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Abstract

In this article, we present a numerical iterative method for the solution of internal viscous and incompressible flows in
real porous three-dimensional bodies at their pore scale. We use the penalized formulation of the problem involving
velocity and vorticity: an operator splitting allows to split apart the diffusion (inherited from Stokes equation) and
the penalization phenomena (which takes into account the solid matrix). By means of the numerical analysis of
the splitting, we exhibit the penalization coefficient which is actually effective. This method allows to deal only
with fast-evaluation operators, that is to say scaling at most as O(n log n) where n is the number of underlying grid
points, such as straightforward computations of finite differences schemes or FFT solver. The numerical analysis
and implementation solutions are presented, and validated on various digital rock physics geometries acquired by
micro-tomography, using numerical and physical diagnostics. To enforce this validation, we also present permeability
estimations of several porous samples. The simulation of transport of passive and active scalars is finally investigated
in order to perform the practical upscaling to 1D models of transport and diffusion at the Darcy scale.

Keywords: Particle methods, Complex geometry, Penalization, Porous media, Digital rock physics, Geo-sciences.

1. Introduction

The behavior of viscous fluids in microfluidics is a matter of physics at very low Reynolds number. The Digital
Rock Physics, that is to say the numerical simulations of the flow inside the poral space of rocks (or pore-scale
simulations), involve complex geometries: a solid rock matrix and a fluid region, whose interface is so complex that
it visually almost fills the domain (the rock sample). Managing such geometries usually leads to large computational
costs, hence the need of high-performance-computing approach or conception of well-fitted numerical methods. In
the present case, the model is a stationary Stokes equation combined with divergence-free condition on the velocity.
On the one hand, such a flow is intrinsically useful in order to understand the properties and the mechanisms occurring
inside porous media, and the Stokes problem becomes a component in coupled problems that models more complex
flows, such as rheology [60], heterogeneous flows [55], reactive [50, 45, 44, 27] or multiphase flows [64]. On the other
hand, a velocity field enables to compute permeability estimations [15, 22], whose accuracy is crucial for upscaling
techniques. Introducing the permeability (obtained by the computation of the velocity in a representative cell) in an
upscaled model is an homogenization process [32, 48]. As an example, Darcy’s law lies as an homogenized model
for Stokes viscous flow in a porous medium. This kind of process allows to upscale complex microscopic problem
without losing its major properties.

Among the different approaches to perform pore-scale simulations, one can find mainly mesh-based methods such
as finite volumes [68, 16, 45], finite elements [3, 11], or grid-based methods such as finite differences or spectral
methods. Other techniques can involve integral methods such as Stokeslets and boundary elements method [51, 54,
12, 40], stochastic approach such as lattice-Boltzmann methods [65, 36], or spectral element methods [49]. In the case
of internal flows inside complex geometries, mesh-based methods require a heavy pre-processing of the experimental
scan in order to mesh the fluid domain, with its inherent uncertainties and errors. They also require a substantial
computational time to perform matrix assembly by the appropriate variational method. One of their advantages is
to strictly enforce no-slip conditions at fluid-solid interface. The grid-based methods relying on finite differences
can be high-order and possibly coupled to immersed boundary methods (involving fictive domains and their inverse
problems), integral methods or penalization. In order to avoid odd-even index decoupling, staggered grids [47] or
mid-cell interpolations [14] are efficient techniques to reach high order and good accuracy.

In the present study, we consider the finite difference method together with a penalization technique, as introduced
in [8]. Penalization can be used either to satisfy no-slip boundary conditions, up to the size of the transition layer
(also called boundary layer in asymptotic analysis), or to model multi-scale porosity, leading to Brinkman models
(such as Darcy-Brinkman-Stokes model) and Kozeny-Carman laws [38, 19]. In finite difference methods, the best
way to satisfy a divergence-free condition is to introduce staggered grids in order to satisfy exactly div∇ = ∆,
which is a crucial property to compute a pressure field that leads to a divergence of velocity remaining at zero [47,
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Figure 1: Example of configuration for boundary conditions on a slice of the domain (to the left) and its encapsulation in a lateral solid cell allowing
full periodic boundary conditions (to the right).

73]. In practice, the geometry used to describe the solid and the fluid regions in digital rock physics is provided
by X-ray tomography [34, 4]. Since micro-tomography provides fluid/solid description on voxels (uniform grid),
we have chosen to use colocated velocity so that they are aligned to experimental data on which penalization can
be straightforwardly performed. Morevover, vorticity also allows to perform projections of divergence-free velocity
fields, the discrete operators satisfying div curl = 0 on colocated points, despite the extra use of memory required for
a vector potential instead of using of a scalar pressure. The method developed in this article presents the solution of
the stationary Stokes equation as the limit in time of the evolutionary penalized Stokes equation, with a fractional time
step algorithm splitting apart diffusion, penalization and projection on divergence-free fields. Since the projection uses
vorticity, there are some similarities with the penalized vortex methods described in [26, 29, 58, 31, 42] and improved
in [30]. Furthermore, a projection step is not formulated as a dynamical system, and thus cannot be involved as a part
of standard time-splitting method, such as Strang or Trotter splitting: the consistency of the general algorithm requires
a dedicated study at a numerical analysis level.

More thoroughly, the present study introduces an iterative method for the solution of the three-dimensional in-
compressible Stokes equation at the pore scale of porous media :

−µ∆u = f − ∇p in Ω \ S ,
u = u in S ,
div u = 0 in Ω,

(1)

where Ω is the computational domain (considered as a cube in the following), S denotes the solid part, u is the fluid
velocity, µ is its dynamic viscosity assumed to be constant, f the external force and p the pressure. In the solid part,
we want u to be equal to u, which is used in practice as a lifting, for a change of variable or to consider a body in
motion.

Let ∂Ω be the domain boundary and n its extended outward normal field, so that ∂Ω = ΓP ∪ ΓD ∪ ΓN is its
decomposition in periodic, Neumann and Dirichlet boundary conditions, as displayed on figure 1. The solution of this
problem (1) implicitly satisfies u = u on ∂S and the following set of boundary conditions:

u periodic on ΓP,
u⊥ = 0 on ΓD ∪ ΓN ,
u‖ = 0 on ΓD,
∂u‖
∂n

= 0 on ΓN .

(2)

We also consider the penalized version of the Stokes problem (1), which writes −µ∆uε +
1S

ε
(uε − u) = f − ∇pε in Ω,

div uε = 0 in Ω.
(3)

This problem is defined on a simple computational box Ω whatever the complexity of the body shape.
For a constant viscosity µ, splitting the operator −µ∆ + 1S ε

−1Id in two operators overcomes the numerical issues
induced by its non-separability (that is to say heavy storage requirements), but this splitting often comes together with
numerical instabilities due to the jump from 0 to 1/ε at the fluid-solid interface. Indeed, the operator −µ∆ is separable
and its related Poisson or Helmholtz problems can be solved thanks to FFT solvers with low memory occupation and
computational cost scaling as O(N log N) where N is the number of grid points (such as FishPack [67]). We can then
perform high resolution and low memory storage simulations on various geometries, including real porous media.

This article begins with the features of the penalization technique and its usual results for the penalized 3D Stokes
equations in section 2, recalling existence, uniqueness and regularity of its solutions. We also recall the usual re-
lations between vorticity, stream function and velocity, with their related boundary conditions. The section 2 ends

2



with the units involed in the penalized Stokes problem and provides non-dimensional quantities and equations using
characteristic dimensions.

The section 3 presents the different splitting possibilities and related issues, and the algorithm that sequentially
performs penalization, diffusion and projection is finally given. The section 3.4 describes the numerical analysis of
the whole algorithm: its consistency and convergence toward the solution of the Stokes problem in the fluid domain
(complex geometry) with no-slip boundary conditions on the interface. In its non-dimensional formulation, the solu-
tion of the split problem is shown to converge toward the solution of the Stokes equation penalized with the coefficient
ε′ = δt/(1 − e−δt/ε). It follows that the error scales theoretically as much as size of the transition layer O(

√
ε′). This

complements the existing literature, knowing that a time-splitting gives a first order error O(δt) (cf. [35]), that the pe-
nalization of the unsplit equation induces an error O(

√
ε), and that our algorithm is not a straightforward time-splitting

method since the projection step is not a dynamical system. This result is finally validated numerically.
This makes the present method an efficient method to study the flow inside real porous rocks or microfluidic

devices, which is put in practice over real world cases in section 4. Among these examples, we consider the flow
in a cylinder in order to study convergence and give meaningful diagnostics such as divergence of the velocity and
residual velocities in the solid. We also consider a stack of beads that exhibits a particularly complex topology of the
pore network (with a tough connectivity), and a real sandstone at high resolution. For these two study cases, physical
diagnostics, such as the permeability estimation and the flow rate, are given, as well as the helicity (as a numerical
diagnostic).

