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Multiphase flow is ubiquitous in subsurface energy applications and natural processes, such
as oil recovery, CO2 sequestration, and water flow in soils. Despite its importance, we still lack a thorough
understanding of the coupling of multiphase flow and reaction of transported fluids with the confining
media, including rock dissolution and mineral precipitation. Through the use of geomaterial microfluidic
flow experiments and high-performance computer simulations, we identify key pore-scale mechanisms
that control this coupling. We compare the reactivity of fractured limestone with CO2 -saturated brine
(single phase) and a mixture of supercritical (sc) CO2 and CO2 -saturated brine (multiphase). We find that
the presence of scCO2 bubbles significantly changes both the flow dynamics and the resulting reaction
patterns from a single-phase system, spatially homogenizing the rock dissolution. In addition, bubbles
redirect oversaturated fluid into low-velocity regions, thereby enhancing carbonate precipitation occurs.

Plain Language Summary

The impact of pore-scale multiphase flow on fluid-solid reactions is
poorly understood because direct observations of reactive multiphase fluids in real rock materials are not
widely available and the necessary computing is intractable. Using high-pressure/temperature geomaterial
microfluidic experiments complemented by high-performance computer direct numerical simulation of
multiphase flow in those geometries, we elucidate the pore-scale mechanisms that lead to homogenization
of rock dissolution and enhancement of mineral precipitation. This study contributes to our ability to
predict soil weathering and to optimize CO2 sequestration and hydrocarbon extraction.

1. Introduction
Much has been conjectured about the pore-scale processes that govern multiphase flow and reaction in geologic systems, including rock dissolution and mineral precipitation. Direct observations of these processes
under geological conditions are few, and the resulting uncertainty surrounding predictive calculations in
subsurface systems limits our capacity to effectively produce hydrocarbon from conventional and unconventional resources (Hyman et al., 2016; Middleton et al., 2015), sequester CO2 to limit greenhouse gas
emissions (Lackner, 2003), determine weathering and nutrient availability in soils (Ciceri & Allanore, 2015;
Maher & Chamberlain, 2014), among many important applications. Recent advances in experimental observations have begun to lift the veil shrouding our understanding of pore-scale phenomena, providing basic
quantitative information needed to lay the foundations of a multiscale representation of flow and transport.
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We now have temporally and 3-D spatially resolved observations of mineral dissolution patterns in porous
materials that have revealed the evolution of capillary pressure properties (Krevor et al., 2011; Voltolini &
Ajo-Franklin, 2019) and reaction rates (Menke et al., 2015), and in fractured materials, there are real-time
observations of dissolution leading to channelization (Deng et al., 2015), heterogeneous reaction (Noiriel
et al., 2013), and the interplay between shear fracture, aperture, shear displacement, and permeability (Frash
et al., 2016, 2017). Microfluidics, a widely used technique, only recently has been applied at geological conditions through the development of high-pressure/temperature capable systems (Campbell & Orr, 1985;
Jiménez-Martínez et al., 2016) and through the use of actual geologic materials as micromodels, which has
allowed the investigation of wettability, matrix porosity, and mineral heterogeneity and thus greater fidelity
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Figure 1. The geomaterial microfluidic device. (a) The chip is a sandwich of four layers: a glass plate, a thin layer of
laser-etched limestone from the SACROC Unit (Texas, USA), Teflon™ for sealing, and an upper glass plate. The
limestone layer contains the laser-etched microfluidic channels, the inlet and outlet ports, and the ports for pressure
measurements. (b) Detail of the SACROC limestone layer indicating the widths of the etched channels, the main flow
direction, and the fossil content, for example, foraminifera-alveolines. CO2 -saturated brine is injected at constant flow
rate into the micromodel for the single-phase flow experiment. For the multiphase flow experiment, CO2 -saturated
brine and scCO2 are simultaneously pumped at equal constant flow rates into the micromodel.

