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ABSTRACT

This study numerically investigates the impact of compaction on the
longitudinal dispersion coefficient of granular materials by integrating the
discrete element method with the pore network model. The results reveal a
non-monotonic relationship between the dispersion coefficient and
compaction. Specifically, the dispersion coefficient can decrease by up to
20% or increase by nearly 50% in magnitude. Furthermore, we define the
variation in the dispersion coefficient, denoted as k, which exhibits three
distinct regimes across different Péclet numbers Pe. This non-monotonic
behavior arises because compaction influences dispersion mechanisms in
multiple ways. As the porous medium becomes more compact, the influence
of molecular diffusion weakens, while both mechanical dispersion and hold-
up dispersion intensify. This study identifies new sources and behaviors of
hold-up dispersion that were not detected by classical dispersion theory.
Specifically, hold-up dispersion arises in regions with weak flow,
distinguishing it from zero-velocity zones, such as dead-ends or the interiors
of permeable grains, as described in classical dispersion theories. Moreover,
the newly identified hold-up dispersion is active only within intermediate
ranges of Pe (107! < Pe <1073) . The interplay between reduced
molecular diffusion and enhanced hold-up and mechanical dispersion, along
with shifts in dominant dispersion mechanisms across varying Pe, results in
multiple regimes in the k — Pe curve. Additionally, the study demonstrates
that compaction alters the pore structure by reducing pore size and changing
the topology of the pore network. However, changes in topology counteract
the effects of reduced pore size by limiting the increase in flow disorder.
Thus, the influence of compaction on dispersion is closely linked to
mechanical physics. Our study provides unique insights into the structural
design and modulation of the dispersion coefficient of porous materials.
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1. INTRODUCTION

Solute transport in porous media occurs in a wide range of physical, biological, and engineered systems,
including ion transport in fuel cells (24), circulation in the human brain (16), and carbon dioxide
geological sequestration (1, 7). The dispersion coefficient, a key parameter influencing solute transport,
reflects the ability of porous media to attenuate concentration gradients (14). Porous media often
experience compaction due to thermal stresses in geothermal systems (12), high-pressure injection in
carbon sequestration (44), or geologic stresses at varying stratigraphic depths (23). This compaction
alters pore structures—for instance, ground uplift by carbon dioxide injection in the In Salah formation
(35, 46)— and can significantly influence flow dynamics and mass transfer. The effect of compaction on
the dispersion coefficient of porous media has attracted extensive research interest. Most of the studies
are conducted within the constraints of a low Péclet number Pe, which demonstrates that the dispersion
coefficient decreases with the degree of compaction (20, 28). Nevertheless, certain investigations
conducted at higher Pe have revealed an opposite trend, where the dispersion coefficient shows an
increasing trend with the degree of compaction (11, 21, 36). Furthermore, several studies examining the
dispersion coefficient in rocks have reported consistent findings. These studies illustrate a contrasting
relationship between the dispersion coefficient and compaction degree across different values of the
Péclet number (4, 5, 9, 17), as shown in Figure 1.
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Figure 1: (a) Comparison of longitudinal dispersion coefficients D; between compacted and loose
media, utilizing samples of Portland carbonate, Berea sandstone, sandpack (5), and beadpack (39). (b)
Comparison of transverse dispersion coefficients D; between compacted and loose media, with
samples of Ketton carbonate, Indiana carbonate, Berea sandstone (9), and beadpack (25). The results
indicate that compacted media exhibit larger dispersion coefficients than loose media at high Pe, but
smaller dispersion coefficients at low Pe.

Despite widespread recognition of the intricate relationship between the dispersion coefficient and the
degree of compaction, the underlying mechanisms remain poorly understood. Previous numerical
studies on the effects of compaction on solute transport in porous media have predominantly relied on
Darcy-scale models (8, 38, 43, 50), which fail to capture microscopic processes that critically influence
flow and transport. On the other hand, although many existing studies (2, 6, 10, 41, 49) have examined
the pore-scale complexity of porous structures, they neglect the evolution of pore geometry under
compaction. However, precisely modeling pore structure evolution under compaction and direct
simulation of solute transport over a wide range of Pe are constrained by computational limitations.

