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Abstract

A stochastic numerical method is developed for simulation of flows and particle
transport in a 2D layer of porous medium. The hydraulic conductivity is assumed to
be a random field of a given statistical structure, the flow is modeled in the layer with
prescribed boundary conditions. Numerical experiments are carried out by solving
the Darcy equation for each sample of the hydraulic conductivity by a direct solver
for sparse matrices, and tracking Lagrangian trajectories in the simulated flow. We
present and analyze different Eulerian and Lagrangian statistical characteristics of
the flow such as transverse and longitudinal velocity correlation functions, longitu-
dinal dispersion coefficient, and the mean displacement of Lagrangian trajectories.
We discuss the effect of long-range correlations of the longitudinal velocities which
we have found in our numerical simulations. The related anomalous diffusion is also
analyzed.

1 Introduction

The main difficulty in evaluation of pollutant transport in porous medium (e.g., in aquifers,
filters, bio-materials, e.g., see [2|, [7], [24]) is the extreme heterogeneity of the media. This is
a classical situation where there is a lack of knowledge about the local details of the spatial
structure, but without this structure details, it is no chance to describe the large scale behavior.
A natural approach is based on a stochastic description, where the heterogeneities are modeled
as random fields with given statistical properties (e.g., see [1]-[4]). In hydrology the stochastic
approach is often used for the flow analysis in saturated zone (e.g., see [6], [22]).

In the flow simulation through a porous medium, one uses in the hydrology an Ansatz experimen-
tally well supported that the hydraulic conductivity can be considered as a random field with a
lognormal distribution. To analyze the Darcy equation with the random hydraulic conductivity
in the case when its intensity of fluctuations is small, one applies the small perturbation method.
We are aware of two versions of this method. The first version deals mainly with the means
and variances, thus estimating only some deterministic scales of the process see (e.g., see [2],
[7]). The second version takes into account the spectral structure of the random solution, and
thus it is able to construct samples of the random solutions and to evaluate practically arbitrary
statistical characteristics of the solution (e.g., see [18], |21]). But since this approach works under
the assumption of small fluctuation intensities, only a Gaussian approximation to the solution
field is possible.

The case of large fluctuations is much more difficult, and can be treated by solving numerically the
Darcy equation, say, by a finite difference or finite element methods, often called also stochastic
finite element methods, e.g., see [1], [25], [8].

We mention also the polynomial chaos expansion approach, a method in which it is attempted
to reduce the original stochastic boundary value problem to a series of deterministic equations
(e.g., see |27], [28], [29]). This method however is applicable only if a small number of terms in
the series expansion is sufficient for a good approximation which is rather rare in practice.



Important class of this type of methods is the Karhunen-Loéve expansion. Generally, it is
computational demanding because it requires to solve numerically eigen-value problems of high
dimension. However in some practically interesting cases models with analytically solvable eigen-
value problem for the correlation operator can be obtained. This gives then a very efficient
numerical method because as a rule, the K-L expansions are fast convergent. An exactly solvable
case for the viscous flow simulation with random excitations of the velocities prescribed on the
boundary is given in the recent paper by K. Sabelfeld [17].

We develop in the present paper a direct stochastic simulation method which consists in a direct
numerical construction of an ensemble of solutions to the Darcy equation with the relevant sam-
ples of the hydraulic conductivity. The random field of the hydraulic conductivity is simulated by
the Monte Carlo Randomization Spectral algorithm, the finite-difference system approximating
the Darcy equation is solved by a direct sparse matrix inversion, and the transport of particles
is modeled by tracking the Lagrangian trajectories in the simulated velocity samples. It should
be noted that the direct inversion methods are very robust in this problem where the equation
coefficients are highly heterogeneous, but the main problem is to find an efficient solver for the
relevant linear systems. This is done in the present paper by using the sparse structure of the
relevant finite-difference system of equations.

The problem of evaluation of the diffusion regime is computationally very intensive since the
transport should be simulated for thousands of correlation length scales (e.g., see [21], [5]).
Therefore the problem was studied only with the first order approximation (|21], [4], [23]) which
is applicable under strong restrictions of small fluctuations of the log conductivity. In the long-
range transport most interesting is the case of large fluctuations. To our knowledge, there is
only one study [5] where the general case of large fluctuations was considered, and the long-
range transport was studied numerically for more than thousands of correlation length scales. In
this study, a 2D flow was simulated by an iterative multigrid method where the transport was
evaluated up to 1638 correlation length scales, but in this model, the dispersion coefficient was
defined by averaging over a discrete cloud of particles moving in one fixed sample of the flow.
This is different from the averaging over an ensemble of Lagrangian trajectories starting from a
fixed point. As to the interrelation of these two definitions, see e.g., [21], [5], [23].

We focus on the existence of a diffusion regime in the longitudinal dispersion, and study the long-
range transport and mixing of particles in layers with a length of thousands of log conductivity
correlation lengths. We present a numerical analysis of different Eulerian and Lagrangian statis-
tical characteristics of the flow such as transverse and longitudinal velocity correlation functions,
the diffusion coefficient, the mean displacement of Lagrangian particles, and the probability
density function of the transverse Lagrangian coordinate.

2 Simulation of flow and transport

2.1 Setting of the problem

We deal in this paper with the flow simulation and particle transport in a porous 2D layer
which is considered as a rectangular domain D = [0, L;]| x [0, L] of finite size. The hydraulic
conductivity K(x), x = (z,y) € D is assumed to be a lognormal random field with a given
correlation function.