of observations into subsurface processes (Ciceri & Allanore, 2015; Porter et al., 2015; Singh et al., 2017; Song
et al., 2014). Simultaneously, there have been notable advances in high-performance computer (HPC) simulations of multiphase flow at unprecedented scales (Liu et al., 2016; Zhao et al., 2019). Supported by novel
numerical discretization techniques, this fresh wave of simulations is allowing us to probe the fundamentals
of these complicated phenomena in detail within complex geometries rather than idealized synthetic structures. Specifically, we can now use profilometry from microfluidic models and reproduce the experiments
computationally in a unification that was not previously possible.
In this study, we integrate these recent developments in microfluidics and HPC multiphase simulations to
characterize in a unique way spatially resolved differences in flow and reaction occurring in single-phase
versus multiphase systems. Using limestone specimens with a system of channels mimicking variable fracture apertures, we quantify dissolution and precipitation during injection of single-phase brine and dissolved
CO2 and contrast that occurring with multiphase brine and supercritical (sc) CO2 all at reservoir conditions.
Reaction rates are deduced from changes in fracture morphology characterized by profilometry. We combine the experimental observations with HPC simulations of single-phase and multiphase flow conducted
JIMENEZ-MARTINEZ ET AL.
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in the profilometry-derived fracture geometry to quantify flow dynamics and reveal how the spatial distribution of discrete scCO2 bubbles impacts relative rates of flow and reaction and how bubbles generate a
pore-scale distribution of Damköhler number. Our results reveal the complex nature of multiphase flow and
its pore-scale influence on fluid-solid reactions: homogenizes in space the solid dissolution and enhances
local mineral precipitation. We discuss the pore-scale mechanisms that control them and the fundamental
implications.

2. Materials and Methods
2.1. Experiments in Geomaterial Microfluidics
The purpose of these experiments is to characterize how the presence of discrete bubbles influences the
organization of the flow field and in turn the spatial distribution of reactions. Our microfluidic device
allows dissolution-precipitation reactions to be studied in a geomaterial micromodel fracture network containing fractures of different aperture. The microfluidic cell was fabricated from limestone core obtained
from a well at the Scurry Area Canyon Reef Operators Committee Unit (SACROC Unit) (Texas, USA), a
Pennsylvanian-age limestone reef (Carey et al., 2007; Raines & Helms, 2006). A fracture pattern was laser
etched into the limestone micromodel, consisting of four curved channels and two dead-ends connected
to a common inlet and outlet, with channel widths ranging from 250 to 1,000 μm and an average depth
d̄ ∼ −150 μm (Figure 1). To quantify dissolution and precipitation rates, the micromodel was scanned before
and after experiments by contactless high-resolution profilometry with a spatial (xy) resolution of 5.9 μm and
vertical (z) resolution of 0.1 μm, and permeability was obtained experimentally (supporting information).
The microfluidic setup is sufficiently robust to allow experiments to be conducted under reservoir conditions; here, we use a temperature of 45 ◦ C and pressure of 8.4 MPa. Two different protocols of fluid injection
were followed: (i) single-phase experiments: A solution of brine saturated with CO2 was pumped at constant flow rate into the micromodel for 87 hr, and (ii) multiphase experiments: Solutions consisting of
the CO2 -saturated brine and scCO2 (a very low miscible phase, i.e., behaving like an immiscible phase:
5-kg scCO2 /100-kg solvent; Dodds et al., 1956; Duan & Sun, 2003; Liu et al., 2012) were simultaneously
pumped at equal constant flow rates into the micromodel for 90 hr. Total flow rates for the two protocols
were the same (supporting information). In the multiphase experiments, the relative importance of capillary versus viscous forces can be quantified by the capillary number Ca = 𝜇brine u∕(𝜎), where 𝜇brine is
the viscosity of CO2 -saturated brine, 𝜎 is the surface tension at the interface between the two fluid phases
(scCO2 and CO2 -saturated brine) (Chiquet et al., 2007; Kvamme et al., 2007; Nielsen et al., 2012), and u
the mean fluid flow velocity defined at the inlet channel. Ca is on the order of ∼10−5 , with viscosity ratio
M = 𝜇CO2 ∕𝜇brine ≈ 5 · 10−2 , where 𝜇CO2 is the viscosity of scCO2 (Lemmon et al., 2007; Nordbotten et al.,
2005). Fluid properties at experimental conditions are summarized in Table S1. The pH of the CO2 -saturated
brine solution was ∼3 (Parkhurst & Appelo, 1999). Flow and transport were visualized by optical microscopy,
and the pressure gradient was continuously monitored using a differential pressure transducer (Figure S1).
The chemical system of interest is the calcium carbonate-carbonic acid system (Plummer et al., 1978; Steefel
et al., 2013). Calcite dissolves at relatively low pH in flowing regions, generating a relatively high concentration of the calcium ion. In turn, this diffuses into the relatively high pH of stagnant zones creating
supersaturated conditions for calcite precipitation (supporting information). Therefore, the reactions taking
place during the experiments are spatially heterogeneous due to varying flow rates and diffusion within the
channels and the dead-end regions. The spatially distributed precipitation-dissolution rate can be quantified
from profilometry data using a combined expression for precipitation (positive) and dissolution (negative):
r ′ (x) =