Finally, the section 5 uses the method developed here to the numerical simulation of coupled problems, as it
fits very well to transport of passive or active species in porous media. The cases of pore-scale transport, upscaling
and convergence to the solutions to the homogenized equations are investigated, using particle methods. Finally, the
diffusion-transport of non-Newtonian fluids is performed, showing the robustness of the method for strongly non-
linear problems of transport.

2. Well-known results, analysis and dimensional aspect

2.1. Penalization technique

Our goal is to introduce a numerical method that avoids matrix assembly and uses as much as possible fast solvers.
In order to do so, we consider a penalization of equation (1) with no-slip condition at fluid/solid interface, given by
equation (3)-(2). The penalization technique is a widely used volumic method based on fictitious domain which allows
to deal with obstacles in flow computation. The method has been analysed for the first time in [8], and the asymptotic
analysis of the transition layer that appears in the method has been studied in [18, 17, 9]. When assembling the whole
penalized matrix, the condition number is highly increased by the penalty term [41]. Some high order penalization
methods have also been produced in [23], but they require a precise meshing of boundary and we can not afford this
in our context of highly resolved geometries.

As shown on the penalized set of equations (3) with boundary conditions (2), the penalization formally consists
in considering Stokes equation on all the domain Ω and adding a term depending on ε << 1 and the characteristic
function 1S . This volume penalization method implies that we do not have to know the exact localization of the
interface between the fluid and solid parts, which is often difficult to consider as a surface.

2.2. Well-posedness and analysis of convergence

We recall here some results about penalization for 3D Stokes flow, by application of the results available in [21]
to the present problem of penalized 3D Stokes equation, in order to focus on a well-posed problem in the following.

We first introduce ΓS = ∂S \ ∂Ω that represents the fluid/solid interface that is not on boundaries of Ω, and we
extend the definition of the outward normal n to ΓS (i.e. oriented towards the pore space). This set is useful to
provide diagnostics of residual velocities on this interface. Furthermore, we introduce the C2-bi-regularity property
(cf. section 4 of [2]), which means C2-regularity for both S and its complementary in Ω. This property is crucial for
the analysis to be correct. In particular, the interface ΓS between solid and fluid parts must not form any non-periodic
cusp at the boundary ∂Ω. In the context of the present study, we also consider the lifting u that induces a velocity in
the solid domain S , so that the final solution u − u gets rid of velocity in the solid. Moreover, the Lebesgue space
L2(Ω) denotes the usual space of functions whose square is Lebesgue-integrable, and H1(Ω) is the usual Sobolev
space containing generalized functions whose derivatives are in L2(Ω) (in case of periodic directions, one considers
the Sobolev space H1(Ω) restricted to periodic functions in the appropriate directions). Similarly, H2(Ω) denotes the
functions that belong to H1(Ω) and whose second derivatives are in L2(Ω).

Then the problem (3) is well-posed and converges toward the original Stokes equation (1)-(2) by means of the
following theorem (whose proof is available in [21]) :

Theorem 1. Let ε > 0. If the domain S is an open set in Ω having the uniform C2-bi-regularity property up to the
boundary of Ω, if the driving velocity u ∈ H2(S ) in the solid S is divergence-free and matches the boundary conditions
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(2), and if f ∈ L2(Ω), there exists then a unique weak solution (uε, pε) to (3) such that uε ∈ V(Ω) and pε ∈ L2
0(Ω),

where
L2

0(Ω) =
{
w ∈ L2(Ω),

∫
Ω

w dx = 0
}
,

V(Ω) =
{
u ∈ H1(Ω), div u = 0 on Ω, u = 0 on ΓD, u⊥ = 0 on ΓN

}
.

Moreover, there exists a unique weak solution (u, p) to (1) and the weak solution (uε, pε) to (3) converges weakly
towards (u, p) as ε goes to zero.

In the applications, we will consider samples constrained in a solid carter, eventually with a void layer on top and
bottom parts. This leads to a periodic domain satisfying the hypothesis above in every case. The penalization is then
an efficient way to approach the solution to Stokes flow, under the condition that the geometry is initially sufficiently
well described.

2.3. Velocity-vorticity relations

The vorticity field ω, which represents the local rotation of the fluid flow, is related to velocity field via the relation
ω = curl u, and the vorticity is straightforwardly obtained from velocity.

There also exists different methods to get velocity from a given vorticity. For example, we have curlω =

curl (curl u) = ∇(div u) − ∆u = −∆u, under the condition of incompressibility div u = 0. For a given ω, one can
solve −∆u = curlω with boundary conditions that ensure div u = 0 to get u. However, solving this problem can be nu-
merically tedious because of the expected lack of regularity of u at the solid/fluid interface, whose jump (respectively
jump of its gradient) can lead to double (respectively single) layer singularities of curlω.

An other method lies on a stream relation to avoid this issue. We define ψ : Ω ⊂ R3 → R3 the stream function
solution of −∆ψ = ω in Ω, satisfying the following boundary conditions:

x = xmin or x = xmax : ψy = ψz =
∂ψx

∂n
= 0,

y = ymin or y = ymax : ψx = ψz =
∂ψy

∂n
= 0,

z = zmin or z = zmax : ψx = ψy =
∂ψz

∂n
= 0,

(4)

that ensures divψ = 0 and curlψ · n = 0 at the boundary. These conditions can be replaced by periodic boundary
conditions when needed. Consequently, we have ∆(divψ) = div (∆ψ) = −divω = 0 in Ω and divψ = 0 on ∂Ω. This
equation has a unique solution equal to 0, so divψ = 0 everywhere. One can then set u = curlψ and consequently
write curl u = curl (curlψ) = ∇(divψ) − ∆ψ = ω.

2.4. Physical considerations and non-dimensional formulation

The aim of this section is to setup the dimensionless version of the equations, that is to say to build relative
(non-dimensional) variables and coordinates from absolute variables and coordinates (whose units are involved in the
physical model). From a dimensional point of view, the Stokes equation (3) is an equality between [kg m−2 s−2] =

[N m−3]. The forces f and ∇p are expressed in N m−3, the dynamic viscosity µ is Pa s = N m−2s so that the unit of the
penalization coefficient ε is m4N−1s−1.

We first introduce a characteristic length L, associated to a meaningful scale of the physical problem: a meaningful
estimation of pore size in the context of Digital Rock Physics, or number of pore sizes in order to get a representative
cell of material. In practice, for the simulations presented in this article, we use a width of about 10 patterns to
calibrate this characteristic length L (when the permeability K is known, it is also possible to set L =

√
K). From the

absolute space variable X = (x, y, z)T we introduce the dimensionless relative space variable X∗ = X/L. Moreover,
using the boundary conditions (4) in order to compute a velocity field with a lifting u such as u = curlψ + u leads to
a flow rate u · n at input/output boundaries. The characteristic velocity can thus be defined by U = |u · n| and provide
the dimensionless velocity u∗ = u/U. It follows directly that u∗ = u/U is a vector basis up to its sign (typically ez).

The penalized Stokes equation (3) writes in relative (non-dimensional) variables as follows:

−∆u∗ +
1S

ε∗
(
u∗ − u∗

)
= f ∗ − ∇p∗, (5)

where ε∗ = µε/L2, f ∗ = L2 f /µU and p∗ = Lp/µU are dimensionless. This stationary feature is the limit of a Reynolds
number Re = ρUL/µ→ 0, the present case corresponding to an undefined volumic mass ρ.

Furthermore, we can add the dimensionless time t∗ so that the solution of (5) is the limit for long times of the
following non-stationary Stokes equation:

∂u∗

∂t∗
− ∆u∗ +

1S

ε∗
(
u∗ − u∗

)
= f ∗ − ∇p∗, (6)
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whose time t∗ is dimensionless. By means of the characteristic time T = L/U and the absolute time t = t∗T , the
dimensional formulation of equation (6) would involve a virtual density ρ = µ/UL, but not connected to any physical
meaning. From now on, we consider the non-dimensional formulation and get rid of star notation in order to help
readability.

3. Penalization-Diffusion-Projection splitting of the 3D Stokes equation

3.1. Non-separable model and different splitting

A direct consequence of boundary conditions (4) is that theglobal flow rate is the integral of u · n = curlψ · n = 0.
The field u retrieved straightforwardly by ψ has no flow rate, and the driving force is provided by the constant lifting
velocity u that creates the desired flow rate. One can recall that its dimensionless formulation is a vector basis of norm
1, typically ±ez, z being the vertical coordinate, and satisfies trivially both div u = 0 and curl u = 0.

The Stokes problem (3) then rewritesLu = gε−∇p whereL = −µ∆+ε−11S Id with adequate boundary conditions
(periodic or homogeneous Dirichlet conditions for example). This operatorL is non-separable, as the coefficient ε−11S

is variable in space, which usually leads to numerical difficulties and expensive solver, computationally speaking. In
this work, we propose to handle separately the diffusion and penalization operators in L with a splitting method. This
kind of method is widely studied [28] to deal with coupled problems in order to get more efficient algorithms.