We consider a stationary flow in a saturated porous media governed by the Darcy law



where q is the Darcy velocity, or the specific discharge, v is the pore velocity, 8, the porosity, ¢,
the hydraulic head ¢ = z+p/(gp), p, the fluid density, g, the standard gravity, z is the elevation
height. Fixed head conditions at the left and right boundaries and no flow conditions on the
up and bottom boundaries of the layer D are assumed. This leads to a uni-directional velocity
trend (mean velocity ) which is horizontal, i.e., parallel to the OX axis. Therefore we call = a
longitudinal, or horizontal, and y transverse, or vertical coordinates, respectively.

The functions 6§ and K are the key parameters of the flow. Experimental measurements show
a high heterogeneous behavior of K in space with the following remarkable property: when
considering K as a random field, its distribution is well approximated by the log-normal law
(e.g., see [2], |7]). Therefore, in models, the hydraulic log conductivity ¥ = In K is commonly
considered as a statistically homogeneous random field. Let us denote the fluctuation of Y by
Y'=Y — (Y), and let By(r) = (Y/(x + r)Y’(x)) be the correlation function of the hydraulic
log conductivity. Here and throughout the paper the angle brackets stand for the expectation
over the relevant distribution of the random field Y, and the prime sign stands to indicate the
fluctuation part.

The porosity 6 is considered in some models also as a random field. However its variability is
generally much smaller than that of K, and it is assumed to be constant in our study.

2.2 The Darcy equation

We will assume that there are no sources or sinkes in D, so V -q = 0. Since the porosity is
constant, the velocity field v(x) = (u(z,y),v(z,y))) obeys

Oou Ov q(x)

i vl =Vv.[22) =0 2
9z ay V-v(x)=V ( , (2)
i.e., the flow is divergence free. Thus the coupled system (1)-(2) yields the second order elliptic
equation for the hydraulic head:

oz (K,

Concerning the behaviour at the boundaries, we assume no flow boundary conditions on the up
and bottom borders of the layer D, i.e.,

99 99
y Oy

49 (K(m,y)?—j) ~0. (3)

(2,0) = Z2(2,L,) =0, z€(0,L,). (4)

On the left and right ends of the layer D, fixed head boundary conditions are prescribed

¢(07y) = 07 ¢(Lm7y) =—J- Lmv RS (07 Ly)a (5)
where J > 0 is a dimensionless constant.

We assume throughout the paper that the log conductivity Y (x) = In K(x) is an isotropic
Gaussian random field. Two typical variants of correlation functions By (r) = (Y'(x + r)Y’(x))
are: the Gaussian correlation function (e.g., see |26], [4]):

By (r) = b exp (— 21 ©)



and the exponential correlation function [5], [19]:

By(r) = odexp (- 21 )

where ) is the log conductivity correlation length scale.

It is convenient to choose the following dimensionless variables

X v ~ ¢

=N YT kqr YT Ox

where K¢g = ).

Hence, v(x) solves the problem (2)-(5), where the following changes have do be made: x is
changed with x, take J = 1, change L, and L, with the dimensionless variables L, =L, /A
and L, = L,/); in addition, the log conductivity field ¥ should be taken so that (Y') = 0 with
the correlation function (6) or (7) having the dimensionless correlation length scale A = 1. The
dimensional velocity is then recovered by

KagJ

v(x) = Tf/(x/)\). (8)

Note that when dealing with the transport problem, we track the particles by solving the evolu-
tion equation where we choose the dimensionless time

Remark. In what follows we use throughout the paper the dimensionless variables only, so we
omit the sign - .

2.3 Finite-difference approximation

Let us introduce a uniform grid in our domain D by z; = (i — 1)hy, @ = 1,..., Ny, hy =
Lx/(NI - 1)7 Y; = (] - 1)hy> ] = 15"'7Ny7 hy = Ly/(Ny - 1) Denote xi+1/2 = + hI/Q)
i =1,...Ny = 15 yjp10 = y; + hy/2, j = 1,..,N, —1. We use the following conservative
finite-difference approximation of the Darcy equation (1)-(2) with the boundary conditions (4

)-(5) [20]:

ARV B e N IF ARVE M RTE S T T T S S Bt 9)
Iy hy
Uit1/2,5 — Wi—1/2,5 2vi,j+1/2 . .
=0, =2,..,ng; =1 10
hy hy 1 N5 J ( )
Uip1/2,j — Wim1/2,5  20ij-1/2 . o '
W — h, =0, 1=2,..,ny; j= Ny (11)
¢1,j = 0) ¢N1;7] = _JLLL‘) .] = 1) "'aNy ) (12)



where we use the notation n, = N, — 1, n, = N, — 1. Here the velocity components in the grid
points (z;11/2,y;) and (i, yj11/2) are

¢.+17 R ¢.7 . ) .
Uit1/2,5 = _Ki+1/2,j%’ i=1,..,ng; J=1,..., Ny; (13)
T
Qb" i1 — ¢47 . . .
Vi j+1/2 = —Ki,j+1/2%’ i=1. Nay j=1,...my (14)
y

where ¢;; are the values of the head function ¢ in the points (z;,y;), and Kit1)2,5 and K; j11/2
are the values of the hydraulic conductivity in points (z;41/2,y;) and (74,y;41/2), respectively.
Substituting of the equations (13) and (14) in the system (9)- (12) yields a system of N = N, N,
linear equations for the unknowns ¢;;.

