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Abstract10

We produce realistic sedimentary formations consisting of ripple deposits with varying11

grain size contrast and wettability in a meter-scale slab chamber. Then, we conduct mul-12

tiphase flow experiments through these structures and measure the infiltration patterns,13

capillary heterogeneity trapping, and overall trapping performance. When we alter the14

ripple bedform architecture, variations in trapped saturation and capillary heterogene-15

ity trapping (10% to 20%) increment are exhibited. Similar growth in trapping perfor-16

mance is also observed when grain size contrast increases. Finally, wettability changes17

(water- to oil-wet) can increase nonwetting saturation and capillary heterogeneity trap-18

ping up to 5% and 10-20%, respectively. These results emphasize the importance of cor-19

rectly characterizing the impact of small-scale heterogeneities and wettability changes.20

Plain Language Summary21

We make sediment layers in a 60-cm tank. These layers look like the ones you would22

find in real Earth formations. Then, we conduct the flow experiment through these lay-23

ers to see how they affect the fluid movement. We look at how the fluid spread out and24

get trapped in the layers. Depending on how we arrange the ripples in the layers, we no-25

tice that more liquid gets trapped in certain places. Also, when we use grains that are26

very different in size, we see more liquid getting stuck in the layers. And if we change27

how much the grains like water or oil, we find that more liquid of one type gets trapped28

compared to the other. It is important to understand these small differences to study29

how fluids move through Earth’s layers accurately.30

1 Introduction31

Carbon dioxide (CO2) geologic storage has become a pivotal strategy for address-32

ing climate change. During this process, CO2 is captured from various sources, compressed,33

and transported before being injected into porous media formations capable of securely34

retaining the supercritical fluid. Deep saline aquifers represent prime targets for CO235

storage due to their extensive capacity and global ubiquity (Holloway, 2005; IPCC, 2005;36

Krevor et al., 2023). Importantly, the sedimentary formations harboring these saline aquifers37

exhibit inherent natural geological heterogeneities (Bachu, 2003; Eikehaug et al., 2024;38

Flett et al., 2007; Jackson & Krevor, 2020; Krishnamurthy et al., 2022). Previous stud-39

ies have shown that centimeter-scale heterogeneities can profoundly influence CO2 mi-40

gration and trapping dynamics (Davidson et al., 2022; Krishnamurthy et al., 2017; Tre-41

visan et al., 2015). Therefore, conducting experimental investigations is imperative to42

quantify the impact of such heterogeneities on trapping performance precisely.43

Recent studies, including investigations at pore- and core-scale levels (e.g., micro-44

models, micro-CT imaging, and core flooding), have been influential in unraveling the45

intricacies of CO2 fluid behavior within sedimentary rocks (Bakhshian & Hosseini, 2019;46

Krevor et al., 2011; Krishnamurthy et al., 2017; Kurotori & Pini, 2021; Li & Benson, 2015;47

Ni et al., 2019; Seyyedi et al., 2022; Trevisan, Gonzalez-Nicolas, et al., 2017; Trevisan,48

Pini, et al., 2017). However, these studies could only consider the influence of small-scale49

heterogeneities within their domain sizes, which are limited. In contrast, intermediate50

tank-scale experiments offer a broader domain size, enabling a more comprehensive char-51

acterization of heterogeneity effects. Considerable attention has been devoted to tank-52

scale experiments to elucidate CO2 fluid flow dynamics.53

For instance, Trevisan et al. (2015) conducted sand tank experiments mimicking54

an aquifer configuration, demonstrating that dm-scale heterogeneities can increase CO255

storage capacity through local capillary trapping. In addition, Agartan et al. (2015, 2020)56

studied the effect of small-scale heterogeneities on dissolution trapping. Their results sug-57

gest that dissolved CO2 remains immobilized below low-permeability zones. Despite the58
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effort to quantify the effect of small-scale heterogeneities through sand tank experiments,59

such sand configurations do not match realistic sedimentary structures in nature.60

