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SUMMARY:  22 
This protocol is presented to characterize the complex wetting conditions of an opaque porous 23 
medium (hydrocarbon reservoir rock) using three-dimensional images obtained by X-ray 24 
microtomography at subsurface conditions. 25 
 26 
ABSTRACT:  27 
In situ wettability measurements in hydrocarbon reservoir rocks have only been possible 28 
recently. The purpose of this work is to present a protocol to characterize the complex wetting 29 
conditions of hydrocarbon reservoir rock using pore-scale three-dimensional X-ray imaging at 30 
subsurface conditions. In this work, heterogeneous carbonate reservoir rocks, extracted from a 31 
very large producing oil field, have been used to demonstrate the protocol. The rocks are 32 
saturated with brine and oil and aged over three weeks at subsurface conditions to replicate the 33 
wettability conditions that typically exist in hydrocarbon reservoirs (known as mixed-wettability). 34 
After the brine injection, high-resolution three-dimensional images (2 µm/voxel) are acquired 35 
and then processed and segmented. To calculate the distribution of the contact angle, which 36 
defines the wettability, the following steps are performed. First, fluid-fluid and fluid-rock surfaces 37 
are meshed. The surfaces are smoothed to remove voxel artefacts, and in situ contact angles are 38 
measured at the three-phase contact line throughout the whole image. The main advantage of 39 
this method is its ability to characterize in situ wettability accounting for pore-scale rock 40 
properties, such as rock surface roughness, rock chemical composition, and pore size. The in situ 41 
wettability is determined rapidly at hundreds of thousands of points.  42 
 43 
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The method is limited by the segmentation accuracy and X-ray image resolution. This protocol 44 
could be used to characterize the wettability of other complex rocks saturated with different 45 
fluids and at different conditions for a variety of applications. For example, it could help in 46 
determining the optimal wettability that could yield an extra oil recovery (i.e., designing brine 47 
salinity accordingly to obtain higher oil recovery) and to find the most efficient wetting conditions 48 
to trap more CO2 in subsurface formations. 49 
   50 
INTRODUCTION:  51 
Wettability (the contact angle between immiscible fluids at a solid surface) is one of the key 52 
properties that control fluid configurations and oil recovery in reservoir rocks. Wettability affects 53 
macroscopic flow properties including relative permeability and capillary pressure1-6. However, 54 
measuring the in situ wettability of reservoir rock has remained a challenge. Reservoir rock 55 
wettability has been determined traditionally at the core-scale, indirectly using wettability 56 
indices7,8, and directly ex situ on flat mineral surfaces4,9-11. Both wettability indices and ex situ 57 
contact angle measurements are limited and cannot characterize the mixed-wettability (or range 58 
of contact angle) that typically exist in hydrocarbon reservoirs. Moreover, they do not account 59 
for pore-scale rock properties, such as rock mineralogy, surface roughness, pore-geometry, and 60 
spatial heterogeneity, that have a direct impact on the fluid arrangement at the pore scale. 61 
 62 
Recent advances in non-invasive three-dimensional imaging using X-ray microtomography12, in 63 
combination with the use of an elevated temperature and a pressure apparatus13, have allowed 64 
the study of multiphase flow in permeable media14-23. This technology has facilitated the 65 
development of manual in situ contact angle measurements at the pore scale in an opaque 66 
porous medium (quarry limestone rock) at subsurface conditions24. A mean contact angle value 67 
of 45° ± 6° between CO2 and potassium iodide (KI) brine was obtained by hand from raw images 68 
at 300 points. However, the manual method is time-consuming (i.e., 100 contact angle points 69 
could take up to several days to be measured) and the values obtained could have a subjective 70 
bias.  71 
 72 
The measurement of an in situ contact angle has been automated by different methods applied 73 
to segmented three-dimensional X-ray images25-27. Scanziani et al.25 improved the manual 74 
method by placing a circle at the fluid-fluid interface that intersects with a line placed at the fluid-75 
rock interface on slices orthogonal to the three-phase contact line. This method has been applied 76 
to small sub-volumes extracted from three-dimensional images of quarry limestone rock 77 
saturated with decane and KI brine. Klise et al.26 developed a method to quantify the in situ 78 
contact angle automatically by fitting planes to the fluid-fluid interfaces and fluid-rock interfaces. 79 
The contact angle was determined between these planes. This method was applied to three-80 
dimensional images of beads saturated with kerosene and brine. Both automated methods were 81 
applied to voxelized images that might introduce error, and in both methods, lines or planes were 82 
fitted at the fluid-fluid and fluid-rock interfaces and the contact angle was measured between 83 
them. Applying these two approaches on voxelized segmented images of complex rock geometry 84 
could lead to errors while also being time-consuming.  85 
 86 



  

 
 