The discrete element method (DEM), which is a particle-based approach for simulating the dynamic
behavior of granular materials under external forces (12, 40, 53), proved capable of capturing the
evolution of the microstructure. In systems composed of spherical particles, DEM performs efficiently,
whereas its efficiency decreases with non-spherical particles. Pore-scale modeling methods for flow and
mass transfer through porous media are generally classified into two categories: direct numerical
simulation (DNS) and pore network models (PNM). In DNS, the governing equations are solved directly
on the exact pore structure. In contrast, PNM models these processes on a representative network with
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idealized elements derived from the void space, which offers significantly higher computational
efficiency than DNS. In recent years, PNM has seen growing use in the study of flow and transport
phenomena within porous media (18, 29, 31, 32, 33), primarily due to its computational advantage over
DNS.

This study investigates the impact of compaction on the dispersion coefficient of granular media using
a numerical framework that combines DEM and PNM. The framework captures the essential physical
processes, including the evolution of pore geometry under compaction and pore-scale transport, while
maintaining a practical computational cost for comprehensive investigations across a wide range of
compaction degrees and Péclet numbers, and thereby overcoming the limitations of previous research.
Within the framework, DEM is employed to generate sphere packs at varying compaction levels. The
pore network is then extracted from the generated structure, and simulations of fluid flow and solute
transport are conducted to determine the dispersion coefficient. The relationship between the dispersion
coefficient and the degree of compaction over a broad range of Péclet numbers, along with the
underlying mechanisms, is analyzed. This study offers valuable insights into the structural design and
regulation of hydrodynamic dispersion in porous materials.

This paper is structured as follows. Section 2 introduces the DEM-PNM framework and describes the
setup of the numerical simulations. Section 3 presents the numerical results, highlighting the non-
monotonic relationship between the dispersion coefficient and compaction, along with an explanation
of the underlying mechanisms. Finally, Section 4 concludes the paper by summarizing the key findings.

2. METHODS

We combine DEM and PNM to investigate the impact of compaction on the dispersion coefficient of
sphere packs. It is assumed that the time scale of fluid flow is much shorter than that of structural
deformation; thus, the flow remains in a steady state. Based on this assumption, structural deformation
and solute transport are treated as independent processes, which significantly enhances the
computational efficiency of the framework. However, this assumption also imposes limitations, as it
prevents the study from capturing transient solute transport coupled with structural deformation.

The simulation consists of two steps, as illustrated in Figure 2. First, DEM simulations track the movement
of individual spheres, and determine the pore structure once the sphere assembly reaches a steady state
under a specific pressure load P. The second step involves extracting the pore network from the resulting
pore structure, followed by PNM simulations of solute transport to obtain the dispersion coefficient for
the various Péclet numbers (Pe).

Pressure P
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Figure 2: Schematic illustration of the simulation procedure.
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Discrete element method simulations are executed using the open-source software Yade (52), with the
contact model and the integral model serving as two crucial components. To speed up computation, the
linear-spring-damping model (13) is employed to calculate contact forces between spheres and an
explicit integration algorithm is utilized to update the positions of the spheres. The validity of the DEM
algorithm has been confirmed by experimental data on the permeability-porosity relationship (51), as
shown in Figure S1 in the Supplementary Material (available online). In the simulations, the spheres
are assigned a Young's modulus E of 2.5 GPa and a Poisson's ratio of 0.33. These parameters are chosen
in accordance with the properties typically observed in sedimentary rocks (19, 34). A total of 40,000
spheres are randomly distributed within a confined box, enclosed by rigid walls on all four sides and at
the bottom. The number of spheres is limited by the computational cost of the DEM; however, when
feasible, increasing their number enables the model to more accurately approximate the representative
elementary volume (REV). Pressure is exerted from the top, compressing the spheres and causing them
to move downward. The spheres eventually reach a stable configuration for the specific pressure load P,
where P spans a range from the pressure load P, = 5 MPa to the maximum pressure load By,x = 70
MPa. The overburden stress gradient in the formation is approximately 0.026 MPa/m (34); thus, the
applied pressure range corresponds to formation depths of about 190~2700 m, which are typical in oil
recovery and CO; sequestration operations. Interactions between spheres upon contact result in elastic
deformation, altering their original spherical shape.

