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Abstract Particle transport in subsurface porous media under multiphase flow conditions is widely
concerned in many practical applications. Previous studies have focused on retention behaviors and interfacial
effects, ignoring the unique role of pronounced rheological effect under dilute conditions. Here, we investigate
how accumulation effect reshapes microgel particle transport and immiscible displacement process driven by
concentration-sensitive viscosity. As a foundation, a mixture-rheology two-fluid model is developed and
combined with color-gradient lattice Boltzmann method for modeling complex particulate multiphase flow. The
consistency between simulation results and microfluidic experiments confirms the validity of our model in
capturing accumulation phenomena. Results in heterogeneous dual-permeability structures reveal the two-way
coupling between particle accumulation and interfacial evolution. Particle accumulation can be enhanced at
higher injection concentrations and larger particle sizes, leading to the formation of filter-cake-like structures
despite the absence of clogging effects. Capillary resistance further weakens the driving force for particle
migration, intensifying local accumulation compared to suspension flow. The non-uniform concentration
distribution contributes to flow rate reallocation via diversion effects, producing variable displacement patterns
under varying conditions. Results in disordered media exhibit a similar trend as in the dual-permeability model
but with more significant accumulation. The dramatic reduction in nonaqueous phase saturation by sweeping
efficiency improvement indicates the promising application potential of such accumulation. Our findings
deepen the understandings of particle transport in porous media with implications for manipulation of
immiscible displacement.

1. Introduction

Particle transport under multiphase flow conditions is of vital importance in many subsurface scenarios, including
but not limited to in situ degradation of nonaqueous phase liquid (NAPL) contaminants via engineered nano-
particles (O’Carroll et al., 2013; Pak et al., 2020), pathogen migration in unsaturated vadose zones (Sim &
Chrysikopoulos, 2000; Y. Yu et al., 2021), and enhanced removal of NAPL by particle suspensions (Du
etal., 2021; Lei et al., 2023; Zhang et al., 2016). Extensive efforts have been made to understand the relationship
between particle transport behaviors and multiphase flow patterns. On the one hand, particle retention induced by
clogging effects such as size exclusion (Gerber et al., 2018), bridging (Yin et al., 2024), deposition (Bizmark
et al., 2020), and aggregation (Katzourakis & Chrysikopoulos, 2021), can dramatically decrease the local
permeability and divert the displacing fluid into other regions (Bai et al., 2007; Xie et al., 2021). On the other
hand, particles with surface activity can adsorb onto the interfaces, which has been utilized to reduce interfacial
tension and mobilize organic contaminants (Roy & Dzombak, 1997; Xu et al., 2015).

Aside from retention behaviors and interfacial effects, fluid rheology changes induced by particles provide an
alternative way for multiphase flow control in porous media. In contrast to the weak viscosity effect of hard-
sphere particles in dilute conditions (Batchelor, 1977; Guazzelli & Pouliquen, 2018), microgel particles have
been found to significantly change suspension viscosity even at dilute concentrations attributed to the polymeric
network structure (Larson & Desai, 2015; H. Wang et al., 2018; Lu & Wang, 2023). Microfluidic experiments
have shown that increased viscosity of microgel particle suspensions promotes more uniform displacement
patterns in heterogeneous porous media, which can be well modeled using the advection-diffusion equation
(ADE) in analogy to polymer solutions (Lei et al., 2022). However, when the injection concentration is further
increased, significant particle accumulation is observed despite the small particle-to-throat size ratio and
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negligible adsorption effect. Core-scale studies (Endo Kokubun et al., 2019; Spildo et al., 2009) have also re-
ported similar phenomena, which cannot be simply explained by rheological effects.

Particle accumulation in the absence of clogging effects is commonly ignored in subsurface flow conditions
attributed to the low characteristic speed and negligible inertial effect (Koch & Hill, 2001; Wood, 2007).
However, the complex and continuous geometry changes in disordered porous media can naturally induce particle
lagging. When particle concentration and rheological property are strongly correlated, the interplay between
interphase drag and viscosity changes can reshape particle transport patterns, which may have important im-
plications for controlling interfacial evolution during immiscible displacement.

