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Understanding and controlling particle transport in porous media is of widespread inter-
est across diverse practical applications. Here, we report geometry-mediated accumulation
effect on particle transport under dilute conditions driven by the interplay between particle
lagging and viscosity effect, offering an alternative perspective for preferential flow control
in porous media. Pore-to-throat velocity variations can trigger strong local accumulation
of microgel particles in the absence of clogging effects, which is anomalous given the low
Stokes number. Based on volume-averaged equations for two-phase flow, we theoretically
elucidate the competition between the drag force representing particle-fluid interactions
and an additional resistance force representing interparticle interactions, which governs
particle accumulation and becomes significant only with concentration-sensitive viscosity.
Differing from shear-induced migration driven by multibody hydrodynamic or collision
interactions at higher concentrations, such accumulation occurs only in the presence of
geometry variations, highlighting its promising impact on suspension flow in porous media.
A new dimensionless number is proposed and validated by numerical simulations in typical
pore-throat geometries to generally describe the triggering criterion and accumulation in-
tensity. Investigations in heterogeneous porous media reveal varying accumulation patterns
under various injection conditions, which are predictable applying theoretical descriptions.
Unexpected preferential flow control performances arise from lateral flow reallocation,
controlled by the formation and distribution of localized intense accumulation zones. Our
findings provide insights into particle transport mechanisms and flow control strategies in
microchannels and porous media.

DOI: 10.1103/834p-qOhf

I. INTRODUCTION

Particle transport in porous media is ubiquitous in numerous natural and industrial scenarios,
such as soil remediation [1,2], wastewater treatment [3,4], enhanced hydrocarbon recovery [5,6],
and microorganism migration [7,8]. Extensive efforts have been made to understand the retention
and clogging mechanisms of particles [9—12], which significantly distinguish particle migration
from solute transport in porous media. Particle clogging has been widely utilized to suppress
preferential flow since retained particles can partially block the mainstream pathways and divert
fluid into low-permeability regions [13—15]. However, severe clogging with uncontrollable particle
retention and permeability reduction can hinder sustainable fluid flow [16].

Particle lagging and accumulation in the absence of clogging are commonly associated with
inertial effects [17-19]. The inertia of fluid is characterized by the fluid Reynolds number
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FIG. 1. Origin of the geometry-mediated accumulation effect. (a) Comparison of concentration-dependent
viscosities of typical particle systems in dilute conditions. The strong interparticle interactions induced by the
polymeric network structure are responsible for the concentration sensitivity of microgel particle suspensions.
The rheological properties of hard-sphere and microgel particle suspensions are from Krieger and Dougherty’s
model and Eq. (1), respectively. (b) Illustration of the competition between fluid drag and the resistance force
representing interparticle interactions in a typical pore-throat geometry with velocity variations.

Re; = psUL/ s, while the inertia of particles is described by the particle Stokes number Stk =
toUys/L, where py is the fluid density, U is the characteristic velocity, L is the characteristic length
of the system, p s is the dynamic viscosity of the fluid, and #, is the relaxation time of the particle.
For Stokes flow, fy is given by ,o,,d[% /(18u), where p), is the particle density and d,, is the particle

diameter. Given that Stk = %(%)ZRe + under density-matched condition, inertia effects on particle
transport in porous media should be negligible as Re; < 1 and thus Stk < 1 when d, < L.

The Stokes number primarily accounts for the role of fluid drag in redirecting particle trajectories.
The impacts of interparticle interactions [20,21], which introduce additional resistance compared to
a single particle in open space and manifest as concentration-dependent viscosity, have not been
included in the definition of Stokes number. Although interphase drag can be sufficiently large
to overcome particle inertia at a low Stokes number, resistance from interparticle interactions
can prevent particles from perfect advection, which may naturally induce particle lagging and
concentration redistribution.

Shear-induced migration is a widely studied phenomenon of concentration redistribution that
can occur under Stokes flow conditions. For pressure-driven flow in a straight channel, particles
spontaneously migrate towards the region with a lower shear rate, leading to particle accumulation
near the channel center [22,23]. Previous studies have shown that this behavior is driven by the
divergence of particle phase stress, which depends on local shear conditions and is dominated
by multibody hydrodynamic or collision interactions among particles [24-26]. As a result, shear-
induced migration is typically observed at moderate to high particle concentrations [27], where such
interactions become significant. The focus of this study, however, is to explore whether and under
what conditions particle accumulation can be dramatic at dilute concentrations.