Subsequent research entailed multiphase flow tank-scale experiments using an au-61

tomated feeder machine to replicate realistic heterogeneous conditions. Such tank-scale62

experimental methods are valuable as they allow engineering of different degrees and types63

of heterogeneity present in nature. Krishnamurthy et al. (2022) underscored that increased64

grain size contrast (i.e., degree of heterogeneity) correlates with a higher buoyant flow65

nonwetting saturation level on cross-bedded formations. Other than cross-beds and her-66

ringbone structures (Davidson et al., 2022), no other studies have been conducted on dif-67

ferent types of sedimentary domains. However, Ni et al. (2023) demonstrated that het-68

erogeneity geometry can significantly impact the amount of CO2 capillary trapping. There-69

fore, in this work, we look at different realistic ripple domains to quantify how variations70

in bedform patterns affect trapping.71

In adjacent research in oil recovery, studies have found that wettability profoundly72

influences fluid flow dynamics (Masalmeh, 2003; Spiteri et al., 2008). Most sedimentary73

rocks in deep saline aquifers, notably sandstones, typically exhibit high water-wet char-74

acteristics. Nevertheless, these reservoirs may exhibit variability in wettability, which can75

subsequently impact fluid migration and trapping behaviors (Al-Khdheeawi et al., 2017).76

Numerous studies have explored pore-scale homogeneous domains to quantify changes77

in saturation and trapping using techniques such as micro-CT imaging (Celauro et al.,78

2014; Geistlinger & Ataei-Dadavi, 2015). However, the scientific literature needs more79

investigations into tank-scale wettability alterations across various types of heterogeneities.80

In this study, we assess the impact of modifications in bedform architecture, vari-81

ations on grain size contrast, and wettability changes in ripple bedforms on trapping per-82

formance. Here, we perform capillary- and buoyancy-driven flow experiments within a83

3D slab and capture the migration patterns using light transmission techniques. In the84

following sections, we discuss the fluid flow dynamics regarding ripple domains and the85

effect of the degree of heterogeneity and wettability on trapped saturation. Addition-86

ally, we explored the implications of such variations on capillary heterogeneity trapping.87

2 Experimental Overview88

Realistic heterogeneities found in nature are selected from Rubin and Carter (2006)89

bedform architecture models. For this study, we choose ripple patterns consisting of two90

different facies: matrix (coarse grains) and laminae (fine grains). The patterns are packed91

using glass beads of different diameters with an automated feeding system in a 3D slab92

chamber (60 x 60 x 2 cm3) (Krishnamurthy et al., 2019). The height of the heteroge-93

neous portion of the domain is approximately 42 cm.94

Glass beads with varying degrees of wettability are used. The wettability of the95

glass beads was estimated by measuring the contact angle between the beads and wa-96

ter (Guo et al., 2023; Hernandez, 2011; Wang & Tokunaga, 2015).97

The multiphase flow experiments consist of drainage and redistribution, with both98

stages at atmospheric conditions with inlet constant rate and outlet constant pressure.99

Heptane (i.e., nonwetting phase) (Snw) and a glycerol-water mixture (i.e., wetting phase)100

are used as analog fluids for supercritical CO2 and in-situ brine, respectively (Krishnamurthy101

et al., 2019; Ni & Meckel, 2021). To prepare for the experiment, the chamber is filled with102

the glycerol-water mixture at high flow rates to dissolve gaseous CO2, previously injected103

to displace air inside the tank, until the mixture flows out from the outlet reservoir.104

During the drainage phase, heptane is injected from the bottom middle inlet of the105

chamber at a low flow rate (0.2 ml/min) to guarantee that the flow is gravity- and capillary-106

driven. The injection continues for 24 hours after heptane leaves the chamber. Redis-107
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Figure 1. Figure 1. (a) Ripple domain patterns with slight changes in the ripple crest phase.