1 ΔH(x)
,
𝜐 Δt

(1)

with 𝜐 (m3 /mol) the molar volume of calcite (3.693 × 10−5 m3 /mol), ΔH(x) (m) the height difference before
and after the experiment (obtained by contactless high-resolution profilometry) at the location x along
the walls of the micromodel, and Δt (s) the duration of the experiment (Al-Khulaifi et al., 2017; Noiriel
et al., 2016).
2.2. High-Performance Computing
The key focus of our experiments is to understand how multiphase flow leads to differences in reaction rates.
While we could not observe the fluid velocity field in situ, we simulate the full-flow velocity field in the
scanned geometries for both the single-phase and multiphase flow experiments using a highly optimized
JIMENEZ-MARTINEZ ET AL.
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Figure 2. Rock dissolution and mineral precipitation in single-phase and multiphase flow conditions. (a, b) Combined reaction rate r (x) (equation (1))
(dissolution rate: negative values; precipitation rate: positive values) for both single-phase (a) and multiphase (b) flow experiments. Main flow direction is
indicated. (c, d) Dissolved (Vdss ) and precipitated (Vppt ) volumes in each of the channels including dead-ends in the single-phase (c) and multiphase
(d) experiments. The vertical order of the bars in panels (c) and (d) corresponds to the vertical order channels (top to bottom) in panels (a) and (b). The total
dissolved rock (ΣVdss ) and precipitated mineral volume (ΣVppt ) for each experiment are also provided. Generally, multiphase flow homogenizes rock
dissolution across channels and enhances mineral precipitation.

lattice Boltzmann (LB) method (Chen et al., 2018, 2019) run on HPC (Towns et al., 2014). The simulations
were performed in the measured channel geometries at the beginning (t0 ) and end (tf ) of the experiments,
using the experimental measurement resolution and flow conditions. We used the velocity fields from the
model to estimate the reaction potential throughout the micromodel and thus predict the rates of dissolution
and distribution of precipitates.
The adopted LB methodology incorporates the continuum surface force (Brackbill et al., 1992) as a forcing term in the LB color-gradient multiphase model (Gunstensen et al., 1991) in a multiple-relaxation-rate
framework (Lallemand & Luo, 2000) to reduce spurious currents, and an advanced wetting model allows us
to accurately model wettability in the system (Leclaire et al., 2017). Each multiphase simulation contained
(1010 ) degrees of freedom and was run on (103 ) cores requiring ≈40 hr of wall clock time.