The apparent rheological property of suspensions offers a macroscopic view of microscopic in-
terparticle interactions [20]. Figure 1(a) presents concentration dependences of suspension viscosity
in dilute conditions (< 10 vol %). For ideal hard-sphere systems, a weak viscosity effect is expected,
indicating insignificant interparticle interactions as particles are far away from each other. Krieger
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and Dougherty’s model [28] is adopted here, which gives
Hs —2.5Gtim
= = (1= ¢p/dim) ()
M

where i, is the suspension viscosity, ¢, is the particle volume fraction, and ¢y, A~ 0.64. There
are also other empirical models yielding better performances at high volume fractions [27], which
hardly influence discussions in this study since we focus on dilute conditions (See the Supplemental
Material [29] for a more detailed comparison).

In certain complex particle systems such as blood [30] and gel particle dispersions [15], the
suspension viscosity can be highly sensitive to particle concentration even in dilute conditions. Such
viscosity effects reflect nonhydrodynamic interparticle interactions, and differ from the multibody
hydrodynamic or collision interactions mentioned above. Specifically, microgel particles composed
of a cross-linked polymeric network can cause a significant viscosity increase, as the hydrophilic
surface chains will extend in water and interact with each other [31]. The concentration-dependent
non-Newtonian rheology induced by nonhydrodynamic effects has been included in a fitting ex-
pression based on systematic experimental characterizations at varying shear rates and microgel
concentrations [32,33],

" (14297 —0.2¢,)y 7% x 10° +1, y <1057
Bs _ 2)
My 163(142¢2 — 0.2¢,) + 1, y >10s7",

where y is the shear rate.

For microgel particle suspensions with such concentration-sensitive viscosity, the resistance
force F, representing interparticle interactions can be strong enough to compete with the drag
force Fy representing fluid-particle interactions, impeding particle mobilization. For steady flow
in a straight channel, this force competition creates a steady velocity difference between the particle
and fluid phases. However, as demonstrated in Fig. 1(b), geometric variations from pores to throats
during flow in porous media may naturally induce flow condition variations, which can break the
local force balance and lead to redistribution of particle concentration.

It is noteworthy that some previous pore-scale microfluidic experiments and core-scale flooding
experiments have reported dramatic particle accumulation in porous media when applying dilute
suspensions of microgel particles (injection concentration <3 vol %) [33-35], despite the small
particle-to-throat size ratio and negligible adsorption effect. This phenomenon was considered
anomalous and cannot be simply explained by either retention behaviors or rheology changes.
Simulations based on advection-diffusion equations, which treat the suspension as a polymer
solution with non-Newtonian rheology, have failed to capture the accumulation and corresponding
multiphase displacement patterns [33]. The accumulation mechanisms and implications for flow
control in porous media remain poorly understood. Hence, the coupling effect of particle lagging
behaviors and suspension property variations should be further analyzed.

The continuum-mechanical descriptions based on the volume-averaging approach for two-phase
flow provide a powerful tool for investigating suspension flow [36], which have been applied in
various models such as the two-fluid model (TFM) developed for simulating fluidized beds [20,37],
and the suspension balance model proposed for capturing shear-induced migration [24]. Although
the continuum approach is more commonly applied to the flow of dense suspensions, it is also
well suited for capturing accumulation effects in dilute conditions with strong nonhydrodynamic
viscosity effects, as the significant interparticle interactions can be effectively characterized by the
particle phase stress. Despite the promising potential for studying collective transport of particles,
the force balance determining particle accumulation in porous media, particularly the role of the
resistance term, has not been clarified.

In this work, inspired by anomalous accumulation phenomena reported in previous experiments
[33-35], we discover and elucidate geometry-mediated accumulation driven by nonhydrodynamic
viscosity effects combining theoretical analysis and numerical simulations, which significantly
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reshapes particle transport and fluid flow in porous media. Concentration-sensitive viscosity and
velocity variations induced by geometry changes in porous media are identified as two prerequisites
for the occurrence of accumulation. A dimensionless number is derived from volume-averaged
governing equations to quantify the triggering condition and intensity of particle accumulation.
Simulations in typical pore-throat geometries confirm the validity of our theoretical model and
generality of the accumulation mechanism. Simulations in dual-permeability porous structures
reveal transitions in accumulation patterns and preferential flow control performances under various
injection conditions. The relationships between microscopic force balances, pore-scale accumula-
tion states, and macroscopic flow consequences are comprehensively analyzed.

II. GOVERNING EQUATIONS FOR THE TWO-PHASE MODEL

We quantitatively characterize particle transport and accumulation behaviors using volume-
averaged equations of particulate two-phase flow. The suspended particles and fluid are both treated
as continuum phases with a spatial distribution of volume fractions. The governing equations
for the particle, fluid, and suspension (mixture) phases have been rigorously derived based on
volume-averaging approaches in previous studies [24,26,38]. As the suspension phase is composed
of the particle and fluid phases, only two of the three momentum balances are independent [38].