The pore network simulations were conducted using our house-hold program. The pore network is
extracted from the pore structure generated by the aforementioned DEM simulation, using a pore-throat
segmentation algorithm based on local resistance equivalence (32). For steady-state, single-phase
incompressible fluid flow, the flow field across the pore network is determined from the mass
conservation for each pore. For pore i, the mass conservation equation is expressed as (Eq. 1):

Z%‘j=0 (1)
J

where g;; represents the flow rate between pore i and its neighboring pore j, calculated by (Eq. 2):
a;j = 9:j(P; — P) 2)

Here, P; and P; are pressures in pores i and j, respectively, and g;; denotes the hydraulic conductance
between them. This conductance is determined as the harmonic mean of the conductance of each
element (Eq. 3):

1 3)
99=1 1 1
i t Yj

where g;, g;, and g, represent conductance of pores i and j and the interconnecting throat t,
respectively. The hydraulic conductance of an individual network element is calculated as (Eq. 4):

_ kGA® @)
==

9

where u is the fluid viscosity, I is the conduit length, 4 is the cross-sectional area, G is the shape factor
that distinguishes the cross-sectional shape of the network elements, and k is a coefficient dependent
on the cross-sectional shape. The shape factor is defined as G = R?/4A where R denotes the inscribed

radius of the element. In this model, network elements with triangular (0 < G < g), square (3—f <G< é),

and circular (G = i) cross-sectional shapes are considered, with corresponding values of k being 0.6,
0.5623, and 0.5 (37), respectively.
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The solute is transported through both advection and diffusion, and the evolution of the concentration
field is described by mass conservation within each pore and throat. For the control volume of pore i,
the mass conservation is as follows (Eq. 5):

5
Ldt Z% ij Z% C+Z 051 ©

out j
Dsd lA sd I.]A

The term on the left-hand side represents the net mass accumulation within the control volume, while
the terms on the right-hand side correspond to mass exchange due to advective inflow, advective
outflow, and diffusive mass exchange, respectively. Here, C;, V;, l;, and A; represent the concentration,
the volume, the diffusive conduit length, and the cross-sectional area of pore i, respectively. The
corresponding quantities for throat ij are denoted with a similar notation but with the subscript i
changed to ij. Dyq denotes the pore-scale shear dispersion coefficient, which captures the effect of
parabolic velocity profiles on mass transfer within individual pores or throats, i.e., shear dispersion. Dyy4
is calculated as follows (30; Eq. 6):

Dsd/Dm -1 Dm
KPe? =l-ew (_'Bﬁt)

where B is a coefficient dependent on the shape of the conduit cross-sections, with values of 15, 10.8,
and 4.8 for conduits with circular, square, and triangular cross-sections. For the control volume of throat
ij, the mass conservation is expressed as follows (Eq. 7):

(6)

dC;; Ci =Gy + G —Cy (7)

VL] dt ql](Cln_Cout)+ ll- OSZU l] N 051”
DgqiA; * DsqijAij DsqjAj * DsqijAij

where C;, and C,, are inflow and outflow concentrations, respectively. The implicit scheme is employed
to solve the concentration field.

In the flow simulation, Dirichlet boundary conditions are applied to the pressure field at both the inlet
and outlet, with the pressure drop adjusted to achieve specific Péclet numbers. For solute transport
simulation, a constant concentration is maintained at the inlet, while a zero concentration gradient is
imposed at the outlet. The dispersion coefficient is determined by fitting the breakthrough curve at the
outlet to the analytical solution as shown (27; Eq. 8):

x—UT X x+UT (8)
C(x,T) = 0.5erfc + 0. 5exp( ) erfc
2./D,T D, 2/D,T

+05(2 UM 2T> (UL) f ((2L—x+ UT))
. ex —)eric|\ ————
D, p, )“P\p, 2D, T

U2T (UL (2L —x + UT)?
7D, CP\D, 4D, T

where D, is the dispersion coefficient, U is the mean velocity, T is the injection time, L is the longitudinal
length of the domain, x is the observation location, and C is the concentration.