It should be noted that generally, when the hydraulic conductivity and the head function are
smooth enough, the solution ¢; ; of the system of linear equations (9)-(12) approximates the
true solution ¢(z;,y;) to within the approximation error of order O(h2 + h;) In practical
problems however, when the hydraulic conductivity field is not smooth enough, the order of this
approximation can be lower.

The obtained linear system of equations (9)-(12) can be solved by different iteration methods,
e.g., the conjugate gradient methods, SOR, Krylov subspace projections, etc. However in this
problem, the iterative methods are generally slowly convergent (e.g., see [5], [26]). Iterative
methods of multigrid type are often efficient, well-suited to regular grids, but sensitive to con-
dition number. Note that the condition number in this problem is rapidly increasing with the
increase of the variance of the log conductivity, e.g., see [5].

Direct methods are highly efficient but require a large memory space. We however use the sparse
structure of the system of equations, and apply direct linear solvers for sparse matrices.

The choice of the discretization step h is not trivial since it depends on the smoothness of samples
of the coefficient K. For instance, the case when the correlation function of the log conductivity
is Gaussian, the samples are smooth enough, and our experiments show that the step h = 0.2
is already enough to ensure that the relative error is about of 1% when calculating the one-
and two-point statistical characteristics of the Eulerian velocity. For the exponential correlation
function, the step should be taken at least two times less, to provide the same accuracy.

To construct the sample functions of the hydraulic conductivity we use the Randomization spec-
tral method (e.g., see [10], [13], [16]), thus the simulation formula for the hydraulic conductivity
is K(z,y) = Kge¥ @Y where Y'(x,y) is simulated according to the formula (24) presented in
the Appendix,

no
o ~ . s
\/—:;_OZ(@ cosfj + & sin b)) (15)

j=1

Y’((L‘, y) =
where 0~j = V2(njx + n;y). In calculations, ng, the number of retained terms in (15) should be
chosen carefully since this choice has an essential impact on the simulation results. Indeed, if ng
is not large enough, the distribution of the simulated random field Y’ may considerably deviate
from the Gaussian one. In addition, this leads to ignoring the influence of small spatial scales
of Y'. Of course, this impact strongly depends on the statistical characteristics calculated. For
instance, for simple functions like the mean velocity and its variance ng can be taken relatively
small; in our calculations we conclude that ng = 10 and ng = 40 lead to practically the same
results. However for more complicated functions, ng should be taken much larger; for example,
for the velocity correlation function we have taken ng equal to 100 and higher.



3 Simulation results

In this section we present the simulation results for the Eulerian and Lagrangian statistical
characteristics, and compare our results with the data reported in [26]. We recall that the
problem is considered in the dimensionless form where the correlation length scale equals to 1.

3.1 The Eulerian velocity

Let v(z,y) = (u(z,y),v(z,y)) be the Eulerian velocity field. We calculate the mean velocities
(u), (v), and the variances 02 = (u?) = (u?) — (u)?, 02 = (v"?) = (v2) — (v)?, where v’ =
u— (u), v =v— (v), and

Bl(:c,:c’;y) = (u’(:c + x/,y)ul(a@/,y», BQ(CC,CCI;y) = <UI(.T + x/ay)vl(‘r/’y»’

are the Eulerian correlation functions of the longitudinal and transverse velocities, respectively.

We assume that the layer is long enough, so in our calculations we have taken L, ~ 1000, and
L, ~1—32. The flow can be obviously considered as approximately horizontally homogeneous
in a core region which is defined as Dy = {(z,y) € D : a < x < L, — a}, where a is about of
several units. In our calculations we have found that a = 10 was sufficient to have the horizontal
homogeneity in the core region Dy.

In the core region, we have calculated the mean velocities and the variances. So due to homogene-
ity, these functions depend only on the transverse coordinate y. This property was conveniently
used in our calculations to improve the accuracy of evaluation of the averages by taking an ad-
ditional space averaging over the longitudinal direction in the core region, from a to L, — a. So
the total statistical error is proportional to (Nys¢ Lx)*l/ 2 where Njsc is the number of Monte
Carlo samples.

In the case of correlation functions, the horizontal homogeneity means that B;(z,z + p;y) =
Bi(p,y), i.e., horizontally, the correlation functions depend on the difference p = x — 2’. The
space averaging is made here a bit more complicated. For a fixed p, the sum is taken over the
two sets of points, a,a +1,...,a+n, — 1, and a + p,a +1+p,...,a +n, — 1 + p as follows:

np—1

> ula+1i,y)u(a + i+ p,y), where n, is an integer number which we usually take equal
i=0

to L,/10. The statistical error of such an averaging combined with the ensemble averaging is
proportional to (n, Nasc) ™12

1
np

3.2 Lagrangian statistical characteristics

The Lagrangian statistical characteristics are the most important functions in the analysis of
the particle transport. In particular, often used are the mean Lagrangian velocity of a particle,
the dispersion coefficient, the Lagrangian correlation function of the longitudinal and transverse
velocities, and the Lagrangian probability density function (pdf) of the particle displacement, so
in our calculations, we focus on these quantities.