The governing equations for the three phases are given as

W V- (popty) =0, (a)

W +V - (¢pppttpuy) = —¢,VP +V - (¢,T,) + B(us —uy) + Fexipo  (3b)
% + V- (¢rpup) =0, (4a)

3(¢f£f“f) +V - (propupus) = —¢;VP+V - (¢;Tr) — B(uy —u,) + Fexy,  (4b)
aap: + V- (psus) =0, (5a)

3(gst”s) LV - (psttstty) = —VP 4+ V- Ty + Fog, (5b)

where the subscripts p, f, and s indicate the fluid, particle, and suspension phases, and ¢, p,
P, B, u, F are the volume fraction, phase density, pressure, drag force coefficient, velocity,
and external forces, respectively. I'; = u;[Vu; + (Vu,-)T] is the viscous stress tensor, where V
denotes the gradient operator with respect to the spatial vector x. Note that ¢ + ¢, =1 and
psits = prdriy + ppdpltp.

Under the continuum-mechanical framework, fluid-particle interactions are reflected by the
drag force term, F; = B(us — u,). Note that the particle phase viscosity i, in the viscous term
of Eq. 3b), F, =V -{¢,u,[Vu, + (Vu,,)T]}, does not mean a real viscosity like that of the
fluid phase. Instead, it serves as a characterization of the internal stress transfer and momentum
diffusion effects within the particle phase. In fluidized bed modeling, it is directly linked to the
random fluctuations and collisions of particles [39,40]. For dilute suspension transport discussed
in this work, the particle phase viscosity is usually very small for hard spheres due to negligible
roles of the multibody hydrodynamic or collision interactions among particles [26,27]. However,
it can increase significantly for microgel particles, which essentially reflects nonhydrodynamic
interparticle interactions attributed to the polymeric nature [31,33], and can be associated with the
apparent rheological property of the suspension.

Considering steady flow without additional external forces (such as gravity) and under density-
matched condition (pf = p, = ps; = p), all time derivative terms and external force terms can be
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omitted. By introducing dimensionless physical quantities x* = x/L, u} = u;/U, P* = P/P,, and
collecting the coefficients, the governing equations can be expressed in the following nondimen-
sional forms:

V- (ppuy) =0, (6a)
IOUL * *_ ok POL * pk * ,bL *_ %k *_ % T ,3L2 * *
PR (i) =~ o, 9P + 9 (0,52 (T (703)) )+ B ),
' ' ' ' (6b)
V* - (pgut) =0, (Ta)
IOUL * * ok POL * sk * B B 3 T ﬁLz * *
—V*. =———¢/V v*. v _ = _
Y @) = = VP 5 [ (Vg (7)) | = T ). 7o)
V*.ut =0, (8a)

PUL G uruty = - PO
ws Upys

Note that all terms are normalized by the coefficient of the viscous term of the fluid phase since
Wy is a constant, while ¢,, ¢¢, up, and u, can vary with the particle concentration distribution,
and are thus included within the spatial derivative terms. The above nondimensional equation sets
show several key dimensionless groups: Re; = pUL/ i is the fluid Reynolds number; PoL/(U 1)
and BL*/u characterize the relative magnitude of the applied pressure gradient and the interphase
drag to the divergence of the viscous stress of the fluid phase, respectively; and /s and s/ s
characterize the ratios of particle and suspension viscosities to the fluid viscosity.

In numerical simulations that fully resolve the suspension flow, it is sufficient to solve equation
sets for any two of the three phases. As 1y and u, can be explicitly determined, we choose to solve
the governing equations for the fluid phase, Eqgs. (7a) and (7b), and the suspension phase, Egs. (8a)
and (8b), respectively. Information regarding the particle phase (¢, and u,,) is then obtained from
local mass (¢ + ¢, = 1) and momentum (psuts = prdpsus + ppPplt,) conservations, which serves
as an input for the drag force calculation. Detailed discussions on the modeling strategy and setup
are provided in Sec. III.

To identify the essential mechanism driving particle accumulation and to propose feasible criteria
for the critical condition, we theoretically analyze the momentum balance of the particle phase
Eq. (6b), as detailed in Sec. I'V.

For the viscosity models, we only need p, and f, in numerical simulations, where u, =
1 mPas is fixed, and p; is calculated from Egs. (1) and (2) for hard-sphere and microgel par-
ticle suspensions, respectively. In theoretical calculations, we use w, ~ (s — ¢ritr)/P, as an
estimate of the characteristic particle phase viscosity. For the drag force coefficient, we adopt
the classical Wen-Yu model [41] in both numerical simulations and theoretical calculations,
which gives g = 3Cd,0f¢f_l‘65¢p|u 7 —u,|/(4d,), where C; = 24(1 + 0.15Re%¥7) /Re, and Re, =
prordpluy — uyl/ 1y It should be noted that B is independent of velocity (Cqluy — u,| is constant)
under the low-Reynolds-number condition of interest. See the Supplemental Material [29] for more
detailed discussions on constitutive functions and model parameters.

