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Introduction

Numerical microfluidic chip modeling of laminar
vortex dynamics induced by biomineralization in
evolving porous media

*

Yajie Chu @2 and Dianlei Feng
Naturally evolving porous media, such as those undergoing mineral precipitation, biofilm growth, and
freeze-thaw cycling, dynamically alter pore structure, inducing vortices that influence mass transport and
mixing. Yet, due to their transient nature and structural complexity, vortex dynamics in evolving porous
systems remain poorly understood. Here, using a three-dimensional numerical microfluidic model, we
systematically investigate how precipitation-driven pore structure evolution regulates vortex formation,
distribution, strength, and mixing efficiency in microbially induced calcium carbonate precipitation (MICP)
at the pore scale. Our results show that vortices primarily develop as recirculating flows within narrow pore
throats, with their spatial patterns and strength significantly controlled by the structural heterogeneity and
dynamic clogging of flow channels. Notably, we uncover a nonlinear relationship: while vortices initially
enhance mass transport processes and mixing, extensive precipitation accumulation eventually restricts
fluid mobility and diminishes vortex-driven transport efficiency. These findings advance the current
understanding of vortex-induced mixing in evolving porous media, providing a theoretical foundation for
optimizing biochemical reaction processes.

Recirculating vortices often develop when counterflowing
streams interact within intricate pore networks,> commonly

Vortices influence mass transport processes and mixing in
porous media,"® attracting widespread interest across
disciplines such as biomedical engineering,”> chemical
processing,® and thermodynamics.” Porous media in natural
and engineered systems can be broadly categorized as static
or evolving, depending on the temporal variability of their
pore structures. In evolving porous media, pore structures
dynamically change and are associated with coupled physical
and chemical processes such as mineral precipitation,”®
freeze-thaw cycling,” and gas migration."”"" Unlike static
porous systems, evolving porous media exhibit dynamic
structural changes driven by chemical reactions or external
stimuli, leading vortices to display non-steady-state
characteristics. Specifically, vortex morphology, strength, and
spatial distribution dynamically evolve with the pore
structure, while the coupling between fluid flow and reactive
mass transport further complicates the system dynamics,
contributing to the limited understanding of vortex behaviors
in evolving porous media.

In static porous media, vortices typically arise from
complex pore structures.">'* The shape,’® arrangement,™*'*
and spacing® of solid grains influence vortex dynamics.
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localizing pore throats or near solid obstacles.>®'*" Their
size is primarily determined by the Reynolds number'® and
solid grain dimensions.® Vortices, on the one hand, enhance
heat or mass transfer,%'® induce non-Fickian anomalous
transport characterized by power-law residence time
distributions,>**'*1718 and increase solute retention within
porous media; on the other hand, they introduce
additional energy dissipation and flow resistance reducing
local flow velocities,">'* and potentially impeding overall
transport efficiency.'® Given these dual effects, the ability to
manipulate pore geometry to regulate vortex-induced
transport has garnered increasing attention.>’® A
comprehensive understanding of vortex dynamics at the pore
scale is essential for optimizing mass transport processes
and mixing in porous systems.

In contrast to static porous media, evolving porous media
pose unique challenges due to continuous structural
evolution, making vortex dynamics in these systems
comparatively underexplored. While complex pore structures
in both static and evolving porous media can trigger vortex
formation and enhance mass transport efficiency,” evolving
media are uniquely characterized by temporally varying
vortex  geometries,”®  distributions, and  formation
mechanisms.>> The vortex mechanism may become even
more complex but interesting under the situations in which
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the pore structures evolve. Dynamic processes such as
bacterial aggregation in the pore scale can induce
recirculating eddies>*?* and vortex shedding.>*?* Similarly,
in mixing-induced precipitation, fluid inertia-driven Dean
flows and recirculating vortices facilitate enhanced mixing
and surface reactions, thereby accelerating precipitation.®
These vortices can also direct reactants to localized regions,
creating precipitation hotspots.>® Alternatively, they may limit
the agglomeration of carbonate particles via shear, thereby
improving mixing uniformity.”” However, the underlying
mechanisms governing vortex evolution in evolving porous
structures remain poorly understood. Several critical
questions remain unanswered: how do vortices distribute
and evolve in evolving porous media? How do these vortices
alter mass transport processes and mixing, especially when
microbiological processes are involved? What physical
mechanisms underlie vortices-regulated mass
transport? To address these questions, we look into a pore-
scale reactive mass transport system in which the pore
structure dynamically changes due to biochemical reactions,
namely the microbially induced calcium carbonate
precipitation (MICP) process.

MICP represents a typical case of pore-structure evolution
induced by biochemical reactions, where microbial activity
induces precipitation that dynamically fills interparticle
voids.?®*° This process distinctly alters pore structures and
increases the complexity of the flow paths. The dynamic
evolution involves pore throats clogging and reopening,®
driving temporal variations in vortex distribution and
strength. These evolving vortices, in turn, influence mass
transport, affecting local mixing, precipitation morphology,
and overall reaction rate. As precipitation dynamically
narrows or blocks the flow paths, local flow separation
intensifies, facilitating new vortex formation and altering
existing vortex structures. Such interplay between pore
evolution and vortex dynamics has profound implications for
transport processes, leading to spatial heterogeneity in
precipitation distribution and enhanced bacterial attachment
due to increased residence time.***

Understanding vortex-driven mass transport during MICP is
crucial for optimizing the solute injection strategies, controlling
precipitation  distribution, and improving consolidation
effectiveness. To systematically explore these coupled
phenomena, pore-scale numerical modeling provides a powerful
and effective approach,* as it can precisely resolve the dynamic
spatiotemporal evolution of vortices,****** pore structure
changes,” and reactive mass transport mechanisms.”**

Here, we develop a three-dimensional numerical
microfluidic chip model to systematically explore the
dynamic evolution of laminar vortices and their effects on
mixing during MICP. The model couples three physical
processes, including flow, reactive mass transport, and
precipitation.®® Our study the evolving
characteristics of laminar vortices during MICP, aiming to
elucidate their regulatory mechanisms on reactive mass
transport efficiency. While the governing equations and
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numerical framework are general, this study is specifically
motivated by microfluidic chip platforms widely used in
pore-scale MICP experiments. Such devices provide optically
accessible and geometrically well-defined pore structures,
enabling direct visualization of precipitation, clogging, and
flow redistribution at the pore scale. However, time-resolved
reconstruction of full velocity fields during progressive
clogging remains experimentally challenging. By embedding
the numerical framework within a chip-style pore geometry
and experimentally relevant boundary configuration, this
work complements laboratory observations and resolves
vortex evolution mechanisms under microfluidic conditions.