Let us define these statistical characteristics. We denote by xg the starting coordinate of a fluid
particle whose Lagrangian trajectory is X(¢;x¢), t > 0, and V(t;x¢) = (Vx(t;x0), Vy(t;x0)) =
u(X(t;xg)) is the Lagrangian velocity. By definition, X(¢;xg) solves the following problem

dX

—-=u(X), t>0; X(0) =x. (16)



The Lagrangian processes X(t;xg) and (V3 (t;x¢), Vj(t;%0)) depend on the starting point xo, i.e.,
on xg = (o, Yo). As to the boundary conditions, the trajectory is reflected on the left and right
boundaries of the core region, while the upper and bottom boundaries are not reachable by the
trajectories due to the no flow condition. In the numerical scheme, the Lagrangian trajectory
can reach the upper and bottom boundaries. In these cases, we take a mirror reflection into
the core region. For solving the equation (16), we used a simple Euler scheme: X(t + At) =
X(t) + u(X(t)) At where the integration step was taken equal to At = h/10. To calculate the
velocities for points inside the mesh we use a bilinear interpolation (e.g., see [15]).

Now we define the main Lagrangian statistical characteristics we deal with in this paper. Let
(x0, Yo) be the starting point of a Lagrangian trajectory. In what follows we denote by X (¢; z¢, yo)
the longitudinal coordinate of the Lagrangian trajectory X(¢;xo,y0). The mean displacement
in the longitudinal direction is (AX(¢; o, yo)) = (X (¢; 0, yo)) — xo, and <X/2(t; xo, Yo)) is its
variance. The longitudinal dispersion coefficient, k(t;xg,yo) is defined as

1d(X"2(t; 20, yo))

k(t; zo,v0) = 3 7 = (X'(t; o, yo) - Vi (t; w0, Yo))-

The Lagrangian correlation functions of the longitudinal and transverse velocities are denoted
L

by By" (¢ 20, y0) = (Vi/(t: 20, y0) V/(0: 20, o)), and

BéL) (t; w0, 90) = (V,(t; 0, 90)V, (05 20, 40)), respectively. Here X' = X — (X)), and V' =V — (V).

We consider also the normalized Lagrangian correlation functions:

B (#; 20, o)

(L)
R1 (ta x07y0) - , , )
(V22 (t; 20, y0)) (V2(05 20, 90)))

(17)

B (t; 20, 10)
(V25 20, o)) (V,2(0: 20, 90)))

and the Lagrangian pdf pr(y;t,xo,yo) defined as the probability density that a Lagrangian
particle started at the point gy reaches the point y after the travel time .

RS (820, y0) = (18)

Note that due to the horizontal homogeneity, the above Lagrangian statistical characteristics do
not depend on the longitudinal coordinate of the starting position xg in the core region. So it
remains the dependence on the transverse coordinate of the starting position g, and we will
write k(t;yo) for the dispersion coefficient, pr,(y;t,yo) for the Lagrangian pdf of the transverse

coordinate, and RZ(L) (t;90) for the normalized Lagrangian correlation functions.

Here we also used the additional averaging over the set of Lagrangian trajectories with starting
points whose longitudinal coordinates are a,a+1,...,a+n,—1, with a fixed vertical coordinate.

3.3 Validation

To validate our stochastic simulation algorithm we first check the conservation law, and then
compare our calculations with the results due to Trefry et al. [26]. In all calculations, except
for the simulations presented in the last two figures, (Figures 11 and 12) we used the Gaussian
correlation function (6).

So let us start with the conservation law which has the form of continuity equation (2). From
this equation and the no flow conditions on the upper and lower borders of D one can derive the



following important property: the cross averaged longitudinal velocity

1 [Lv
Up(z) = L_/o u(z,y) dy
)

is constant. The value of this constant depends on the parameters L, Ly, oy. It may also vary
from one sample to another.

The finite-difference counterpart of U, is:
Ny—1

h h )
(?y Uit1/2,1 T Z hywiy1y2, 5+ ?y Uis12,N,)s ©=1,.., Ny — 1.
j=2

1
Upi = —

K] Ly
Indeed, multiplying the equation (9) by h,, and the equations (10)-(11) by h,/2, and then taking
the sum, we get Uy ; = Upi—1, @ = 2,...,N; — 1, hence Uj; does not depend on i. Thus the
numerically calculated cross averaged longitudinal fluxes should be all equal, to within the error
of calculations. The quadrature formula we used to calculate Uy, ; is based on the trapezoidal rule,

which conserves exactly the cross averaged finite-difference flux Uy, ;. Notice that the rectangular
quadrature formula does not have this nice property.

This property was used to validate our numerical scheme. In our calculations, the quantities
Uni,i=1,..., Ny —1, which theoretically should be all equal, were varying around the mean to
within a relative error of order 107!, The high accuracy is explained by the fact that we have
used a direct solver for sparse systems.

Another validation can be carried out on the basis that the mean transverse velocity (v) should
be zero. Indeed, from the continuity equation (2) we get

S tue) + (o) = (19)

In the core region Dy, the mean (u(z,y)) does not depend on x, hence from (19) it follows that
(v(z,y)) = Const. From this, using the no flow condition v(z,0) = 0 we conclude that the
constant in the right-hand side of the last equality vanishes, i.e., (v(z,y)) = 0 for all y € [0, L,].
Our calculations confirm this conclusion with high accuracy.

Let us present a comparison of our calculations with the results reported in [26] where the flow
was simulated in the region D = [0,256] x [0,64], the grid step was taken as h = h, = hy = 1/8.
In Figure 1 we show the mean longitudinal velocity (u) (left panel) and the root mean square
(rms) o, (right panel), as functions of y, for different values of oy: oy = 0.5, 1, v/2.5, 2. The
number of the Monte Carlo samples was Nj;c = 1000, combined with the space averaging along
the longitudinal direction, in the interval [10, 246]. In Figure 2 (left panel) we plot o, rms of
the transverse velocity, versus the transverse coordinate y.