3. Results
3.1. Dissolution and Precipitation Rates
r′ (x) (equation (1)) was calculated for both single-phase (Figure 2a) and multiphase (Figure 2b) flow experiments. Effective reaction rates for both precipitation rppt |{r′ > 0} and dissolution rdss |{r′ < 0} were also
computed. The effective dissolution rate was slightly lower in the multiphase than in the single-phase
system, while the effective precipitation rate was higher (Table S2). In the single-phase experiment, the
dissolution took place mainly in the channel of 750-μm width (Figure 2c). However, in the multiphase
experiment, dissolution was more homogeneous in space, taking place more evenly across the three wider
channels and in the central, close to the dead-end openings (Figure 2d). While precipitation was similar
in all channels for the single-phase flow experiment, in the multiphase experiment, the opposite was true,
with precipitation occurring principally in the dead-ends (Figures 2c and 2d). The total dissolved volume
of limestone was higher in the single-phase experiment than in the multiphase experiment, while for
precipitation was on the contrary (Figures 2c and 2d and Table S2).
JIMENEZ-MARTINEZ ET AL.
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Figure 3. Fluid flow velocities in single-phase and multiphase flow conditions. (a, b) 3-D geomaterial micromodel geometries for single-phase and multiphase
injections at tf . The geometries were used in the single-phase and multiphase flow numerical simulations: Blue bubbles represent the scCO2 , which are
surrounded by the CO2 -saturated brine (not shown). Vertical scale is exaggerated ×2. The velocity field of the CO2 -saturated brine at the midplane (−75 μm) is
superimposed as color shading on the geometry. Main flow direction is indicated. (c) Velocity vectors showing the fluid being redirected due to a bubble
(snapshots at the top correspond to the bubbles at the inlet and outlet in panel b; snapshots at the bottom correspond to the bubbles for the geometry at t0 ).
(d, e) Mean velocity of CO2 -saturated brine at 8.5 μm from the limestone wall (uw (x)) in each channel, including the dead-ends. The vertical order of the bars in
panels (d) and (e) corresponds to the vertical order channels (top to bottom) in panels (a) and (b). (f) Probability density functions of velocity (p(u)) in the
CO2 -saturated brine from the 3-D velocity data for both single-phase and multiphase injections at t0 and tf .

3.2. Structural and Phase Control on Flow Dynamics
The simulation results of multiphase flow and images of the experiments are in good agreement (Figure S2).
The velocity field for brine at the midplane (−75 μm from the surface) and tf is shown in Figures 3a and
3b along with the 3-D resolved geometry. For the multiphase system, the distribution of CO2 bubbles is
shown in blue in Figure 3b. Rather than the bubbles flowing in a single (presumably largest) channel, we
observed bubble movement among channels in both the experiments and the simulations (Movie S1). These
dynamic changes in the flow field in the multiphase case, which are reflected in the time-dependent spatial
distribution of scCO2 bubbles, are driven by a competition between viscous and capillary forces. As bubbles
reach the outlet, fluid flow is redirected into the dead-end channel (Figures 3b and 3c). We computed the
mean velocity of brine at 8.5 μm from the limestone wall (the spatial resolution of the grid) within each
channel (Figures 3d and 3e) which shows that for most of the channels, the flow velocity was the same in
the two experiments, except in the dead-ends, where the velocity in the multiphase system is two orders of
JIMENEZ-MARTINEZ ET AL.
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Figure 4. Transport versus reaction. Péclet number (Pe(x) = DaD ∕DaA (x)) field (a, b) and advective Damköhler number (DaA (x)) field (c, d) at 8.5 μm from the
limestone surface for single-phase and multiphase injections at tf . (e, f) Mean Pe(x) and DaA (x) at 8.5 μm from the limestone surface in each channel and in the
central one, which includes both dead-ends, at tf . The vertical order of the bars in panels (e) and (f) corresponds to the vertical order channels (top to bottom)
in panels (a) and (c) and panels (b) and (d).