Results
Vortex type and distribution

To investigate how evolving pore structures influence vortex
formation, we examine four typical obstacle arrangements
classified as bee (BCC-packed structure),'****¢%” fec (FCC-
packed structure),"*?” sic (SIC-packed structure),"**” and
mbf (mixed BCC-FCC-packed structure) packings (see Fig. 1).
These packing scenarios differ in obstacle sizes and spatial
configurations, representing distinct degrees of pore-
structural heterogeneity. Specifically, packings such as “bec”,
“fcc”, and “sic” offer an effective balance between
computational efficiency and realistic representation of
porous structures, thus enabling detailed investigation of

flow and mass transport processes at manageable
computational ~ costs."*  Moreover, these classical
configurations  provide simplicity and reproducible

frameworks, extensively used to study how geometrical
characteristics,  including  grain  arrangement,
distribution, and pore connectivity, impact fluid dynamics
and reactive transport processes in porous media.*’ In
addition, these packings are not intended as reproductions
of a particular natural sand layer or industrial packed-bed
system. Instead, they represent idealized microfluidic pore
networks commonly adopted in MICP microfluidic chips,
where simplified and periodically arranged cylindrical
obstacles are used to study geometry-driven mechanisms
under controlled conditions.

Across all packing scenarios, the cementation solution (the
mixed urea and Ca®', CS) and the bacterial solution (BS) are
injected from the upper and lower halves, respectively.
Simulation results confirm that laminar vortices universally
arise across all packing scenarios, yet they exhibit notable
variations in morphology, distribution patterns, and strength.

Studies have identified various vortex types in porous
media, including recirculating®®>'*'>2%% and shedding
vortices.*'>***> Our numerical investigations show that,
across bee, fce, sic, and mbf packings, all vortices identified
during the MICP process are recirculating vortices, primarily
driven by dynamic interactions between evolving pore
structures and the flow. Notably, these vortices exhibit
distinct morphological features and spatial distribution
across packing scenarios. To elucidate the
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Fig. 1 The setup of three-dimensional numerical microfluidic chip and detailed packing configurations. a-d The four packing arrangements: bcc,
fcc, sic, and mbf, all with a porosity of approximately 0.5 and an initial permeability of approximately 10° m2 The simulation domain is
characterized by its length (L) and width (W), containing periodically arranged cylindrical solid obstacles representing the porous media structure.
The fcc and mbf packings include heterogeneous pore structures consisting of obstacles with two different base radii placed at distinct inter-
obstacle distances. The cylinder height (H) corresponds to the thickness of the chip. The red dashed box delineates the computational domain,
explicitly marking the active region where precipitation formation occurs. Detailed model parameters are provided in Table S1 of the SI.

mechanisms underlying these differences, we analyze
recirculating vortex formation using the bec packing scenario
(see Fig. 1a) as an example.

In bec packing, vortices predominantly form within
narrow pore throats aligned along the main flow direction
(x-direction). These vortices display diverse morphologies,
including helical, circular, and elliptical shapes, depending
on the local pore throat geometry (Fig. 2a and e). When the
throat channels are clogged by the precipitated calcium
carbonate, the blockage disrupts original flow paths, causing
a local increase in the fluid pressure gradients, which forces
the fluid flows toward an alternative direction with lower
resistance. Due to geometric confinement and accumulating
precipitation, the fluid frequently reverses directions, thus
leading to the encounter of downstream backflow and
upstream inflow. This process leads to the generation of the
so-called “retention zone” (see Fig. 2e). Within the retention
zone, inflow and backflow streams deflect due to mutual

This journal is © The Royal Society of Chemistry 2026

interference, driven by pressure gradients and the fluid's
natural tendency to minimize the kinetic energy.*®*® This
deflection promotes rotational motion, ultimately resulting
in the formation of recirculating vortices. As the precipitation
accumulates, the evolution of the pore structures further
enhances these localized vortex formations.

The underlying mechanism of vortex formation in bcc
packing resembles stagnation-induced vortices commonly
observed in confined T- and Y-junction microchannel
flows,*™** and thus we classify the observed vortex in MICP
processes as the Y-junction-like flow (Y-J-F) vortices.

In other packing scenarios, we also observe vortex
formation processes that differ from those in bec packing.
Specifically, precipitation accumulation can lead to sudden
expansions or contractions in pore channels, inducing local
flow separation and the generation of vortices in adjacent
low-pressure regions. This process is analogous to the
classical “step flow” phenomenon (see Fig. 3a, ¢, and e),
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Fig. 2

Instantaneous streamline visualizations illustrating vortex formation patterns during MICP. a-d Streamline patterns for bcc, fcc, sic and mbf

packings. Detailed views highlight the interactions among the flow paths, the arrangement of solid obstacles, and precipitation. Red arrows
indicate the primary flow directions. e Schematic illustration elucidating the mechanism underlying the formation of recirculating vortices.

and we refer to such vortices as the abrupt-change-in-
geometry (A-C-G) vortices. In addition to the step flow
phenomenon, we identify another vortex formation process
similar to lid-driven flow. These vortices arise within
enclosed cavities formed by obstacles and precipitation. In
pore channels oriented along the y-direction, precipitation
accumulation can block the flow paths, resulting in a
three-sided enclosed cavity bounded by solid obstacles and
precipitate. Fluid flowing through the remaining open
path induces recirculating vortices within this -cavity,
similar to the classical “lid-driven cavity flow” (see
Fig. 3b, d and f), and we call them obstacle-calcium
carbonate-obstacle (O-C-O) vortices. Similar cavity flow
phenomena have been reported in studies on dead-end
pore.>'%%3 A detailed explanation of the generation of A-C-G
and O-C-O vortices is provided in the SI.