Numerical modeling provides a powerful tool for insights into the underlying mechanism. Eulerian—-Lagrangian
methods, such as immersed boundary method (IBM) and discrete element method (DEM), have been developed
for accurate simulation of particulate flow in porous media (Chu et al., 2010; Ladd, 1994; Trofa et al., 2021; Zhu
et al., 2007). The pressure fluctuations (Lei et al., 2019; Zhou et al., 2017) and diversion effects (Elrahmani
etal.,2023; Suet al., 2019) induced by various clogging behaviors with non-uniform distribution of particles have
been extensively discussed based on simulation results. There are also pore-network modeling studies that ignore
collision effects while introduce criteria for different retention events (Lin et al., 2021; H. Yang & Balhoff, 2017).
Eulerian—Eulerian methods, which treat suspended particles as a continuum phase, can greatly improve the
computational efficiency by neglecting microscopic details (Drew, 1983). The two-fluid model (TFM) is a
representative Eulerian—Eulerian method suitable for capturing particle-fluid and interparticle interactions, which
has been widely applied in simulations of fluidized bed (Gidaspow, 1994; van der Hoef et al., 2008), dispersed
gas-liquid systems (He et al., 2007; T. Wang & Wang, 2005), and blood flow (Massoudi et al., 2012; Wu
etal., 2015). Volume-averaged equations for both the particle phase and fluid phase are solved, where the particle-
fluid interaction is characterized by the drag force term (Wen & Yu, 1966). However, the artificial and sophis-
ticated construction of viscosity models for the particle phase (Ding & Gidaspow, 1990; Grad, 1949; Shuai
et al., 2012) brings uncertainty to the validity of numerical modeling, especially when dealing with complex
particle systems. Furthermore, coupling of the TFM with immiscible displacement simulation has not been re-
ported yet, which involves simultaneous three-phase flow.

In the present work, we comprehensively reveal non-clogging accumulation effect on microgel particle transport
and immiscible displacement in porous media. An improved two-fluid model based on multiphase lattice
Boltzmann method is applied to efficiently solve particulate multiphase flow. The accuracy and validity of our
model are verified by theoretical benchmarks and comparison with previous microfluidic experiments, especially
in capturing lagging and accumulation behaviors of microgel particles under multiphase conditions. Simulations
of suspension displacement processes in the dual-permeability model are conducted under various injection
conditions. The impacts of flow and structure characteristics, particle properties, and immiscible interfaces on
accumulation states are analyzed in detail, which will influence interfacial evolution and alter displacement
patterns. The potential applications of microgel particle suspensions in preferential flow control and displacement
enhancement is further evaluated in complex disordered geometry. Our results offer valuable insights into particle
transport mechanisms in subsurface environments, providing an effective approach for flow control in porous
media.

2. Methods and Validations
2.1. Mixture-Rheology Two-Fluid Model (mrTFM)

The two-fluid model (TFM) is adopted in this work considering the computational cost for the simulation of
transport and displacement processes involving large amounts of particles. Based on continuum-mechanical
descriptions, the volume-averaged governing equations for the particle and fluid phases are given as
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where the subscript f and p indicate the fluid phase and particle phase, and ¢, p, P, u, F,,, are the volume fraction,
phase density, pressure, velocity, and external forces, respectively. I'; = pi(Vu,- + (Vu,«)T) is the shear stress

tensor, where p; is the dynamic viscosity.

Fluid-particle interactions are reflected by the drag force term F; = ﬂ(u ;- up) induced by velocity difference,
where f is the drag force coefficient that can be described by the Wen-Yu model as (Wen & Yu, 1966)

3¢ prtitilus —

4 d,

B ¢f—2.65, (5)

where d,, is the particle diameter, C, is the dimensionless drag coefficient, C; = 24(1 + 0.15Re}%")/Re, for

Re; <10 and Re,; = prd fd,,|u = up|/ M/ is the characteristic Reynolds number for drag force calculation.

For the suspension phase as a whole, the governing equations can be expressed as

9p,

ap,u,
% + V- (puu,)=-VP+V T, +F,,. M

In the conventional TFM, governing equations for the particle and fluid phases (Equations 1-4) are solved
simultaneously. As mentioned in the introduction part, an important issue in applying the TFM is to formulate the
stress tensor in the viscous resistance term of the particle phase. Regarding complex particle systems such as
blood and microgel particle suspensions, it is challenging to build rheology models directly from microscopic
interparticle interactions. Additional empirical models or parameters are required to incorporate the
concentration-dependent non-Newtonian feature of suspensions into the particle phase viscosity (Wu et al., 2015),
which bring about uncertainty and inaccuracy in transport simulations.