In this protocol, we apply the automated in situ contact angle method developed by AlRatrout et 87 
al.27 that removes voxelization artefacts by applying Gaussian smoothing to the fluid-fluid and 88 
fluid-solid interfaces. Then, a uniform curvature smoothing is applied only to the fluid-fluid 89 
interface, which is consistent with the capillary equilibrium. Hundreds of thousands of contact 90 
angle points are measured rapidly in combination with their x-, y-, and z-coordinates. The 91 
approach of AlRatrout et al.27 has been applied to water-wet and mixed-wet quarry limestone 92 
samples saturated with decane and KI brine.  93 
 94 
In this protocol, we employ the latest advances in X-ray microtomography combined with a high-95 
pressure and high-temperature apparatus to conduct an in situ wettability characterization of 96 
complex carbonate reservoir rocks, extracted from a very large producing oil field located in the 97 
Middle East. The rocks were saturated with crude oil at subsurface conditions to reproduce the 98 
reservoir conditions upon discovery. It has been hypothesized that parts of the reservoir rock 99 
surfaces (with direct contact with crude oil) become oil-wet, while others (filled with initial 100 
formation brine) remain water-wet28-30. However, the reservoir rock wettability is even more 101 
complex due to several factors controlling the degree of wettability alteration, including the 102 
surface roughness, the rock chemical heterogeneity, the crude oil composition, the brine 103 
composition and saturation, and the temperature and pressure. A recent study31 has shown that 104 
there is typically a range of contact angle in reservoir rocks with values both above and below 105 
90°, measured using the automated method developed by AlRatrout et al.27.  106 
 107 
The main objective of this work is to provide a thorough protocol to characterize the in situ 108 
wettability of reservoir rocks (mixed-wettability) at subsurface conditions. An accurate 109 
measurement of an in situ contact angle requires a good segmentation quality. Hence, a machine 110 
learning-based segmentation method known as Trainable WEKA Segmentation (TWS)32 was used 111 
to capture not only the amount of remaining oil but also the shape of the remaining oil ganglia, 112 
thus facilitating more accurate contact angle measurements. Recently, TWS has been used in a 113 
variety of applications, such as the segmentation of packed particle beds, liquids within textile 114 
fibers, and pores of tight reservoirs33-40. To image the remaining oil accurately at a high resolution 115 
and at subsurface conditions, a novel experimental apparatus was used (Figures 1 and 2). Mini-116 
samples of rock were loaded into the center of a Hassler-type core holder41 made of carbon fiber. 117 
The use of a long and small diameter carbon fiber sleeve allows an X-ray source to be brought 118 
very close to the sample, hence increasing the X-ray flux and reducing the required exposure 119 
time, resulting in a better image quality in a shorter period of time. The carbon fiber sleeve is 120 
strong enough to handle high pressure and temperature conditions while remaining sufficiently 121 
transparent to X-rays21.  122 
 123 
In this study, we outline the steps followed to characterize the in situ wettability of reservoir 124 
rocks at subsurface conditions. This includes drilling representative mini-samples, the core holder 125 
assembly, the flow apparatus and flow procedure, the imaging protocol, the image processing 126 
and segmentation, and finally running the automated contact angle code to generate contact 127 
angle distributions. 128 
 129 
PROTOCOL:  130 



  

 
 

 131 
1. Drilling Representative Mini-samples of Rock 132 
 133 
1.1. To acquire high-resolution scans, drill mini-samples (i.e., with a diameter of 5 mm and a 134 
length of 15 - 30 mm). Firstly, label the core plug with 2 reference marks orthogonal to each other 135 
as shown in Figure 3. Then, acquire a full field-of-view (FFOV) scan of the core plug with a voxel 136 
size of 40 µm/voxel to visualize the internal distribution of pores and grains. 137 
 138 
1.2. Identify and label good drilling locations carefully: these avoid large vugs or mineral grains. 139 
Use a data visualization software (Table of Materials) to visualize the three-dimensional image 140 
of the rock as shown in Figure 3. Open a two-dimensional slice of the rock dry image and identify 141 
good drilling locations while moving the slice from the top to the base of the rock. 142 
 143 
1.3. Use a stainless-steel drilling bit to drill the mini-samples while using running water as a 144 
cooling fluid. Extract the fragile mini-samples carefully, using a thin chisel (i.e., a small flat head 145 
screwdriver) to remove the mini-samples from their base. Make both ends of the minisamples 146 
flat to facilitate good contact with the flow end pieces. 147 
 148 
1.4. Measure the dimensions of the mini-samples accurately using a caliper. Use the measured 149 
dimensions to calculate the bulk volume. Multiply the measured bulk volume by the measured 150 
helium porosity to find the pore volume. 151 
 152 
1.5. To measure the helium porosity of the mini-samples, use a gas pycnometer. First, use the 153 
gas pycnometer to measure the grain density (kg/m3) of the dry rock sample. Divide the mass 154 
(kg) of the dry sample by the measured grain density (kg/m3) to obtain the grain volume (m3). 155 
Subtract the grain volume from the bulk volume calculated in step 1.4 and, finally, divide the 156 
difference by the bulk volume to obtain the total porosity (fraction). 157 
 158 
1.6. Scan the drilled mini-samples at a higher resolution (i.e., 5.5 µm/voxel) using an X-ray 159 
microtomography scanner to assess the internal pore structure. Refer to step 4 for more details 160 
on how this is done. 161 
 162 
Note: Drilling mini-samples involves moving mechanical parts. So, wear complete personal 163 
protective equipment (PPE) and take appropriate precautions while drilling.  164 
 165 
2. Core Holder Assembly  166 
 167 
2.1. Load the sample into a Hassler-type core holder41 (Figure 1) by following the steps below. 168 
 169 
2.2. Dismantle the core holder assembly by removing the sealing screw and the M4 bolts of the 170 
flowhead. Remove the sealing ring from its groove in the flowhead and clean the sealing surfaces 171 
using a clean cloth with a cleaning liquid such as acetone. Place the core holder assembly 172 
components on a clear bench in good order (see Figure 1A for the sealing screw, Figure 1B for 173 
the flowhead, Figure 1C for the 1/16 PEEK tubing, Figure 1D for the stainless steel end fitting, 174 