The above analysis indicates that the formation of
recirculating vortex exhibits packing-specific occurrences,

Lab Chip

underscoring the regulatory role of evolving pore structures on
vortex morphology and distribution. Notably, the same vortex
formation process can emerge across different packings, and
the underlying formation mechanisms appear to be consistent.
This observation introduces an important question: do these
packings share certain structural or dynamic commonalities
that give rise to similar vortex behaviors?

To further investigate the observed vortices formation
mechanism as interpreted previously, we conduct a
comparative analysis across all four packings, identifying a
generalized structural pattern. Specifically, pore channels in
these packings can be classified into two distinct categories
(see Fig. 4): straight and bifurcated channels. To highlight
differences in flow pathways under different packing scenarios,
we illustrate the primary flow ways with red lines (see Fig. 4).

Flow streams in the xoy-plane demonstrate that compared
with bee packing (see Fig. 4a), fcc packing contains longer
and straighter longitudinal channels oriented along the

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Schematic diagrams illustrating formation mechanisms of recirculating vortices and instantaneous streamline patterns in different packing
scenarios during MICP. a and b Illustrations depicting two distinct recirculating vortex formation processes: A-C-G, and O-C-O. Another vortex
formation process, similar to the Y-J-F, is detailed in Fig. 2e. c-f Specific instantaneous streamline examples highlighting the process of vortex

formation across various packing scenarios.
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Fig. 4 Comparison analysis of instantaneous vortex distribution and steady-state flow pathways in bcc and fcc packing scenarios. a and b Steady-
state flow fields depicting characteristic flow pathways (red lines) in bcc and fcc packings. ¢ and d Instantaneous streamline patterns illustrating

vortex distributions within each packing.

x-direction, accompanied by parallel transverse channels (see
Fig. 4b). In comparison, bee packing exhibits bifurcated and
relatively shorter longitudinal flow paths, indicating more
complex and branched channel arrangements (see Fig. 4a).

This journal is © The Royal Society of Chemistry 2026

These structural differences in pore channels directly
influence flow redistribution and flow pathways, providing a
foundation for the variations in vortex distribution among
these packings. Clearly, vortices in bcc packing concentrate
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along both longitudinal (x-direction) and oblique flow
directions (see Fig. 4c), whereas vortices in fcc packing
primarily align along transverse pore channels oriented in
the y-direction (see Fig. 4d). The flow path characteristics of
mbf and sic packings resemble those of bcc and fec,
respectively, and are detailed in the SI.

Our analyses reveal a correlation between vortex dynamics
and pore structure, emphasizing the influence of pore
channel evolution on shaping localized fluid flow.

Vortex strength

Beyond spatial characteristics, vortex strength is another
crucial aspect of vortex dynamics. Vortex strength has been
reported as a measure of heat transfer efficiency in static
porous media.* However, in evolving porous media, vortex
strength dynamically changes due to the continuous
evolution of the pore structure. Thus, the relationship
between vortex strength and mass transport becomes
complex. To understand vortex dynamics in evolving porous
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media, it is necessary to investigate the evolution properties
of the vortex strength.

To quantify vortex strength, we use the Liutex magnitude
(R) as an indicator. R is determined by calculating
eigenvalues of the local velocity gradient tensor (see eqn (4.1)
and (4.2)).** Since R represents vortex characteristics at the
individual lattice locally, it cannot represent global properties
of vortex strength. Here, to statistically examine the R
distribution in the whole domain during the MICP process,
we introduce the probability density functions (PDFs) of R
over the reaction period (T = 0-750 minutes). Fig. 5 shows
the spatiotemporal evolution of vortex strength statistics at
three representative times (7 = 250, 500, 750 minutes) for
different packing scenarios.

The results indicate that low-strength vortices dominate
in all packing scenarios, and this can be attributed to the
low inlet flow velocity. Further analysis shows that the PDFs
of vortices with large strength have significant
spatiotemporal differences. Taking the bcc packing as an
example (see Fig. 5a), at late times (e.g., T = 750 minutes),
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Fig. 5 Temporal evolution of vortex strength (R) characterized by probability density functions (PDFs) of R under four packing scenarios. a-d The
PDFs of R at representative reaction times (T = 250, 500, and 750 minutes) for bcc, fcc, sic, and mbf packings, respectively. The insets show
instantaneous streamline visualizations of representative vortices at specific R corresponding to different reaction times. Red stars indicate the
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the PDFs of high-strength vortices (R > RY) are higher than
those at early times (eg, T = 250 minutes). Similar
phenomena are also observed in other packing scenarios.
This may be a result of the precipitation accumulation in
the middle-later reaction stages, which changes the
geometry of the pore structure, inducing the formation of
more and higher-strength vortices. It should be noticed that
R°® is various in different packings (see Fig. 5). For
instance, the R°® in fcc and mbf packings is neatly twice

Interior view (clipped at z/2)

that in sic, which implies that significant differences exist
in the spatiotemporal distribution of vortices across various
packing scenarios.

Moreover, under identical numerical resolution, the
maximum statistically vortex strength varies across different
packings. For example, due to the variations in grain size, the
fcc and mbf packings exhibit more complex initial pore
structures compared to sic, resulting in local vortex strengths
nearly three times higher than those in the sic packing.
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Fig. 7 The evolution of the flow field due to the clogging of precipitation in fcc packing. The insets show local details, illustrating the evolution of
streamline patterns and precipitation distribution.
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Additionally, although bce and sic share the same grain size,
the more complex arrangement in bce leads to stronger local
vortices strength than in sic. These findings suggest that
more complex pore structures tend to induce stronger
localized vortices. Furthermore, if the formation of high-
strength vortices is associated with complex pore channels,
natural soils with inherently more intricate pore structures
may exhibit complex vortex distribution
characteristics.

