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Inertia onset in disordered porous media flow
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We investigate the onset of the inertial regime in the fluid flow at the pore level in three-dimensional,
disordered, highly porous media. We analyze the flow structure in a wide range of Reynolds numbers starting
from 0.01 up to 100. We focus on qualitative and quantitative changes that appear with increasing Reynolds
number. To do that, we investigate the weakening of the channeling effect, defined as the existence of preferred
flow paths in a system. We compute tortuosity, spatial kinetic energy localization, and the pore-space volume
fraction containing negative streamwise velocity to assess accompanying changes quantitatively. Our results of
tortuosity and participation number derivatives show that the onset of inertia is apparent for Reynolds number
Re ∼ 0.1, an order of magnitude lower than indicated by analyzing relations of friction factor with the Reynolds
number. Moreover, we show that the vortex structures appear at Reynolds number two orders of magnitude
higher than the onset of inertia.
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I. INTRODUCTION

One of the most striking phenomena in transport through
porous media is the formation of flow channels, determined
not only by the pore geometry but also by the transport phe-
nomenon itself [1]. Similar phenomena occur in two-phase
fluid flow, as shown experimentally in [2,3]. Several factors
influence fluid behavior in porous media, such as pore size
distribution, porosity, permeability, and the complexity of
fluid pathways, often referred to as tortuosity [4]. Its under-
standing is fundamental in hydrology, petroleum engineering,
environmental science, and chemical engineering. Applica-
tions of porous media span across various fields, including
microfluidic devices [5], energy production and development
[6], and the design of filters [7] and chemical reactors [8],
just to name a few. Usually, two empirical laws are used to
describe fluid dynamics in porous media. In creeping, laminar
regime, [9,10] Darcy’s law u = − K

μL ∇p is used, where u is
the velocity vector, μ the dynamic viscosity of the fluid, K
the permeability of the domain, L the streamwise length of
porous sample, and p the pressure. However, the deviation
from linear Darcy’s law is observed for lower [11,12] and
higher velocities. In the latter, the nonlinear relationship be-
tween the pressure drop and the filtration velocity (or flow
rate) is described by introducing the Forchheimer term, which
is the second-order correction to Darcy law, u = − K

μL ∇p −
βK|u|u [13–16], where β is a model parameter scaling the
quadratic velocity term. The impact of large-scale permeabil-
ity heterogeneity on high-velocity flows in porous media was
analyzed in [17]. There an effective inertial coefficient, which
was determined from numerical simulations, varied with
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Reynolds number, variance, and mean permeability ratio dif-
ferently across serial-layered, parallel-layered, and correlated
media.

The boundaries between Darcy and inertial flow regimes
in two-dimensional porous media were experimentally ob-
served for the first time in the rod porous medium model
[18]. It was shown that the transition between linear and
nonlinear regimes occurs for 1 < Re < 10. A similar range
of Reynolds number 0.83 < Re < 9.2 was reported in [19],
where fluid flow through five different, three-dimensional,
sand samples was analyzed experimentally. Forchheimer’s
flow through four different permeable stones’ samples was
investigated, and the influence of porosity, mean pore size
and pore size distribution on transition to non-Darcy flow
was discussed in [20]. In two-dimensional, disordered porous
media, Re = 0.37 was indicated [21]. A study utilizing net-
work modeling to analyze the onset of non-Darcy flow in
porous media highlighted the significant influence of pore
geometry on the critical Reynolds number and the onset of
inertial flow [22]. The influence of high fluid velocities on
fluid flow and tracer transport in heterogeneous porous media
was investigated in [23]. An experimental study of two-phase
flow through a porous sandstone sample reports the existence
of three flow regimes. The authors detect the onset of in-
ertia between the capillary-dominated and intermittent flow
regimes [24]. Structural complexity in the media was shown to
intensify inertial effects and lead to a more homogenized flow
[25]. In consequence, predictable chemical transport patterns
were observed.