In order to be able to use fast solvers and operator splitting in the spirit of penalized vortex methods, we introduce
an artificial dependence in time to the penalized equation (3). This gives (6) which is recalled here:

∂u
∂t
− ∆u +

1S

ε
u = gε − ∇p in Ω,

div u = 0 in Ω,
(7)

with adequate homogeneous boundary conditions and an initial condition, for which the lifting defined above is
included in the term gε.

Here the pressure aims at satisfying the incompressibility condition div u = 0. It is defined up to a constant
(vanishing in the evaluation of ∇p), which can be set by requiring p to have a zero mean value. Since u is required to
be divergence-free for every time t, the pressure satisfies

−∆p = div
(
ε−11S (u − u)

)
(8)

and is then an affine function of u.
In order to justify formally the consistency of the diffusion-penalization splitting, we introduce the linear operators

A and B defined by Au = ∆u and
Bu = −ε−11S u − ∇(−∆−1)div (ε−11S u), (9)

so that div B ≡ 0 and
Au + Bu − Bu = ∆u −

1S

ε
(u − u) − ∇p.

The problem (7) can then be written under the form

∂u
∂t
− (A + B)u = C in Ω, (10)

with C = −Bu = −gε + ∇(−∆−1)div (gε) and homogeneous boundary conditions (especially for the Poisson equation
defining −∆−1 so that operator B is indeed linear). This is the natural way to split apart diffusion and what remains of
the Stokes equation.

By means of this artificial time, the idea is to numerically solve the problem with an iterative method and make
the solution converge towards a stationary state. A numerical threshold then has to be set, in order to appreciate the
stabilization of the iterative solution. When reached, the final solution corresponds to the stationary state of equation
(7), that is to say the solution to −(A + B)u = C, formally equivalent to (3) for constant viscosity flows.

In the context of homogeneous linear partial differential equations, that is to say under the form ∂tu−Au−Bu = 0,
it is well-known that the splitting into the evaluation of two successive problems ∂tu − Au = 0 and ∂tu − Bu = 0
leads to a truncation error scaling as O(δt2) over a time interval [0, δt], which means a global error at first order. The
demonstration for affine operators (or linear problems with non zero right hand side) needs adaptation and is provided
in appendix A, showing that this first order consistency is still valid for our splitting of (10) between diffusion and
penalization-pressure. Nevertheless, this standard approach induces some difficulties that can be overcome by the use
of a three-step splitting and the use of vorticity.

5



3.2. Need of three-step splitting and vorticity formulation

Despite the theoretical validity of the splitting described above, the numerical approximation of these operators
requires to bring crucial modifications to this method. Indeed, the definition of operator B in equation (9) aims at
satisfying

div (Bu) = −div (ε−11S u) − div∇(−∆−1)div (ε−11S u) = 0

for all u. Then we get
∂div u
∂t

= div (Bu) − div (Bu) = 0

since u is a solution of the penalization-pressure step ∂tu − Bu = −Bu. This implies that the solution remains
divergence-free.

Nevertheless, an estimation of B implies the numerical evaluation of the operator −∇(−∆−1)div . If we subscript
by h the numerical approximations of the these operators, the divergence of the solution is numerically computed by
−div h∇h(−∆−1

h )div h which is consistent to div h if one can ensure div h∇h = ∆h, which is not the case numerically
when using standard finite difference schemes, unless using staggered grids which is not our approach since our
approach is to use straightforward compatibility with experimental microCT data. Consequently, we have chosen
to use the vector potential Ψ solution to −∆ψ = ω (the stream introduced in section 2.3) where ω = curl u is the
vorticity. Indeed, u = curl hΨ satisfies algebraically both div u = div curl Ψ = 0 and div hu = div hcurl hΨ = 0 since
div hcurl h ≡ 0, which allows to provide correct diagnostics on both the divergence and the residual velocity in the
body.

It is noticeable that such a way to ensure divergence-free solutions is not formulated in terms of dynamical systems,
which forbids to write it as a third step in a splitting, and requires a specific analysis to prove its consistency, which
is developed below in section 3.4. One can also notice that it would be equivalent to recover the velocity by means
of the Poisson equation −∆u = curlω, but the strong lack of regularity of curlω for direct numerical simulation of
real pore-scale flows forbids to use this technique. Moreover, it would be quite similar to diffuse the velocity and then
compute the vorticity to perform the projection on divergence-free velocity fields, or compute the vorticity and diffuse
it before building the divergence-free velocity. We have chosen the second technique, but the first one would be valid
as well.

Finally, this leads to introduce the following three steps over a time step [tn, tn+1] with tn = nδt with an initial
condition un. The first step, dealing with the penalization, reads

∂u
∂t

+
1S

ε
(u − u) = 0 in Ω, (11)

which can be solved exactly:
ũn+1 = e−1S δt/ε(un − u) + u (12)

but breaks the zero divergence. The diffusion step comes in second:

∂u
∂t
− ∆u = 0 or any − ∇φ in Ω. (13)

By applying the curl operator to this equation, we get

∂ω

∂t
− ∆ω = 0 in Ω. (14)

with ω = curl u which is divergence-free. Explicit or implicit method can be chosen to solve this diffusion problem.
In our study, we use an implicit Euler scheme, which does not involve any stability condition and can be easily
implemented by means of a FFT solver. Each time step then consists in solving

−δt∆ω̃n+1 + ω̃n+1 = ω̃n in Ω (15)

with ω̃n = curl un.
The velocity field can finally be recovered by means of a stream function satisfying the equation −∆ψ = ω̃n+1 with

boundary conditions (4). One gets the final velocity by the straightforward curl computation un+1 = curlψ, which
gives a divergence free field. The section 3.4 shows that this projection defines a scheme consistent with a penalized
Stokes equation, satisfying both a residual velocity under control (converging toward zero as δt tends to zero) and a
strict divergence-free feature.
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Figure 2: Convergence toward the problem penalized by ε′ = δt/(1 − e−δt/ε), involving a discretization of 1000 points over the interval [−1/2, 1]
over 200 time steps. The time step is δt = 10−2 and ε = δt/2 in order to visually distinguish the curves. The interval [−1/2, 0] is penalized. The
curve resulting from our computations is displayed in blue on the left picture (solid line is obtained after diffusion step, dashed line is obtained after
penalization step). The reference curves are the exact solution when penalized by ε (in pink), by δt (in green) and by ε′ is red. The right picture
shows, with the same color legend, the maximum errors, that is to say the difference between our computation and the reference solutions.

3.3. Resulting algorithm
The successive numerical resolution of the previous partial differential equations can be summarized by the fol-

lowing algorithm [33] :

Initial data : u0 and ω0 = curlh u0

While ‖un − un−1‖ > tolu or ‖ωn − ωn−1‖ > tolω
Penalization :

ũn+1 = e−1S δt/εun −
(
e−1S δt/ε − 1

)
u

ω̃n+1 = curlh ũn+1

Diffusion of ω̃n+1 :

ωn+1 solution to −∆hω
n+1 +

ωn+1

δt
=
ω̃n+1

δt
with boundary conditions (4) satisfying div hω

n+1 = 0 at boundaries
Compute the stream function ψ :

ψ solution to −∆hψ = ωn+1

with boundary conditions (4) satisfying divhψ = 0 and curlh ψ · n = 0 at boundaries
Update of the velocity field :
un+1 = curlh ψ

End while
Final velocity= u − u

(16)

Discrete versions of differential operators are here denoted with the index h. In this algorithm, direct resolution
is used for the non-stationary penalization, which means there is no linear system to solve for this operator. The
stationary diffusion operator −∆ + δt−1Id is in fact separable, to the opposite of the initial problem operator L =

−∆ + ε−11S Id arising in the non-splitted problem.
For the implicit vorticity diffusion, as well as for the stream function, we then use Fishpack FFT (Fast Fourier

Transform) solver [67]. This solver is efficient in terms of computation time and memory storage, as it does not
require to assemble any matrix. As a comparison, if N denotes the number of grid points in one direction, the complete
algorithm (16) requires 7.25N3 +O(N2) stored real values (since the solid characteristic function can be stored as short
integers). If the initial (i.e. un-split) problem is solved with MudPack, which holds among the most efficient elliptic
solvers (Algebraic Multi-Grid method) [1], an equivalent algorithm would require 38N3 +O(N2) values. If N = 1000,
our algorithm then uses around 58GB, while an Algebraic Multi-Grid algorithm such as MudPack would use up to
304GB.