The reliability and accuracy of our PNM algorithm have been proved through rigorous validation against
DNS solutions and experimental data, demonstrating relative errors of less than 6% in predicted
permeability (32) and breakthrough curve (30), as shown in Figures S2 and S3 in the Supplementary
Material (available online), respectively. This study further assesses its reliability and accuracy by
comparing the predicted relationship between the normalized longitudinal dispersion coefficient and
the Péclet number in sphere packs with experimental data. The results, presented in Figure 3,
demonstrate that the PNM predictions are in good agreement with the experimental data.
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Figure 3: Relationship between the longitudinal dispersion coefficient (D, ),
normalized by the molecular diffusion coefficient (D,,), and the Péclet
number (Pe = Ud,/D,,) in sphere packs, where d, denotes the median
grain size. PNM: results from PNM simulations, with the network extracted
from a monodisperse sphere pack (porosity 0.36). Experimental data are
shown as triangles (25), squares (22), pentagons (36), and stars (39).
Triangles correspond to sphere packs with a porosity of 0.40, whereas
squares and pentagons represent sphere packs with a porosity of 0.37.

3. RESULTS AND DISCUSSION

This study investigates four distinct groups of sphere packs, characterized by a normal distribution of
grain size d, as illustrated in Figure 4. Each group has the same median diameter, d, = 140 um, but
varies in standard deviations, ¢ = 0,0.025 d,, 0.05 d,, and 0.1 d,, respectively. To minimize the influence
of domain size on simulation results, a subdomain measuring 13 d, X 13 d, X 95 d, is extracted from
the pore structure for subsequent flow and mass transfer simulations. The Péclet number is defined as
Pe = Ud,/D,,, where U represents the average velocity, calculated as the Darcy velocity divided by
porosity, and D,, is the molecular diffusion coefficient, set at 4.6 x 1071% m?/s.

To present the results more clearly, the dispersion coefficient is normalized by that under the initial
pressure load P,. Figure 5a shows the variation of the normalized dispersion coefficient, Df/DfO, with
the pressure load P for different values of Pe, revealing a non-monotonic relationship. Specifically, at
low Pe values, the dispersion coefficient decreases with increasing pressure load, while at high Pe values,
the trend reverses. This observation aligns with previous experimental findings (11, 20, 21, 28, 36).

The variation in dispersion coefficients is defined as x = D,;™®/D;* — 1, where D,® and D™ are the
dispersion coefficients under the initial pressure load P, and the maximum pressure load By,
respectively. The maximum values of k are 0.39, 0.44, 0.47, and 0.48, corresponding to sphere packs with
a/dy = 0, 0.025, 0.05, and 0.1, respectively. These results align with the experimental data (36), which
indicated a x of approximately 1 for sphere packs with o/d, = 0.19, associated with a decrease in
porosity from 36.8% to 23.7%. The variation of k with Pe reveals three distinct regimes, as illustrated in
Figure 5b. In Regime I (Pe < 1071), k remains negative and shows consistent independence from Pe. In
Regime II (107! < Pe < 103), k transitions from negative to positive, peaking around Pe of 30 before
stabilizing at a positive plateau. In Regime III (Pe > 103), k stays positive and invariant with Pe. All four
groups of sphere packs exhibit a similar relationship between the dispersion coefficient and the pressure
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Figure 4: Grain size distribution for sphere packs with standard deviations ¢
of (a) 0, (b) 0.025d,, (c) 0.05d,, and (d) 0.1d,, respectively, where d
represents the grain diameter and d; is the median value.

load. For brevity, we focus on the results and analysis for monodisperse sphere packs (¢ = 0), while the
findings for polydisperse sphere packs (¢ = 0.025 d,, 0.05 dy,, and 0.1 d;) will be summarized at the end
of this section. Throughout the discussion, “sphere packs” will refer to monodisperse packs unless
otherwise specified.

The diverse regimes of k as it varies with Pe can be attributed to several underlying physical mechanisms
that contribute to dispersion under laminar flow conditions: molecular diffusion, shear dispersion, hold-
up dispersion, and mechanical dispersion (26). Molecular diffusion arises from the random thermal
motion of solute molecules or particles. Shear dispersion, also known as boundary-layer dispersion,
results from non-uniform velocity profiles within pores or throats. Classical dispersion theories (26, 48)