V*P* 4 V*. <ﬁv*u;‘ + (v*uf;f)T>. (8b)
If

III. NUMERICAL MODELING OF PARTICLE TRANSPORT

The simulations are performed in two dimensions utilizing the TFM based on the volume-
averaged equations introduced above. In the conventional TFM, the governing equations for the
particle phase, Eqs. (6a) and (6b), and the fluid phase, Egs. (7a) and (7b), are solved, which has been
widely applied in simulations of fluidized beds [20]. An important issue in applying the conventional
TFM is to formulate the stress tensor in the viscous resistance term of the particle phase. The
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kinetic theory of granular flow has been commonly employed [42,43], which characterizes the
microscopic behaviors of particles. However, the model construction is quite complex and still with
adjustable parameters. More importantly, such formulation process can be challenging for complex
particle systems such as red blood cell and microgel particle suspensions. Meanwhile, the apparent
rheological properties of the suspension phase can be conveniently characterized and applied to
dilute suspension flow.

A mixture-rheology two-fluid model based on the lattice Boltzmann method has thus been
proposed in our previous work [32], which instead solves the fluid phase, Egs. (7a) and (7b) and the
suspension phase, Eqs. (8a) and (8b). Therefore, measurable suspension viscosity [Egs. (1) and (2)]
can be directly utilized without introducing additional empirical models, which particularly benefits
investigations into non-hard-sphere particle systems with complex rheological properties.

The reliability of our model has been quantitatively verified by a series of theoretical benchmarks
and microfluidic experiments [32], especially in capturing particle lagging and accumulation under
porous flow conditions. Details of the numerical algorithm, experimental validations, simulation,
and case setup are provided in the Supplemental Material [29].

All simulation cases are conducted under extremely small particle-to-throat size ratios (<1/80
for pore-throat geometries and <1/10 for the dual-permeability porous medium). On the one hand,
direct clogging by size exclusion or bridging can be ignored under such geometric restrictions [9].
On the other hand, deposition-induced accumulation is insignificant for the micron-sized particles
with particle-wall electrostatic repulsions [44]. Since clogging effects are not incorporated in the
two-fluid model, the nonuniform concentration distribution presented in simulation results can
only be induced by the accumulation mechanism proposed in this work. Deformation of microgel
particles should be negligible considering the small particle-to-channel size ratio, low characteristic
speed, and dilute injection concentration.

IV. THEORETICAL ANALYSIS OF GEOMETRY-MEDIATED ACCUMULATION

In this section, we present a scaling analysis to identify the key force competition determining
particle accumulation, and provide a mechanistic interpretation of how geometry-mediated accumu-
lation can be triggered by pronounced nonhydrodynamic viscosity effects in dilute suspension flow.
Following reduction of the momentum balance, we derive a characteristic accumulation number that
can be directly calculated from the input flow, structure, and particle properties, thus serving as a
practical theoretical criterion.

We start from the nondimensional momentum equation for the particle phase [Eq. (6b)]. Consid-
ering the Stokes flow condition for transport in porous media (Re; < 1), we have

_.PO ¢ V*P* 4+ V*. ¢ V* * (V* *) +‘B_Lz( — *)—() 9)
U, " u 0 uy —u,) =0.

The pressure gradient term on the left-hand side can be determined from the momentum balance
of the suspension phase [Eq. (8b)] as

PL )
T8 Gupr _ yr <”_v*uj 1 (v*u;)T>_ (10)
Uny Mg

Substituting Eq. (10) into Eq. (9) gives

L2
—$,V* - <ﬁv*uj + (v*u;‘)T> V. <¢p (v*u* + (V'u?) )) + P (uf —u?) =0.
Wy My
an
For suspensions with pronounced nonhydrodynamic viscosity effect, where the suspension
viscosity is sensitive to particle concentration even under dilute conditions, as in the case of mi-
crogel particle suspensions [see Fig. 1(a)], we have u, > uy while ¢, < ¢y, leading to p, > p;.
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Consequently, the first term on the left-hand side can be ignored. Then we can rewrite Eq. (11) as

v (qb B2 (v + (V*u*)T)) + ﬂ—Lz(u* —ut) =0 (12)
P [y P p [y ! p :

Therefore, although the overall suspension flow is governed by the balance between the pressure
gradient and viscous resistance, the drag force term F; and the viscous resistance term F, in the
particle phase momentum balance dominate the force competition determining particle accumula-
tion, which essentially reflects the competition between particle-fluid interactions and interparticle
interactions. We have validated the force balance by statistics from numerical results, which directly
illustrate the relative magnitudes of the different terms. Details are provided in the Supplemental
Material [29].