3.4. Numerical analysis of the splitting
The algorithm (16) can be formally written as a sequence un defined by the following recurrence:

un+1 = Π
(
D

(
curl

(
e−1S δt/ε (un − u) + u

)))
, (17)
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where
Π(ζ) = curl ((−∆−1)ζ), (18)

for which the operator (−∆)−1 takes the right hand side of the Poisson equation with the boundary conditions inherited
from the stream function (4) and gives its solution. In other words, this is the linear operator f → u where u is the
solution of −∆u = f . In the same spirit, one defines D = (Id − δt∆)−1 denoting the diffusion process obtained by the
Implicit Euler scheme, still with the same boundary conditions. The linear application Π allows to get a divergence-
free velocity field from a vorticity, and the operatorD aims at diffusing the vorticity.

If this sequence converges, its limit is the fixed point u satisfying

u = Π(D(curl (e−1S δt/ε(u − u) + u))). (19)

Consequently, one gets

(u − u) − δt∆(u − u) = −u + (Id − δt∆)u (since ∆u = 0) (20)

= −u +D−1(u) (21)

= −u +D−1
(
Π

(
D

(
curl

(
e−1S δt/ε (u − u) + u

))))
(22)

= −u +D−1
(
curl

(
(−∆−1)

(
D

(
curl

(
e−1S δt/ε (u − u) + u

)))))
(23)

= −u + curl 2
(
(−∆−1)

(
e−1S δt/ε (u − u) + u

))
(24)

= −u − ∆
(
(−∆−1)

(
e−1S δt/ε (u − u) + u

))
+ ∇div

(
(−∆−1)

(
e−1S δt/ε (u − u) + u

))
(25)

= e−1S δt/ε(u − u) − ∇(pδt) (26)

where by definition we set
p = −(δt)−1div

(
(−∆−1)

(
e−1S δt/ε (u − u) + u

))
. (27)

In the fluid domain where 1S = 0, after division by δt, the fix point u satisfies consequently the Stokes equation

−∆u + ∇p = 0, (28)

with the correct input/output boundary conditions u · n = 0 so that its lifting sataisfies (u + u) · n = u · n or periodic.
In the solid domain where 1S = 1, the equation (20) reads −δt∆(u− u) + (1− e−δt/ε)(u− u) = −∇(pδt) so that once

divided by δt, one gets

−∆u +
1
ε′

(u − u) + ∇p = 0. (29)

where
ε′ = δt/(1 − e−δt/ε) (30)

By putting together the equations obtained respectively on fluid and solid domains, the limit of the sequence (17)
is solution to a penalized Stokes equation (3) penalized by ε′. While it is quite obvious that penalization/diffusion
splitting is consistent, this result proves that the penalization/diffusion/projection is also consistent to the stationary
penalized Stokes equation, despite the projection that is not a dynamical system.

In order to get a good accuracy by penalization around the interface, the coefficient ε′ has to be chosen as small
as possible. This leads to choose low values for δt. We can notice that the case of δt << ε is useless in practice since
we have 1 − e−δt/ε ' δt/ε at order 1: this would involve an extremely small time step and consequently a prohibitive
simulation time.

But in the general case, the penalized Stokes equation can be written under the form

−∆u +
1
ε′

(u − u) + ∇p = 0. (31)

with ε′ = δt/(1 − e−δt/ε).
The convergence toward the solution to the problem penalized by ε′ is displayed on figure 2. This 1D test case

is an equation defined over the interval [−1/2, 1], with a penalization region [−1/2, 0], so we get a Poiseuille flow on
[0, 1] with a slip at x = 0. The parameters are set to h = 1.5× 10−3 (103 cells), δt = 10−2 and ε = 5× 10−3. The errors
and the exact solutions obtained for penalization coefficients ε, δt and ε′ are plotted on this figure. This clearly shows
the consistency with a penalization by ε′.

Furthermore, in the case of ε � δt, one gets e−δt/ε ' 0 and consequently the developed scheme is then consistent
with a penalization coefficient of the type 1/δt. The choice made for δt value is then crucial because it does also
represent the penalization coefficient. Numerically, we actually observe that the ratio δt/ε only has a low influence on
convergence properties inside solid part, whereas δt value needs to be low to obtain a good convergence. Moreover,
the penalization coefficient is then 1/δt, which leads to a transition layer

√
δt : this is coherent with the velocity jump

regularization (after penalization) due to diffusion on one time step. In the following, the ratio between penalization
parameter and time step will always be set to ε = δt/2.
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Grid resolution Computational time per iteration(
25

)3
cells 0.024 sec(

26
)3

cells 0.170 sec(
27

)3
cells 1.4 sec(

28
)3

cells 15 sec

Table 1: Computational time for each iteration in cylinder simulation depending on the resolution.

a) b)

c) d)

Figure 3: Convergence diagnostics for the cylinder geometry: Residual velocities in the solid and in the fluid with respect to the grid size (a) for
25, 26, 27 and 28 cells in each direction; Relative residual velocity at the interface (b) with respect to the number of iterations; Norm of divergence
(c) and permeability (d) along with its theoretical value.

4. Applications to microfluidics and Digital Rock Physics

This method can be directly applied to fluid flow inside real porous domains. In our study, we present results of
fluid simulation inside geometries coming from X-ray tomography. In our case, the differentiation between pore and
solid spaces is crucial, such that the final image needs to contain only binary information (for each voxel, solid or not).
From the geometry, we compute the flow inside the pores. We also propose a numerical estimation of permeability,
which is a commonly used parameter of interest for porous media [63, 50, 32]. For all the simulations described in
this section, we consider the non-dimensional formulation of the Stokes equation.

4.1. Computation of a flow inside a circular cylinder
The Stokes flow in a cylinder of radius R for a viscous fluid is a well-known example. The permeability in its

dimensional formulation is defined following Darcy law proportionality by K = φµ < u > / < f − ∇p > (the
brackets denote spatial average in the fluid domain and φ is the domain porosity). This can be written equivalently
K∗ = φ < u∗ > / < f ∗ − ∇p∗ > in relative (non-dimensional) formulation, recovering the dimensional permability by
K = K∗L2.

For an prescribed down-sided vertical force, we can exhibit its exact solution

u(x, y, z) = −
(R2 − x2 − y2) f

4
ez

9



Figure 4: Permeability estimation on cylinder validation test case with respect to computation time. With preconditioning, an accurate estimation
is given in few minutes, while several hours are needed without preconditioning to get a similar range.

a)

b)

c)

Figure 5: Beads stack geometry: Relative velocity norm (a), the geometry with its cylindrical cell (b), and resulting evolution of permeability with
respect to the number of iterations, using three steps of preconditioning with grid size of 25, 26, 27 and finally 28 cells in each direction (c).

where ez is the unit basis vector in the z direction (the axis of the cylinder). For the cylinder, the permeability value is
then equal to K = R2/8.

Numerically, the averaging of −∆u can be used in place of the force for a flow with fixed flow rate, that is to say
when the driving force is not explicitly set such as for penalized problems.

The figure 3 shows relative errors and permeability estimation for each iteration of the algorithm, for a cylinder
whose radius represents 10% of the cubic domain length. We have performed 1000 iterations on 4 successive grids,
from the coarser (25 cells in each direction) to the finer (28 cells in each direction). This preconditioning process
consists in computation with the algorithm on coarse grid, then interpolating the resulting fields on a twice finer grid
by means of an interpolating kernel. These interpolated fields are then used as initial fields for computation on finer
grid. This preconditioning method leads to step-shaped errors and estimations, as the result after 1000 iterations for a
grid is used as an initial value for the following finer grid. As displayed in figure 3.a), the order of convergence is 3/2.

The residual velocities in the solid body and on the fluid/solid interface are respectively defined by ‖u‖L2(S )/‖u‖L∞(Ω)

10



and ‖u‖L2(ΓS )/‖u‖L∞(Ω) where ΓS = ∂S \ ∂Ω represents the interface (considered as a surface) between pore space and
solid matrix. Since most of the residual error is produced by the transition layer, the residual velocity at the interface
is a meaningful quantification of convergence error, here displayed on figure 3.b).

Moreover, the figure 3.c) shows ‖div (u − u)‖L2(Ω) and the figure 3.d) displays values of the permeability K. The
errors show a good convergence, residual velocity at interface and divergence are close to machine precision. The
converged estimation of permeability is also quite accurate : the converged estimation exhibits 1.3% of error compared
to the theoretical value.

It is important to notice that the iterations for the coarser grids correspond to very small computational time (see
table 1). We then observe a factor around 8 for each refinement, and the results for the 3 preconditioning grids
are obtained in less than 6 minutes. Furthermore, the computational cost of one iteration does not depend on the
complexity of the geometry, but some cases may require a larger number of iterations. Figure 4 also depicts the
efficiency of preconditioning, as it leads to a good approximation of permeability value in much less computation
time than without preconditioning.