It is worth emphasizing that the above analysis reveals the
global evolution of R and its PDFs across different packings.
However, local vortex morphology and strength vary. To
visualize the differences, representative vortices at various
locations and times are selected (marked by red stars). These
vortices generally form near the center or edges of flow
channels, with multiple vortices appearing in certain
channels (see Fig. 5c and d). Both vortex morphology and
surrounding flow patterns show local variations at different
times, suggesting the dynamic and packing-dependent
features of vortices in evolving porous media.

The previous studies suggest that pore structural
complexity affects vortex strength, and during the MICP
process, precipitation accumulation alters pore structures.

even more

View Article Online
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We therefore naturally hypothesize that precipitation
accumulation influences vortex strength. To test this

hypothesis, we next examine the relationship between global
precipitation mass and vortex strength across different
packing scenarios. However, an effective measure to quantify
the global vortex strength is still required, as R works locally.
Here, we adopt the domain-average Liutex magnitude (R,) to
represent the global vortex strength across the computational
domain, defined as

(1)

1 N
RA:NEZ&'
i

where the subscript i represents lattice numbers and N is the
total number of lattices. The total precipitation mass (Mc) is
the calcium carbonate across the domain.

The temporal evolution correlation of R, and Mg in
different packing scenarios is shown in Fig. 6. Clearly, there
is a positive correlation between R, and M in the bcc
packing scenario, especially at early times. The precipitation
distribution takes place heterogeneously, which increases the
complexity of the pore structures. This partly confirms our
previous hypothesis that global vortex strength is strongly
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Fig. 8 Temporal evolution of R, and y for bacteria
bacteria. e-h y (black) and Ry (red) for Ca®*.
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and Ca* in the computational domain under different packings. a-d y (black) and R, (red) for
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affected by the complexity of the pore structures. However,
this is not always true. For example, in both scenarios, we
observe the oscillated behaviors of the vortex strength, even
at the early times. Moreover, the vortex strength may decline
at later times (e.g., after around T = 550 minutes in Fig. 6b),
although the calcium carbonate mass is still accumulating.
We infer that precipitation accumulation exerts a dual effect
on vortex strength. CaCO; accumulation narrows flow
channels and accelerates the reactive mass transport
processes at early times, which further promotes calcium
carbonate and increases the complexity of the pore structure,
thus enhancing vortex strength. However, continued calcium
carbonate accumulation leads to clogging of pore channels,
which in turn reduces vortex strength. The above processes
are shown in Fig. 7.

In summary, precipitation generally increases the vortex
strength. However, if clogging happens, the negative effect
may take place.

The effects of vortex on mixing

Previous investigations have confirmed that in static porous
media, vortices enhance local mixing efficiency and mass
transport performance.”>'” On the one hand, reactive mass
transport processes influence the precipitation rate; on the
other hand, as mentioned in the previous subsection, due to
the clogging effects, the precipitation can also lead to a
reduction of transport efficiency. Hence, quantitative
investigations on interaction mechanisms between vortex
strength (R,) and mixing become necessary.

Considering the bacterial and cementation solutions are
injected at different locations (as shown in Fig. 1), we pick
up bacteria and Ca*>" as the representative substances for the
investigations. Incidentally, in real MICP field applications,
similar injection strategies are often used to avoid local
clogging.*>™*#

Fig. 8 illustrates the temporal evolution of y (detailed
definition of the y sees eqn (5) with R, across the entire
domain, indicating that vortices lead to an increase or
decrease in substances' mixing. The effects of vortices on
mixing vary among different packing scenarios. This is partly
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due to the difference in pore structure complexity. Generally,
relatively more homogeneous pore structures, such as in sic
packing, tend to exhibit a positive correlation between y and
R, (see Fig. 8c and h). In contrast, the correlation is inverse
in fce packing (see Fig. 8b and g).

Note that the substances also affect the evolution
between y and R, in this study. This can be attributed to
the injection strategy. As described above, at early times,
precipitation primarily occurs at the lower boundary,
leading to early-stage clogging. For example, in bec packing,
R, has a positive effect on bacterial mixing in general,
whereas its effect on Ca®>" changes (see Fig. 8a and f). This
similar property is also observed in the mbf packing
scenario (see Fig. 8d and e). Since Ca*' is injected from the
upper inlet, its mass transport process is not hindered by
early-time precipitation in the lower portion. This
observation suggests that optimizing the injection strategy
could favor a more homogeneous precipitation distribution,
thereby controlling the influence of vortices on the specific
reactants’ mixing.

Due to the heterogeneous substances' injection, bacteria
and Ca®" show region-oriented distribution properties, such
as the Ca®" present dominantly in the upper-half domain.
Therefore, besides the whole computational domain, we also
look into three representative local regions (each 1250 pm x
800 um x 50 um) as shown in Fig. 9 to study the correlation
between the vortex strength and mixing. As a remark, the
region size is ad hoc. However, a more detailed region
investigation is beyond our scope.

The temporal evolution of y with R, within the PR
regions under different packing scenarios is shown in
Fig. 10. Results indicate that the local y-R, evolution is
generally similar to the global trends observed across the
entire domain. However, details are different. Significant
localized effects are observed in all three regions. For
example, the influence of substance type on the y-R,
relationship is evident in the sic packing (see
Fig. 10c and h), whereas in the entire domain, such effects
are observed in the bcc and mbf packings.