a b
(@), 4 ®)
13
3.1 03
12
§ 1.1 < 111
55 14 D/ increases Ty R
) B
1.0 Q
—— g‘/d0=0.0
0.3 - 0.1 —e— o/dy=0.025
o/dy=0.05
0.8 —
2.0+ 03 —~ —— 0/d,=0.1
123456789 1 14 ) 1 0 1 5 3
P/Po log(Pe)
Figure 5: (a) Contour of the normalized dispersion coefficient (D,’f/DLP") of monodisperse sphere packs
(o = 0) as it varies with the normalized pressure load P /P, for different Péclet numbers Pe. The dashed
line represents the critical Pe for the shift in the trend of the dispersion coefficient with pressure load.
(b) Curves of k with Pe, where k = DfmaX/Dfo — 1isthe variation in dispersion coefficients.
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suggest that hold-up dispersion occurs due to the retention of solute species in regions of zero velocity,
such as the interiors of permeable solid grains or dead-ends, where escape is only possible through
molecular diffusion. However, this study shows that low-velocity regions in porous media, where flow
exists but is weak, also contribute to hold-up dispersion. Mechanical dispersion, on the other hand,
results from the repeated splitting and merging of flow passages at pore junctions. At low Pe values,
advection has a minimal effect, and molecular diffusion is the dominant mechanism. As Pe increases,
advection exerts an increasingly important influence on dispersion. At high Pe, mechanical dispersion
becomes the primary mechanism. In the intermediate range of Pe, all four mechanisms—molecular
diffusion, shear dispersion, hold-up dispersion, and mechanical dispersion—operate together,
influencing the overall dispersion.

To evaluate the effects of increased compaction on dispersion mechanisms, the first step is to examine
changes in the pore structure and the resulting alterations in flow within the porous medium. As the
pressure load rises from the pressure load, P,, to the maximum pressure load, P,,.x, the pore structure
of the sphere packs becomes tighter. Figure 6a shows a decrease in porosity, ¢, from 0.362 to 0.247,
accompanied by a reduction in permeability, K, from 12.6 mD to 3.8 mD. The coefficient of variation of
pore radii, defined as CVy = o3 /(R), where oz and (R) represent the standard deviation and mean of the
pore radii, respectively, increases with increasing pressure loads (see Fig. 6b). This trend indicates
intensified heterogeneity in the pore structure. Increased compaction also results in a decrease in the
coordination number of pores, as illustrated in Figure 6c¢, leading to reduced connectivity within the
pore network. The disorder of flow in the porous medium is further characterized by the coefficient of
variation of throat flow rates, CV, = a,/(q), where g, and (q) denote the standard deviation and mean
of throat flow rates, respectively.

(@, oz D ()
0.50
6.3
B 12 A\\ 0.34 0.49
E 6.1
< 9 030s 0% g
0.47 5o
6 . 0.26 0.46
\\ 5.7
\ 0.45
T33456789 11 142 123456789 11 14 23456789 11 14
P/Po FPo P/Po
Figure 6: Evolution of structure characteristics with the normalized pressure load P/P,: (a) porosity
¢ and permeability K; (b) the coefficient of variation of pore radii, CV; and (c) average coordination
number, (n).

The number and volume ratios of dead-end pores consistently remain below 0.3% and 0.1%, respectively,
indicating a negligible impact. This aligns with the findings of Koch and Brady (26), who reported
negligible zero-velocity regions within sphere packs. Nevertheless, stagnant zones characterized by weak
flow are prevalent within the sphere packs. These stagnant zones are identified based on the following
procedure. First, transit times V/q through network elements (pores and throats) are sorted in
descending order, where V and q represent the volume and flow rate of these elements, respectively.
The sorted network elements are labeled from 1 to N, based on their ranking order, where N, denotes
the total number of network elements. Following this, elements are removed from the network, starting
with those having the smallest labels. The number of elements removed is represented by N, indicating
the removal of all elements with labels less than N. Subsequently, the permeability K of the modified

pore network is determined. Next, the derivative igxz"; of the normalized permeability K/K, to the
0
removal ratio N/N, is calculated, where K, denotes the permeability of the original network. The
A(K/Ko) _

removal number when —1isdenoted as N.. The stagnant zone is defined as the sorted network

AN/Ng)
elements with labels N < N.. As shown in Figure 7¢, the volume and number fractions of stagnant zones,
denoted as 7, and ny, respectively, increase significantly with higher pressure loads, reaching up to 35%.
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Figure 7: Evolution of flow characteristics with the normalized pressure load P/P,: (a) probability
density distribution of the normalized throat flow rate q/(q) ; (b) coefficient of variation of throat flow
rate, CV; (c) volume fraction n, and number fraction ny of the stagnant zone to the whole pore space.
Representation of transport in (d) the stagnant zone and (e) the dead-end at various Péclet numbers Pe,
showing that stagnation zones produce hold-up dispersion only in the intermediate Pe, while dead-
ends produce hold-up dispersion without a Pe upper limit.