The dimensionless parameter SL* /1 r does not explicitly account for particle viscosity effects,
which are instead included in w,/us. To provide a comprehensive dimensionless number that
directly characterizes the accumulation effect, we consider the state before accumulation occurs
as the triggering condition, where the particle concentration ¢, is spatially uniform. For hard-
sphere suspensions [Eq. (1)], us and ), depend solely on ¢,. For microgel particles [Eq. (2)],
s = ws(¢p, ¥) and we can take U/L as the characteristic shear rate in theoretical calculations.
Then we can simplify Eq. (12) into

2
V*Zu; + AL
¢p:ufp

It is clear that when particle phase viscosity 1, is small (corresponding to a weak particle effect
on suspension rheology), the drag force can easily overcome the viscous resistance with a minimal
interphase velocity difference. However, the velocity difference has to increase dramatically to
balance the strengthened resistance when viscosity effect becomes pronounced. As discussed in
the introduction, the classical shear-induced migration is essentially driven by variations in the
intensity of hydrodynamic or collision interactions in response to the local shear gradient, which
play minor roles in dilute conditions. Indeed, even if viscosity effect becomes pronounced, the
force competition presented above will only produce a large interphase drift velocity for steady
flow in a straight channel, without potential accumulation or migration effects. However, during
typical pore-to-throat fluid acceleration in porous media, a reduction in the characteristic channel
size can break the force balance, leading to an increase in (u;i — u;’;) / u; based on Eq. (13), where
the scalar u denotes the velocity in the mainstream direction. From the momentum conservation,
uy = ¢pit, + (1 — ¢,)u, the equilibrium particle concentration will rise in response to geometric
and flow condition variations, triggering local lagging and accumulation. The use of dimensionless
variables here indicates that the mechanism is not influenced by the magnitude of velocity. Such
accumulation is further enhanced considering the concentration sensitivity of viscosity, as an
increase in ¢, can dramatically raise ).

Based on the above interpretations, we define the accumulation effect discussed in this work
as “geometry mediated” and “driven by nonhydrodynamic viscosity effect.”” A dimensionless
number is proposed to conveniently predict the occurrence of such accumulation as A, = F,./F; ~
Pptrp/( BL?), so that a higher A ¢ corresponds to stronger accumulation, where the subscript g denotes
the role of geometry variations.

For 2D Poiseuille channel flow, the Laplacian of velocity can be analytically given as 12U/L?,
where U = [ u(y)dy/L. We modify the coefficient accordingly for the convenience of comparison
between theoretical predictions and simulations. For the typical pore-throat geometry illustrated
in Fig. 1(b), characteristic quantities at the throat are applied under fixed pore inlet properties to
account for the geometry change. The accumulation number can thus be expressed as a function of
flow, structure, and particle property parameters as

_ 12¢,1p
8 lngreXZ’

po!

(uh —ut) =0. (13)

(14)
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where W0 is the pore diameter and y is the throat-to-pore ratio. By substituting the Wen-Yu model,
we have

1644,d,

A, =
8 Cd,Of(l _¢p)71.65

) 15)
UianzoreX
where Uy, is the average suspension velocity at the pore inlet and we take Uj,/ x as the characteristic
velocity corresponding to the accumulation condition. As mentioned in Sec. I, 8 o« C;Uj, is nearly
independent of velocity under low-Reynolds-number condition, which means A, is not explicitly
dependent on velocity.

Based on Eq. (15), we can conveniently determine the impacts of various factors on geometry-
mediated accumulation for any particle system with a given rheological property. In addition to the
explicit dependence on the geometric and particle property conditions, the shear-rate dependence
of the viscosity of microgel particle suspensions [Eq. (1)] can introduce flow rate effects. A lower
characteristic speed results in a lower shear rate, a higher suspension viscosity, and thus a higher A,
corresponding to strengthened accumulation.

V. NUMERICAL RESULTS AND DISCUSSION

A. Accumulation states in pore-throat geometries

We first show the accumulation patterns in typical pore-throat geometries to examine the
reliability of the proposed accumulation mechanism and the accumulation number. A total of
72 numerical tests are conducted with the input parameters varied in the following range: Ui, =
107*-10"2 m/s, d, = 3-6 um, ¢, in = 1.0-3.0 vol %, x = 0.4-0.6. The pore size is fixed at 1200
um, and the smallest throat size is much larger than the maximum particle size. Note that
Stk = ,o,,Uind[z, /(181 sWpore) < 1 holds under all tested conditions. To highlight the importance of
concentration-sensitive viscosity, we compare the accumulation states of hard-sphere and microgel
particle suspensions applying their distinctly different rheological properties.