We take the PR region as an example to analyze the
localized y-R, relationship. For bacterial mixing, Ry and yx
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Fig. 9 Schematic illustration of subregion divisions and local sampling geometries within the computational domain. Based on the reactant
injection positions and the precipitation distribution in MICP, the domain is divided into three distinct subregions: Ca?* solution region (CR),
precipitation region (PR), and bacterial solution region (BR). a The reactant injection position and local regions. b Position of the selected local
sampling regions (marked by red dashed boxes) within each subregion, illustrated using bcc packing as an example; these positions remain
consistent across all packing scenarios. ¢ Detailed geometry and dimensions of the local sampling regions corresponding to the red dashed

boxes in b.
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Fig. 10 Temporal evolution of R, and y for bacteria and Ca* in the PR under different packings. a-d y (black) and R, (red) for bacteria. e-h y

(black) and Ry (red) for Ca®*.

show an inverse relationship in sic packing (see Fig. 10c).
This primarily results from precipitation-induced pore
clogging. At around T = 150 minutes, precipitation forms in
the upper part of the PR region (see the animation in
“Movie S1”), hindering the bacterial mass transport process
along the y-direction. This clogging disrupts spatial
distribution and reduces local bacterial mixing. However, as
precipitation accumulates, flow paths become narrower,
increasing local flow velocity, and eventually restoring
vortex-driven bacterial mixing after approximately 7' = 350
minutes. This phenomenon underscores the dual role of
precipitation in affecting vortex-driven mixing dynamics,
which is also observed in Fig. 6b. Notably, this dual
influence differs between fcc (see Fig. 6b) and sic packings
(see Fig. 10c), suggesting that pore structure may impact
the interplay between precipitation accumulation and vortex
dynamics.

Temporal evolution of R, and Ca’" mixing in the BR
region, as well as bacterial mixing in the CR region, is
provided in the SI. Additional insights into the influence of
R, on mixing for other reactants, such as urea, CO;*, and
NH,", are also included.

Lab Chip

Discussion

We have numerically investigated vortex dynamics in evolving
porous media through a validated MICP model. In general,
precipitation accumulation can enhance vortex strength, and
vortices facilitate the mixing of substances in most packing
scenarios. The developed model can reproduce the complex
flow and associated biochemical reactive processes in the
pore space, leading to dynamic changes in pore structures.

In the presented model, only the precipitated calcium
carbonate is considered as a solid material, which dominates
the pore clogging and sealing processes. However, in reality,
there are more sources of solid materials in the porous media
than calcium carbonate. An important substance is the so-
called biofilm,**™" a bio-porous medium formed by bacteria,
bio-polymers, as well as other environmental materials, such
as dust®® and plant fibres.® Considering the significant role
of the solid phase in the vortex distribution and evolution,
omitting the modelling of biofilms may result in an
underestimation of vortex strength and mixing efficiency
within a certain time range. However, as discussed in the
previous sections, the solid mass (e.g., calcium carbonate)

This journal is © The Royal Society of Chemistry 2026
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does not always correlate positively with the vortex strength
or the mixing indicator. Clearly, more investigations on
biofilms' role, especially considering their growth, are
necessary for further studies. What needs to be pointed out
is that, although biofilm-associated dynamic processes are
vital factors during the MICP processes, the corresponding
life-cycle time-scale (in days) is relatively longer than the
process of precipitation formation.’*>* As a result, one must
consider the biofilm's effects mostly when a long-time MICP
operation is conducted.

Beyond solid-phase simplification, the imposed boundary
conditions also represent a controlled idealization. In the
present model, to investigate the fundamental mechanisms
governing vortex formation during precipitation-driven pore
evolution, we impose a constant inlet velocity and a constant
outlet pressure. This idealized configuration provides stable
and controlled flow conditions, enabling systematic
comparison across different packings. Nevertheless,
asymmetric inflow conditions may represent an important
control parameter in vortex dynamics.” Therefore, it is
necessary to study vortex evolution under non-ideal boundary
conditions (such as non-uniform inflow) in evolving porous
media.

We further employed the four idealized packing scenarios
to investigate vortex dynamics in evolving porous media,
representing typical properties of natural soils. Several
phenomena observed in microfluidic chips, such as calcium
carbonate preferentially accumulating on grain surfaces and
at pore throats where local constrictions develop during
clogging,®®>  precipitation-induced  channel = narrowing
generating laminar recirculation zones,* and complex pore
geometries inducing vortices that enhance mixing and
influence reactive transport,"'**> are reproduced in the
present model results. The identified relationship between
pore-channel morphology and vortex evolution has potential
implications for microfluidic chip design. Vortex formation is
controlled by channel geometry and local constrictions rather
than by packing topology alone. Therefore, chip-level pore
connectivity can be deliberately engineered to regulate
mixing and reactant redistribution. Specifically, structures
dominated by long and straight channels tend to exhibit
localized recirculation only after significant channel
narrowing. In such geometries, mixing enhancement is stage-
dependent and primarily occurs during progressive clogging.
In contrast, branching or tree-like channels promote earlier
and more spatially distributed recirculation zones. These
geometries sustain multiple vortex regions, which may
enhance local mixing but also increase reactant residence
time.™ Furthermore, precipitation-induced channel
narrowing should not be viewed solely as a clogging
limitation. Controlled geometric constrictions can act as
functional elements to generate localized retention zones and
modulate transport efficiency. This perspective suggests that
dynamic pore evolution can be leveraged as a design
parameter in microfluidic systems aimed at controlling
reactive transport processes.

This journal is © The Royal Society of Chemistry 2026
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However, the inherent complexity of soil pore structure
(e.g., irregular grain shapes, diverse sizes, and heterogeneous
spatial distribution) remains challenging to fully replicate
using these idealized models. In soil environments, such
structural complexity may lead to recirculating vortices with
various formation mechanisms not entirely captured in the
current simulations. Moreover, when analyzing vortices'
formation mechanisms, we observed vortex formation within
pore channels, and classified them into straight and
bifurcated channels (as shown in Fig. 4). However, in real
soils, pore channels are tortuous and often unclassifiable,
and thus, the qualitative approach of classifying pore
channels may not apply to natural soils. A measure to assess
the types of pore channels in soils needs to be established.
Future experimental studies, such as particle image
velocimetry (PIV), would provide valuable validation of
simulated vortex dynamics and their influence on mass
transport.