Therefore, we propose the mixture-rheology two-fluid model (mrTFM) by considering the mixture (suspension)
phase and the fluid phase without involving the particle phase viscosity. The viscosity of the mixture phase is
based on the apparent suspension property with a clear physical basis, which can be conveniently characterized
via experiments and directly applied in simulations. Information about microscopic interactions is effectively
reflected in the apparent rheological property, and particle transport can be solved accurately without introducing
any empirical models. Numerical stability can also be improved with a smaller viscosity difference between the
simulated two phases. For suspensions with viscosity sensitive to particle concentration (as discussed in this
work), the particle phase viscosity must be extremely high if the conventional TFM is adopted, posing significant
challenges to numerical stability. Furthermore, coupling two-phase particulate flow with displacement simula-
tions is more feasible, as the suspension phase has been explicitly solved in the first step.

For the sake of simplicity and without loss of generality, the particle-water-NAPL system will be taken as an
example, where particles are suspended in water with immiscible interfaces between water and NAPL. For
particle-water two-phase flow, the suspension phase and the fluid phase are solved simultaneously based on the
mrTEM, as illustrated in Figure la. Information regarding the particle phase (particle volume fraction ¢, and
particle phase velocity u,,) can be calculated by local mass and momentum conservation, which serves as an input
for the drag force calculation. For particle-water-NAPL three-phase flow, the suspension phase and the NAPL
with interfaces are solved simultaneously after obtaining the information of particle-water two-phase flow. The
particle-water two-phase flow and particle-water-NAPL three-phase flow will be respectively referred to as
suspension flow and suspension displacement in the following text.
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Figure 1. (a) Schematic of the difference between conventional TFM and mixture-rheology TFM. (b) Schematic of the three-phase system. The particle-water-NAPL

system is taken as an example.

2.2. Numerical Method for Particulate Multiphase Flow

The lattice Boltzmann method (LBM) is adopted in this work for solving complex fluid flow in porous media
(Chen & Doolen, 1998; Dye et al., 2016; Qin et al., 2023; Xie et al., 2021). The GPU computing based on the
CUDA platform is adopted to improve computational efficiency (G. Yang et al., 2023). The initialization, input
and output of data are performed on CPU host while the key evolution steps, including collision, recoloring, and
streaming, are computed on the GPU device (NVIDIA V100). All simulations are solved in 2D using a standard
D2Q9 lattice set.

For suspension flow, evolutions of the suspension phase and the water phase are solved based on the mrTFM. The
lattice Boltzmann equation with multiple relaxation times (MRT) can be expressed as

filx +e;At,t 4+ Af) — f(x,0) = =M~ 'S(m(x,1) — m*(x, 1)) + ArtM ™! (I - ;) G, ®)

where fi(x, t) is the density distribution function at the space-time position (x,7) , moving along the i th direction by
discrete velocities e; (unit vector). M is the transformation matrix to the moment space (Lallemand & Luo, 2000),
m = Mf is the mapped moment of distribution functions, and m*t = Mf®%. G = MF accounts for the forcing

term in the moment space, where F is calculated using Guo's forcing scheme (Guo et al., 2002; Semiao &
Silva, 2012). I is the unit tensor and S is a diagonal matrix composed of relaxation parameters (Z. Yu &
Fan, 2010).

The macroscopic variables can be related to f; as

A
p =D fepu =Y fie; + {F- )
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The body force only needs to be introduced in the evolution equation of the fluid (water) phase for the mrTFM,
which includes two key terms

Fr =PV, —fus—u,), (10)

where the first term is the correction for pressure gradient considering volume average (T. Wang & Wang, 2005)
and the second term is the drag force. The gradient terms involved in the algorithm are calculated employing the
isotropic gradient scheme with second-order approximation (Leclaire et al., 2011).

As previously mentioned, the microgel particle suspension is a typical non-Newtonian fluid with shear-dependent
viscosity (H. Wang et al., 2018). The shear rate y can be expressed as

. 1 3
P = Qo) Wy = 353 ety (an

where W is the shear rate tensor, 7 is the relaxation time, ¢ = Ax/At = 1is the lattice speed, and fi(l) ~f—
(Xie et al., 2016).