A: in-phase, B: slightly out-of-phase, C: out-of-phase, and D: large out-of-phase. (b) Break-

through nonwetting phase saturation field and domain average saturation values for all patterns.

The color bar shows pixel-wise nonwetting saturation.

tribution happens immediately after stopping the injection and lasts for 24 hours. A light108

transmission visualization technique (Bob et al., 2008; Darnault et al., 1998; DiCarlo,109

2004; Krishnamurthy et al., 2022; Niemet et al., 2002; Tidwell & Glass, 1994; Weisbrod110

et al., 2003) is used throughout the entire experiment to capture the nonwetting phase111

saturation. Saturation fields are recorded every 30 seconds for the drainage stage and112

every 30 minutes for the redistribution stage. We report three saturation fields taken through-113

out the experiment: at heterogeneous domain breakthrough, the end of injection (drainage),114

and the end of redistribution.115

We conduct three sets of experiments in the study. Firstly, different ripple bedform116

architectures are packed (in-phase, slightly out-of-phase (i.e., climbing), out-of-phase, and117

large climbing ripples) with constant grain size contrast between the matrix and the lam-118

inae facies. Secondly, in-phase ripples with varying grain size contrast are filled to val-119

idate previously obtained results on a cross-laminated bedform architecture (Krishnamurthy120

et al., 2022). Thirdly, ripple bedforms architecture with constant grain size contrast and121

different wettability (water- to oil-wet).122

3 Results123

3.1 Changes in bedform architecture124

Figure 1a shows the four ripple patterns (A to D) that we used – there are slight125

modifications on the ripple crest phases between layers, and Experiment D also shows126

an increase in ripple size. Figure 1b shows the 2D nonwetting phase saturation for each127

bedform at breakthrough. We observe that a slight displacement in ripple phases allowed128

the nonwetting phase to extend farther laterally and accumulate in more layers. The com-129

bined effect increases the nonwetting phase saturation in the heterogeneous domain and130

changes the migration pattern from fingering to more capillary heterogeneity trapping131

behind capillary barriers.132
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Figure 2. Figure 2. Nonwetting phase saturation field and domain average saturation values

at breakthrough for in-phase ripples with increasing degree of heterogeneity (A1 to A4). The

color bar shows pixel-wise nonwetting saturation.

3.2 Changes in grain size contrast133

In addition to the multiple ripple bedform architectures, experiments with vary-134

ing grain size contrast for the in-phase ripple pattern were performed. Figure 2 shows135

the breakthrough nonwetting saturation field with grain size contrast increasing from A1136

to A4. When the size contrast between the coarse and fine grains is small (A1 and A2),137

the nonwetting phase fluid breaks through the domain as a finger quickly. At higher con-138

trast (A3 and A4), the fluid builds up column height beneath the laminae and extends139

laterally until a zone of low capillary entry pressure is reached to move up into the up-140

per layers. Increasing grain size contrast leads to more nonwetting phase saturation trapped141

within the heterogeneous domain.142

3.3 Changes in wettability143

Besides conducting experiments on the type and degree of heterogeneity, we ran144

experiments in ripple patterns to study the effect of wettability on nonwetting phase sat-145

uration. Glass beads with variations in contact angle were selected. Note that only the146

wettability of the matrix (coarse) changed, while the laminae (fine) remained water-wet147

for all experiments. The domain and grain size contrast were also kept constant. Water-148

and intermediate-wet experiments were filled entirely by the wetting phase. However,149

during water injection, the oil-wet scenarios had gas bubbles trapped within the domain150

because of the affinity of the beads to retain gas during experiment preparation. Fig-151

ure 3 shows the nonwetting phase saturation at breakthrough for in-phase and out-of-152

phase ripples with different contact angles.153

3.4 Total trapped saturation154

Although we measure the saturation field throughout each experiment, here, we155

summarize the total trapped saturation at the end of drainage. This is slightly higher156