Conclusions

We investigate the formation mechanisms of recirculating
vortices governed by evolving pore structure. Our studies
demonstrate that the spatial arrangement of solid grains
influences local flow pathways, determining vortex
morphology and distribution. This suggests that deliberate
design or modification of pore structures can effectively
regulate vortex behavior, providing strategies to enhance
mass transport efficiency in MICP processes. Moreover, our
study reveals a dual effect of precipitation accumulation on
vortex-driven mixing, contrasting with the commonly
reported monotonic positive correlation between vortex
strength and reactive mass transport in mineralization. These
findings highlight that vortex dynamics in evolving porous
media are spatiotemporally variable.

Materials and methods
Simulation geometry

The intricate interconnections and spatial variability of pore
throats in natural porous media make it difficult to
investigate the evolution of the vortex. To minimize these
influences, the pore structure is simplified to a periodically
arranged array of solid obstacles (see Fig. 11).">'*

The computational domain is defined as @ = {x = (x, y, 2):
0<x<L0<y<W,O0 <z < H}, including fluid region @,
solid grain region @, and boundaries (i.e., I'™, I'°t, P,
oot e st = g n Q). In addition, new interfaces form
with precipitation accumulation, such as solid-precipitation
interfaces (I"*" = Q; N Q,), and fluid-precipitation interfaces
(P=0,n Q.

It is worth noting that, although the solid arrangement is
essentially two-dimensional with no variation imposed along
the third axis, the model developed in this study should be

physically three-dimensional rather than pseudo-two-
dimensional. This is because precipitation occurs
Lab Chip
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Fig. 11 The three-dimensional numerical microfluidic chip with periodically arranged array of solid obstacles.

stochastically in space. Randomly distributed precipitation
induces pore structure evolution, including along the third
axis, thereby making the flow, reactive mass transport, and
precipitation processes intrinsically three-dimensional.

Governing equation

The pore-scale MICP model couples the processes of fluid
flow, reactive mass transport, and precipitation.>® The
timescale of precipitation is longer than that of fluid flow
and reactive mass transport. Thus, we assumed that fluid
flow and reactive mass transport are quasi-steady within each
time step, while precipitation evolves dynamically. The pore-

scale fluid flow is described using the stationary
incompressible Navier-Stokes equations
1 .
u-Vu = -—Vp +0oVu, inQ (2.1)
P
Vau=0, inQ (2.2)
u™=|ul, inr™ (2.3)
P =p. inro™ (2.4)

where u represents the fluid velocity, p is the pressure, p
denotes the fluid density, and o represents the fluid
kinematic viscosity. The governing equations are solved
within the spatial domain @. The inlet boundary is assigned
a constant velocity condition (Ju| = 4.6 x 10™* m s™', and this
value is within the range of values reported in the
literature,> % and the outlet boundary is set to a constant
pressure. Other boundaries are set as no-slip walls. The
Reynolds number (Re) is defined as

()L

Re = =<

. 2.5)

where (|u|) denotes the volume-averaged velocity magnitude
over the domain, L. is the characteristic length, and v is the
fluid kinematic viscosity. For the global Re, L. is defined as
the diameter of the first-row pillars near the inlet. For the
local Rej, L. is the characteristic length of the solid in the
local region.

Lab Chip

The reactive mass transport process is described by the
advection-diffusion-reaction (ADR) equation

w(VC) - DV*C;=R;, inQ (3.1)
c;=Cc™ onr™ (3.2)

aC;
—=0. on/" (3.3)

on

where u = (u,, u,)" is the fluid velocity obtained from the flow
field, C; represents the substance concentration (i denoting
bacteria, urea, CO;*>", NH,", and Ca®", respectively), and D; is
the diffusion coefficient, which is assumed to be constant in
the present model.*> A Dirichlet boundary with constant
concentration is applied at the inlet /™ (the concentration of
bacteria and cementation is 1.0 ODgyp and 0.5 M,
respectively). A Neumann boundary with a zero-gradient
concentration is imposed at the outlet ‘. Zero-flux
boundary conditions are enforced on the other boundaries.
Here, n represents the unit normal direction of the modeling
domain boundary 92. Based on the states of bacteria, urea,
CO5”", NH,*, Ca®" and precipitation, they can be categorized
into mobile and immobile components.*> Their reaction
terms R; are elaborated as follows.

Mobile components

The liquid-phase transport of suspended bacteria, urea,
carbonate, ammonium, governed by
advection-diffusion-reaction equation. Solving this equation

and calcium is

provides the concentration distributions of the respective

species, with the suspended bacterial mass balance
formulated in eqn (3.4).
U-VCps — DpV2Chs = —Rps, (3.4)

The decrease in suspended bacterial concentration is
attributed to the attachment process. The corresponding
reaction term for suspended bacteria is expressed in eqn
(3.5).

This journal is © The Royal Society of Chemistry 2026
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Rps = KaUyChs. (35)
where K, denotes the attachment rate, and U, is a
dimensionless parameter linked to Uy and U;.>° The process
of bacteria attachment is a function of flow velocity. It does
not occur when the velocity exceeds Uy, proceeds fully when
the velocity is below U;, and scales linearly between these
two bounds.” This behavior reveals a shear stress-dependent
attachment mechanism. In the current model, precipitation
mainly takes place in pore throats, which can be regarded as
narrow channels. Under the one-dimensional pipe flow
approximation, shear stress is proportional to velocity (see
eqn (8.3)).

The mixed urea-calcium solution is introduced into the
porous medium from the exterior. Accordingly, the mass
balance equations governing urea and calcium are expressed
in eqn (3.6) and (3.7).

u-VC, — D,V>Cy = —Ryo, (3.6)

U-VCiao = DapV?Cono = —Ry, (3.7)
where R,, and R, represent the reaction terms for the
ureolysis and the calcium carbonate precipitation,
respectively. The ureolysis process is described by the
Michaelis-Menten kinetics, with the inhibitory effect of
ammonium taken into account. Thus, the reaction term Ry,
is formulated in eqn (3.8).