For suspension displacement, evolutions of three phases are solved. The suspension flow is solved following the
above procedure, and the color-gradient model is applied to capture the suspension-NAPL interface (Leclaire
et al., 2013, 2014). The evolution equation of the color-gradient model is

& + e At 1+ A1) — gk, 1) = QP |[-MS(m(x, 1) — m*(x, 1)) + ArM ™! (1 - ;) G], (12)

where gf(x,) is the density distribution function of phase k and Q?’k is the recoloring operator to achieve fluid
separation. The macroscopic variables can be expressed as

p= Zk:p",pu = Zk:p"u", (13)

where p* and u* are calculated from Equation 9.

The continuum-surface-force (CSF) model (Brackbill et al., 1992) is applied to achieve surface tension effect by
introducing F.¢ = yx Vp"/2, where y is the surface tension, k = —[(I — n®n)-V]-n is the interfacial cur-
vature, and pV = (p* — p°)/(p° + p°) is the color function (s for the suspension phase and o for the NAPL).
n = VpV/ | vV | is the normal vector of interface, which is corrected based on contact angle restrictions at solid
boundaries (Akai et al., 2018; Liu et al., 2015).

The recoloring operator Qiz’k is introduced after collision steps to achieve phase separation as follows (Latva-
Kokko & Rothman, 2005)

k s 0 N .,
wik _ P *ok PP Vp© e (14)

A ; e w, s
Tt p+po VPN

where g* and g** are the post-collision and the pre-streaming distribution functions, w; is the weight function and
€ is a tunable parameter controlling the interfacial thickness.

The impenetrable condition at the suspension-NAPL interface for the fluid (water) phase in the mrTFM is realized
by another recoloring operator as (Riaud et al., 2014)

f 0 N
r_ Py Vp©-e;
gl. _gif gp—5+p”wi—|VpN| . (15)
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2.3. Model Validations and Discussions

The reliability and accuracy of our lattice Boltzmann method for particulate multiphase flow have been verified
by a series of theoretical benchmarks including particle suspension and power-law fluid flow in a straight channel,
phase separation test, and interfacial properties of three-phase flow during displacement (see the Text S1 in
Supporting Information S1 for details and also our previous work (Li et al., 2024)). More importantly, we
compare our simulation results with the anomalous accumulation phenomena reported in previous microfluidic
experiments, which validate the capability of present model to capture particle transport and distribution patterns
under multiphase and porous flow conditions.

As introduced in Section 2.1, realistic rheological property from experiments can be directly applied based on the
mrTFM. The complex concentration-dependent shear-thinning property of microgel particle suspensions has
been included in the following expression based on rheological experiments under varying conditions (Li
et al., 2024),

(142 — 0.2¢,)77 7 +0.001,7 < 10 57"

Hs = ’ (16)
0.163(142¢2 — 0.2¢),) +0.001,7 > 105~

As shown in Figure 2a, previous displacement experiments applying microgel particle suspensions in a dual-
permeability model show dramatic particle accumulation at high injection concentration (¢, = 3.0 vol%) (Lei
et al., 2022). It should be noted that the minimum throat size is more than 10 times larger than the microgel
particle size, basically excluding direct clogging by size exclusion (pore size screening) or bridging in such
regular geometry. The micron-sized particles with electrostatic repulsions can hardly adsorb onto the surface
(Adamczyk & Weronski, 1999), ruling out deposition-induced accumulation. Deformation effects are also
negligible considering the small particle-to-channel size ratio, low characteristic speed and dilute injection
concentration. It is worth mentioning that dramatic deformation effects dominated by interparticle interactions
can be possible for high-concentration flows of highly deformable particles such as blood cells (Chien, 1987; Wu
et al., 2015). However, the microgel particles considered in this work are much less soft (Barns et al., 2017; Lei
et al., 2023), and interparticle interactions mainly manifest as interactions between stretched surface polymer
chain network under dilute conditions, as discussed previously (H. Wang et al., 2018; Lei et al., 2022). Despite
excluding direct clogging, surface deposition, and deformation effects in our model, our simulations applying
similar parameters yield consistent accumulation patterns with stepped concentration distribution (Figure 2b).