  

 
 

Figure 1E for the rock sample, Figure 1F for the rubber tubing, Figure 1G for the thermocouple, 175 
Figure 1I for the carbon fiber sleeve, and Figure 1J for the flexible heating jacket). 176 
 177 
2.3. Wrap the flexible heating jacket around the carbon fiber sleeve. 178 
 179 
2.4. Insert a thermocouple to the annulus via the base of the core holder. 180 
 181 
2.5. Use a proportional-integral-derivative (PID) controller (Figure 2) that is custom built to 182 
control the temperature within ± 1 °C21. 183 
 184 
Note: Maintaining a stable temperature within ± 1 °C is important to avoid changing the 185 
interfacial tension of oil and brine that could affect the contact angle measurement42,43. 186 
 187 
2.6. Thread polyether ether ketone (PEEK) tubing through the top and base of the core holder. 188 
Then, connect the PEEK tubing to the custom-made end pieces. 189 
 190 
2.7. Cut a rubber tubing to a length approximately equal to the rock sample length plus the end 191 
pieces. Slide the sample gently into a rubber tubing and connect it to the end pieces. Ensure that 192 
the rubber tubing gives a tight fit over the end pieces to avoid having a leak of the confining fluid 193 
into the sample. 194 
 195 
2.8. Place the thermocouple tip next to the sample to measure the temperature of the fluids 196 
within the pores. 197 
 198 
2.9. Carefully assemble both ends of the core holder. Ensure that the sample is positioned at the 199 
center of the core holder to be in the scanning field of view. 200 
 201 
3. Flow Apparatus and Flow Procedure  202 
 203 
3.1. Prepare the flow apparatus (Figure 2) that is made up of 4 high-pressure syringe pumps (see 204 
Figure 2A for the oil pump, Figure 2B for the receiving pump, Figure 2C for the brine pump, and 205 
Figure 2D for the confining pump), a core holder assembly (see Figure 2E), a PID controller (see 206 
Figure 2F), and a CO2 cylinder (see Figure 2G), to perform waterflooding at the subsurface 207 
conditions.  208 
 209 
3.2. Use a clamp to hold the core holder assembly and place it on the rotation stage inside the X-210 
ray microtomography scanner.  211 
 212 
3.3. Use the flexible PEEK tubing to connect the fluids from the pumps to the sample and the 213 
confining annulus. 214 
 215 
3.4. Fill the isolated annulus gap with deionized water and vent the air out. Apply 1.5 MPa of 216 
confining pressure to squeeze the rubber tubing to prevent a flow along the sides of the core. 217 
 218 



  

 
 

3.5. Connect the CO2 cylinder to the base three-way valve and flush CO2 at a low rate through the 219 
sample for 1 h to remove the air from the pore space.  220 
 221 
3.6. Connect the brine pump (filled with 7 weight percent KI brine) to the base of the core holder 222 
via the base three-way valve and flush the air out of the brine injection line into the other side of 223 
the three-way valve before injecting the brine into the pore space. Inject the brine at 0.3 mL/min 224 
for 1 h (about 200 pore volumes) to fully saturate the sample with brine. Then, close the top and 225 
base three-way valves. 226 
 227 
3.7. Pressure test the oil pump against the receiving pump to determine the equivalent pressure 228 
in both pumps before conducting any drainage (oil injection). First, connect both pumps through 229 
a two-way valve and keep the valve closed. Increase the pressure to 10 MPa in both pumps and 230 
stop the oil pump and open the two-way valve while the receiving pump is still running. Record 231 
the pressure reading of the oil pump (i.e., 10.01 MPa), which is equivalent to 10 MPa in the 232 
receiving pump.  233 
 234 
3.8. Establish the subsurface conditions by raising the pore pressure to 10 MPa and the 235 
temperature to 60 or 80 °C. Connect the flexible heating jacket and the thermocouple to the PID 236 
controller and apply the target value (60 or 80 °C). Connect the receiving pump (filled with KI 237 
brine) to the base three-way valve and increase the pore pressure in 1 MPa steps along with the 238 
confining pressure until achieving a pore pressure of 10 MPa and a confining pressure of 11.5 239 
MPa. At this stage, the conditions replicate the hydrocarbon reservoir before the oil migration 240 
from the source rock. 241 
 242 
3.9. Connect the oil pump to the top of the core holder via the top three-way valve and flush the 243 
oil through the other side of the valve to remove any air in the line. Increase the pressure to the 244 
tested equivalent pressure (i.e., 10.01 MPa) while keeping the valve closed. Then, stop the oil 245 
pump and open the top three-way valve and start the drainage by injecting 20 pore volumes of 246 
oil using a constant flow rate of 0.015 mL/min (this rate is in the capillary-dominated flow regime) 247 
at subsurface conditions of 10 MPa and 60 or 80 °C. 248 
 249 
3.10. Leave the system to reach equilibrium for at least 2 h after the oil injection and then acquire 250 
a high-resolution scan (i.e., 2 µm/voxel) using an X-ray microtomography scanner. Please refer to 251 
step 4 for more details on how this is done. 252 
 253 
3.11. Then, move the core holder assembly out of the X-ray microtomography scanner very 254 
carefully with all safety precautions in place, place the core holder assembly inside the oven, and 255 
reconnect the flow lines to perform the aging over 3 weeks to alter the rock wettability. 256 
 257 
3.11.1. To investigate the oil recovery as a function of wettability, use different aging protocols 258 
to generate different wettability conditions. Control the degree of wettability alteration (water-259 
wet to oil-wet) by using different temperatures and oil compositions30,31,44.  260 
 261 