Previous studies have recognized the existence of these low-velocity regions in porous media and
suggested their potential impact on dispersion (42, 45, 54).

We further demonstrate that stagnant zones, similar to dead-end pores, induce a retention effect on
solute species, leading to hold-up dispersion. Flow occurs within stagnant zones, albeit at a significantly
lower rate than the average flow through the porous medium. In the intermediate Pe range (107! <
Pe < 103), advection dominates solute transport outside stagnant zones, while molecular diffusion
dominates transport within them. Similar to zero-velocity regions, the stagnant zone creates
simultaneous advection- and diffusion-dominated transport (26), as shown in Figure 7d,e, leading to
hold-up dispersion. However, as Pe increases, solute transport within the stagnant zone becomes
dominated by advection, leading to the disappearance of the hold-up effect. Thus, hold-up dispersion
caused by stagnant zones is confined to the intermediate range of Pe (107! < Pe < 103). It is important
to note that stagnant zones differ from zero-velocity regions. In zero-velocity regions, solute transport
is consistently dominated by molecular diffusion, regardless of Pe, resulting in hold-up dispersion
without an upper Pe limit.

In regime I (Pe < 1071), molecular diffusion emerges as the primary mechanism governing dispersion,
with the dispersion coefficient Df solely dependent on the nature of the pore structure and independent
of Pe. The relationship can be expressed as Df /D,, = 1/F¢, where F represents the formation factor.
The formation factor quantifies the normalized electrical resistance of the pore structure and is
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analogous to the absolute permeability of porous media. Our previous work (30) provides a detailed
explanation of how the pore network model calculates the formation coefficient. As shown in Figure 8a,
the magnitude of 1/F¢ decreases as pressure load increases, which accounts for the observed negative
value of k.

In regime III (Pe > 103), mechanical dispersion predominates, resulting in a linear relationship between
the dispersion coefficient Df and the Péclet number Pe, expressed as Df = aPPe (3, 47). Here, af
denotes the dispersivity of the sphere pack, which depends on the characteristics of porous media flow;
specifically, increased disorder in the flow corresponds to a higher value of a?. Thus, we obtain x =
afmax /gPo — 1, where af* and a’max denote the dispersivity of the sphere pack at the initial pressure load
P, and the maximum pressure load P,y respectively. The influence of Pe is canceled out, indicating that
k is independent of Pe. The heterogeneity of the pore structure, quantified by CV;, increases with the
rising pressure load (Fig. 6b). Consequently, as illustrated in Figure 7b, the flow disorder, represented
by the coefficient of variation of throat flow rates CV, intensifies. This results in an increase in dispersivity
(10, 48), as depicted in Figure 8c. Therefore, k maintains a positive plateau in this regime.

In regime II (107! < Pe < 103), the Péclet number spans a wide range, indicating that both advection
and diffusion can influence the dispersion coefficient. This regime is marked by the interplay of various
dispersion mechanisms, including molecular diffusion, shear dispersion, hold-up dispersion, and
mechanical dispersion. It has been revealed that increased compaction weakens molecular diffusion but
enhances mechanical dispersion. However, the impact of compaction on shear dispersion and hold-up
dispersion remains unclear.
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Figure 8: (a) Variation of 1/F¢ with compaction, where ¢ and F represent porosity and formation
factor, respectively. (b) Influence of shear dispersion. D}S? and DESP denote the dispersion
coefficients that include and exclude the effect of shear dispersion, respectively. (c) Variation of
dispersivity a? with compaction. (d) Variation of k with Pe, where the hold-up dispersion effect is
eliminated by setting the stagnant zone volume to zero. Here k = Df‘“*"‘/Df0 — 1 is the variation in
dispersion coefficients.
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We assess the role of shear dispersion by comparing global dispersion coefficients that either include or
exclude its effects. In the network model, shear dispersion is incorporated using pore-scale shear
dispersion coefficients Dy4 to calculate diffusive mass transfer fluxes, as described in Equations 5 and 7.
Conversely, replacing Dgq with the molecular diffusion coefficient D, ignores the effect of parabolic
velocity profiles, deactivating the shear dispersion effect. This substitution does not alter porous media
flow, leaving mechanical and stagnant dispersion unchanged. Figure 8b indicates that shear dispersion
has a minimal effect on the overall dispersion coefficient, accounting for less than 6%. This result is
consistent with previous findings (30), showing that shear dispersion contributes negligibly to overall
mass transfer in highly disordered pore structures.