What is responsible for such dramatic accumulation of microgel particles? As discussed above, since other
classical colloidal behaviors are not incorporated in the two-fluid model, the non-uniform concentration distri-
bution can only be induced by particle accumulation under geometric variations in porous media, which is
determined by the competition between fluid-particle and interparticle interactions. Starting from the governing
equation for the particle phase in the TFM (Equation 4), the fluid-particle interaction is represented by the drag
force term ﬁ(uf - u,,), and the interparticle interaction is represented by the viscous resistance term V - (¢pI‘,,),
whereI', = p, (Vu p + (Vup)T). For microgel particle suspensions, the high particle phase viscosity strengthens
the viscous resistance term, which needs to be balanced by the drag force term with a velocity difference between
the particle and fluid phases. For acceleration process during pore-to-throat geometric variations in porous media,
the viscous resistance term will increase due to a decrease in characteristic channel size. Consequently, the ve-
locity difference in the drag force term also needs to be increased, corresponding to particle lagging. Based on the
momentum conservation p,u, = @,p,u, + (1 - ¢p)pfu '+, We can expect an increased particle concentration in
response to flow condition variations, triggering local accumulation. The increased particle concentration con-
tributes to strengthened viscous resistance term owing to concentration-sensitive viscosity, which further pro-
motes the accumulation. For hard-sphere suspensions, such accumulation phenomenon is rarely reported since
viscosity effect is much weaker in dilute conditions, and the role of viscous resistance term can be ignored.

We further quantify the experimental particle concentration distribution by the brightness of fluorescently labeled
microgel particles (see the Text S2 in Supporting Information S1 for details of image processing). As presented in
Figures 2d-2g, the fair consistency between simulations and microfluidic experiments demonstrates the appli-
cability of our model for predicting microgel particle transport behaviors. The agreement in particle concentration
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distribution is quantitatively satisfactory given the impurity of microgel particle suspensions in experiments and
the complexity of the multiphase systems.

3. Results and Discussion
3.1. Case Setup

We investigate microgel particle transport and flow control mechanisms in the dual-permeability model
(Figure 3a) with the same geometry shown in Figure 2. The length and width of the porous region are 8 and 6 mm,
respectively. The high-permeability layer (HPL) and low-permeability layer (LPL) yield the same porosity (45%)
with a characteristic size ratio of 2:1. To evaluate the impact of complex geometry under more realistic conditions,
a disordered medium is generated using the QSGS method (M. Wang et al., 2007) (Figure 3c).

The computational domains are both resolved by 1620 X 960 grids. Grid independence tests have been performed
to confirm the reliability of results presented in this work (see Figure S7 in Supporting Information S1). The
standard bounce-back scheme is applied to achieve non-slip condition at solid boundaries (including top and
bottom wall). The Zou-He boundary (Zou & He, 1997) is applied with constant velocity at the inlet and constant
pressure at the outlet. The volume fraction of the particle phase is fixed at the inlet and the zero-gradient Neumann
boundary is applied at the outlet to achieve free outflow condition (Lou et al., 2013). For suspension flow, the
entire region is filled with water initially and microgel particles are injected at a fixed concentration. For sus-
pension displacement, the porous region is filled with NAPL initially and then the suspension phase (including the
particle and water phases) enters from the inlet.

The particle size and injection concentration are varied for comprehensive mechanism analysis: d, = 3 — 6 pm,
&pin = 1.0 — 5.0 vol%. Other physical parameters are set as follows: Inlet velocity U;, = 0.01 m/s, density of
particle, water and NAPL p, = p, = p, = 10°kg/m’, dynamic viscosity of water and NAPL
B, = B, = 1 mPa-s, contact angle & = 80°, interfacial tension y = 6 mN/m. The dimensionless numbers can
be defined based on inlet properties: The particle Stokes number is
Stk = ppUi,,dﬁ/(18pWWm) =2 x 107 — 8 x 107>, where W,, is the inlet channel width. For Stk < 1, particles
should theoretically follow fluid streamlines with negligible inertial effects (Koch & Hill, 2001), which is
contrary to our observations. This indicates that classical description is invalid for reflecting accumulation be-
haviors reported in this study, as the role of rheological effect representing strong interparticle interactions is
ignored. The capillary number for suspension-NAPL displacement is Ca = p,U,,/y = 1.7 x 1073,

3.2. Particle Transport and Displacement Control in the Dual-Permeability Model

We first present a series of simulations of two-phase suspension flow without immiscible interfaces to determine
impacts of flow, structure, and particle property parameters on particle accumulation patterns. Figure 4a shows
evolution of particle concentration distribution when d,, = 3 um. At low injection concentration (1.0 vol%),
particle front advances rapidly through the HPL. The concentration distribution is relatively uniform after particle
breakthrough without accumulation. As injection concentration increases, particle breakthrough is delayed in the
HPL with a closer distance between the front in the HPL and LPL (Figure 4b). The delayed breakthrough is
attributed to increased flow resistance at higher microgel particle concentrations. Meanwhile, accumulation
phenomena are observed owing to the lagging of microgel particles under continuous geometric variations, which
have not been captured in previous studies. It is noted that particle accumulation preferentially occurs in regions
with lower characteristic permeability, including within the LPL, at the layer interface and edge region, rather

