in response to pathways with high145

Re flow146

The highly channeled flow in the top left hand panel of Figure 1, whereby147

gas flow is forced through a single pore provides the opportunity for the148

Reynolds number to be estimated for that constriction.149

The Reynolds number can be defined by:150

Re =
ρuD

µ
(2)

where ρ is fluid density, u is fluid velocity, D is the hydraulic diameter and151

µ is the fluid viscosity. The hydraulic diameter is calculated by:152

D =
4A

Wp

(3)

where A is the cross-sectional area of the flow path and Wp is the wetted153

perimeter (the perimeter of the cross-sectional area of the gas). The fluid154

velocity u (m/s), is calculated from the injected volumetric flow rate v (m3/s)155

by156

u =
v

A
. (4)

Thus the Reynolds number can be rewritten as:157

Re =
4ρv

µWp

. (5)

For the experiments conducted at the lowest total flow rate (the left158

hand panel in Figure 1), the gas flow is confined to a single constriction at159

one point in the pore space. Here, the Reynolds number is calculated to be160
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Figure 1: Distribution of gas during all steady-state experiments. The brine and rock
space are transparent in these images. Each distinct gas ganglion has been assigned a
different colour. These images are for a single scan and although the ganglia do connect
and disconnect with time, these images are representative for the connectivity.
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Experimental
number

Wetted perimeter for slice
(voxels)

Gas flow rate
(ml/min)

Reynolds
number

1 67 0.015 29
2 140 0.03 27
3 211 0.05 30
4 23126 0.06 0.33
5 26877 0.12 0.57
6 30265 0.2 0.85
7 20169 0.105 0.67
8 34556 0.21 0.78
9 38475 0.35 1.17

Table 2: The wetted perimeter of the gas pathways for the middle slice of the imaged
section of the sample for every experiment detailed in Table 1. For experiments 4-9, when
more than one pathway exists in this section, the Reynolds number is calculated assuming
uniform flow across the pathways.

27 ≤ Re ≤ 30 (Table 2). The other experiments were conducted at higher161

flow rates, but there were more pathways available for gas to flow across162

the pore space (the middle and right hand panels in Figure 1). The fluid163

velocity cannot be as precisely constrained with many avenues for flow. To164

provide a comparison we calculate the wetted perimeter for the same slice165

and assume the gas flow in uniform across all pathways. Despite the higher166

total fluid flux for these experiments, the Reynolds numbers are 1-2 orders167

of magnitude smaller due to the altered fluid distribution, Re ≤ 1 (Table 2).168

This variation in Reynolds number is notable due to its proximity with169

the critical Reynolds number for flow in porous media. The critical Reynolds170

number has been reported for flow in porous media to be around Rec = 10171

(22), although both higher values of 40-80 (23) and lower values down to 0.1172

(24; 25) have also been reported due to the flow of geometry and the complex173

nature of flow. The Reynolds number for experiments 1-3 is potentially in174

the transition region at which inertial forces would influence flow dynamics.175

The fluid redistribution in response to the increased total flux of experiments176

4-9 reduces the influence of inertial forces, even as flow rate increases. As177

will be reported below, this also coincides with an increased flux through178

intermittent flow pathways. This suggests that while intermittent fluid flow179

may not be energetically favoured over laminar connected pathway flow, it180

provides more avenues for fluid flow which reduce the role of inertial forces181
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in a given region of the pore space.182

3.3. Intermittency scales with capillary number183

The amount of intermittent fluid flow in the pore space has typically been184

quantified by the volume of pore space identified as intermittently occupied185

during imaging (5; 6; 9; 13; 8). A positive correlation exists between the per-186

centage of the pore space intermittently occupied and the capillary number187

(shown in Figure 2a) for a given fractional flow. However, the trend does not188

scale across fractional flows. Thus, the percentage volume of the pore space189

intermittently occupied provides some insight into the dynamics, but it does190

not capture the full complexity of the dynamics.191

With high temporal resolution synchrotron imaging, we were able to cap-192

ture the movement of fluid- fluid interfaces. As a proxy for fluid flux through193