4.2. Internal flow around beads stack

In this section, the presented geometry corresponds to a real synthetic sample composed of stacked smooth micro-
spheres. The nominal diameter of each bead is 553 ± 11µm, such that we have around 10 spheres included in the
diameter of the cylindrical cell. These beads are made of dry soda lime glass and their configuration results in a
completely connected porous network, exhibiting a complex topology. These beads are constrained by a cylindrical
impermeable carter, displayed in grey on figure 5.a.

The 10 bead width sample is just enough to be representative of the generality of bead stacking, so the character-
istic length is set to L = 7.7mm, which is also the width of our computational domain. The X-Ray tomography use
a physical voxel size of around 30µm, providing a set of 256 images at the resolution 256 × 256 over an area of size
L × L. It follows that our simulations can fit exactly the experimental setup by using 2563 cells of a domain rescaled
by L. The virtual time step is equal to δt = h2/120 such that δt/ε = 2 and the Fourier number is 1/120. The resulting
relative velocity is displayed on figure 5.b, and exhibits some privileged paths through the bead stack.

The numerical simulation of flow through the beads is made on a geometry resolution with 257 grid points per
direction (256 cells). A down-sided vertical force is imposed as a gravitational force, such that the fluid flows through
the network with a driving velocity u = −ez in relative coordinates. In order to have coherent geometry and boundary
conditions, the domain is made periodic in all directions by virtually cutting a thin layer at top and bottom. By this
method, the top and bottom are completely considered as fluid part and the domain is set periodic in the vertical
direction (thanks to the solid carter, it is already periodic on the lateral directions). Concerning the numerical con-
vergence, as in section 4.1, the preconditioning method is also used here, for grid resolutions from 25 to 28 voxels
in each direction. The norm of the resulting relative velocity field is displayed on figure 5.b. The maximum residual
velocity at interface is about 10−3, while the maximum divergence is bounded by 10−18 (the numerical zero, that is to
say we check that flow remains divergence-free algebraically). Moreover, in order to complete these diagnostics, we
introduce the non-dimensional helicity [43] defined by

H(t) =
L

U2

∫
Ω

(u(t) − u) · ω(t) dv =

∫
Ω

(u∗(t) − u∗) · ω∗(t) dv,

which should be conserved over time. The non-dimensional flow rate Qz through horizontal slices S z is defined by

Qz =
1
U

∫
S z

u(x, y, z) − u dx dy =

∫
S z

u∗(x, y, z) − u∗ dx dy.

and its mean value Q. For the present simulation, the maximum errors on helicity H and flow rate |Qz − Q|/|Q| are
respectively bounded by 10−10 and 10−6.

At a physical level, experiments have been made by the D-MEX CNRS-UPPA-Total Unit UMS3360 and show
that the studied sample exhibits a permeability around 3 10−10 m2 [34]. In order to investigate variability of the results
due to the experimental process, a permeability measurement has been made, leading to a value of 3.6 10−10m2, then
the sample has been shaken and another measurement has been performed, leading to a second value of 2.7 10−10m2.
The numerical permeability is is between these values, as shown on figure 5.c.

4.3. High resolution simulation inside a Castlegate sandstone

The last sample used as a validation for our numerical method is a real Castlegate sandstone sample. This highly
porous rock (with a porosity around 21%) is found in particular geological formations in the USA. It is commonly
used for physical and geological studies, in the context of enhanced oil recovery for example [39]. In the literature,
the order of magnitude for the permeability of this kind of rock is around 10−12m2.
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Figure 6: Castlegate sandstone: body at the top left corner, pore geometry at the top right corner, and percolating pores (x such as u(x) > 0) showing
the pore throat in red (x such as |u(x)| > umax/4) on the bottom picture. The pictures only focus on the sample part: it is included in a solid carter
that completes the cubic domain Ω (Ω = [−0.5, 0.5]3 as displayed in top figures).

a)

b)

c)

Castlegate sandstone geometry: Relative velocity norm (a), error on flow rate by slices with respect to the z relative
coordinate (b), and resulting evolution of permeability with respect to the number of iterations (c).

The considered geometry is a 1.8mm large cylindrical sample constrained in an impermeable carter, shown in
top pictures of figure 6. The physical voxel size is approximatively 3.5µm. Moreover, a grain pattern occurs around
120 times in a circular section, with a mean surface of S gr = 0.0225mm2. The characteristic length for material
representativeness is set to 12 grain typical width, that is to say L = 12

√
S gr = 1.8mm which fits to the sample

physical size.
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The present case involves a finer resolution than the previous samples: the grid contains 513 points per direction,
in order to get more accurate information about the porous network, and δt = h2/60. In this case, the simulation
requires more memory storage than for the cylinder and beads stack cases. Furthermore, for such rock geometry
exhibiting a large collection of small pores, involving subgrids for preconditioning would be very inaccurate since it
would fill artificially many pores and ruin the velocity field coarse estimation.

Consequently, we have not performed any preconditioning, and we have obtained after 400 iterations a perme-
ability of 4 10−12m2, whose evolution is displayed on graph 4.2.c (even though not completely converged). The final
relative velocity field is shown on figure 4.2.a with surface plots, on figure 6 with a volume plot, showing the maximal
values of the velocity in the pore throats, along with several levels of zooms showing the necessity to perform high
resolution simulations. The resulting error of flow rate per slice displayed on graph 4.2.b scales around 4 10−6 in
relative coordinates. Moreover, as for the previous simulations, the flow is still algebraically divergence-free.

5. Simulations involving coupled physics

This section describes the numerical simulations of transport phenomenon using the velocity field computed by
the method there above, in three different cases. The considered model is the transport of a vector C(x, t) ∈ Rd,
following the set of equations 

∂C
∂t

+ div (u ⊗C) − α∆C = 0,

−∆u + ∇p +
1S

ε
(u − u) = 0,

div u = 0,

(32)

in Ω × [0,T ], where

div (u ⊗C) =

d∑
i=1

3∑
j=1

∂(u j ci)
∂x j

ei = (u · ∇)C,

since div u = 0 (here the components of C are denoted ci with lowercase notation), ei being the i-th vector of the basis.
The first case deals with pure transport of a passive scalar, using a non-remeshed particle method. This allows to

check whether particle of fluids initially remain in the poral space or not. This would not be achievable if particles
were remeshed, and is a meaningful validation since as soon as the normal velocity at the fluid/solid interface is no
longer zero, the particles escape the poral space.

The second case also a diffusion-transport, but using a remeshed particle method, with a particle description of C.
This allows accurate pure-transport and diffusion-transport simulations, and check whether the averaged pore-scale
simulation is compatible to its upscaled one-dimensional model or not.

The two first cases involve a constant viscosity and pure transport, that is to say without diffusion (α ≡ 0), and the
second case involves a constant diffusion. The third and final case introduces full coupling between the equations of
the set (32), that is to say deals with the transport of an active scalar. It deals with the modeling of rheology, here the
transport and of a shear-thinning fluid, whose viscosity depends on C and on u at the same time. This is consequently
necessary to recompute the velocity field anytime that C is modified. Due to the physical nature of this last simulation,
dimensional quantities and their related units are re-introduced.

5.1. Transport of passive scalars using non-remeshed particle methods

In this section we are interested in the transport of three passive scalars, denoted as the three components of a
vector C(x, t) ∈ R3 and following the pure transport model (32). This example is setup in order to both bring another
validation of the flow computation and build a velocity field in order to perform simulation of coupled physics in
the following sections. Indeed, performing a non-remeshed particle simulation allows to check whether the particles
of fluid are able to follow a path in the poral space or not, avoiding being trapped in the boundary layer (slowing
dramatically particles) or worse in the solid. This challenging test shall not accumulate the geometrical discrepancy
due to the remeshing and the numerical errors in the velocity computation in order to validate this last one.

The computational box is the unit box [−1/2, 1/2]3. The initial condition for each component of C is one inside a
cylinder of height 5/128 (20 cells among the 512 vertical cells of the simulation) and radius 0.18, respectively centered
at (x = 0.3, y = 0), (x = −0.2, y = 0.3) and (x = −0.2, y = −0.3), and zero outside of these cylinders.

In the present work, we consider the particle formulation of the transport problem of equation (32). Particle
methods have been widely studied and used in the last decades to compute transport equations in fluid mechanics,
mainly because their Lagrangian form makes the convective terms vanish, as well as the corresponding CFL stability
condition [25, 13, 7], so that large time steps can be performed. The Navier-Stokes equations under their vorticity
formulation exhibit a transport of vorticity, whose particle formalism has given birth to the vortex method, based on
transport of pointwise vortices. These methods are quasi-linearly scaling, even in their parallel [61] or sub-grid [26]
implementations, robust and accurate [24, 37], which is particularly interesting for large 3D computations [52, 20].
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a) b)

c) d)

e)

Figure 7: Transport of three passive scalars, initialized at one in three cylinders at the top the box, and zero elsewhere. The snapshots (a)-(d)
show isovalues of the scalar fields after times t = 500, 1000, 2000 and 4000. The surrounding box is the unity box [−1/2, 1/2]3. Red, green and
blue surfaces display respectively the first, second and third components of vector C. The curves on the plot (e) show the related balance values
γk(t)/γk(0) inside the pore space with respect to time.