Our aim is to take an insight into the physical mechanisms
that govern the transition of the pore-scale flow to a nonlinear
regime. In this work, we study the flow through disordered
porous media. We perform fully converged numerical simula-
tions of Navier-Stokes equations in pore scale. In particular,
we analyze flow structure, tortuosity, and spatial distribution
of kinetic energy at the very onset of the inertial regime.
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II. MODEL AND METHOD

Our porous media samples consist of spherical nonoverlap-
ping obstacles with a diameter of D = 1 randomly distributed
in a system with porosity ϕ = 0.9 of size L = (x × y × z) =
(16D × 16D × 16D). The sample was placed in the (66D ×
16D × 16D) empty channel at x = 20D in order to minimize
effect of inlet and outlet boundary conditions on the pore-scale
flow. We generated eight independent random samples. The
steady, laminar, incompressible Navier-Stokes equations gov-
ern the flow in pore space:

∇ · u = 0, (1)

ρ(�u · ∇)�u = −∇p + μ∇2�u, (2)

where ρ is the density of fluid, μ is kinematic viscosity of
the fluid, �u = (u1, u2, u3) is the pore-scale velocity field, and
p is the pressure. We set a constant, uniform velocity uin

at the inlet and a zero pressure gradient at the outlet. All
other boundaries, including the obstacles, are treated as im-
premeable solids with no-slip boundary condition. We varied
inlet velocity uin, to cover the range of Reynolds numbers
0.01 � Re � 100, where Re = ρuinD/μ. We solved Eqs. (1)
and (2) in pore space using a standard finite volume method.
For this we employed a finite volume-based semi-implicit
method for pressure-linked equations (SIMPLE algorithm)
within the OpenFOAM framework [26]. Our criterion for de-
termining steady-state convergence in the simulations was set
to ε � 10−6, where ε was the normalized difference between
velocity magnitudes in successive iterations. All simulations
were executed in parallel mode using eight-core processors
within the OpenMPI library. Domain discretization was ac-
complished using the standard meshing tools blockMesh and
snappyHexMesh of OpenFOAM. To ensure numerical repro-
ducibility, we adopted the standard Richardson extrapolation
technique [27,28].

III. RESULTS AND DISCUSSIONS

First, we identify the flow deviation between Darcy and
the inertial regime by calculating the friction factor ( f ≡
−�p/Dβρu2) [21] for various Reynolds numbers, shown in
Fig. 1. The results are presented as averages from eight inde-
pendent samples along with the standard error of the mean.
This result shows the regime where Darcy’s law correctly
describes the system. Here the transition regime appears be-
tween 1 � Re � 10, which is in agreement with experimental
results [19].

Next, we compute tortuosity to quantify the elongation of
fluid pathways [29–32] and their change due to the appearance
of inertia. We use the method presented in [4], where it is
defined as

τ = 〈|�u|〉
〈u1〉 , (3)

where 〈|�u|〉 represents the average magnitude of the fluid
velocity and 〈u1〉 represents the average streamwise velocity
component u1 in the direction of the flow across the porous
sample. In Fig. 2 we plot tortuosity τ versus Re. Tortuosity
remains constant in the Darcy regime. It starts decreasing
approximately at Re = 1, which agrees with [33]. Initially,

FIG. 1. Generalized friction factor f in relation to the Reynolds
number. The solid and dashed lines represent the best fit to the
Forchheimer and Darcy equations, respectively. The error bars are
smaller than the Simulation Data symbols.

when the viscous forces are dominating, flow closely follows
the pore structure (tortuosity is constant). However, as Re
increases and the flow becomes more inertial, the shortening
of path lines is visible as tortuosity decreases. The value of τ

keeps decreasing till it reaches the minimum value at Re ≈ 62.
After this point, a slight increase is observed, possibly due
to the appearance of vortices. Moreover, the decrease of the
standard error with increasing Re is noticeable. This suggests
a weaker influence of geometry details on the flow structure in
higher Reynolds numbers regime. We further show the deriva-
tive τ ′ (inset in Fig. 2) to identify the Reynolds number at
which tortuosity starts changing (Fig. 2), which is at Re ≈ 0.1.

To understand the physical mechanism of tortuosity de-
crease at the onset of the inertial regime, we compute the
volume fraction of the pore space with negative streamwise
velocity u1 as

�− = 1

Vfluid

∫
Vfluid

f (u1(�r))d3r,

≈ 1

Vfluid

n∑
i

f
(
ui

1

)
Vi, (4)

FIG. 2. Tortuosity (τ ) and its derivative (τ ′ = dτ/dlog10Re)
(inset).
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FIG. 3. Volume fraction of the pore space with negative stream-
wise velocity.

where i denotes mesh’s cell index, n is the total number of
cells, and Vi is the ith cell volume. The function f is defined
as

f (u1) =
{

1, u1 < 0
0, otherwise .