Cu(cbs+cba)

Km + Cu

KNH4 i

Ryo =K
uo u KNH4+ T CNHH )

(3.8)

where K, denotes the ureolysis rate constant, K, represents
the half-saturation constant, and Kyy, is the inhibition
constant associated with ammonium. The precipitation
process is assumed to be constrained by the smaller
concentration of carbonate and calcium. Accordingly, the
reaction term R}, is expressed in eqn (3.9).
R, = Kymin(Ceazry Coo,2)- (3.9)
where K, denotes the precipitation rate constant. The
formation of CaCOj; is permitted only when the product of Ca**
and CO;”” concentrations exceeds the solubility product Kip.*°
Since the ureolysis of a single mole of urea yields two
moles of ammonium and one mole of carbonate in the MICP
process,” the mass balance equations for ammonium and
carbonate are presented in eqn (3.10) and (3.11)).

U-VCnp, = D, V> Cnit, = 2Ryos (3.10)

u-VCoo,. ~ Deo 2 V?Ccop = Ruo = Rp. (3.11)

Immobile components

Attached bacteria are considered part of the immobile phase,
described by an ordinary differential equation (ODE). The

This journal is © The Royal Society of Chemistry 2026
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attachment time is denoted as T,. Accordingly, the governing
equation for attached bacteria is given in eqn (3.12).

dCba
de¢

= Rys. (3.12)
Moreover, the precipitate is treated as an immobile phase,
and its density evolution is described by eqn (3.13).

(3.13)

where p,, denotes the density of CaCOj3, and W, represents its
molecular weight.

Identifying of vortex structure

The Liutex is defined as the local rigid rotation part of the
fluid motion, including both the local rotational axis and the
rotational strength.* It can be expressed as

R = Rr,

R=(wr)-\/(0r) -4

where R is the Liutex vector with magnitude R representing
the rotational strength, and o is the vorticity vector. The
direction of the Liutex vector, r, which represents the local
rotation axis, is defined as the real eigenvector of the velocity
gradient tensor, while 1., denotes the imaginary part of its
complex conjugate eigenvalue.

In the present study, we use the Liutex method to quantify
vortex strength and visualize vortex morphology. Accurate
identification of vortices facilitates the understanding of their
spatial distribution and morphological evolution during
precipitation accumulation. We initially identify vortices
under different packing scenarios using streamlines.
However, streamline-based visualizations have limitations,
such as difficulty distinguishing between rotational motion
and shear-induced flow patterns, which can potentially
obscure the accurate identification of vortex structures.**

The Liutex method decomposes vorticity o
rotational component R and a non-rotational component S.
This decomposition removes false rotational contributions
caused by shear, making the Liutex method an accurate
descriptor  for identifying and quantifying vortex
structures.***"%  Wwe instantaneous  three-
dimensional structures of local vortices using iso-surfaces of
the Liutex method (see Fig. S15 in SI). Liutex-based analyses
confirm that precipitation accumulation alters
distribution, and vortex structures exhibit dynamic evolution
over time. The “Movies S3-S6” provide animations detailing
dynamic vortex evolution, highlighting vortex morphological
changes in response to evolving pore structures.

(4.1)

(42)

into a

visualize

vortex

Measure of mixing

To quantify vortex-induced mixing during MICP, here, we
adopt the corrected scalar dissipation rate (SDR) y, a widely
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used measure for evaluating the mixing rate in porous
media.®*"®® The y is defined as follows, and the parameters
involved are the same as in eqn (3.1).

xi= J Di|VCi*de + J R,C;dQ. (5)
Q Q

Numerical method

The lattice Boltzmann method (LBM), finite element method
(FEM), and cellular automaton (CA) method are utilized to
solve the coupled model. In this section, we present the three
methods.

Flow simulation based on the LBM

In LBM, fluid can be regarded as a collection of particles,
which are undergoing the processes of streaming and
collision in different directions with velocity {c;|0 < i < N},
where N is the number of move directions, and in the D3Q19
model, N = 9. The behavior of fluid particles in spatial and
temporal can be described by the distribution function f(x, c,
t). LBM is commonly used to describe the flow process in
porous media,®® and it is employed to solve the stationary
incompressible N-S equations in this study. To enhance
computational stability in solving the flow model, the multi-
relaxation-time LBM (D3Q19-MRT LBM) is adopted.®®”® The
governing equation for the particle’s distribution function
evolution in MRT-LBM is

S+ AL, ¢+ AL - flx), ) = -M'S(m(x;, ©) - mI(x;, )AL, (6)

where f denotes the particle distribution function, ¢ represents
the discrete velocity directions, and At is the time step. The
transformation matrix M maps the particle distributions from
velocity space to moment space, with M ' being its inverse
matrix. The mapping relationship is expressed as m = MF, where
m is the moment vector and m® represents its equilibrium
moment, m = (mq, My, ..., m;)". In the moment space, the
relaxation matrix § is diagonal, § = wI = diag (s;), 0 < 7 < N,
where w = 1/r and r is the lattice relaxation time. The parameter
s; denotes a lattice relaxation rate, representing the relaxation
process by which the system evolves from a non-equilibrium
state toward equilibrium. Macroscopic variables such as density
p* and velocity u* are computed from the moments of the
distribution function.”*”?

Reactive mass transport solved using the FEM

The ADR equations are numerically solved using the standard
FEM. The weak form of the ADR equation reads

wR,'(Ci)d.Q. (7)

J w(u-VC,'—DiVZCi)dQ:J
Q Q

where w is a weight function. The element stiffness matrix is
obtained by discretizing the weak form of the governing
equations. Subsequently, the computed flow field (ie.,
velocity) is coupled to the ADR equation to obtain the
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concentration distribution through iterative solution. In this
process, the velocity field is transferred by mapping the
lattice velocities to finite element nodes, thus achieving a
coupling between flow and reactive transport.