  

 
 

3.11.2. For example, to generate mixed-wet rock with more oil-wet surfaces, apply a relatively 262 
high temperature (80 °C) and inject crude oil (with a density of 830 ± 5 kg/m3 at 21 °C) 263 
continuously or frequently (dynamic aging) to provide a continuous supply of the polar crude oil 264 
components that can speed up the wettability alteration45. To generate weakly water-wet rock, 265 
use a lower temperature (60 °C) and no crude oil injection during the aging (static aging). To 266 
generate a mixed-wet reservoir rock with a mean contact angle close to 90°, perform dynamic 267 
aging with relatively heavier crude oil (with a density of 870 ± 5 kg/m3 at 21 °C mixed with 268 
heptane to induce asphaltene precipitation46-48) but at 60 °C31. 269 
 270 
3.12. Once the aging process is completed, move the core holder assembly back into the X-ray 271 
microtomography scanner. 272 
 273 
3.13. Conduct waterflooding at subsurface conditions. Pressure test the brine pump against the 274 
receiving pump before conducting waterflooding by following the same procedure as mentioned 275 
in step 3.7. 276 
 277 
3.13.1. First, connect the brine line to the base three-way valve, and connect the receiving pump 278 
to the top of the core holder via the top three-way valve. 279 
 280 
 3.13.2. Perform waterflooding of 20 pore volumes at subsurface conditions using a constant low 281 
flow rate (i.e., 0.015 mL/min), ensuring a low capillary number of approximately 10-7. 282 
 283 
3.13.3. Finally, leave the system to reach equilibrium for at least 2 h after waterflooding and 284 
acquire a high-resolution scan again at the same location. 285 
 286 
Note: Conducting such high-pressure and -temperature experiments requires a detailed risk 287 
assessment and rigorous testing of the whole flow apparatus outside the X-ray microtomography 288 
scanner before conducting any in situ experiments with all safety precautions in place. 289 
 290 
4. Imaging Protocol 291 
 292 
4.1. Use an X-ray microtomography scanner to acquire the three-dimensional X-ray scans at the 293 
micron scale of the reservoir rock saturated with oil and brine at subsurface conditions. 294 
 295 
4.2. Find the most effective phase contrast between oil, brine, and rock by doping the brine 296 
phase, using KI to be the intermediate phase in terms of X-ray adsorption. To achieve a good 297 
contrast between oil (lowest sorption, black), brine (intermediate, dark gray) and rock (most 298 
sorbing phase, light gray), as shown in Figure 4, prepare mini-containers with a different weight 299 
percent of KI brine, and perform the scanning. The histogram of the gray-scale value should show 300 
3 separate phases (Figure 4b).  301 
 302 
4.2.1. To prepare a contrast sample, half-fill a small cylindrical glass container (1 mL) with both 303 
oil and KI brine phases. Then, fill the other half of the container with crushed pieces of rock and 304 
mix them rigorously. Use a clean cylindrical metal to compact the mixture, avoiding any grain 305 



  

 
 

movement while scanning. Wear complete PPE and perform the mixing of the crude oil and the 306 
KI brine in a fume cupboard.  307 
 308 
4.3. Use a relatively long carbon fiber core holder with a small diameter to allow the X-ray source 309 
to be brought as close as possible to the sample. Do not use a very long core holder, which could 310 
increase the sample movement due to rotation during the scan acquisition. 311 
 312 
4.4. Use the 4X objective to acquire X-ray images at a high resolution (i.e., 2 µm/voxel) sufficient 313 
to measure the effective in situ contact angle. Use flexible PEEK tubing as injection lines to allow 314 
a smooth 360° rotation of the core holder assembly during the scan acquisition. 315 
 316 
4.5. For thin or low-density samples, use an X-ray source voltage and power of 80 kV and 7 W, 317 
respectively. For thick or high-density samples, use an X-ray source voltage and power of 140 kV 318 
and 10 W, respectively.  319 
 320 
Note: In this case, an X-ray source voltage of 80 kV and a power of 7 W were used. 321 
 322 
4.6. To acquire the 2 µm/voxel scans, use the 4X objective with an exposure time (i.e., 1.5 s or 323 
more) sufficient to obtain an X-ray radiation intensity of greater than 5,000 counts/s. 324 
 325 
4.7. Use a high number of projections (at least 3,200 projections) depending on time constraints. 326 
 327 
Note: X-ray microtomography involves an ionizing radiation risk. Hence, an appropriate risk 328 
assessment is required to ensure a safe working environment.  329 
 330 
5. Image Processing and Segmentation 331 
 332 
5.1. First, reconstruct the X-ray tomography dataset using the software (Table of Materials) to 333 
generate three-dimensional X-ray images (.txm). Click Browse to import the input file (.txrm). 334 
Then, select the Manual Center Shift and search for the most appropriate center shift correction 335 
value to account for any sample movement during the scan acquisition. 336 
 337 
5.1.1. Search for the appropriate center shift value. Start with a large range (-10 to 10) and a large 338 
step size (1.0). Then narrow down the search range and the step size (0.1), until the optimal value 339 
is obtained. 340 
 341 
5.1.2. Reconstruct the scan using the optimal center shift value. Account for any beam 342 
hardening effects before the image reconstruction. 343 
 344 
5.2. Use an appropriate segmentation method that is suitable for the specific application. To 345 
characterize the in situ wettability accurately, use a machine learning-based image 346 
segmentation method such TWS32 to turn gray-scale images to three-phase segmented images 347 
(oil, brine, and rock). Open the image in TWS—which is a Fiji (ImageJ)32 plugin—to segment the 348 
images without applying any noise filtering to avoid voxel averaging especially close to the 349 