than the breakthrough saturation as new migration pathways are formed during the drainage157

stage, which leads to more fluid accumulation pools. Figure 4 shows drainage saturations158

as a function of the type of heterogeneity, degree of heterogeneity, and contact angle. The159

dimensionless parameter δ is used to capture the degree of heterogeneity of the bedforms160

and is a function of the mean and standard deviation of the matrix and laminae (Krishnamurthy161

et al., 2022).162
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Figure 3. Figure 3. Heptane (representing supercritical CO2) saturation field and domain av-

erage saturation values at breakthrough for in-phase (a) and out-of-phase (b) ripples with varying

wettability. The color bar shows pixel-wise nonwetting saturation.

Figure 4. Figure 4. Domain average drainage saturation versus type of heterogeneity, degree

of heterogeneity, and contact angle.
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Figure 5. Figure 5. Contribution of CHT to total trapping as a function of the type of het-

erogeneity, degree of heterogeneity, and contact angle.

3.5 Capillary heterogeneity trapping163

After the redistribution stage, some regions below capillary barriers exhibit a sat-164

uration greater than residual. This excess saturation is known as local capillary trap-165

ping or capillary heterogeneity trapping (CHT). Residual saturation for homogeneous166

water-wet glass beads can be assumed to be within the range of 0.16–0.25 (Chatzis et167

al., 1983; Dullien et al., 1989; Mayer & Miller, 1992). The CHT contribution was com-168

puted as the average pixel-level ratio of the difference between redistribution and resid-169

ual saturation (assumed 0.25) over redistribution saturation (Krishnamurthy et al., 2022).170

Figure 5 shows the percentage contribution of CHT to total trapping as a function of171

the type of heterogeneity, degree of heterogeneity, and contact angle.172

4 Discussion173

In this and the following subsections, we analyze the results further and discuss po-174

tential reasons for and implications of our observations.175

4.1 Fluid flow dynamics in ripple bedforms176

We observe that the phase of the ripples (patterns A through C) changes the amount177

of trapped saturation after drainage and redistribution. To understand why, we first de-178

scribe the dynamics of the ripples that were created. When ripples are built by the au-179

tomated feeder apparatus, beads will tend to roll down from the crest to the trough be-180

cause of gravity. Therefore, a thinner laminae barrier is produced at the crest, poten-181

tially leaving gaps in the fine media and a lower capillary entry pressure. The latter can182

be observed in Figure 1a, where the sides of the ripples show a darker color compared183

to the crest. This dark color is a consequence of fine bead accumulation.184

In the case of in-phase ripples (A), all the ripple crests will be aligned on top of185

each other. The fluid moves laterally during injection until it builds sufficient column186

height to percolate to the upper layer. Generally, for in-phase ripples, the fluid will mi-187

grate following a preferential flow pathway through the similar crest location in all lay-188

ers, thus leading to a low breakthrough and drainage nonwetting saturation.189

On the other hand, out-of-phase ripples can be slightly or entirely unaligned, mean-190

ing that crests will tend to be aligned with troughs, creating potentially high capillary191

entry pressure barriers that increase breakthrough and drainage nonwetting saturation.192

Nonetheless, there is no trend for how crest phase-shifting influences saturation as slightly193

out-of-phase ripples (B) present higher nonwetting saturation than completely out-of-194
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Figure 6. Figure 6. Overall nonwetting phase saturation after each experiment stage as a

function of the degree of heterogeneity. The dashed line represents the S-shaped curve fitted to

the drainage saturation, as Krishnamurthy et al. (2022) demonstrated.

phase (C). In the case of large climbing ripples (D), the sides of the crests are aligned195

in each layer, building a thicker diagonal lamination with high capillary entry pressure.196