Our velocity-vorticity formulation of the Stokes equation is quite far from vortex methods, but the particle formulation
for transport phenomena is quite close.

Indeed, the particle formulation of the scalar field C(x, t) is a set triplets (xp,Cp, vp) indexed by p, where a particle
of volume vp at position xp holds the quantity Cp ∈ R3 (the sum of these elementary volumes is most of the time
coinciding with the volume of the computational box). The equation (32) reads consequently, using the particle
formulation:

dCp

dt
= 0,

dxp

dt
= u(xp(t)),

dvp

dt
= 0, (33)

where the velocity field u is computed by the method introduced in the previous sections, and the dynamical systems
satisfied by the passive scalars in their particle formulation are solved by a second-order Runge-Kutta method. The
goal of this simulation is to show that the computed velocity field satisfies sufficiently accurately the condition u ·n = 0
at the fluid/solid interface, so that the residual velocities at this interface don’t allow particle to move into the solid. In

14



order to do so, the figure 7 shows the ratio between the passive scalars Ck inside the pores and its initial volume. This
ratio reads γk(t)/γk(0) using the following vector notation of γ

γ(t) =

∫
Ω

C(x, t) (1 − 1S (x)) dx =
∑

p

Cp (1 − 1S (xp)) δvp (34)

and is supposed to stay close to 1. Since the characteristic function of the solid is defined on grid points, its value on
particles 1S (xp) is estimated by means of a convolution between its grid-point values and the hat function kernel

Λε(x) = ε−3Λ⊗3(x/ε) with Λ(s) = [1 − s]+, s ∈ R, (35)

in order to deal with the lack of continuity of 1S . Similarly, the velocity field is defined on the grid and has to be
interpolated on the particles in order to evaluate u(xp(t)) in equation (33), here using the kernel M′4 introduced in [46]
instead of the hat function thanks to a better continuity.

The figure 7 shows the evolution in the Castlegate sandstone of the three passive scalars, from their initial condition
introduced above. We use the velocity field computed in the previous section 4.3. The simulation is performed over
4000 time steps with a constant time step δt = 1. The figure shows that after 2000 time steps, the amount of particles
moving from the pore space to the solid domain is around 1%, and is around 10% after 4000 time steps. No remeshing
is performed, in order to display how long the particles can move through the pores without going into the solid part
due to numerical errors. This test is especially severe since all the particles have to follow complex paths as displayed
on the plots (a)-(d) on figure 7.

5.2. Upscaling and front invasion using a remeshed particle method
In this section, we are interesting in upscaling the pore-scale configuration. Homogenization is the convergence

toward a model involving the replication of cells whose size tends toward zero, and provides the proof that pore-scale
Stokes homogenization is the Darcy law [5] in the context of stationary periodic solution of the homogenization.
When the upscale solution is not periodic and subject to boundary condition, the Darcy law has to be generalized in
order to take into account the variability in space. In the sections thereafter, we investigate this case, involving the
concept of superficial velocity and the Darcy-Brinkman-Stokes model. Finally, the transport and diffusion in such an
upcaled model is also investigated, providing methods and validity to the parameter estimation.

5.2.1. The model of superficial velocity
The upscaling of diffusion-transport is commonly performed using the formalism of the superficial velocity in-

troduced by Quintard and Whitaker [56]. The superficial velocity w is inherited from the pore-scale velocity u,in a
representative cell Ω of volume |Ω| containing a fluid domain Ω f of volume |Ω f |, by means of the relation

w =
1
|Ω|

∫
V f

u(x) dx, (36)

which can itself be variable in space, and satisfies

−φ−1µ∆w + µK−1w = f − ∇p (37)

in its stationary formulation at the Darcy scale [72, 69, 11], together with div w = 0, where φ is the porosity of the
medium and K its permeability. Hence the need to provide estimations of porosity and permeability from pore-scale
simulations in order to compute the superficial velocity. In the present study, one can get it by direct computation of
integral (36).

One can notice that in the case of constant averaged velocity w, with a permeability estimated from a pore-scale
computation using a non-porous (impermeable) solid domain Ω \ Ω f , the equation (37) reduces to the definition of
the permeability µw = K f (the Darcy law), compatible with homogenization results [5].

Furthermore, the upscaling method mentioned above also involves the upscaled diffusion and transport of a specie
C (cf. [56, 63]) by the equation

φ
∂C

∂t
+ div (wC) − div (φα(φ)∇(C)) = 0 (38)

where C is the intrinsic averaging of C at the pore-scale defined by its mean value inside the fluid region

C =
1
|Ω f |

∫
Ω f

C(x) dx. (39)

By means of the change of variable C = φC, and assuming an upscaled porosity constant in time and space, the
equation (38) can be written

∂C
∂t

+ div (φ−1w C) − div (α(φ)∇φC) = 0 (40)
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a) b)

c) d)

Figure 8: Upscaling to the model of averaged specie (38) and superficial velocity (37) for pure transport. Top pictures: Transport in a cylindrical
pore of radius 0.4 (1283) with transparent color for radius over 0.28 and solid color under 0.28 (a); Comparison between theoretical (solid lines)
and numercal (dots) distributions of C at different times (b). Bottom pictures: Transport in a Castlegate sandstone (5123) with partial view of the
cylindrical cell and the rock geometry (dark colors), initial value of C in blue and after t = 0.05 at level 0.8 in red and at level 0.5 in transparent (c);
Comparison between 1D upscaled model using fundamental solutions with solid lines and numerical solutions plotted with dots (d). The planar
faces delimit the unit computational box [−1/2, 1/2]3.

where ∇φ = φ∇φ−1 is the lifted gradient, equal to ∇ since assuming the upscaled porosity to be constant.
This equation (38) has two versions of 1D models in relative coordinates: either the driving velocity U = φ−1w is

not zero, then we introduce the Peclet number Pe = UL/α and get

∂tC + ∂zC − Pe−1∆C = 0,

or the characteristic velocity is zero and we introduce the characteristic time αt/L2 and get ∂tC − ∆C = 0.
The model (38) can be naturally generalized to reactive flows [45, 44], ion transport [6] or multi-phase flows

[57]. This last equation is integrated numerically using the particle method introduced above, but using a remeshing
procedure of particles at every time-step, using the hat function as kernel despite its low order, in order to avoid any
spurious diffusion possibly introduced by remeshing and conserve the sign and the maximum principle on the variable
C. the kernel M′4 is still used to interpolate the velocity from the grid to the particles.

In this upscaling method, in order to make the upscaled diffusion-transport (37)-(40) usable in practice, the fol-
lowing parameters have to be available:

• The porosity φ, which is the proportion of fluid per unit of volume and is trivially estimated by direct counting
of fluid voxels,

• The permeability K, which can be obtained by computing the velocity at the pore-scale, which has been per-
formed above in section 4,

• The diffusion coefficient α(φ), depending on the material porosity, the molecular diffusion DM of the specie
transported.
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Figure 9: Upscaling the diffusion using the model of averaged specie (38). The evolution from three Dirac function at z = −0.1, 0 and 0.1 are
displayed at time t = 1.2 10−3 respectively in red, blue and green. The right pictures compares each of these numerical simulation at the pore-scale
(in dots) to exact solution of the upscaled model for indexes 0, 0.68 and 1. The left picture shows the isosurfaces of the pore-scale simulation at
level 0.02 (solid colors) and 0.002 (transparent surface), at the same time and using the same colors as right picture.

The question addressed here is to use high resolution simulation at a scale such as it can represent both the pore-
scale and the upscaled model in order to provide meaningful parameter estimations. The porosity and the permeability
are direct estimations, but estimating and fitting the Archie law is more complex and requires the coupling between
velocity field at the pore-scale and diffusion-transport, which is exactly the system (32).

5.2.2. Upscaling pure transport in simple geometry
In order to describe how to build the effective coefficients in the upscaled model of a porous structure, we will

first consider the case of a cell perforated by a cylinder, for which we can build analytical solutions and explain the
methodology (in this case, the material is a box with a single pore in relative coordinates). In a second time, we will
apply this to a real geometry in the next section.

One then considers the non-dimensional Stokes flow in a cylinder of Radius R < 1 of axis z in a cubic unit
computational box with full periodic boundary conditions (in relative coordinates), in which the Poiseuille flow is
given in cylindrical coordinates by u(r) = (1−r2/R2)Umax along axis z (its other components being zero) and satisfying
−∆u = 4. An obvious calculation gives that the averaged velocity in the fluid domain Ω f is Umoy = Umax/2, the
porosity is the section φ = πR2 and the superficial/upscaled velocity is w = φUmoy.