intermittent flow, we quantify the volume of gas fluctuating as the volume of194

an intermittently occupied pore multiplied by the number of times a change195

in occupancy occurs during an imaging window, averaged to the number of196

scans during the imaging window. For this analysis, the imaging window is197

10 minutes in which images were acquired continuously. The capillary num-198

ber plotted against the average volume of gas fluctuating per scan is shown199

in Figure 2b. The inclusion of the number of fluctuations scales the points200

across all fractional flows towards a single curve in Figure 2b. The volume201

flux of fluid transport through intermittent flow pathways scales directly with202

capillary number.203

4. The evolution of intermittent fluid flow pathways204

4.1. Intermittent flow path evolution with fractional flow and capillary num-205

ber206

By comparing observations between experimental stages, we tracked the207

evolution of flow pathways in pores, e.g, from intermittent to stable. At208

a given total flow rate, the majority of pore space that was intermittently209

occupied either remains intermittent or becomes a stable gas pathway as the210

fractional flow of gas increases, Figure 3a. Increasing the relative flow rate211

of the nitrogen induces an increase in the capillary pressure, allowing some212

regions of intermittent pathway flow to develop into stable flow pathways.213

The increased capillary pressure is also reflected in the pores that remain214

intermittent (dashed line Figure 3b) trending to smaller pores with increased215

fractional flow, for a given total flow rate, experimental number groups 1-3,216
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(a) (b)

Figure 2: a) The capillary number of the observation versus the percentage of the pore
space that was intermittently occupied during the imaging window. b) The capillary num-
ber of the observation versus the average volume of gas moving during a scan normalised
to the mean pore volume.

(a) (b)

Figure 3: a) The percentage volume of the pore space intermittently occupied by the NWP
and the fate of those intermittent regions in the subsequent steady-state observation. b)
The average pore radius of the pores described in a).
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4-6, 7-9. In all cases, the pores with intermittent fluid occupancy are on217

average smaller than pores with stable non-wetting flow pathways.218

4.2. The role of pore geometry in the development of intermittent pathways219

(a) (b)

Figure 4: a) The pore radius of an intermittent pore versus the duration gas occupies that
pore. b) The pore radius of an intermittent pore versus the frequency of fluctuations.

Intermittent pathways occur in the intermediate sized pores, where the220

capillary pressure is close to the entry pressure required for non wetting221

phase invasion into the pore. The two phases compete for occupancy leading222

to intermittent occupation. It has been previously shown that intermittency223

is also more likely to occur in regions of the pore space that are poorly224

connected (5).225

We observe that the amount of time gas spends in an intermittent pore226

is positively correlated with the pore size, with larger pores occupied with227

gas for longer (Figure 4a). The trend weakens as the total flow rate of the228

experiment increases. This shows a reduction of the role of pore size in229

controlling the intermittent events as the capillary number increases; pore230

geometry is less important at higher capillary numbers.231

The declining role of pore structure with increasing capillary number232

is also reflected in the frequency of fluctuation of fluid phases within the233

pores. The role of pore radius in the average number of fluctuations per234

scan is shown in Figure 4b. For the lowest total flow rate (Experiments235

1-3), the smaller pores fluctuate more. This trend weakens for the higher236

total flow rates, again showing that the pore structure is less of a control on237

intermittency at higher flow rates.238
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5. The impact of intermittency on the relative permeability239

According to the two-phase Darcy equations, the relative permeability of240

the non-wetting phase is defined by:241

krnw =
qnwµnwL

κabs∆P
(6)

whereby qnw is the gas flow rate per unit area (m/s) calculated by dividing242

the non-wetting phase volumetric flow rate by the cross sectional area of the243

cylindrical sample, µnw is the gas viscosity (Pa· s), L is the length of the244

sample (m), κabs is the absolute permeability calculated from single phase245

flow of deionised water through the sample (m2) and ∆P is the pressure246

difference across the sample (Pa).247

The gas relative permeability for all experiments is low due to the gas248

saturation being close to the percolation threshold (26) and the constricted249

nature of the gas pathway/ pathways (see Figure 1). There is a correlation250

between the gas saturation and the gas relative permeability (shown in Figure251

5) but the saturation covered in these experiments is small, while the range252

in relative permeability measured is large.253

Figure 5: The saturation of gas versus gas relative permeability. Note the “error bars” are
in fact the maximum and minimum relative permeability or saturation observed during a
10 minute imaging window.
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To illustrate the impact of increasing capillary number, and correlate the254

pore-scale flow regimes with continuum scale property of relative permeabil-255

ity, we fit two Brooks-Corey models to the relative permeability observations256

using:257

krg = (S∗
g )