Once the fluid reaches the lamination, it preferentially flows underneath such barriers197

until it migrates to the adjacent ripple layer.198

As a result, various ripple patterns will exhibit different breakthrough and drainage199

nonwetting saturation (Figure 4). Such flow dynamics behavior will also have implica-200

tions on CHT. Slight changes in ripple bedform can increment 10 to 20% the contribu-201

tion of CHT, as shown in Figure 5.202

4.2 The effect of the grain size contrast in ripple bedforms203

Previously, Krishnamurthy et al. (2022) demonstrated that an increase in grain size204

contrast leads to a higher nonwetting phase saturation when measured in cross-bedded205

heterogeneities. Saturation increases until it reaches a plateau at a higher degree of het-206

erogeneity. This behavior in saturation can be modeled as a sigmoidal S-shaped curve207

as a function of the dimensionless parameter δ (function of the mean and standard de-208

viation of the matrix and laminae). We apply the same analysis to in-phase ripple do-209

mains measured here, and we find similar behavior. Figure 6 displays the domain av-210

erage nonwetting saturation at each experiment stage as a function of the degree of het-211

erogeneity. For this bedform architecture, nonwetting phase saturation increases until212

it reaches a plateau of approximately 8%. Further, an increase in the degree of hetero-213

geneity will increase CHT contribution until a plateau of 20% is reached at higher de-214

gree contrasts (Figure 5).215

Both saturation and CHT plateaus differ from cross-bedded formation values (34%216

and 80%, respectively). These results suggest that the structural complexity of the het-217

erogeneity controls the plateau, as saturation and CHT differ from one bedform archi-218

tecture to another.219

4.3 The effect of wettability changes in ripple bedforms220

In addition to the type and degree of heterogeneity, wettability alterations can also221

impact the trapped saturation within the heterogeneous domain. These alterations in222

wettability promote lateral migration and discourage vertical displacement in ripple bed-223
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forms, as shown in Figure 3. Thus, it increases the domain sweep efficiency, hence, the224

overall saturation.225

Ripple bedforms show a monotonic relation between contact angle and saturation226

(Figure 4). As a result, an increase of approximately 5% in drainage saturation when227

shifting from water- to oil-wet beads is observed. Nevertheless, during water injection,228

oil-wet scenarios (Figure 3) have gas bubbles trapped inside the domain because of the229

tendency of the beads to retain gas. The presence of the bubbles will reduce nonwetting230

saturation because (a) gas will reduce the pore space available to the nonwetting phase231

as it migrates, and (b) gas will decrease the necessary nonwetting phase column height232

to overcome the capillary entry pressure of the beads because the gas column itself has233

a higher buoyancy force. The latter suggests that more nonwetting phase saturation can234

be achieved in oil-wet ripples.235

Such monotonic behavior is also exhibited in the contribution of CHT to total trap-236

ping (Figure 5). However, this trend can be significantly modified by the type of het-237

erogeneity variations. In the case of in-phase ripples, as the water-wet domain shifts to238

oil-wet, the contribution of CHT increases by approximately 20%. On the other hand,239

CHT contribution on out-of-phase ripples, independent of contact angle, remains close240

to 40%.241

4.4 Trapping efficiency: Initial-Residual scatter plots242

During the redistribution stage under hydrostatic conditions, we observe that the243

nonwetting phase escapes the domain, decreasing saturation. However, most of the fluid244

remains trapped inside the domain. Thus, the trapped nonwetting phase is highly cor-245

related with the drainage saturation. To evaluate the trapping performance, we plot Ini-246

tial – Residual (IR) plots, which are commonly used to generate parametric trapping mod-247

els (Krevor et al., 2015; Krishnamurthy et al., 2022; Ni et al., 2019; Spiteri et al., 2008).248

Our slab-scale experiment allows us to plot this on a pixel-by-pixel basis. Figure 7 shows249

the pixel-level redistribution saturation as a function of the drainage saturation for the250

type of heterogeneity (a), degree of heterogeneity (b), and wettability changes (c). More-251

over, the ratio between redistribution and drainage average saturation was estimated to252

quantify the domain trapping efficiency percentage (shown in parenthesis). Finally, the253