Due to the nonlinear reaction terms in the ADR equation,
the reactive mass transport process is computationally
intensive and constitutes the main bottleneck of the MICP
numerical model. To enhance computational efficiency, we
parallelize the ADR solver using GPU computing. Compared
to CPU-based implementations, GPUs provide more
computational cores and superior parallel processing
capabilities. To fully leverage GPU performance, we have
developed a hybrid MATLAB-CUDA programming framework
for the reactive mass transport process. This optimized
implementation improves the computational efficiency of the
MICP numerical investigations.

Precipitation process modeled with a CA scheme

The CA is a discrete and dynamic computational model that
describes the global behavior of complex systems through a
set of localized interaction rules, serving as a classical tool
for studying how simple rules can give rise to complex
phenomena.”* By incorporating appropriate physical rules,
CA models can effectively simulate a wide range of natural
processes, such as biofilm growth, crystal formation, and
biomineralization.*>”>”"”

In the MICP process, precipitation typically accumulates
on the surfaces of solid grains and within nearby pore
throats, and its spatial distribution may change due to
hydraulic shear or local flow disturbances. A CA approach is
employed to simulate these dynamic behaviors of
precipitation (see Fig. 12). In the current model, the effect of
flow shear stress on precipitation is considered, with shear
stress being proportional to the velocity magnitude (see eqn
(8.3)). The specific steps are as follows.

Precipitation mass calculation. At each time step ¢,
calculate the precipitated calcium carbonate mass M;, within
each element based on eqn (8.1), and wupdate the
precipitation for the next time step (¢ + At) by eqn (8.2)

M(t) = pp(t)Vpt, (8.1)

M(t + Atp) = M(t) + RyWVpAL,. (8.2)
where V,, is the precipitated CaCO; volume at each time step.

Excess mass check. Determine if the precipitated mass M,
within an element exceeds the maximum allowable
precipitation mass Mpax (Mmax = popVe, Where pyy, is the bulk
density of CaCO; and V. is the element volume.”® showed
that precipitates often do not fill the entire depth with proper
imaging, even in a thin microfluidic chip. Thus, the flow field
eventually develops in 3D, which is particularly important
when shear-stress-related detachment is considered. Here, we
consider this factor, with the precipitates filling about half
the height of the element). If it does, the excess precipitation

This journal is © The Royal Society of Chemistry 2026
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. Precipitation with M,

Accommodate the excess precipitation

Fig. 12 Schematic diagram illustrating the spatial distribution of CaCO3 using the CA model. White elements indicate fluid regions. Cyan elements
are fully occupied by CaCOs. Red elements contain CaCO3 exceeding M,,,x, and the surplus is redistributed. Yellow elements denote the target
elements that receive this excess, which is randomly transported to the nearest available elements. (a) and (b) represent the states before and after

precipitation redistribution, respectively.

mass (M, — Mp,) needs to be redistributed. (i) Identify the
nearest elements that can accommodate the excess precipitation.
Eligible target elements must have available space (i.e., an empty
element or precipitation mass has not reached My,,,). (ii) If
multiple eligible elements exist, select one randomly as the
redistribution target to ensure stochastic variability.

Shear stress evaluation. Calculate the shear stress 7, in the
selected element caused by local fluid flow.”® If the calculated
shear stress exceeds the threshold (7, > 7may), fluid shear

Precipitation allocation. Allocate the excess precipitation
mass preferentially to target elements based on proximity to
the source element, prioritizing closer elements to reflect
realistic precipitation distribution dynamics.

The described CA numerical strategy effectively couples the flow,
reactive mass transport, and precipitation processes, enabling a
comprehensive simulation of the pore-scale MICP process.

forces remove excess precipitation mass from the Implementation
system.*>3"8! Otherwise, proceed to the next step. By coupling the flow, reactive mass transport, and
6u|Ue| precipitation models, the pore-scale MICP process can be
T (8:3)  simulated (see Fig. 13). Specifically, at each time step ¢, the

where x denotes the dynamic viscosity coefficient of water, U,
represents the flow velocity in the target element, and H is
the depth.

flow model is first solved to obtain the velocity field, which is
then transferred to the reactive mass transport model to
compute the concentration field. Using the obtained velocity
and concentration information, the precipitation formation

Lattice Boltzmann
method

Finite element
method

Cellular
automaton

Fig. 13 Numerical implementation of pore-scale MICP model.

This journal is © The Royal Society of Chemistry 2026
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and transport are simulated on the lattice nodes through the
CA model. The same procedure is repeated for the next time
step (¢t + Af), enabling the dynamic evolution of the MICP
process to be captured. The detailed solve strategy of the
MICP model can be referred to Feng et al,”® and model
parameters are presented in the SI.

To evaluate the model performance, we compare the
temporal evolution of the CaCOj; precipitation fraction in the
full, upper, and lower regions with the microfluidic
experiment (see Fig. 14). The results show that the
experimental and numerical present a similar overall trend.
Specifically, precipitation initially accumulates in the lower
region, gradually expanding toward the central and upper
regions over time. This consistency indicates that the present
model can reasonably reproduce the spatiotemporal
evolution of precipitation.

However, there are some quantitative differences. On the
one hand, the intersection time of the precipitation volume
fraction evolution curves between the upper and lower
portions is different; on the other hand, the simulated
precipitation fraction is higher before 7 = 300 min but
lower afterwards. These differences can be attributed to the
complexity of the MICP process, which involves biochemical
reactions such as bacterial growth, decay, and nucleation.
Our current model does not include biofilm formation and
its impact on flow and precipitation distribution, which
may lead to quantitative deviations. Nevertheless, the
deviations remain acceptable for numerical simulations
involving biochemical processes and do not compromise
the model's ability to capture the dominant physical
behavior.

Significantly, these differences do not affect the main
objective of this study, which is to investigate vortex
dynamics (type, spatial distribution, and strength) and their
impact on mass transport. This is because vortices are
primarily induced by the evolution of local pore geometry,
and the above quantitative analysis indicates that the pore-
scale model utilized in this study can reproduce the pore
structure evolution during the MICP process.
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Fig. 14 Comparison between the present numerical and the MICP
microfluidic chip test (Xiao et al.>®) results of precipitation distribution
evolution in the full, upper, and lower regions.
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