  

 
 

three-phase contact line at which the contact angle is measured. 350 
 351 
5.3. Select the random-forest algorithm and training features, such as Mean, Variance, and 352 
Edges, to apply a featured-based segmentation.  353 
 354 
5.3.1. Click Settings to find the 12 Training Features in the Segmentation settings (Gaussian blur, 355 
Derivatives, Structure, Difference of Gaussian, Maximum, Median, Variance, Mean, Minimum, 356 
Edges, Laplacian, and Hessian) from which to select the best training features. The selection is 357 
based on segmentation trials using different training features or a combination of them. For 358 
example, the combination of the Edges, Mean, and Variance training features was found to give 359 
the best segmentation results for this carbonate reservoir rock system. 360 
 361 
5.3.2. In the Classifier options, choose FastRandomForest. 362 
 363 
5.3.3. To add a new phase (i.e., oil), click Create new class. 364 
 365 
5.4. Label the pixels from all 3 phases (oil, brine, and rock) manually as an input to train a classifier 366 
model. Using the freehand drawing tool in ImageJ software (Fiji), highlight the 3 phases. Try to 367 
follow the shape of the phase while labeling the pixels. Once completed, click Add to class. Then, 368 
perform the same for the other 2 phases. 369 
 370 
5.5. Apply the trained classifier to segment the whole image into 3 phases by clicking the Train 371 
classifier button. 372 
 373 
5.6. Repeat steps 5.4 and 5.5 until good segmentation results are achieved. Click Create result to 374 
visualize the segmented image. Finally, click Save as TIFF to save the image. Look at Figure 5 to 375 
see an example of a good segmentation image.  376 
 377 
5.7. Make sure that the segmented images are in an 8-bit unsigned format and the 3 phases are 378 
assigned as 0, 1, and 2 for brine, rock, and oil, respectively, before measuring the in situ contact 379 
angle using the automated method. 380 
 381 
5.7.1. In the data visualization and data analysis software (Table of Materials), use the module 382 
Convert Image Type to convert the image to the 16-bit label type. Use the Arithmetic module to 383 
perform the computation on the segmented image. In the Expression, specify the mathematical 384 
expression to change the number of the assigned phase [i.e., if rock is phase 2, then a 385 
mathematical expression of 1*(a==2) means to assign rock as phase 1 instead of phase 2]. 386 
 387 
5.7.2. Convert the three-dimensional segmented X-ray images from (.am) to binary raw un-signed 388 
data of 8-bit format (*.raw). Use the Convert Image Type module and, in the Output Type, select 389 
the option 8-bit unsigned and click Apply. Export data as Raw Data 3D (*.raw). 390 
 391 
6. Measuring the Contact Angle Distribution  392 
 393 



  

 
 

6.1. Measure the in situ contact angle distribution from the segmented images using the 394 
automated contact angle method of AlRatrout et al.27 (example results are shown in Figure 6). 395 
To perform these measurements, follow the steps below, as illustrated in Figure 7. 396 
 397 
6.2. Install the OpenFOAM library to perform the automatic contact angle and fluid-fluid interface 398 
curvature measurements.  399 
 400 
6.3. Save the image file (*.raw) in a folder (case) which contains a header file and a folder called 401 
System. 402 
 403 
6.3.1. Open the header file and declare the number of voxels in three dimensions (x, y, and z), 404 
the voxel dimensions (x, y, and z) in microns, and the offset distance (0 0 0 for no shifting). 405 
Rename the header file as the image file. 406 
 407 
6.3.2. Use the folder called System to comply with the basic directory structure for an OpenFOAM 408 
case. 409 
 410 
6.4. Make sure that there are 2 files (a controlDict file and a meshingDict file) in the system folder 411 
that contain the setting parameters. The controlDict file is where the run control parameters are 412 
set, including the start/end time. The meshingDict file is where the input and output files in each 413 
step of the algorithm are specified. Replace the file name with the new segmented image name 414 
in the meshingDict file for the steps explained below (Figure 7). 415 
 416 
6.4.1 Extract the surface (multi-zone mesh M) (look at Figure 7b). 417 
 418 
6.4.2. Add a layer near the three-phase contact line.  419 
 420 
6.4.3. Smooth the surface (look at Figure 7c). 421 
 422 
6.4.4. Set the required smoothing parameters that include the Gaussian radius kernel (RGauss), 423 
Gaussian iterations, the Gaussian relaxation factor (β), the curvature radius kernel (RK), the 424 
curvature relaxation factor (γ), and curvature iterations. For more details, see AlRatrout et al.27. 425 
  426 
6.5. Open a terminal from the same folder directory and type the following command, 427 
voxelToSurfaceML && surfaceAddLayerToCL && surfaceSmoothVP, to run the code and 428 
perform the contact angle and oil/brine curvature measurements. 429 
 430 
6.5.1. Look at Figure 7 to follow the computation steps of the contact angle on each vertex 431 
belonging to the contact line (i ∈ VCL) through the brine phase by: 432 
 433 