These results clearly show that the flow is not only horizontally homogeneous in the core region,
but homogeneous with respect to both coordinates in an inner part of the core region Dy C Dy
which is separated from the upper and bottom boundaries by a distance of several correlation
lengths. Notice that the region D; where the flow is homogeneous becomes thinner (in the
vertical direction) as oy increases. It is also seen that if we take the region D; by separating at
the distance of about 10 correlation lengths, the homogeneity is ensured for all considered values
of o,. This makes possible to evaluate the statistical characteristics (u), 02, and o2 with high
accuracy by taking both the spatial averaging over D; and ensemble averaging over Ny;c = 1000
samples.
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Figure 1: The mean longitudinal velocity (u) (left panel), and its root mean square o, (right
panel) versus the transverse coordinate y, for four values of oy. Sizes: L, = 256, L, = 64, grid
step h = 1/8, MC statistics Ny;c = 1000.

The results presented in the Figure 1 and in the left panel of Figure 2 show that the mean velocity
is constant in the inner core region D; while the relevant rms o, and o, are monotonically
increasing as oy increases.

In the right panel of Figure 2 we plot the mean longitudinal velocity versus 032, (which theo-
retically should be a constant), obtained by our calculations, and compared against the results
reported in [26] which we present in a nondimensional form. Both results confirm that the mean
velocity is practically independent of the variance of the log conductivity. More stable results of
our calculations are explained by the method of combined averaging we used. Analogous com-
parisons are also given in Figure 3 for 02 and o2. Thus our calculations are in a good agreement
with the results of [26].

3.4 Eulerian statistical characteristics of the velocity field

We are dealing with the problem of long-range transport in the horizontally stretched layer
where the length is about 1000 correlation lengths, so the typical values chosen were L, ~
1000, L, ~ 1 —10. We study the flow in the core region Dy where the velocity field can
be considered horizontally homogeneous. It is therefore to expect a diffusion regime in the
longitudinal direction, so we focus on the longitudinal correlations of the flow field.

It should be mentioned that to ensure that we have reached stable results we have carried out the
simulations for L, = 200, 500, 1000, and 6000. The results show that the statistical characteristics
of the flow were practically not changing after L, reaches 1000, so we have fixed L, = 1000 in
our calculations.

We present now the calculation results for the vertical profiles of the mean longitudinal ve-
locity, the root mean squares of the transverse and longitudinal velocities, and the longitu-
dinal behaviour of the normalized correlation functions of the Eulerian velocities defined by

Ri(p;y) = Bi(p;y)/Bi(0;y).
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Figure 2: Left panel: the root mean square of the transverse velocity o, versus the transverse
coordinate y, for four values of oy. Right panel: the mean longitudinal velocity (u) versus 012/.
Sizes: L, = 256, L, = 64, grid step h = 1/8, MC statistics Nyrc = 1000.
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Figure 3: The variances of longitudinal velocity, o2 (left panel) and the transverse velocity,o?
(right panel) versus o%. Sizes: L, = 256, L, = 64, grid step h = 1/8, MC statistics Ny =
1000.
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Figure 4: The mean longitudinal velocity (u) (left panel) and its rms o,, (right panel) as functions
of the transverse coordinate y for different values of oy; L, = 1000, L, = 2, h = 0.1, Ny¢c =
2500.

In Figure 4 we plot the mean longitudinal velocity (u) (left panel) and the rms o, (right panel)
as functions of the transverse coordinate y, for different values of oy, and L, = 1000, L, = 2.

From these curves we can make the following conclusions: (1) the velocity field is inhomogeneous
in the vertical direction, (2) the mean velocity (u) is decreasing as the variance of the log
conductivity is increasing (the same for the rms, see the right panel of Figure 4). The same
behaviour for o, is seen in the left panel of Figure 5. For large values of oy (see the curves for
oy = 4) the transverse profiles of all these curves are getting more uniform. Note that when
compared to the relevant results calculated for a thick layer (see the comments to the Figures 1,
2) we notice that the character of the transmission of the horizontal flux is different: for thick
layers, the mean flux is almost constant, while for the thin layer it is decresaing with the increase
of the log conductivity variance. Note also that thick and thin layers show an opposite character
of the velocity fluctuations: in thick layers, the fluctuations increase with the increase of oy,
while in thin layers, they are decreasing. This can be seen by comparing the results of Figure 1,
right panel, and Figure 2, left panel, with the results presented in the Figure 4, right panel, and
Figure 5, left panel. It should be however noticed that when we turn to the fluctuation intensity
I, = 0, /(u), then for both thin and thick layers, I, increases as oy increases.

In the right panel of Figure 5 the normalized correlation functions of the longitudinal R;(p;y)
and transverse velocity Ra(p;y) are plotted versus the longitudinal displacement p, along the
line y = 1. A remarkable property in the behaviour of Rj(p;y) is that the correlations do not
vanish, and tend to a constant which is increasing with the increase of the variance of the log
conductivity. It should be noted that this long-range correlation property holds also for other
values of ¢, but at y = 1 it is more pronounced. This can be explained by the conservation law
which ensures that the cross averaged longitudinal velocity U, does not depend on x, hence they
are 100% correlated. The vanishing correlations however would imply that the corresponding
cross-averaged velocities would also tend to decorrelate which is not the case.