As exemplified in Fig. 2(a), numerical results exhibit trends consistent with theoretical pre-
dictions from A,. Particle accumulation is concentrated at the pore-to-throat entrance, which
corresponds to fluid acceleration and particle lagging. All examples are from cases involving
microgel particle suspensions, as the concentration field remains uniform for hard-sphere suspen-
sions under the same conditions. As expected from the theoretical analysis, stronger accumulation
is observed as the characteristic speed and throat-to-pore ratio decrease, while particle size and
injection concentration increase.

We also confirm the irrelevance of geometry-mediated accumulation to shear-induced migration
by comparison in different geometries under the same conditions [Figs. 2(b) and 2(c)]. A uniform
concentration distribution is observed for pressure-driven flow in the straight channel, in contrast to
the center-concentrated distribution reported in previous studies regarding shear-induced migration
[24]. Meanwhile, significant accumulation occurs in the pore-throat geometry with concentration
variations along the flow direction.

As summarized in Fig. 2(d), the normalized maximum concentration ¢, max/®p,in increases
dramatically as A, increases for microgel particle suspensions, indicating enhanced accumulation
at higher A,. In contrast, ¢, max =~ ¢pin and A, < 1 consistently hold for hard-sphere suspensions,
suggesting that geometry-mediated accumulation is hardly triggered with weak viscosity effects. It
is confirmed that A, > 0.01 can be applied as the criterion for the triggering condition. We quantify
the intensity of accumulation by introducing the normalized standard deviation o,/¢p, ;n, where o,
is the standard deviation of particle concentration. Figure 2(e) shows that the accumulation intensity
of microgel particle suspensions exhibits a scaling dependence on A, (6,/¢p.in ~ A2'7, R?* = 0.95).
The slight scattering of data points can be attributed to the nonlinear rheological property, irregular
pore-throat geometry, and wide range of input parameter sets.
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FIG. 2. Geometry-mediated accumulation in pore-throat geometries. (a) Examples showing the impacts
of flow, structure, and particle property parameters on the accumulation state. The images are obtained from
simulation results of microgel particle suspensions, and the values of A, are calculated using Eq. (7a). The
parameters for the example cases are as follows unless specified in the figure: Uy, = 107* m/s, d, =3 pm,
@pin = 3.0 vol %, x = 0.4 for varying velocities and x = 0.8 for varying particle properties. (b), (c) Sim-
ulation results of microgel particle concentration distribution in (b) a straight channel and (c) a pore-throat
geometry under the same condition, where W is the channel width and /, is the channel length (x/l, = 0.5
corresponds to the throat center). The white dashed lines in the inset images denote the corresponding positions
for statistics. Case information: Uy, = 10™* m/s, d, =3 um, ¢, = 1.0 vol %, x = 0.4. (d) Variations in
normalized maximum particle concentration ¢, max/®p,in Vs the accumulation number A,. The hard-sphere and
microgel particle suspensions are denoted by the triangles and circles, respectively. A total of 72 numerical tests
are conducted under various conditions. (e) Relationship between the accumulation intensity (characterized by
the normalized standard deviation 6,/¢,,i,) and A,.
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The quantitative agreement between our numerical tests in typical particle systems and the
theoretical model without fitting parameters evidence the generality of the geometry-mediated
accumulation mechanism. As long as the suspension viscosity exhibits high sensitivity to particle
concentration so that A, is sufficiently high (>0.01 based on numerous cases tested in this study),
geometry-mediated accumulation should be pronounced regardless of the specific particle type.
Beyond microgel particles in dilute conditions as an example, potential accumulation is also
expected in red blood cell transport [30] and high-concentration flow of hard-sphere suspensions
in porous media (see the Supplemental Material [29] for preliminary discussions).

B. Accumulation patterns and flow control mechanisms in heterogeneous porous media

We further investigate the transport of microgel particles governed by the geometry-mediated
accumulation effect in a dual-permeability porous medium with representative preferential flow
features. As shown in Fig. 3(a), the high-permeability layer (HPL) and low-permeability layer
(LPL) yield the same porosity (45%) with a characteristic size ratio of 2:1. The minimum throat
size is ten times larger than the maximum particle size. The inlet velocity is fixed considering
computational cost, and the particle sizes and injection concentrations are varied as follows: d, =
3-6 um, ¢, i, = 1.0-5.0 vol %. The characteristic Stokes number is Stk = ,opUindg/(ISMfWin) =

(2 x 1077)—(8 x 1077), where W, is the inlet channel width.

For a heterogeneous structure, regions with lower permeability are more favorable for geometry-
mediated accumulation of microgel particles. Since U o« K szore for paralleled layers, where K is
the intrinsic permeability, we have y ~ U/Wyore X Wpore. Therefore, the smaller characteristic width
in the LPL and the higher characteristic viscosity induced by the lower shear rate will both contribute
to a higher A,, which leads to preferential accumulation, increases the local flow resistance, and
intuitively exacerbates preferential flow.