Classical dispersion theories (26, 48) propose that hold-up dispersion arises from the retention of solutes
in dead-ends and within permeable grains, where solute transport is primarily governed by molecular
diffusion. Outside these regions, solute transport is dominated by advection. The coexistence of
advection- and diffusion-dominated zones gives rise to hold-up dispersion. However, in this study, the
negligible presence of dead-ends and the impermeable grains raise questions about the existence of
hold-up dispersion in the structures examined. If hold-up dispersion were absent, and given the minimal
impact of shear dispersion, the dispersion within regime II would shift from being dominated by
weakened molecular diffusion to enhanced mechanical dispersion as Pe increases. Since the effects of
both molecular diffusion and mechanical dispersion on k are independent of Pe, we would expect k to
transition smoothly from negative to positive values as Pe rises. However, this predicted smooth
transition contradicts the peak observed in the x — Pe curve, suggesting the involvement of other
mechanisms that intensifies with increasing pressure load and acts only near the peak. We demonstrate
that the observed peak in the k — Pe curve is attributed to hold-up dispersion arising from stagnant
regions. Within an intermediate range of Pe (107! < Pe < 10%), the flow inside stagnant regions is
sufficiently slow that solute transport is governed by molecular diffusion, whereas advection dominates
outside these regions. This coexistence of advection- and diffusion-dominated zones gives rise to hold-
up dispersion. As Pe increases further, the flow within stagnant zones intensifies, and transport there
becomes advection dominated; consequently, only advection-dominated zones remain in the pore space,
and hold-up dispersion vanishes. In other words, the hold-up dispersion induced by stagnant regions
only works within an intermediate range of Pe (107! < Pe < 103). This explanation is also supported by
a recent theoretical model based on the Continuous Time Random Walk (CTRW) framework (42). As the
pressure load increases, the fraction of stagnant zones grows, as shown in Figure 7c, leading to
enhanced hold-up dispersion. These features account for the observed peak in the k¥ — Pe curve. By
setting the volumes of the pores and throats within stagnant zones to zero while maintaining other
parameters consistent with the base case, the effect of hold-up dispersion is turned off. The removal of
hold-up dispersion, as illustrated in Figure 8d, leads to the disappearance of the peak in the k — Pe
curve, further validating our perspective.

In conclusion, the mechanisms that essentially play roles in regime II are molecular diffusion, hold-up
dispersion, and mechanical dispersion. As the pressure load increases, the weakening of molecular
diffusion competes with the enhancement of hold-up dispersion and mechanical dispersion. On the
other hand, as Pe increases, advection increasingly influences dispersion, resulting in a transition from a
state primarily governed by molecular diffusion to one where hold-up and mechanical dispersions jointly
dominate. The shift in the dominance of dispersion mechanisms leads to a change in k from a negative
to a positive value, i.e.,, the dependence between the dispersion coefficient and the pressure load
changes from negative to positive. k reaches its peak around Pe = 30 and subsequently undergoes a
decline. This trend is explained by the fact that hold-up dispersion induced by stagnant zone diminishes
at high Pe, leading to a shift in the increase of the dispersion coefficient from being driven by both hold-
up and mechanical dispersions to one driven solely by mechanical dispersion.

We further investigate how compaction affects pore structure and its influence on flow and dispersion.
Compaction not only reduces pore size but also alters the topology of the pore network (see Fig. 6c),
leading to decreased porosity and changes in flow pathways. To assess the effects of these structural
changes, we compare dispersion coefficients under structural modifications induced by two distinct
methods. The first method involves mechanically deforming the initial sphere pack by applying a
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Figure 9: Comparison of structural modifications induced by mechanical compaction versus pure
porosity reduction. (a) Variation of k with Pe, where k = D, /D? — 1 is the variation in dispersion
coefficients. DE is the dispersion coefficient of the initial sphere pack, and D; is the dispersion
coefficient at the same Péclet number Pe following mechanical deformation or reduced porosity (b)
Probability density distribution of the normalized throat flow rate, q/{q).