magnitude larger. This is reflected in the greater precipitation that occurs in these dead-end channels in the
multiphase flow experiment than in the single-phase system (Figures 2d and 2e).
Simulations of single-phase flow in the prereaction geometries (i.e., t0 ) of both the single-phase and multiphase experiments, showed very similar distributions of flow velocities, p(u) (Figure S3). Therefore, the
disparity in flow and reactions between the two experiments was due mainly to multiphase effects. We compare the p(u) for the single-phase and multiphase systems at t0 and tf (Figure 3f). The presence of scCO2
bubbles in the pore space clearly influences the velocity field of the CO2 -saturated brine, broadening the p(u)
with higher velocities than in the single-phase case. Lower velocities are also expected in the multiphase
case than in the single counterpart, because of the blocking of fluid flow in some regions (e.g., dead-ends)
by scCO2 bubbles (Jiménez-Martínez et al., 2017). However, the rearrangement of scCO2 bubbles temporary induces higher velocities in the dead-ends (Figure 3c). Both low and high velocities can be found in
the CO2 -saturated brine between the walls and scCO2 bubbles, through film and corner flow (Figure 3c).
Both single-phase and multiphase systems evolve to an overall lower flow velocity of CO2 -saturated brine
because of the limestone dissolution (Figure 3f).
3.3. The Balance of Transport and Reaction
The interplay between reaction kinetics and mass transport determines the dissolution and precipitation
in the micromodels, governed by three main processes: (i) diffusion, (ii) advection, and (iii) reaction. The
spatial variability of these processes is determined by the channel geometry, velocity of the fluid, concentration, and species' diffusion coefficients. Using the size of a calcite molecule as the characteristic length
scale (l = 4 × 10−4 μm), we can define a set of timescales associated with each of the three processes at the
solid-fluid interface. The diffusion timescale, 𝜏 D = l2 ∕(2D), is uniform throughout the domain, depending
only on l and D, the molecular diffusion of CO2−
in CO2 -saturated brine (1.25 × 10−9 m2 /s at 45 ◦ C, ∼HCO−3 )
3
(Zeebe, 2011). Likewise, the reactive timescale, 𝜏 R = l∕(𝜐rdss ), is also uniform throughout the domain. The
advective timescale, 𝜏 A (x) = l∕uw (x), however, depends on the spatially variable fluid velocity uw (x) close to
the micromodel walls. We can obtain them from the simulations (Neuville et al., 2017). The relative balance
of these forces can be quantified using the Damköhler number (Da), representing the ratio of transport to
reaction timescales (Fredd & Fogler, 1998), and the Péclet number (Pe), which expresses the relative importance of advection versus diffusion. We define two Damköhler numbers, one diffusive DaD = 𝜏 D ∕𝜏 R —also
called the kinetic number (Golfier et al., 2002), the inverse of the Thiele modulus, a metric to quantify the
potential diffusion limitation in reactions on surfaces (Thiele, 1939)—and one advective DaA (x) = 𝜏 A (x)∕𝜏 R .
According to the above definitions, DaD has an isotropic character, since molecular diffusion and reaction
are isotropic. In contrast, DaA (x) has an anisotropic character, since advection is directional. The Péclet
number (Pe(x) = 𝜏 D ∕𝜏 A (x)) can be expressed in terms of a ratio of Damköhler numbers (DaD ∕DaA (x)).
JIMENEZ-MARTINEZ ET AL.
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Plots of Pe(x) and DaA (x) at 8.5 μm from the limestone surface highlight the spatial variability of these
fields (Figures 4a and 4b and Figures 4c and 4d). In general, diffusion dominates over advection close to the
channel edges (vertical walls), while the converse is true at the center of the channel. A comparison of the
single-phase and multiphase experiments shows that Pe(x) is more uniform (and higher) in the multiphase
system, a consequence of more uniform and higher velocities. The spatial distribution of DaA (x) indicates
diffusion-limited conditions in the dead-ends for the single-phase system. However, in the multiphase system, the dead-end adjacent to the outlet shows an advective contribution that, as previously discussed,
results from redirection of brine flow due to the presence of scCO2 bubbles. In general, the multiphase system is more transport limited than the single-phase system, due in part to the fact that the volumetric brine
flow is one half that in the single-phase system. The average values of Pe(x) and DaA (x) per channel demonstrate a homogenization of the velocity field resulting from the constant rearrangement of scCO2 bubbles
and the effect on the local Pe(x) and DaA (x) values (Figures 4e and 4f).