Moreover, the displacement of a particle at a distance r from the axis over a time t is given by ξ(r, t) = u(r)t so
that the mean displacement of a section of the cylinder is given by ξ(t) = tUmoy. The solution of a pure transport can
then be expressed analytically.

Initially, let C be equal to 1 in the circular pore at the axial location z ∈ [z0−H, z0 +H] with z0 = −0.3 and H = 0.1.
To make the link between the local values C and the upscaled values C = φC, let us follow its averaged value over the
cylinder sections, quantified by

Cz(t) =
2π

S rep

∫ R

0
C(r, z, t)rdr =

πR2

S rep

(
S 2(z, t) − S 1(z, t)

)
(41)

satisfying Cz(0) = πR2 = φ in the sections z ∈ [z0 − H, z0 + H] and 0 everywhere else, with the representative section
S rep = 1 being the whole slice of the unit computational box, and

S 2(z, t) =


1 if z ∈ [z0 − H, z0 + H],

1 −
z − z0 − H

Umaxt
if z ∈ [z0 + H, z0 + H + Umaxt],

0 otherwise,

and

S 1(z, t) =

 1 −
z − z0 + H

Umaxt
if z ∈ [z0 − H, z0 − H + Umaxt],

0 otherwise.

It follows that the variance of a section displaced by ξ(r, t) is t2U2
moy/3 so the standard deviation reads σ =

tφw/
√

3. This implies several consequences. First, The upscaled model of pure transport should not be a model of
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pure transport. Nevertheless, this spreading is not related to diffusion, whose standard deviation scales as t1/2 and not
as t. This is illustrated by the numerical application for a radius R = 0.4 in a computational box of size 1 in each
direction at the resolution 1283, leading to φ ' 0.5, with Umax = 1. The numerical and the exact evaluations of Cz(t)
are displayed on figure 8.b at several times, together with an isosurface of C on figure 8.a. Second, this shows that
when studying a front invasion by pore-scale simulations and its upscaling, it is useless or unphysical to fill the pores
at the sample input, since only a part of it is transported significantly and reaches the adjacent cells since it travels
mainly in the center of the pores. Third, the solution exhibits linear front and tail.

5.2.3. Upscaling pure transport in a real sandstone
We focus here on upscaling transport inside the Castlegate sandstone used and analysed in sections 4.3 and 5.1, in

order to show that the effect of dispersion and linear front/tail mentioned above can be observed in practice, on real
geometries. In this case, the material is a cylindrical representative sample, with multiple pores of complex geometry.

Let us consider again the Castlegate sandstone whose velocity field has been computed in section 4.3: in relative
coordinates, the flow rate over the input face is | u | = 1 so that the superficial velocity averaged over the cylindrical
cell is w = 1/πR2 with R = 0.46 and its porosity is 21.3%. The simulation of this flow is described on figure 8.c,
showing a part of the cylindrical cell and the rock sample, the initial condition of C in blue with pores filled with 1 in
the piece z ∈ [−0.4,−0.2], and the resulting distribution of C at t = 0.05.

Moreover, the crosswise-averaged solution Cz for this case is defined by

Cz(t) =
1

S rep

∫
ΩF

C(x, y, z, t)dv (42)

where the representative section is the section of the rock sample S rep = πR2, the surrounding cell being ignored as
non-relevant part of the material studied. This averaged quantity Cz is displayed at several times on figure 8.d. As for
the cylindrical pore. The numerical solution exhibits a linear queue since a portion of the fluid remains stuck in the
boundary layer with a constant shear-rate, and the solution spreads so that the transported specie progressively exits
the computational domain.

It is noticeable that the upscaled transport equation (40), seen as a 1D transport equation along the z direction, has
an analytical solution

C(z, t) = [C0(· − φ−1wt) ∗Gα](z) =

∫
R

C0(z − y − φ−1wt)Gα(y)dy, (43)

that is to say the convolution between the initial value C0 = C(·, 0) and the 1D heat kernel

Gα(z) =
1

√
4παt

e−z2/4αt (44)

with a velocity φ−1w ' 7.06. The figure 8.d shows both Cz(t) and C(z, t) in the equivalent medium. There is remarkable
agreement between the mean positions, which validates the value of the superficial velocity w and the part of the
upscaled model related to the transport. Nevertheless, this simulation shows that it also comes with a relative diffusion
α ' 6.5, that is to say a Peclet number Pe ' 0.154 for the upscaled model , which is a highly diffusive. This
dispersion/diffusion scaling may be quantified by the Bodenstein number typical of stirred-tank reactor [71].

Once again, the upscaling of transport by equation (38), or equivalently (40), is valid only if one considers the
material circulating far from the pore boundaries instead of considering the whole pore section, which includes ma-
terial stuck in the boundary layer. This has several consequences. Concerning multi-phase flows, the mean velocity
is relevant since it is linked to the motion of the triple point and puts the material in motion in the whole pores, so
that the model of transport with the superficial velocity is valid. Moreover, for single phase flows, only the viscous
superficial model has to be considered, and a pure-transport version of model (38) should be avoided.Nevertheless,
this theoretical question is not really a problem since practical configurations only involve highly diffusive fluids at
this scale. In any case, such upscaling requires an accurate geometrical description of the poral space.

5.2.4. Upscaling diffusion
The question of upscaling pure diffusion (without driving velocity) is to link α at the pore scale to α at the Darcy

scale (40). In practice, the upscaled diffusion coefficient α is usually expressed under the formulation

α(φ) = φmDM (45)

where DM = α is the molecular diffusion at the pore scale. This is known as the Archie law [10], which has been
tabulated empirically for decades [70]. For moderately porous media with strong pore connections such as sedimented
rocks, sandstones or crystal wormholing, the model α = φDM (with an index m = 1) is often considered (cf. [63] or
[70] for bead stacks).
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Figure 10: To the left: the body used for simulation, the full solid region being this body and the complementary of the cylindrical region,
surrounding this body and filling the computational box. To the right: Rheogram showing the dependency of viscosity with respect to the shear
rate for different Xanthan concentrations, with experimental values (points) and their fit (lines). Solvent viscosity and power-law approximation
are displayed with black lines. Experimental data and their fit to the Carreau law are taken from [60].

Furthermore, as mentioned above, from now on we use the non-dimensional time in the simulations defined by
αt/L2. In order to perform this upscaling of diffusion, we use a numerical simulation inspired from a technique used
in chemical engineering: we set as initial condition the Dirac function hold by a slice z = z0 defined by the generalized
function 〈

C( · , t = 0), ζ
〉

=

∫
z=z0

A ζ(x, y, z)(1 − 1S (x, y, z))dxdy

with A > 0. It follows that the initial upscaled is supposed to be C(z, t = 0) = Aφzδz0 where φz is the porosity of the
slice z = z0, so that we expect the solution

C(z, t) = AφzGφm (z, t) (46)

in relative coordinates.
To perform these simulations, the Laplace operator is computed using a renormalized particle-strength-exchange

introduced in [53, 62], intrinsically converging a second order of the grid step size, that is to say independently from
the size of the diffusion kernel. Its main advantages are that it can easily and strictly avoid diffusion inside the solid
and provide an accurate computation of diffusion inside the poral space.

The simulations with A = 0.1 and z0 = −0.1, 0 and 0.1 have been performed and are displayed on figure 9 at the
relative time t = 1.2 10−3, respectively in red, blue and green. Each of these solutions at the pore scale are compared
to the theoretical solutions (46) with several indexes. By comparison, the molecular diffusion of hydrochloric acid in
water is 5 10−5cm2s−1 [44], with a characteristic length L = 1.8mm for the present sample (see section 4.3), so that the
relative time t = 1.2 10−3 leads to an absolute time t = 0.78s. It appears that for this geometry the index m = 0.68 fits
well to the numerical solutions. These simulations confirm that the straightforward copy of the molecular diffusion
(i.e. m = 0) in the upscaled model is wrong, and that the linear Archie law (i.e. m = 1) used in [63] or [70] for bead
stacks is over-diffusive.

To conclude, the present method used for pore-scale simulation allows to build the diffusion coefficient in the
upscaled model (38), here an index m = 0.68 in the Archie law (45).

5.3. Transport of active scalar for a fully coupled model involving rheology
In this section we are interested in the rheology of shear-thinning fluids, here modeled by the Carreau-law, a

power-law with two bounds featuring the Newtonian limits at high and low shear rates, defined by

µ (D) = µ∞ + (µ0 − µ∞)
(
1 + 2β2|D|2

)(N−1)/2
, (47)

where µ0 is the viscosity at rest and µ∞ is the asymptotic value of the viscosity at infinite shear-rate, in practice the
viscosity of the solvent, satisfying 0 < µ∞ 6 µ0. The shear rate threshold β quantifies the shear rate for which the
viscosity becomes dramatically different from µ∞, and N is the called the index of the fluid. The scalar shear rate is
defined by γ̇ = (2D(u) : D(u))1/2. Due to the focus on a real configuration in this section, we express all the quantities
in their dimensional form with units (that is to say in absolute coordinates).