Figure 3(b) summarizes concentration distribution patterns under various injection conditions.
Distinct transitions between regimes are observed as particle size and injection concentra-
tion increase, corresponding to strengthened accumulation. To determine the transition criteria,
we introduce the local geometric-mediated accumulation numbers Ag;, and Ag; for different
layers. The characteristic pore velocities in the HPL and LPL can be estimated as U, =
UinWin/[Waum.n + (Ki /K )Waum 11, Ur = (K;/K)Uy, where the subscripts [ and % indicate the LPL
and HPL, respectively, and Wy, is the total cross-sectional area of the pore space. As indicated
in Fig. 3(b), the accumulation patterns align well with variations in Az, and A,;, as the absolute
value increases as injection concentration and particle size increase, while the relative magnitude
Ag > Agp is maintained. In Regime I, no significant accumulation is detected [Fig. 3(c)]. In
Regime II, accumulation predominantly occurs throughout the LPL and at the edge region with
lower characteristic speed. A relatively uniform global accumulation can be observed in the LPL,
corresponding to in-depth penetration [Fig. 3(d)]. In Regime III, accumulation occurs in both
layers but manifests differently. Weaker accumulation in the HPL is similar to the state of LPL in
Regime II. Stronger accumulation in the LPL results in intensified local accumulation and limited
penetration into the downstream region, showing a sharp increase followed by a rapid decrease in
¢,. Figure 3(e) presents quantitative statistics of the concentration distribution difference between
global and localized accumulation. Note that the regime division here is not rigorous since particle
accumulation patterns vary continuously in reality.

Intriguingly, the localized accumulation pattern resembles the formation of filter cakes reported
in clogging events [9,45], even though clogging effects are excluded from our model. Here,
these intense accumulation zones essentially reflect nonuniform concentration distributions, with
particles remaining in motion driven by fluid drag, distinct from clogging and consistent with prior
experimental observations [33]. As shown in the Supplemental Material [29], regions with localized
intense accumulation can extend downstream as injection time increases, although at an extremely
slow speed.
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FIG. 3. (a) Case setup of the dual-permeability model with regular posts. The characteristic sizes in the
low-permeability layer are half of those in the high-permeability layer. (b) Distribution patterns of micro-
gel particle concentration after 1.8 PV (pore volume) of injection at various particle sizes and injection
concentrations. The red dashed lines denote the transition between regimes, and the white circles denote
regions with localized intense accumulation. (c)—(e) Typical concentration distributions in different layers in
(c) Regime I (d, = 3 um, ¢, = 1.0 vol %), (d) Regime II (d, = 6 um, ¢, = 1.0 vol %), and (e) Regime III
(d, = 6 um, ¢, = 3.0 vol %). The black dashed lines denote the injection concentration.

Owing to the continuous pore size variations with history effects, building a quantitative corre-
spondence between accumulation intensity and A, is more difficult in comparison to the simplified
pore-throat structures in Fig. 2. Nevertheless, the pattern transitions can be effectively captured by
the dimensionless descriptions, with Ag; > 0.1 and A,; > 1 approximately serving as the criteria
for the onset of global accumulation and localized intense accumulation in layer i, respectively.
We have also verified the generality of accumulation state transitions in the disordered medium,
with clear dependences on particle size and concentration (see the Supplemental Material [29]).
However, as the local throat-to-pore ratio varies significantly in disordered media, more quantitative
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FIG. 4. Preferential flow control performances and mechanisms. (a) Evolution of the average flow rate
fraction in the LPL vs injection concentration at different particle sizes. (b) Evolution of the enhancement ratio
of the flow rate fraction in the LPL vs the geometry-mediated accumulation number of the LPL (A,;), corre-
sponding to the regime transitions shown in Fig. 3. Preferential flow suppression (positive effect) corresponds
to o /ap > 1. (c), (d) Comparison of particle concentrations, velocity fields, and streamlines passing through the
interface between layers at representative cases. The white arrows in (d) illustrate lateral flow rate reallocation
induced by the localized intense accumulation in the LPL.

predictions of the accumulation behaviors should be addressed in the future by improved upscaling
tools inspired by the mechanisms interpreted in this work.

Quantification of preferential flow by the average flow rate fraction « in the LPL reveals a
distinct size effect with water injection as a reference [Fig. 4(a)]. When d, = 3 um, preferential
flow is exacerbated at high concentrations (¢, ;n = 3.0 vol %), since less fluid is allocated into the
LPL compared to water injection (). Instead, the flow rate fraction in the LPL reaches a much
higher level when d, = 6 um under the same condition, indicating effective preferential flow control
contrary to intuitive expectations.