2[1 − (1 − S∗
g )

2+Λ
Λ ] (7)

where krg is the gas relative permeability, S∗
g is the gas saturation normalised258

to the residual gas saturation, and Λ is the pore size distribution parameter.259

While the individual parameters can correspond to physical properties of260

the rock material, we simply use the model empirically and have not made261

any attempt, e.g., to measure the irreducible water saturation (27; 28; 29).262

We hold all parameters constant except for the use of two different values of263

Λ to model our data points.264

The relative permeability relationships appears to shift, increasing with265

increasing capillary number, although not in an obviously linear fashion (it266

remains relatively constant for the first two groups of experiments, and finally267

increases at the highest capillary number). It is notable that the shift can be268

captured with a variation in the parameter Λ. This parameter reflects the269

controls of the pore structure on relative permeability. A decreasing value270

of Λ with increasing capillary number suggests that intermittency leads to a271

weakening of the controls of the pore structure, i.e., the pore space is becom-272

ing effectively more uniform from the perspective of the flow process. This273

is consistent with the observations that intermittency permits fluid phases274

to access more of the pore space. It also suggests potential for a scaling of275

relative permeability with capillary number on the basis of the role of inter-276

mittency in controlling fluid distribution. The more dispersed gas pathways277

at higher Ca (shown in Figure 1) leads to more efficient transport of the278

gas (shown by the higher gas relative permeability in Figure 5). This agrees279

with work by (30). In addition to the disperse flow network, it is possible280

that the presence of fluid films are contributing to the increase in relative281

permeability (31; 32; 33). However, fluid films may be below the resolution282

of our observations and we have not observed them in these experiments.283

6. Conclusions284

We have identified the links between fluid flow potential, transport through285

intermittent flow pathways, and fluid phase distribution within the pore286

space. We have also provided preliminary observations of the upscaled im-287
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pact of these varying modes of transport on the continuum property relative288

permeability.289

During transport through connected fluid pathways, the fluid phase dis-290

tribution throughout the pore space is controlled by capillary pressure; non-291

wetting fluid cannot enter regions of the pore space without sufficiently high292

capillary pressure to overcome barriers to entry.293

Fluid transport through intermittent pathway flow provides access to re-294

gions of the pore space previously inaccessible to the connected non-wetting295

phase due to entry pressure barriers. In this work we identify the devel-296

opment of intermittent pathways as we increase the total flow rate at fixed297

capillary pressure (saturation and fractional flow). As the capillary number298

is increased intermittent flow develops throughout a distributed network in299

the pore space. This happens as the flow velocity in the network of con-300

nected paths reaches the critical Reynolds number (where inertial forces are301

no longer negligible) in specific locations. Intermittent transport is evidently302

more energetically favourable than turbulent flow, and it provides a mech-303

anisms to reduce the maximum flow velocity in the pore space through the304

generation of a more disperse flow network.305

The volume of fluid fluctuating through intermittent flow pathways scales306

with capillary number irrespective of the fractional flow of the system. The307

particular scaling relationship is reflective of the characteristics of the pore308

structure. It shows an increasing trend with Capillary number towards trans-309

port through intermittent flow paths whereas increasing transport through310

connected flow paths could result in flow paths with high local Reynolds311

numbers and consequently increased viscous dissipation.312

The fluid distribution throughout the pore space is heavily influenced by313

the transport of fluid through intermittent versus connected flow paths. It314

is notable that the relative permeability can be robust to changes in this315

underlying fluid distribution; two groups of relative permeability data with316

distinct underlying fluid distributions fall on the same curve. This probably317

reflects the energetic expense of intermittency: while intermittency permits318

a more disperse network of flow pathways, favouring an increase in relative319

permeability, energy is consumed in the creation and destruction of interfaces320

during this transport mechanism. Thus the relative permeability can remain321

almost the same in the initial transitions from pure connected pathway flow322

to intermittent flow.323

At the highest capillary numbers, and greatest flux through intermittent324

pathway flow, we do see an increase in the relative permeability saturation325
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relationship. This coincides with a weakening of the role of the pore structure326

in controlling locations where intermittency occurs. Whereas the location of327

intermittent transport is strongly correlated with pore size at low capillary328

number, intermittent transport occurs across the entire range of pore sizes at329