𝜃𝑖 =  𝜋 − cos−1(𝑛𝑖|𝑧2
⋅  𝑛𝑖|𝑧3

), 𝑖 ∈  𝑉𝐶𝐿 434 

 435 
Note: The normal vectors are computed on the vertices comprising the contact line i ∈ VCL. Each 436 
vertex is represented with 2 vectors normal to the oil/brine interface (z2) and the brine/rock 437 



  

 
 

interface (z3), as shown in Figure 7. 438 
 439 
6.6. Make sure that the smooth surface file *_Layered_Smooth.vtk is generated. This file contains 440 
the measurements of the contact angle and the oil/brine interface curvature, which can be 441 
visualized using a data visualization software (Table of Materials), as demonstrated in Figure 7. 442 
 443 
7. Quality Control 444 
 445 
7.1. To be confident with the obtained automated contact angle, conduct a quality check by 446 
comparing the automated contact angle values measured from the segmented images using the 447 
AlRatrout et al.27 method to the values measured manually from raw X-ray images using the 448 
approach of Andrew et al.24. 449 
 450 
7.2. To conduct the quality check, crop and segment a sub-volume from each mini-sample (Figure 451 
8). Use the data visualization and data analysis software to crop a small sub-volume containing 1 452 
or more oil ganglia that can be used to perform the manual contact angle measurement. 453 
 454 
7.3. Run the automated code to measure the in situ contact angle distribution of these sub-455 
volumes. Please refer to step 6 for how this is done. 456 
 457 
7.4. Load the *_Layered_Smooth.vtk file in the data visualization software to visualize the 458 
surfaces and select the Region option to view the oil and brine phases, see Figure 9. 459 
 460 
7.4.1. Click on Probe Location and add the spatial coordinates (x, y, and z) of a randomly selected 461 
contact angle point measured using the automated contact angle method (i.e., 60°). Locate its 462 
spatial location at the three-phase contact line, such as that at Figure 9a showing the location of 463 
the selected point (60°) as a yellow dot. 464 
 465 
7.5. Then, go to the data visualization and data analysis software to conduct the manual contact 466 
angle measurement. Load the segmented sub-volume image. 467 
 468 
7.6. Filter the noise from the raw X-ray image using a noise reduction filter to be used for the 469 
manual contact angle measurement only.  470 
 471 
Note: A non-local means filter49,50 was applied in this case. 472 
 473 
7.7. Use the segmented image to render the rock transparent and only visualize the oil and brine 474 
phases to help in identifying the location of the selected point, as shown in Figure 9b. 475 
 476 
7.7.1. Use the Arithmetic module to perform the calculation on the segmented image. In the 477 
Expression, specify the mathematical expression to isolate the oil and brine phases separately 478 
[i.e., the mathematical expression a==1 means to isolate phase 1 (brine in this case)]. 479 
 480 



  

 
 

7.7.2. Then, use the module Generate Surface to generate the oil and brine surfaces, and use the 481 
module Surface View to visualize the oil and brine surfaces in the desired colors. 482 
 483 
7.8. Once the location of the point is identified, bring the filtered-raw X-ray image slice to the 484 
same location, as shown in Figure 9c. 485 
 486 
7.8.1. Open the module Slice and change the Translate value. 487 
 488 
7.9. Extract the three-phase contact line using the Label Interfaces module on the segmented 489 
image. 490 
 491 
7.9.1. Type 3 in the Number of Phases box. Select No in the Only Black Voxels, apply and open 492 
the Isosurface module on the labeled interfaces, and change the Colormap and Threshold values 493 
as desired for the effective visualization. 494 
 495 
7.10. In the Slice module, turn on the Plane Definition, and in the options, select Show dragger. 496 
Hold the dragger and move it to the desired location at which that manual contact angle will be 497 
measured. 498 
 499 
7.10.1. In the Display Options, select the rotate option. Hold the rotate handle to rotate the slice. 500 
Rotate the slice to be perpendicular to the three-phase contact line and measure the contact 501 
angle manually using the angle measurement tool as shown in Figure 9d. 502 
 503 
Note: Here, the contact angle was found to be 61°. 504 
 505 
7.11. Plot the manually measured contact angle against the automated contact angle value 506 
measured at the same location to confirm the accuracy of the automated contact angle 507 
measurements. Look at Figure 10 to observe the comparison measurements of the contact angle 508 
between the automated method and the manual method of the sub-volume from mini-sample 509 
1.  510 
 511 
REPRESENTATIVE RESULTS 512 
For the 3 samples studied, the measured in situ distribution of the contact angle is shown in 513 
Figure 6, with the oil recovery shown in Figure 11. Figure 12 shows images of the remaining oil 514 
distributions for different wetting conditions at the end of the waterflooding. The mixed-515 
wettability (or the range of the contact angle) was measured using the automated contact angle 516 
method27. The measured contact angle distributions are considered to be representative results 517 
if there is a good match between the contact angle points measured using the automated 518 
method from segmented images compared to the manually measured contact angles from X-ray 519 
images. Figure 10 shows an example of a good match of a comparison measurement between 520 
the automated contact angles and the manual contact angles at the same locations for a sub-521 
volume from mini-sample 1 (weakly water-wet). 522 
 523 