Figure 2. Experimental validations. (a) Experimental observation of the stepped particle distribution at 0.5 PV (pore volume)
during microfluidic displacement process. The injection concentration is 3.0 vol% and the average particle size is 5 pm. The
particles and the oil phase are both fluorescently labeled but with different intensities (Lei et al., 2022). (b) Numerical
simulation reproduces the stepped distribution under the same conditions. The flow, structural, and interfacial properties are
kept the same as in experiments. Equation 16 is applied as input for the viscosity model. (c) Grayscale experimental image
used for processing. As indicated by the dashed boxes, we select four representative regions, divide them into sub-blocks
consisting of pore-throat units, and calculate the average particle concentration in each unit. Details of concentration
calibration and data processing are provided in the Text S2 in Supporting Information S1. (d—g) Comparison of the particle
concentration distribution from experiments and simulations in regions (d) HI, (e) H2, (f) L1, and (g) L2, respectively.
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(c) —— Flow direction (d)
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T

Volume ratio / %
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0 60 120 180 240 300 360

Complex disordered medium Pore size / pm

Figure 3. Case setup. (a) Dual-permeability model consisting of regular posts. (b) Geometric settings of the cylinders and
voids in (a). The characteristic sizes in the low-permeability layer are half of those in the high-permeability layer.

(c) Disordered medium with complex geometry. (d) Pore size distribution of (c) characterized by the maximal ball method.
The length and width of the porous region are 8 and 6 mm, respectively.

than in the mainstream channels in the HPL. As shown in Figure 4c, accumulation effect is strengthened when
d, = 6 pm. In the LPL, stronger accumulation results in the filter-cake-like distribution near the inlet with limited
in-depth penetration. Such filter-cake-like distribution reflects the dramatic local concentration rise under
intensified accumulation, which is essentially different from filter cakes induced by clogging events (Dressaire &
Sauret, 2017), where particles are physically stopped. In the HPL, particle accumulation also appears with
staggered distribution throughout the layer. The advancing speed of particle front is significantly slowed down in
both layers (Figure 4d).

To confirm that the observed accumulation patterns are not limited by the length scale, we have doubled the
computational domain, and the results remain consistent (Text S4 in Supporting Information S1). For cases with
strengthened accumulation (d, = 6 pm,¢, = 3.0 vol%), the filter-cake-like structure in the LPL remains
localized near the inlet even though the channel length is extended, indicating separated length scales between the
accumulation zone and flow domain. Meanwhile, a more uniform accumulation pattern is observed in the HPL,
with in-depth penetration regardless of the domain size.

The above influencing factors on particle accumulation can be well interpreted by the force competition discussed
in Section 2.3. The accumulation tendency can be evaluated by the ratio of the drag force F; and the viscous
. . . T .
resistance force F, exerted on the particle phase, given by f(U; — U,)/V -[¢,u,(VU, + (VU,)")]. where U is
the velocity along the flow direction. A smaller ratio corresponds to stronger accumulation. Considering the state
prior to accumulation without concentration and viscosity gradients, we can obtain
~1.65
Fy/Fx(1 = ¢,)
particle concentration. On the one hand, larger particle sizes and higher injection concentrations will hinder

W?/(d,p,), where W is the characteristic width and , is a function of shear rate and
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Figure 4. Microgel particle transport in the dual-permeability model under suspension flow condition. (a, c) Evolution of particle concentration distribution versus
injection time at various injection concentrations. (b, d) Evolution of particle front versus injection time. The corresponding particle sizes are (a, b) 3 pm and (c, d) 6 pm,
respectively. The injection time is normalized by the time required to inject one pore volume (PV) of fluid, and the concentration is normalized by the injection
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particle transport, leading to strengthened accumulation. On the other hand, regions with lower permeability
correspond to a lower shear rate and a smaller characteristic size, resulting in preferential accumulation.