(5)

The results of �− are illustrated in Fig. 3. Interestingly,
the Reynolds number at which the backward flow emerges
(Re ≈ 10) is not compliant with Reynolds number at which
inertia appears, indicated in Figs. 1 and 2. To understand this,
we calculate the spatial distribution of kinetic energy within
the porous samples, a statistical measure of the channeling
effect [21]. To quantify this phenomenon, we compute the
energy localization defined as participation number π [21]:

π =
(

n
n∑

i=1

q2
i

)−1

, (6)

where qi = ei/
∑n

j e j is the fraction of the total pore space
kinetic energy contained in the ith mesh cell. Results of energy
distribution are given in Fig. 4. The plot shows a rise of π

with the Reynolds number. A high value of π indicates a

FIG. 4. Participation number (π ) and its derivative (π ′ =
dπ/dlog10Re) (inset).

FIG. 5. Flow streamlines (colored by velocity magnitude or color
intensity in grayscale) for two Reynolds numbers: Re = 0.01 (top)
and Re = 100 (bottom). The obstacles are shown by white. The
arrows indicate the flow direction.

more homogeneous energy distribution, which represents the
weakening of the channeling effect. This effect is clearly
visible when one compares the streamlines in low and high
Re regimes (see Fig. 5). The strong channeling effect at a
low Reynolds number (Re = 0.01) is indicated by the fact
that only a small part of pore space volume gives a signif-
icant contribution to the transport. With increasing Re, as
the kinetic energy is more dispersed in pore space, weak-
ening of the channeling effect is observed. This is visible
as the change in color of streamlines (decreased intensity in
grayscale) in Fig. 5. More dispersed flow channels are clearly
visible at higher Reynolds number (Re = 100). This shift
from preferential channeling to more dispersed flow patterns
as Re increases is due to the inertial forces surpassing viscous
forces. It causes the fluid flow to spread out and fill more of
the available pore space [21]. This agrees with our previous
observation of π increase (see Fig. 4). We also observe the
presence of backward flow at Re = 100, indicated by elon-
gated, highly tortuous streamlines in low-velocity regions,
which agrees with our results of negative velocity appearance
at increasing Re given in Fig. 3. Here fluid particles are
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transported along paths that diverge from the previously ge-
ometry guided channels. The occurrence of backward flow,
and thus vortices, suggests complex flow interactions and is a
precursor to turbulent effects that may appear if the Reynolds
number increases further.

IV. CONCLUSIONS

In this study we investigated what physical phenomena
drive the transition from Darcy to the inertial regime in the
flow through disordered porous media.

By examining Reynolds numbers from 0.01 to 100, we
identify significant qualitative and quantitative changes in the
flow structure as inertia becomes significant. Our findings
indicate that the onset of inertia, characterized by a weakening
of the channeling effect and the appearance of vortices, occurs
at a Reynolds number (Re) as low as 0.1. This is an order
of magnitude lower than the traditionally accepted value de-
rived from the friction factor-Reynolds number relationship.
This early onset of inertial effects is marked by changes in
tortuosity and the spatial distribution of kinetic energy, with
tortuosity beginning to decrease at Re ≈ 1. The study also
reveals that the volume fraction of the pore space containing
negative streamwise velocity emerges at Re ≈ 10, indicating
the formation of backward flows and vortices, which be-

come more pronounced at higher Reynolds numbers. These
phenomena are further confirmed by the increase in the par-
ticipation number, suggesting a more homogeneous energy
distribution and a reduction in the channeling effect. The
visualization of streamlines supports this conclusion, showing
a transition from highly channeled to more dispersed flow
patterns as Re increases. The emergence of backward flow
and the resulting vortices at higher Re indicate complex
flow interactions, hinting at the precursor to turbulence in
porous media. Our study highlights the nuanced and early
onset of inertial effects in disordered porous media, providing
a deeper understanding of the transition from Darcy to non-
Darcy flow regimes. Our findings underscore the importance
of considering pore-scale flow dynamics in studying fluid flow
in the inertial regime in porous systems.
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