  

 
 

Three aging protocols were performed to treat the 3 samples and generate 3 wetting conditions 524 
(Figure 6). Aging the sample at a lower temperature (60 °C) and statically (no oil injection during 525 
the aging period) could result in a weakly water-wet condition, such as the distribution shown 526 
for sample 1 in blue (Figure 6). On the other hand, aging the sample at a higher temperature (80 527 
°C) and with partially dynamic aging (an oil injection during the aging period) could result in 528 
mixed-wet conditions with more oil-wet surfaces, like that of sample 2 shown in gray (Figure 6).  529 
 530 
The oil recovery was found to be a function of wettability, similar to earlier core-scale studies51. 531 
However, at that time, the oil recovery was shown as a function of the core-scale wettability 532 
index. Similar oil recovery behavior has been observed at the pore-scale and was plotted as a 533 
function of the mean value of the in situ contact angle distribution (Figure 11). The low oil 534 
recovery of sample 1 (weakly water-wet) was due to the trapping of oil in larger pore spaces. The 535 
brine percolated through the small pore corners, leaving the oil trapped as disconnected ganglia 536 
in the center of the pore spaces with quasi-spherical shapes (Figure 12a), similar to what has 537 
been observed in previous investigations in water-wet media52-55. In contrast, sample 2 (a mixed-538 
wet case with more oil-wet surfaces) had oil layers that were largely connected (Figure 12b). 539 
These thin layers only allowed a slow oil production, leaving a high remaining oil saturation at 540 
the end of the waterflooding. The highest oil recovery was achieved in sample 3 (mixed-wet with 541 
a mean contact angle close to 90°) which was neither water-wet (so there is less trapping in large 542 
pores) nor strongly oil-wet (less oil is retained in small pore spaces)1. In the mixed-wet cases of 543 
sample 2 and 3, oil was left in connected, thin sheet-like structures (Figures 12b and 12c) similar 544 
to other studies in oil-wet porous media52,53,56. 545 
 546 
FIGURE LEGENDS: 547 
Figure 1: A schematic illustration diagram of the core holder assembly. Components of the core 548 
holder are labeled, and the internal cross-section view of the core holder is shown.  549 
 550 
Figure 2: The high-pressure, high-temperature flow apparatus. The flow apparatus is comprised 551 
of four high-pressure syringe pumps: (A) an oil pump, (B) a receiving pump, (C) a brine pump, and 552 
(D) a confining pump. Panel (E) shows the core holder assembly, (F) shows the PID controller, and 553 
(G) shows the CO2 cylinder.  554 
 555 
Figure 3: Images demonstrating the drilling of representative mini-samples. (a) This cartoon 556 
illustrates the orthogonal marks with a good drilling location. x and y are the distances from the 557 
center of the core plug used to find where to drill. (b) This panel shows a dry X-ray three-558 
dimensional image of the core plug (rendered semi-transparent) with a mini-sample (in dark 559 
gray). (c) This is a horizontal cross-sectional view of the core plug (scanned at 40 µm/voxel). The 560 
rock grains and pores are shown in gray and black, respectively. (d) This panel shows a horizontal 561 
scan of the mini-sample (scanned at 5.5 µm/voxel). (e) This is a vertical cross-sectional view of 562 
the core plug showing the complex and heterogeneous pore sizes and geometries along with the 563 
location of the mini-sample indicated by the black box. (f) This is a magnified vertical cross-564 
sectional view of the highlighted mini-sample shown in panel e that was scanned at 5.5 µm/voxel. 565 
 566 



  

 
 