high capillary number. The corresponding shift in the relative permeability330

curve is consistent with a weakening of the role of pore structure.331

Combined, these observations provide the basis for a model for the causal332

links between intermittent fluid flow, fluid distribution throughout the pore333

space, and the upscaled manifestation in relative permeability. It is possi-334

ble that the locations of intermittent flow may be predicted a priori from335

knowledge of the pore structure, the capillary pressure, and the average fluid336

flow velocities; where the local Reynolds number is high in a given pore, in-337

termittency may develop in locations where the entry pressure is above the338

average capillary pressure in the system. Energy dissipation associated with339

distinct modes of transport, i.e., intermittent and connected pathway flow,340

may be summed to estimate the impact on upscaled relative permeability.341

7. Appendix342

7.1. Differential pressure at steady-state343

The sample was initially saturated with brine (the wetting phase), then344

brine and nitrogen (the non-wetting phase) were injected simultaneously as345

described in the methods section. The pressure drop across the sample in-346

creases as the non-wetting phase establishes a pathway through the pore347

space, and plateaus once steady-state has been achieved. The transition to348

steady-state in on the orders of hours for experiments where intermittency is349

expected at steady-state - this transition is described in detail in other work350

(11).351

Figure 6 shows the pressure drop across the sample over an hour at steady-352

state. As the flow rate increases, so does the pressure drop across the sample.353

Depending on the fluid configuration, periodic oscillations are observed at354

steady-state. The oscillations in experiments 1-3 (blue in Figure 6) are caused355

by the single pore restriction shown in Figure 1. Similar periodic fluctuations356

have been observed in an Estaillades carbonate by Menke et al. (2020) (34).357
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Figure 6: The pressure drop across the sample during the experiments listed in Table 1.
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[18] S. Schlüter, A. Sheppard, K. Brown, D. Wildenschild, Image processing426

of multiphase images obtained via x-ray microtomography: a review,427

Water Resources Research 50 (4) (2014) 3615–3639.428

[19] S. Beucher, F. Meyer, The morphological approach to segmentation: the429

watershed transformation, Mathematical morphology in image process-430

ing 34 (1993) 433–481.431

[20] H. Dong, M. J. Blunt, Pore-network extraction from micro-432

computerized-tomography images, Physical Review E 80 (3) (2009)433

036307.434

[21] A. Q. Raeini, B. Bijeljic, M. J. Blunt, Generalized network modeling:435

Network extraction as a coarse-scale discretization of the void space of436

porous media, Physical Review E 96 (1) (2017) 013312.437

[22] S. M. Hassanizadeh, W. G. Gray, High velocity flow in porous media,438

Transport in Porous Media 2 (6) (1987) 521–531.439

18



[23] T. H. Chilton, A. P. Colburn, Ii—pressure drop in packed tubes, Indus-440

trial & Engineering Chemistry 23 (8) (1931) 913–919.441

[24] B. P. Muljadi, M. J. Blunt, A. Q. Raeini, B. Bijeljic, The impact of442

porous media heterogeneity on non-darcy flow behaviour from pore-scale443

simulation, Advances in water resources 95 (2016) 329–340.444

[25] A. E. Scheidegger, The physics of flow through porous media, Soil Sci-445

ence 86 (6) (1958) 355.446

[26] D. Bauer, S. Youssef, M. Han, S. Bekri, E. Rosenberg, M. Fleury,447

O. Vizika, From computed microtomography images to resistivity in-448

dex calculations of heterogeneous carbonates using a dual-porosity pore-449

network approach: Influence of percolation on the electrical transport450

properties, Physical review E 84 (1) (2011) 011133.451

[27] R. H. Brooks, A. T. Corey, Hydraulic properties of porous media, Hy-452

drology papers (Colorado State University); no. 3 (1964).453

[28] R. H. Brooks, A. T. Corey, Properties of porous media affecting fluid454

flow, Journal of the irrigation and drainage division 92 (2) (1966) 61–90.455

[29] G. Laliberte, A mathematical function for describing capillary pressure-456

desaturation data, Hydrological Sciences Journal 14 (2) (1969) 131–149.457

[30] R. T. Armstrong, J. E. McClure, M. A. Berrill, M. Rücker, S. Schlüter,458
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