Such a law is often associated to the dynamics of polymers or bio-polymers. Real-life configurations naturally
involve heterogeneous fluids, that is to says fluids whose rheology depends on the local concentration of the polymer
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Figure 11: Four top pictures: Isosurfaces of Xanthan concentration at levels C/C = 0.3 (solid color) and 0.1 (transparent color). This shows its
evolution between the initial time (left pictures) and t = 64s (right pictures), colored by velocity (top pictures) and shear-rate (bottom pictures).
The four bottom pictures display a rendering of this evolution by means of a zoom on a transport-dominant region after 0, 16, 24 and 32 time steps.

considered. This implies a relation between µ and C in the set of equations (32). The scalar C becomes consequently
an active tracer by means of the Carreau law (47) generalized to variable parameters, which leads to the following set
of equations: 

∂C
∂t

+ div (u ⊗C) − α∆C = 0,

−div (2µ(C,D(u))D(u)) + ∇p +
1S

ε
(u − u) = 0,

µ (C,D) = µ∞ + (µ0(C) − µ∞)
(
1 + 2β(C)2|D|2

)(N(C)−1)/2
,

div u = 0,

(48)

with
div (2µ(C,D(u))D(u)) = µ(C,D(u))∆u + 2D(u)∇µ(C,D(u))

since div u = 0, the term D∇µ being used at the right hand side as a source in the algorithm developed above.
We consider the body defined by a cylindrical core of Bentheimer rock displayed on figure 10. This cylindrical

core of radius R = 0.71mm is extended radially by a carter in order to fill the cubic computational box of width
L = 1.5mm: the body and the carter define the penalized solid region S .

The application considered in the present work is the motion of a miscible agglomerate of Xanthan polymer, a
bio-polymer heavy used in food industry and also in enhanced oil recovery, featuring a constant index N = 0.386 and

µ0(C) = µ∞ + AµeC/ρBµ (1 − e−C/ρRµ ), β(C) = AβeC/ρBβ , (49)
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Figure 12: Probability density functions of the velocity field (to the left) and the viscosity field (to the right), in the fluid domain, at three different
times. The dashed line stands for the solvent viscosity (Newtonian limit).

where ρ = 0.842 kg L−1 is the density of the pure material, the nominal time is Aβ = 2.4 s, the nominal and solvent
viscosity are Aµ = 0.26 Pa s and µ∞ = 10−3 Pa s (water), the non-dimensional ratio are Bµ = 6.06 10−4, Rµ = 6.5 10−4

and Bβ = 6.17 10−4 (see [60] for instance). This leads to the rheogram, that is to say the relations between the viscosity
and the shear rate, displayed on figure 10.

Furthermore, the initial condition on C is a random field between 0 and C = 600 mg L−1, generated by a FFTMA
algorithm (FFT Moving Average, [59]) with a correlation length of 0.146 mm [48] and supported by the fluid region.
The driving velocity is u = 5 10−4 mms−1, the diffusion is α = 4 10−12 m2s−1, the computational grid is 256 cells in
each direction and the time step is δt = 2 s. Moreover, the kernels used are M′4 for the velocity interpolation and M3
for the concentration interpolation [46].

The results of this simulation is display on figure 11 for the initial time and after 32 time steps, by means of
surfaces of isovalue of C/C at levels 0.3 and 0.1, as well as a hollow plot of the body. Both velocity and shear rate
are displayed, and since the concentration is constant over these surfaces, a lower shear rate means a higher viscosity
(because of the fluid index N < 1 leading to a shear-thinning effect).

Beside illustrating the robustness of the method (viscosity varies by 3 orders of magnitude), one can notice on this
figure 11 that some regions are driven by transport (red velocity and white/yellow shear rate) while others are driven
by diffusion (blue velocity and dark-red shear rate). The bottom left part exhibits a region where both velocity and
shear-rate are high, with large variations: the evolution of the Xanthan concentration at several times is also displayed
at the bottom part of this figure 11.

Concerning physics aspects, we can quantify the velocity and viscosity distributions, displayed on the figure 12
by means of the probability density functions (PDF) of these fields. It appears that the velocity PDF exhibits an
exponential law, and that the viscosity field exhibits a rational decay. Moreover, the asymptotic most probable value
fits to the solvent viscosity µ∞. This shows that most of the fluid is either low concentration Xanthan or high shear
rate, but the maximum viscosity reached by the fluid is 30 times higher (as well as its related stability condition).

6. Conclusions and perspectives

In order to compute the flow at the pore scale of porous media, we have considered a time-dependent version of
Stokes equation to build an iterative method. By the use of the velocity and the vorticity fields, the different operators
(penalization, diffusion, projection) have been treated separately thanks to a splitting method. Each step only requires
direct computation or a call to a FFT solver. The resulting algorithm has been shown to be consistent with the problem
to solve, and corresponds to another penalization whose coefficient depends on the initial penalization coefficient and
chosen time step.

The numerical implementation of this algorithm has been performed on three examples, including two real world
cases consisting in X-Ray scans of stone and bead stacks. For each sample, the convergence has been confirmed by
conservation and residual quantities, such as the residual velocity in the solid part of the domain, and permeability
estimations. A coupling with material transport through the pores has been performed in order to evaluate the quality
of the resulting velocity field for transport process. This method has also been used for parameter estimation in
upscaling to the Darcy scale. While upscaling diffusion seems to be reliable by fitting the index of an Archie law, the
concept of superficial velocity may be adapted in the context of pure-transport of one-phase flow, due to the effect of
boundary layer, and does not need to be adapted for multi-phase or diffusion-driven flows.

The robust method developed in this paper can be a self-content component dedicated to the computation of the
velocity inside coupled problems, in the field of reactive flows, multi-scale porosity media and multi-phase flows at
low Reynolds regimes, complex fluid with rheology or plasticity, or fluid-solid interaction, strength of porous materials
along with their study up to the failure.
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Appendix A. Consistency of the splitting of affine operators.

Let us consider first an evolution equation ∂tu − Au − Bu = 0 over a time interval [0, δt] whose initial condition
is denoted u0 and exact solution is u(t) = e(A+B)tu0. The operator A + B can then be treated with an operator splitting,
which means dealing separately with A and B. This splitting consists in solving sequentially the two equations

∂u1

∂t
− Au1 = 0, (A.1a)

∂u2

∂t
− Bu2 = 0, (A.1b)

whose initial conditions are u1(0) = u0 and u2(0) = u1(δt) = eAδtu0.
It follows that the truncation error over a time step [0, δt] is given by

u(δt) − u2(δt) = e(A+B)tu0 − eBδteAδtu0 =
δt2

2
[A, B]u0 + O(δt3) = O(δt2),

with [A, B] = AB − BA , 0 in the case of a priori non-commuting operators A and B, since ez =

∞∑
j=0

zk

k!
.

This means a global first order error induced by the splitting, error which can be reduced to second order with a
Strang splitting formula [66].

In the present article, we are interested in affine operators defining the equation

∂u
∂t
− Au − Bu = C

whose solution is

u(t) = e(A+B)tu0 + (A + B)−1
(
e(A+B)t − 1

)
C = e(A+B)tu0 + tϕ1

(
(A + B)t

)
C,

where

ϕ1(z) = z−1(ez − 1) =

∞∑
j=0

zk

(k + 1)!

is the function classically introduced in the numerical analysis of exponential integrators, satisfying lim
z→0

ϕ1(z) = 1.

The splitting between diffusion on the one hand and penalization-pressure on the other hand is written
∂u1

∂t
− Au1 = 0, (A.2a)

∂u2

∂t
− Bu2 = C, (A.2b)

whose initial conditions are also u1(0) = u0 and u2(0) = u1(δt) = eAδtu0. One gets immediately

u2(t) = eBtu2(0) + tϕ1(Bt)C = eBteAtu0 + tϕ1(Bt)C

so that the truncation error is given by

u(δt) − u2(δt) = e(A+B)tu0 − eBδteAδtu0 + δt
[
ϕ1

(
(A + B)δt

)
− ϕ1 (Bδt)

]
C

=
δt2

2
[A, B]u0 +

δt
2

[
(A + B)δt − Bδt + O(δt2)

]
C + O(δt3)

=
δt2

2

(
[A, B]u0 + AC

)
+ O(δt3) = O(δt2)

It is noticeable that in this case, the global error is still first order even if operators A and B commute or if a Strang
algorithm is used.
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