pressure load, while the second method uniformly increases the sphere size within the initial pack to
achieve the same porosity as mechanical compaction. The initial porosity is 0.45, while both mechanical
compaction and increased sphere size reduce the porosity to 0.3. The change in the dispersion coefficient
is defined as k = D, /DY — 1, where D} is the dispersion coefficient of the initial sphere pack and D, is
the dispersion coefficient at the same Péclet number Pe following mechanical deformation or reduced
porosity. The results illustrated in Figure 9a reveal that a reduction in porosity alone leads to a more
substantial change in the dispersion coefficient than mechanical deformation. This occurs because the
reduction in porosity has a greater impact on flow within porous media than mechanical deformation,
as further illustrated in Figure 9b. More quantitatively, the coefficients of variation of throat flow rates,
CV, for the sphere packs in their initial state, after mechanical deformation, and after only porosity
reduction are 1.55, 1.59, and 1.68, respectively. These values indicate that porosity reduction alone
creates a structure with greater flow disorder compared to mechanical deformation. Furthermore, the
findings suggest that changes in pore network topology can mitigate the effects of reduced pore size
by limiting the increase in flow disorder. In other words, the influence of compaction on dispersion
involves mechanical physics, highlighting the necessity of DEM simulations in this study, rather than
relying solely on the reduction of porosity in the porous media.

Figure 10 presents the normalized dispersion coefficient Df/Df" for three groups of polydisperse
sphere packs, characterized by standard deviations of ¢ = 0.025d,, 0.05d,, and 0.1d,, as it varies with
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Figure 10: Contours of the normalized dispersion coefficient, Df/Df", for polydisperse sphere packs
as it varies with the normalized pressure load P /P, and Péclet numbers Pe. Results are presented for
grain size deviations o of (a) 0.025d,, (b) 0.05d,, and (c) 0.1d,, respectively.
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the pressure load across various Pe. The results indicate a trend consistent with those found in
monodisperse sphere packs (o = 0), suggesting that the conclusions drawn from monodisperse packs
can be extended to polydisperse cases. In this study, the standard deviation o is capped at 0.1 d, due to
the computational demands of DEM simulations, as larger deviations would require a greater number of
spheres. However, we anticipate that the conclusions are generalizable to sphere packs with a broader
range of grain size distributions.

4. CONCLUSIONS

We investigate the impact of compaction on the longitudinal dispersion coefficient of porous materials
using a DEM-PNM numerical framework. This work has yielded the following innovative findings: 1) the
variation of the dispersion coefficient, denoted as k, exhibits a non-monotonic relationship with
increasing compaction, characterized by three distinct regimes across different Péclet numbers Pe.
Specifically, as the degree of compaction increases (porosity decreases from 0.362 to 0.247), the
dispersion coefficient may decrease by up to 20% or increase by nearly 50% in magnitude, depending
on Pe. Statistical analysis of pore structures and flow fields reveals that compaction influences dispersion
mechanisms in multiple ways. As the porous medium becomes denser under higher pressure, the impact
of molecular diffusion, which dominates at low Pe (Pe < 107'), weakens. In contrast, increased
compaction enhances pore structure heterogeneity, leading to greater disorder and a higher proportion
(increase from 23% to 35%) of stagnant regions within the flow. These changes further strengthen
mechanical dispersion and hold-up dispersion. Mechanical dispersion is active across both moderate
(107! < Pe < 103) and high Pe (Pe > 103) values, whereas hold-up dispersion predominantly occurs at
intermediate Pe (107! < Pe < 103) values. 2) We reveal that hold-up dispersion arises from stagnant
regions with weak flow, fundamentally different from zero-velocity regions (such as dead-ends or the
interiors of permeable grains) described in classical dispersion theories (26, 48). The interplay between
reduced molecular diffusion and enhanced hold-up and mechanical dispersion, along with shifts in
dominant dispersion mechanisms across varying Pe, results in multiple regimes in the k¥ — Pe curve. (iii)
We show that changes in topology counteract the effects of pore-size reduction by limiting the increase
in flow disorder as the degree of compaction increases. Thus, the impact of compaction on dispersion
involves mechanical physics rather than merely a reduction in porosity. This study is limited in its ability
to capture transient solute transport coupled with structural deformation and does not resolve the
influence of compaction on transverse dispersion. Future work should incorporate these factors to
enhance the present study. Nevertheless, our findings offer valuable insights into the design and
modulation of dispersion coefficients in packed granular materials.
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