4. Discussion
While at Darcy scale, uniform dissolution would be expected in both systems (Golfier et al., 2002), these
experimental and computational observations demonstrate how local fluid-solid reactions are impacted by
flow dynamics. In the single-phase experiment, dissolution took place mainly in the 750-μm width channel, indicating that therein the interplay between transport processes and the reactive phenomena, that is,
DaA (x), was the favored for rock dissolution (Fredd et al., 1997). Although dissolution also took place, albeit
to a lesser extent, in the rest of the micromodel, the highest velocities always occurred in the 750-μm width
channel and resulted in enhanced dissolution and a trend toward wormhole formation. In the multiphase
system, one would expect that the preferential flow of scCO2 bubbles into larger channels due to capillary
pressure would lead to less dissolution in the largest channels and greater dissolution (wormholing) in the
smaller channels. However, this intuition proved incorrect. The dissolution rate was instead more homogeneous in the multiphase system, and there was no evidence of wormhole formation observed (Ott & Oedai,
2015; Soulaine et al., 2018). Instead, the bubbles of scCO2 oscillated between the channels, continuously
rearranging the flow field, so no runaway dissolution could occur and thereby making DaA (x) homogeneous
across the channels. At the scale of these channels, capillary pressure was not a dominant force, allowing
bubbles to move among the channels in response to more subtle dynamics imposed by temporal variations
in fluid velocity and feedback with dissolution (Movies S1 and S2). The dynamic movement of scCO2 bubbles was accompanied by dramatic changes of velocity in the CO2 -saturated brine, in both magnitude and
direction. The flow of CO2 -saturated brine was mainly perturbed in the vicinity of scCO2 bubbles before
and after their actual displacement (Blois et al., 2015). When the bubbles were displaced because of local
pressure variations, a relaxation in the pressure took place, aided by the compressibility of the bubbles,
resulting in a backward movement of the bubbles. These back-and-forth movements induced recirculation in the CO2 -saturated brine (Roman et al., 2016). This recirculating phenomena enhanced fluid-fluid
mixing—destroying the concentration gradients observed in single-phase flow close to the walls (Deng et al.,
2018). Mass transfer across the bubble-brine interface would refresh the CO2 content of the brine. In this
case, bubbles acted as conveyor of one of the reactants (Liu & Mostaghimi, 2018). These two bubble-related
processes contribute to the homogenization of dissolution. An analysis of similarity between t0 and tf , using
the Earth Mover's Distance method (Rubner et al., 2000) for the velocity of brine at 8.5 μm from the limestone wall, confirms the more spatially homogeneous dissolution in the multiphase system, not affecting
the velocity distribution but only the magnitude (Table S3).
Just as the presence of scCO2 bubbles limited flow in some areas, it redirected flow into others. Most notably,
the bubbles redirected calcite-saturated brine into the dead-ends. In the single-phase experiment, the velocity in this region was so low that precipitation was diffusion limited. In contrast, these regions were the
location of the highest precipitation in the multiphase experiment because the fluid was being constantly
replenished by fluid with a higher calcite saturation (Zhou et al., 2019). We have no indication of the time
required for nucleation in these regions, but the dependence of induction time on saturation index, which
also depends on the precipitation mechanism (Prasianakis et al., 2017), suggests that it took on the order of
day(s). Note that precipitation rate, that is, growth rate, is also expected to increase with saturation index
and therefore with time (Berrezueta et al., 2017).
Under single-phase conditions, the measured effective dissolution rate for calcite (Table S2) is similar to
the values in the literature for an acidic brine (pH ∼3) (Al-Khulaifi et al., 2017; Neuville et al., 2017). The
JIMENEZ-MARTINEZ ET AL.
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observed effective dissolution rate is an order of magnitude lower than that measured on surfaces without