Another feature of Ry(p;y) structure is the appearance of negative correlations which indicate
the vertical exchange of vortices of a horizontal size compared with the correlation length scale of
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Figure 5: Left panel: rms of transverse velocity, o, as a function of the transverse coordinate y for
different values of oy. Right panel: normalized Eulerian correlation function of the longitudinal
velocity, Ry (non-marked curves), and the transverse velocity, Ry (marked curves) versus the
longitudinal displacement p along the line y = 1, for different values of oy; L, = 1000, L, = 2,
h = 0.1, Ny = 2500.

log conductivity. Note that with the increase of the variance of Y the intensity of this exchange
decreases.

So far we have presented the results for L, = 2. We have made the above reported simulations
also for layers with L, = 1,4,8 and 32, where we have taken h = 0.1, and the number of Monte
Carlo samples was Ny = 2500 except for the case L, = 32 where h = 0.2 and Ny;c = 1500 were
chosen. In Figure 6 we present the mean longitudinal velocity (left panel) and the relevant rms
(right panel) for different values of L, versus y/L,. It is clearly seen that with the increase of the
vertical length L, there appears a region in the center of the flow where it becomes homogeneous.
Moreover, with the increase of L,, the mean velocity tends to its asymptotic value equal to 1.

It is interesting to notice that the increase of rms’ o, and o, with the increase of L, (see Figure
6, right panel, and Figure 7, left panel) to the asymptotic value is stabilized after L, = 32,
compare the relevant curves in Figure 1, right panel, and Figure 2, left panel.

As to the function Rj(p;y), it is seen from the Figure 7, right panel, that the asymptotic values
of the correlation function at large values of p become smaller as L, increases. The transverse
correlation function Ro(p;y) is also presented in this panel. It is seen that with the increase of
L, the minimal values increase while the interval of the negative correlations is broadened, and
the functions Ra(p;y) tend to one stable curve.

3.5 Lagrangian statistical characteristics of the velocity field

In this section we deal with the transport problem where the main focus is the question weather
there is a diffusion regime in the longitudinal direction. To study the vertical mixing of the flow
we analyze the probability distribution functions of the transverse coordinate of the Lagrangian
trajectories.
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Figure 6: The mean longitudinal velocity (u) (left panel) and its rms o,, (right panel) as functions
of the normalized transverse coordinate y/L, for different values of L,; L, = 1000, oy = 1,
h=0.1, Nye = 2500.
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Figure 7: Left panel: rms of the transverse velocity, o, as a function of the normalized transverse
coordinate y/L, for different values of L,. Right panel: normalized Eulerian correlation function
of the longitudinal velocity, R; (nonmarked curves) and the transverse velocity, Re (marked
curves) versus the longitudinal displacement p along the line y = L, /2 for different values of Ly;
L, =1000, oy =1, h = 0.1, Ny = 2500.
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Figure 8: Left panel: the mean longitudinal displacement (AX (¢;xzg, o)) for yo = 1 (boldface
lines) and lines (U)t (thin lines) for different values of oy, as functions of travel time ¢; Right
panel: the longitudinal dispersion coefficient k(t;yo) for yo = 1, as a function of travel time ¢,
for different values of oy. In both panels, the starting position is yo = 1. The straight line o ¢
is plotted to compare the curves with the linear law. The sizes L, = 1000, L, = 2, step h = 0.1,
and Ny;o = 2500.

In Figure 8, left panel, the mean longitudinal displacements are presented as functions of the
travel time for different values of oy (boldface curves). For comparison, thin lines of the form
(Uy)t are shown. Notice that the tangent of the boldface curves is the mean of the Lagrangian
longitudinal velocity, and of the thin lines, it is the mean of the cross averaged Eulerian velocity.
From these plots we see the well expected linear law for the mean displacement thus the mean
Lagrangian longitudinal velocity becomes independent of time. More interesting is the effect
that the mean Lagrangian longitudinal velocity is larger than the mean of the cross averaged
Eulerian velocity (U,). This can be explained by the transverse inhomogeneity of the flow. It
should be added that this effect becomes less pronounced for thicker layers. Notice by the way
that the curve (AX(¢t)) for oy = 1 on the Figure 8, left panel, has a small region at the end of
the time interval where it starts to deviate from the straight line. This is explained by the fact
that in the case oy = 1 the particles reach the right end of the core region faster, and then, they
are stopped there.

Let us discuss now the problem of an existence of a diffusion regime in the longitudinal dispersion.
The existence of a diffusion regime means that there is a time interval, which is assumed to be
large enough, where the dispersion (X'2(t)) becomes a linear function of time. This in turn
implies that the dispersion coefficient k(t) tends to a constant value.

Let us recall the well known formula which relates the dispersion coefficient k(t) and the La-
grangian correlation function of the velocity [14]

t

k(t) = / B (r)dr = B(0) / R (7)dr (20)
0

0

which is true if the Lagrangian velocity is a stationary random process.
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Figure 9: Left panel: The normalized Lagrangian correlation function of the longitudinal ve-
locity, RgL) (t;yo) (non marked curves) and the transverse velocity, RgL) (t;y0) (marked curves)
for yo = 1 as functions of travel time ¢, for different values of oy; The sizes L, = 1000, L, = 2,
step h = 0.1, and Npsc = 2500. Right panel: the longitudinal dispersion coefficient k(¢;yo) for

yo = 1, as a function of travel time t; L, = 6000, L, = 2, oy = 1, h = 0.1, Ny;¢ = 1000.