As shown in Figure 5, simulations of suspension-NAPL displacement with three-phase flow are further per-
formed in the dual-permeability model. Transport of microgel particles significantly influences evolution of the
liquid-liquid interface. At low concentration (1.0 vol%), the suspension phase travels through the HPL rapidly and
the NAPL in the LPL remains trapped regardless of the particle size. Such preferential flow feature is induced by
the permeability difference between layers, consistent with previous experimental observations (Lei et al., 2022).
The viscosity effect (Equation 16) and particle accumulation are relatively weak under low injection concen-
tration, yielding a limited impact on displacement enhancement. At a smaller particle size (d, = 3 pm), the
displacement performance is progressively improved when increasing concentration from 1.0 to 5.0 vol%. The
suspension phase enters the LPL with more synchronized advances in the two layers. At a larger particle size
(d, = 6 pm), similar trend is observed while the difference between 3.0 and 5.0 vol% becomes minor.

Statistics of suspension phase saturation provide quantitative information on concentration and size effects. A
monotonic concentration effect on preferential flow control is observed when d, = 3 pm with smaller saturation
difference between layers (Figure 6a), whereas saturation curves at 3.0 and 5.0 vol% are nearly overlapped when
d, = 6 pm (Figure 6b). Correspondingly, higher ultimate displacement efficiency is achieved at a smaller size
when concentration is high (Figure 6d).

The non-trivial dependence of displacement performance on particle size and concentration essentially reflects
the role of particle accumulation patterns. As presented in Figures 7a and 7b, local accumulation is enhanced in
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Figure 5. Displacement processes in the dual-permeability model. The displacing fluids are microgel particle suspensions at various sizes and injection concentrations.

the presence of immiscible interfaces, as additional capillary resistance is introduced. A filter-cake-like distri-
bution has been formed in the LPL at a smaller particle size (d, = 3 pm), similar to the suspension flow condition
at a larger particle size (Figure 4c). The low-concentration region between the particle and interfacial fronts in the
LPL drives lateral flow from the HPL to LPL, promoting recovery of residual NAPL. When particle size is
increased (d, = 6 pm), filter-cake-like structures form in both layers and a low-concentration region is also
created downstream in the HPL. Displacement enhancement is limited by the partial reversal flow from the LPL
to HPL (Figure 7c). Therefore, an intermediate accumulation state is more favorable for preferential flow control
via moderate diversion effects. As shown in Figure 7d, the coupling of interfacial evolution and particle accu-
mulation induces flow rate interchange between layers with fluctuated net lateral flow rate at large particle size
and high injection concentration.
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Figure 6. Statistics of suspension phase saturation evolution versus injection time. (a, b) Concentration effect under different sizes. (c, d) Size effect under different

concentrations.

3.3. Results in the Complex Disordered Medium

The complex pore size variations in the disordered medium naturally strengthen particle accumulation, which has
promising potential for immiscible displacement control. As shown in Figure 8, the injection of microgel particle
suspensions significantly improves displacement efficiency compared to waterflooding (0.0 vol%) under all
conditions, with a maximal efficiency increase of 15%. Size and concentration effects on the displacement
performance result in efficiency variations within 6%. As discussed in Section 3.2, larger particle sizes and higher
injection concentrations promote accumulation. Meanwhile, an intermediate accumulation state is more favorable
for displacement enhancement, which results in non-trivial evolution trend in disordered media. At a smaller
particle size (d, = 3 pm), the displacement efficiency increases monotonically versus concentration with the rate
of change gradually decreasing, indicating improved diversion effects by moderate accumulation. At a larger
particle size (d, = 6 pm), the ultimate efficiency is always lower than that at a smaller size, corresponding to
limited penetration due to stronger filter-cake effects, which will be further discussed in Figure 10. The non-
monotonic fluctuating trend versus concentration reflects the interplay between the favorable viscosity in-
crease and the unfavorable weakening of diversion effect, both driven by intensified accumulation.

As depicted in Figure 9a, sweeping efficiency improvement via diversion effect is the dominant mechanism for
enhanced displacement by microgel particle suspensions. The local accumulation effects are responsible for this
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Figure 7. Particle accumulation effect on flow patterns during displacement in the dual-permeability model. (a, b) Particle-water-NAPL distribution at different particle
sizes when ¢, ;, = 5.0 vol% after 0.9 PV of injection. The white arrows illustrate different lateral flow modes controlled by filter-cake-like distribution. (c) The local

lateral flow rates crossing the layer interface with respect to the position along the flow direction after 0.9 PV of injection. The velocity is normalized by the inlet velocity
U;,, and L, is the length of the porous region (L, = 8 mm). (d) Evolution of the total lateral flow rate crossing the layer interface with respect to injection time.

enhancement, as the increased resistance at the accumulation points can divert the invading fluid into other un-
swept regions (Figures 9b-9d).