transport limitations (Arvidson et al., 2003) and from batch experiments under similar experimental conditions (Peng et al., 2015), emphasizing how the flow field changes fluid-solid reactions. However, the reaction
rate was likely not constant throughout the experiments. It was probably higher at early times due to a large
surface roughness fracture (ratio between the total surface area and the nominal or geometric surface area)
(Deng et al., 2018) and then stabilized at later times as this factor decreased due to dissolution (Al-Khulaifi
et al., 2017).
In the multiphase experiment, brine forms a film between the scCO2 bubbles and the limestone surface.
As a result, despite the surface area between brine and rock not being significantly reduced compared with
the single-phase system, the total volume of brine in the scCO2 -bearing channels is reduced, and thus, the
total quantity of dissolved reactant, H2 CO3 , is reduced as well even though its consumption may be balanced by dissolution of CO2 from the bubbles. Contrary to observations for fluid-fluid reactions, where
the effective reaction rate increases with the presence of another immiscible phase in the porous space
(Jiménez-Martínez et al., 2015, 2016), for fluid-solid reactions, the presence of a nonwetting immiscible or
partially miscible phase may reduce the effective dissolution rate, even if the surface area in contact between
the fluid and the solid is similar, because of the smaller volumetric flow.
As dissolution of the channel walls occurs, the porosity of the system increases, and in turn, the permeability
also increases. The temporal dependence of permeability on porosity can be expressed as 𝜅 f = 𝜅 0 (Vpf ∕Vp0 )m ,
where 𝜅 i is the permeability, Vpi is the pore volume (subscripts f and 0 indicate final and initial time, respectively), and m is an empirical parameter. This dependence is strongly biased by sample anisotropy (Carroll
et al., 2013; Civan, 2001). Using this power law, our experimental permeability results fit for m ∼ 1.5, which
is consistent with previous findings, indicating highly permeable limestone (Luquot & Gouze, 2009). However, for complex porous geometries, such relationships are nonunique: The evolution of the porous medium
in time and in space dictates the relationship between porosity and permeability (Kang et al., 2014; Nogues
et al., 2013). Our results indicate that in single-phase flow conditions, wormhole formation will be more pronounced and porosity/permeability increases will be fairly localized in high-velocity regions. In contrast, in
a multiphase system, the dissolution will be disperse and the changes in porosity and permeability will be
more uniformly distributed due to the constant rearrangement of the fluid velocity field by bubbles.

5. Conclusions
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Through a combination of high-pressure/temperature microfluidic experiments and high-performance
computer simulations, we have identified the key physical properties that control reactive flow in limestone
for both single-phase CO2 -saturated brine flows and multiphase flow where bubbles of scCO2 are present.
In single-phase systems, fracture variability leads to preferential flow and enhanced dissolution, creating a
runaway dissolution effect (wormholing). Contrary to expectations, the multiphase system was more homogeneous in both flow and dissolution, with an absence of wormhole behavior. This homogenization was
driven by bubbles of scCO2 alternating among the channels (rather than occupying the largest channel) and
probably also because of reduced transport barriers facilitated by mass transfer between scCO2 bubbles and
the surrounding brine film. The scCO2 bubbles also redirected flow so that saturated fluid entered dead-end
channels, leading to calcite precipitation. The constantly changing velocity field enhanced mixing, renewing fresh solution in contact with the solid walls. By using a combination of microscopic observations of
dissolution and precipitation with numerical simulation of multiphase flow, we obtained a detailed spatial
map of the connection between pore-scale processes and macroscopic behavior. The results reveal counterintuitive reaction and flow mechanisms in multiphase systems that point the way toward physically based
upscaling strategies of fluid-solid reactions in multiphase flow systems.
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