We deal with a quite long time interval, (0,10%), so the longitudinal Lagrangian velocity V(t)
can be considered as an approximately stationary process, of course, beginning from a time ¢;
which is large enough. So keeping in mind the relation (20), let us analyze the curves in Figure 8,
right panel, and Figure 9, left panel. In Figure 8, right panel, we present the dispersion coefficient
k(t) as a function of time for three different values of oy. The behaviour of these curves is not
simple to explain: for oy = 2 and oy = 4 there is no evidence of a diffusion regime; for oy =1
there appears a time interval (2,20) where k(t) is little varying, but for ¢ > 20 it starts again to
increase. Let us give a possible explanation of this interesting behaviour.

The monotonic increase of k(t) for oy = 4 on the whole time interval can be understood when

looking at the relevant curve RiL) in Figure 9, left panel. Indeed, the long and heavy tail of RiL)
gives a considerable contribution to the integral in the representation (20). The same is true for
the case oy = 2 but the contribution is smaller since the tail of RgL) is not so heavy. As to the
case oy = 1, it is of particular interest. Here the tail is relatively light, and during a certain time
the correlations are almost not increasing, but after the time instant ¢ ~ 20 the contribution

leads to a new increasing of the correlations.

Note that the discussed long and heavy tails of R(lL) and the features of the dependence of R(lL) on
oy are similar to that of the correlation Rq of the Eulerian velocity. The main difference, which
is important for transport phenomena, is that the tails of RiL) are lying higher that the tails of
Ry which implies that the long correlations have a more pronounced impact on the Lagrangian
correlations and hence on the long-range transport.

One may suspect that the time interval (0, 10%) was not large enough to ensure an appearing of the
diffusion regime. We have made calculations of k(¢) for the time interval (0,5500), see Figure 9,
right panel. These results confirm that there is no diffusion regime in the longitudinal dispersion.
So we conclude that we deal here with an anomalous diffusion which is in the considered case a
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Figure 10: The probability density function of the transverse coordinate, pr(y;t,yo) for yo =1
(boldface line) and yo = 0.2 (thin line), for the travel time ¢ = 400 (left panel) and ¢ = 800 (right
panel) as functions of the transverse coordinate y, for different values of oy; the sizes L, = 1000,
Ly =2, step h =0.1, and Nyc = 2500.

superdiffusion with the dependence (X /2(t)> ~ ct? true for the time intervals large enough.

Let us discuss the transverse mixing of particles in the layer. It is convenient to characterize
the transverse mixing by the transition probability density function pr(y;t,yo) which is the
probability density that a Lagrangian particle started at the point yo reaches the point y after
the travel time ¢. In Figure 10 we plot the function pr (y; ¢, yo) for two starting positions, yo = 0.2
(close to the bottom), and yo = 1 (center of the layer), for the time ¢t = 400 (left panel), and
t = 800 (right panel).

It is reasonable to say that the particles become well mixed in the transverse direction if the
function pr(y;t,yo) looses its dependence on vy, i.e., the Lagrangian particle has forgotten its
starting position yg. So in our calculations, it means that the pdf’s of our two particles become
almost coincident. From the Figure 10, left panel, it is seen that to the time ¢ = 400, for oy = 2,
the mixing is obvious, while for oy = 1 and oy = 4, this is not the case. To the time ¢t = 800,
the mixing happens for oy = 1, too, but for oy = 4 there is no mixing.

A remarkable feature of the steady state density py, is that unexpectedly, it is not uniform over
the transverse coordinate, even for large values of oy. Recall that we discuss here the case of a
thin layer of height Ly = 2. For larger heights the density P becomes more uniform, and the
mixing happens after longer times.

Another interesting property of the transverse dispersion is that the probability to reach the
upper or the lower boundary of the layer is very small, and the smaller the value of oy, the
smaller is this probability. In a sense, the particles are pushed away from the boundaries. This
is related to the transverse profiles of o, near the boundaries. There is an analogy with the
turbulent boundary layer flows where there is a vertical exchange increasing with the distance to
the boundary which leads to a non-zero vertical Lagrangian velocity pushing the particles away
from the boundary (e.g., see [14]).
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Figure 11: Left panel: the longitudinal dispersion coefficient k(t; o) for yo = L, /2 as a function
of travel time ¢, for different values of L,; L, = 1000, oy = 1, h = 0.1, Njy;¢c = 2500. Right panel:
the dispersion coefficient k(t;yo) for yo = 1 as a function of the travel time ¢, for exponential
and Gaussian correlation functions; L, = 1000, L, = 2, oy = 1, h = 0.1, Njy;¢c = 2500.
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Figure 12: Left panel: the mean longitudinal velocity (u) and its rms o, as functions of the
transverse coordinate y for log conductivity with exponential and Gaussian correlation functions.
Right panel: normalized Eulerian, R; and Lagrangian, RgL) correlation functions of the longitu-
dinal velocity for yg = 1, as functions of the travel time ¢. For both panels L, = 1000, L, = 2,

oy =1, h=0.1, Nyc = 2500.
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As already mentioned we have carried out calculations also for larger heights of the layer. We
were expecting to observe a diffusion regime as the layer height increases. This is generally true
but even for heights up to 32 there was no clear diffusion regime, see Figure 11, left panel. For
larger heights, the time interval where the diffusion regime exists is getting broader.

Finally we mention that all the above simulation results were carried out for the Gaussian
correlation function of Y, but the main conclusions were confirmed in our simulation with the
exponential correlation function. In Figure 11, right panel, we show a comparison of k(¢) for these
two cases. It is seen that the difference is quite small. As to the mean velocities, variances, and
the correlation functions, (see the comparison presented in Figure 12), there are some differences
which however do not change our conclusions about the anomalous diffusion and long-range
correlations.