Land trapping model was fitted to all experimental results. Land coefficient (C) equal254

to zero (i.e., 100% efficiency) represents that the nonwetting phase remains trapped af-255

ter redistribution. Therefore, higher values of C indicate worse trapping performance.256

Experiment A4 lacks redistribution saturation and thus is excluded from this analysis.257

4.5 Impact of type and degree of heterogeneity, and wettability changes258

on trapping performance259

The scatter shape of the IR plots differs between ripple patterns, as shown in Fig-260

ure 7a. This observation suggests an interplay between domain heterogeneity type and261

trapping performance. In the ripple pattern case, a slight shift in the crest leads to a de-262

crease in trapping efficiency. When the amount of scatter increases above the 100% trap-263

ping line (C=0), a high trapping efficiency is expected, as the fluid redistributes within264

the domain and remains trapped. Conversely, a low trapping efficiency is expected for265

domains with increasing scatter below the 100% trapping line, where the nonwetting phase266

redistributes and escapes the domain.267

Figure 7b shows that an increase in the degree of heterogeneity provokes a higher268

amount of scatter, which leads to variation in trapping performance. Changes in the de-269

gree of heterogeneity do not show a concrete trend in trapping efficiency. Since the amount270

of scatter is balanced on both sides of the 100% trapping line, this explains why in-phase271

ripples, independent of grain size contrast, will exhibit trapping efficiencies above 90%.272
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Figure 7. Figure 7. Pixel-wise redistribution nonwetting saturation as a function of drainage

saturation for the type of heterogeneity (a), degree of heterogeneity (b), and wettability (c).

The dashed line shows 100% trapping (C=0), and the dotted line depicts the domain average

Land trapping coefficient. Values in parenthesis represent the trapping efficiency as the overall

redistribution and drainage saturation ratio.
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An increase in fitted C is expected as a high degree of heterogeneity allows for more fluid273

redistribution (Krishnamurthy et al., 2022).274

However, more care should be taken when using the Land trapping model to de-275

fine trapping performance. A higher domain C value can indicate nonwetting phase re-276

distributing within the domain (i.e., higher CHT contribution). Thus, a considerable CHT277

contribution can significantly impact the Land trapping model as the model is designed278

to fit pore-scale residual trapping data better.279

Finally, we observed in Figure 7c that the scatter shape of the IR plots remains con-280

stant when the type and degree of heterogeneity are unaltered. However, the amount of281

scatter increment in the IR plots is because of the domain matrix wettability variation282

from water to oil-wet. The previous observations demonstrate that the trapping perfor-283

mance of the domain is highly correlated with the domain wettability. Fitted domain284

C values do not consider the heterogeneous wettability throughout the domain (assumed285

homogeneous), which can lead to an inaccurate Land trapping coefficient.286

5 Summary and Conclusions287

In this study, we conduct tank-scale multiphase flow experiments in various rip-288

ple pattern domains with variations in grain size contrast and domain matrix wettabil-289

ity to quantify their effects on saturation, capillary heterogeneity trapping, and overall290

trapping performance. We demonstrate that slight changes in bedform architecture can291

significantly impact nonwetting saturation. Moreover, we found that capillary hetero-292

geneity trapping is highly dependent on the type of heterogeneity, as subtle changes in293

ripple patterns can increment CHT by 10 – 20%. Additionally, we have corroborated that294

an increase in grain size contrast between matrix and laminae increases nonwetting sat-295

uration, as Krishnamurthy et al. (2022) proposed for cross-bedded formations. We val-296

idated that an increase in the contribution of CHT is expected at higher degree contrasts.297

Finally, our findings on wettability changes on the domain matrix facies suggest that with298

a shift from water- to oil-wet grains, a 5% increase in nonwetting saturation can be achieved,299

and an increment of 10% to 20% on CHT contribution can be expected.300
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