Figure 4: A phase contrast scan. (a) This panel shows a contrast scan of crushed rock (light gray) 567 
mixed with brine (dark gray) and oil (black) phases. This was used to determine the appropriate 568 
doping of the brine to ensure a good phase contrast. (b) This is a histogram of the gray-scale 569 
value of the three phases. 570 
 571 
Figure 5: A horizontal cross-sectional view of raw and segmented X-ray images of three mini-572 
samples. Panels (a), (b), and (c) show xy cross-sectional views of mini-samples 1, 2, and 3, 573 
respectively. The top row shows the raw gray-scale X-ray images (oil, brine, and rock, are in black, 574 
dark gray, and light gray, respectively). The lower images show the segmented images of the 575 
same slice using Trainable WEKA Segmentation (oil, brine, and rock, are in black, gray, and white, 576 
respectively). 577 
  578 
Figure 6: Distributions of the contact angle measurement of the three mini-samples. Sample 1 579 
has a mean contact angle of 77° ± 21° with 462,000 values shown in blue. Sample 2 has a mean 580 
contact angle of 104° ± 26° with 1.41 million values shown in gray. Sample 3 has a mean contact 581 
angle of 94° ± 24° with 769,000 values shown in red.  582 
 583 
Figure 7: The workflow for an automated contact angle measurement. (a) This is a three-584 
dimensional segmented image showing brine in blue and oil in red, while rock is rendered 585 
transparent. (b) This panel shows extracted surfaces of the whole image. The oil/brine surfaces 586 
are shown in green, while the oil/rock surfaces are shown in red. (c) This panel shows the 587 
smoothed surfaces of the whole image. (d) This panel shows the three-phase contact line of the 588 
whole image. (e) This is an example of the smoothed surfaces of an oil ganglion highlighted by 589 
the black square. (f) This panel shows the three-phase contact line of the highlighted oil ganglion. 590 
(g) This is an example of a single contact angle measuring at point i (highlighted in panel f). The 591 
oil/brine, oil/rock, and brine/rock surfaces are shown in green, red, and blue, respectively. 592 
 593 
Figure 8: Three sub-volumes extracted from the three mini-samples. (a) This panel shows the 594 
sub-volume extracted from mini-sample 1 (weakly water-wet). (b) This panel shows the sub-595 
volume extracted from mini-sample 3 (mixed-wet). (c) This panel shows the sub-volume 596 
extracted from mini-sample 3 (mixed-wet).  597 
 598 
Figure 9: A one-to-one contact angle measurement workflow. (a) This is a visualization of a 599 
randomly selected contact angle point (60°) measured using the automated code (the image is 600 
obtained from the data visualization software used). (b) This panel shows how to identify the 601 
location of the same point using the data visualization and analysis software. (c) This panel shows 602 
how to conduct a manual contact angle measurement at the same location. (d) This is an example 603 
of the manually measured contact angle point at the same location (61°).  604 
 605 
Figure 10: Automated contact angle measurements compared to the manual contact angle 606 
measurements at the same locations of the sub-volume from mini-sample 1. The values were 607 
measured following the procedure described in Figure 9.  608 
 609 



  

 
 

Figure 11: Oil recovery as a function of wettability. The oil recoveries of sample 1, 2, and 3 are 610 
67.1%, 58.6%, and 84.0%, respectively.  611 
 612 
Figure 12: The remaining oil morphology for different wetting conditions. (a) In sample 1 613 
(weakly water-wet), the remaining oil was trapped at the center of the pores as disconnected 614 
ganglia with quasi-spherical shapes. Panels (b) and (c) show how in samples 2 and 3 (mixed-wet), 615 
the remaining oil was left in connected, thin sheet-like structures in small pores and crevices. The 616 
different colors represent disconnected oil ganglia. 617 
 618 
DISCUSSION 619 
The most critical steps for an in situ wettability characterization at high pressure and temperature 620 
to be successful are as follows. 1) Generate a good image segmentation that is essential to obtain 621 
accurate contact angle measurements. 2) Avoid including large impermeable grains in the mini-622 
samples that could seal off the flow, and large vugs resulting in a very fragile sample with non-623 
representative porosity. 3) A well-controlled flow experiment with no leaks is important because 624 
mini-samples are very sensitive to the amount of injected fluid (i.e., one pore volume is about 0.1 625 
mL). 4) Avoid the presence of air (as a fourth phase) in the pore space. 5) Maintain a temperature 626 
control of the sample during the whole flow experiment. 6) Avoid any interface relaxation during 627 
the scan acquisition by waiting for the system to reach equilibrium. 7) Use an appropriate center 628 
shift correction, which is necessary for the effective X-ray image reconstruction.  629 
 630 
The automated contact angle method is limited by the accuracy of the image segmentation 631 
because it is applied to segmented images only. Image segmentation depends largely on imaging 632 
quality that depends on the imaging protocol and the performance of the microtomography 633 
scanner. Furthermore, it is sensitive to the image reconstruction and the noise reduction filters, 634 
as well as the segmentation method such as the TWS32 or the seeded watershed method57. In 635 
this work, the TWS method provided more accurate contact angle measurements on raw X-ray 636 
images compared to those by a watershed method applied to filtered X-ray images (using noise 637 
reduction filters). The use of noise reduction filters makes the interface appear to be less oil-wet 638 
at some parts of the rock, due to the voxel averaging especially close to the three-phase contact 639 
line31. TWS can capture not only the amount of remaining oil saturation but also the shape of the 640 
remaining oil ganglia. This is especially the case for the remaining oil in the mixed-wet cases, in 641 
which oil is retained in the pore space as thin sheet-like structures, making it a challenge to be 642 
segmented based on gray-scale threshold values only. 643 
 644 
This in situ wettability determination provides a thorough description of the wetting conditions 645 
of reservoir rocks compared to other conventional wettability measurement methods. It takes 646 
into account all important pore-scale rock parameters, such as rock surface roughness, rock 647 
chemical compositions, and pore size and geometry, that are not possible by wettability indices7,8 648 
and ex situ contact angle methods4,9-11. The use of an automated in situ contact angle 649 
measurement at the micron scale is robust and removes any subjectivity associated with the 650 
manual method24. Moreover, it is more effective in removing voxelization artefacts compared to 651 
other automated methods25,26. The in situ contact angle distribution measured using the 652 
automated method was relatively rapid. For example, the runtime for measuring the contact 653 



  

 
 

angle on any of the three sample images that contain 595 million voxels is approximately 2 h, 654 
using a single 2.2 GHz CPU processor. 655 
 656 
In the future, this protocol can be used to characterize other reservoir rock systems saturated 657 
with formation brine and crude oil. The same method is not limited to the petroleum industry 658 
only and can be modified and adapted to characterize the wettability from any segmented three-659 
dimensional images with two immiscible fluids in porous media with a variety of wettability 660 
conditions.  661 
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