To interpret the size dependence of displacement efficiency, particle distributions throughout the disordered
medium are compared and analyzed. As shown in Figures 10a and 10b, a stronger upstream accumulation effect
with filter-cake-like distribution hinders particle penetration, leading to weaker in-depth diversion effect. As
exemplified in Figures 10c and 10d, the moderate accumulation state of particles with a smaller size can divert
downstream fluid from the preferential pathway into the un-swept region. Instead, particles with a larger size pose
negligible impact on the local flow rate allocation. The characteristic speed remains higher in the preferential
pathway and less residual NAPL in region 3 (Figure 9) has been removed.

The results presented above offer a new perspective for understanding particle behaviors in porous media, where
the concentration-sensitive viscosity of microgel particles serves as the basis for pronounced accumulation and
the velocity variations in porous media serve as the triggering factor. The discussed impacts of geometric, flow
and particle property conditions on accumulation patterns and displacement performances yield broad implica-
tions for subsurface scenarios related to particle transport under multiphase flow conditions. Although the
improved numerical model based on a Eulerian—Eulerian description for particulate flow is much more efficient
in comparison to previous studies under Eulerian—Lagrangian framework, the descriptions fall within the pore
scale and the simulation domain is limited to microfluidic porous media. Regardless, the mechanisms regarding
particle accumulation revealed in this work offer a basis for upscaling at larger scales via colloid filtration theory
(Mays & Hunt, 2005; Molnar et al., 2015) or pore-network models (H. Yang & Balhoff, 2017). For instance,
continuum models for emulsion flow have been developed for capturing the pure viscosity effect (Alvarado &
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Waterflooding

Marsden, 1979), the capillary Jamin effect (Devereux, 1974), and retention mechanisms including straining and
interception (Soo et al., 1986; Soo and Radke, 1984, 1986). The specific upscaling technique for the reported
accumulation effects should be addressed in future work by quantifying the accumulation criterion based on the
microscopic force competition, and introducing its contribution into macroscopic governing equations.

4. Conclusions

In summary, we systematically investigate non-clogging accumulation effect on microgel particle transport and
immiscible displacement in porous media. Triggered by velocity variations in porous media, the lagging of
microgel particles can induce strong accumulation owing to the concentration-sensitive viscosity. We utilize a
numerical model combining the mixture-rheology two-fluid model for particle transport and the color-gradient

(b)

Particle concentration @,/ ®,.

Additional
displacement

Figure 9. The relationship between (a) sweeping efficiency improvement and (b—d) local accumulation and diversion effect (dp =3pum,¢,;, =3.0 vol%). The local

views in (b—d) correspond to the invasion into region 1-3 in (a), respectively.
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lattice Boltzmann method for immiscible displacement to capture accumulation behaviors under multiphase flow
conditions, which has been successfully applied to reproduce the anomalous accumulation phenomena reported in
previous experiments. Building on a series of investigations in the dual-permeability porous structure, we unravel
the force competition behind accumulation patterns and clarify the influencing factors on accumulation intensity.
Particle accumulation can be strengthened by an increased particle size, elevated injection concentration, and
additional capillary resistance introduced by immiscible interfaces. Accumulation patterns are also influenced by
both structural and flow conditions, where lower local permeability and lower characteristic velocity promote
preferential accumulation. The formation and distribution of filter-cake-like structures reflect intensified local
accumulation, which diverts fluid into other regions by lateral flow and promotes the displacement of residual
NAPL. Investigations in the complex disordered medium demonstrates the generality of our analysis, where
sweeping efficiency can be dramatically improved via local accumulation and self-adaptive diversion. An in-
termediate accumulation state, commonly characterized by a smaller particle size at high injection concentration,
most benefits displacement control in porous media.

Our results provide a new paradigm for predicting and controlling particle transport and multiphase flow in
subsurface environments. Moving forward, more factors require consideration for engineering applications, such
as determining optimal size and concentration conditions, quantifying structural heterogeneity effects, and
incorporating other particle behaviors including deformation.

Data Availability Statement

The original data sets for presented cases are available at Mendeley Data (Lu, 2025).
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