As presented in Fig. 4(b), the intriguing transition from a negative to a positive effect on prefer-
ential flow is determined by the accumulation state evolution, which can be well characterized by
the proposed accumulation number. In Regime II (Ag;, < 0.1, 0.1 < Ag; < 1), in-depth penetration
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confined to the LPL corresponds to increased flow resistance in the LPL and strengthened prefer-
ential flow in the HPL [Fig. 4(c)]. In Regime III (0.1 < Ag; < 1, Ag; > 1), different accumulation
states contribute to significant lateral flow between layers [Fig. 4(d)]. In the LPL, a localized high-
concentration region forms near the inlet, whereas downstream concentration becomes extremely
low. In the HPL, weaker accumulation effect results in the penetration and wide distribution of
high-concentration regions. Although flow rate allocation at the inlet is hardly improved (see the
velocity field distribution), the differences in accumulation states lead to a shift in flow resistance
distribution and the formation of a new pathway inhibiting preferential flow. As illustrated by
arrows in Fig. 4(d), fluid entering the HPL prefers to travel through the low-concentration region
downstream in the LPL. More vertical streamlines covering a larger area in Fig. 4(d) compared to
4(c) confirm the presence of lateral flow. The nontrivial evolution of accumulation patterns and the
resulting diversion effects dominated by particle behaviors significantly deviates from the feature of
pure non-Newtonian solutions [46—48], where advection-diffusion should ultimately lead to a more
uniform concentration field without pronounced pattern transitions.

C. Implications

As guidance for utilizing the mechanism interpretations regarding geometry-mediated accumula-
tion effects, we summarize the key findings from our theoretical analysis and numerical simulations
in various configurations as follows:

(1) Quantification of the dimensionless number: For any particle system with known rheological
property, the accumulation number A, can be directly quantified under given geometric (character-
istic channel size and throat-to-pore ratio), flow (characteristic velocity), and suspension (particle
size and concentration) conditions.

(2) Pore-scale triggering condition: For single pore-throat geometries, Ag > 0.01 can be approx-
imately applied as the criterion for the triggering condition. The intensity of accumulation increases
as A, increases, which can be quantified by the nonuniformity of concentration distribution. Dra-
matic accumulation typically occurs for particle systems with pronounced viscosity effects such as
microgel particle suspensions.

(3) Pattern transitions in porous media: In porous media, pattern transitions from insignificant
accumulation, to global accumulation with in-depth penetration, and eventually to localized intense
accumulation resembling filter cakes will occur as A, increases. For the cases presented in this work,
A, > 0.1 and A, > 1 approximately serve as the criteria for the onset of global accumulation and
localized intense accumulation. Although the exact thresholds in disordered media may vary owing
to continuous and complex pore size variations with history effects, the pattern transition behaviors
should be consistent.

Flow diversion in heterogeneous porous media: In heterogeneous structures, different accumula-
tion states in regions with different characteristic permeabilities lead to variations in flow diversion
effects. As demonstrated in regular dual-permeability structures, only when the accumulation state
falls in Regime III (global accumulation in the high-permeability region and localized intense
accumulation in the low-permeability region), lateral flow significantly contributes to a new pathway
inhibiting preferential flow.

VI. CONCLUSIONS

In summary, we investigate and highlight the unique role of geometry-mediated accumulation
effects in dilute conditions, triggered by particle lagging in porous media under concentration-
sensitive viscosity. Building on theoretical analysis and numerical simulations in typical pore-throat
geometries and dual-permeability porous media, we comprehensively reveal the mechanisms un-
derlying accumulation behaviors and flow consequences in porous media. Microscopically, the
competition between the drag force representing fluid-particle interactions and the resistance
force representing interparticle interactions determines the accumulation state. The proposed
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dimensionless accumulation number quantifies the impacts of various influencing factors including
flow, structure, and particle property parameters. Macroscopically, variable particle accumulation
patterns in response to local geometric characteristics can self-adaptively adjust the resistance
distribution in heterogeneous porous media. Lateral flow controlled by the distribution of localized
intense accumulation zones is responsible for the preferential flow control performance. It is worth
mentioning that particle accumulation induced by geometry variations has also been noticed in
a recent work focusing on dense suspensions [49], where they investigate the transition to a
high-particle-fraction “clogged” state based on a continuum approach.

Our study not only delves into the microscopic particle dynamics and macroscopic flow patterns
regarding particle accumulation effects, but also paves the way for the effective modeling of complex
fluid flow in porous media. Further efforts are required to unravel the combined effect of geometry-
mediated accumulation, clogging, and particle deformation under more complex conditions such
as multiphase displacement process. Regardless, we offer valuable insights into predicting and
controlling particle transport in microchannels and porous media, with implications for membrane
fouling prevention, hydrocarbon recovery enhancement, and microbial remediation of contaminated
soil.
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