In conclusion let us give the information on the computer resources used in our calculations.
The simulations have been carried out on the Workstation HP BL 480C with processor Dual
Core Intel Xeon 5160 (3Ghz) and 24 Gbt RAM. A characteristic time of the flow simulation for
a grid of 10% nodes has taken about of 1 minute. The cost of the method is linear increasing
with the number of grid points, and for a fixed grid, it does not depend on the variance of the
log conductivity.

4 Appendix: some simulation formulae

4.1 Simulation of log conductivity

Assume that a zero mean homogeneous Gaussian random field u(x) is defined by its spectral
function F(k), k € IR, so that the correlation function is

B(r) = (u(x + r)u(x)) = / 2™k T (k) dk.

R
The field u(x) can be simulated by the Randomization spectral method (e.g., see [10], [13], [16]):
1 ng (F(kj) > 1/2 .
Uy (X) = — ;cosf; + & sinf; 21

where ¢, }, Jj = 1,...,ng are mutually independent, standard Gaussian random variables, k;, j =
1,...,ng are mutually independent and independent of &;, f;, j =1,...,n9, d-dimensional random
vectors with the common pdf p(k) (satisfying the consistency condition p(k) > 0 if F(k) > 0),
(9]' = 27T(kj . X).

It is worth mentioning that for any ng, the random field uy,,(x) has the desired target correlation
function. To ensure that the distributions of the random field u,,,(x) are close to Gaussian one
should take ng large enough.

It is to mention that in (21), one can take arbitrary random variables &;, f;, j =1,...,n9 satisfying
the conditions

(&) = (&) =0, (&&) = (&) = dij, (&) = 0.
For example one can choose §; = V2 cos(27;), 5; =2 sin(27y;), where ~;, j = 1,...,ng are
independent random variables uniformly distributed in [0, 1]. Then (21) can be represented in a
form which is probably more conventional in the hydrogeology community (e.g., see [4])

L VRS (FO)N o
um(x)_\/n_();<p(kj)> cos(6; + 2my;). (22)
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If we apply the commonly used simulation formulae for two independent standard gaussian

variables
£ =+/—2Invy cos(2my), & =+/—2In~ sin(27v'),

where v and 4/ are two independent random variables uniformly distributed on [0, 1], then the
representation (21) can be simplified to

ng 1/2
Uny (X) = \/% Z; (Z;g;) -/ —2In; cos(6; + 2m7}). (23)

Here v;, ’y;-, Jj =1,...,n9 are mutually independent and independent of k;, j = 1, ..., ng, random
variables uniformly distributed on [0, 1].

It should be mentioned that the one-point distribution of the random field model (23) is exactly
Gaussian for any integer ng. Notice that the model (22) has not this nice property.

4.2 Simulation of random fields with the Gaussian correlation
function

Let u(z1,z2) be a 2D zero mean homogeneous Gaussian random function with the Gaussian

correlation function

2742 2/72
B(r1,m3) = o’e /A3

Here )\;, i = 1,2 are the correlation lengths, o is the variance. Then the spectral function of
the field reads
F(ki, ko) = o2 A Age ™ (RIN HR3AD)

Let us choose
p(k) — 71_)\1)\26—71'2(19%)\%4-]9%)\%) )
Then the random vector k with this pdf can be simulated by the formula k = ﬁ(n /A1, '/ A2)

where 7, ' are independent standard Gaussian random variables. Therefore,

\/Ln—o Z(fj cos 0 + & sin 0;) (24)
j=1

u(wy, w2) =

where 0; = v2(njz1/M\ + n;x2/A2), and &5, &, mj, M, (4 = 1,...,m0) are mutually independent
standard Gaussian random variables.

4.3 Simulation of random fields with the exponential correlation
function

The correlation function B(zx,p) = o2e~ (@ /A1+0° /2T hag the spectral function

F(ky, ko) = 2mAido0® (14 (27ki A1) + (27rk2)\2)2)73/2 .

If we take p(k) = 27A A2 (14 27k M)? + (27Tk2)\2)2)_3/2 , then the simulation formula for
k = (k1,k2) with this probability density function is k; = (1/73 — 1)%/2 cos(277y1)/(27)1 ), and

ky = (1/9% — 1)/2sin(2771) /(2w \2), where 71, 72 are two independent random variables uni-
formly distributed in [0, 1]. Therefore, the random field u(z1, x2) with the exponential correlation
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function (7) can be simulated by the formula (24) where §; and &}, j = 1,..,n¢ are mutu-
ally independent standard Gaussian random variables; 0; = (1/7%7]- — 1)Y2[cos(2mv1 ;) /M +
sin(27y1,5) p/A2], and y1 5, 72,5, j = 1,...,n9 are mutually independent and independent of ¢;
and &3, j = 1,...,no random variables uniformly distributed in [0, 1].

It should be mentioned that the examples we present here include correlation functions with
rapidly decreasing tails, thus the log conductivity length scale A is the only one parameter which
characterizes the correlation structure. In more complicated cases the correlation functions may
have heavy tails, for instance decreasing according to the power law (as in the fractal media with
multiscale heterogeneities, e.g., see [9]). In this cases, a detailed representation of all the scales
is a difficult problem, and a modification of the Randomization spectral models called Stratified
Randomization spectral models can be successfully applied (e.g., see [12] and [11]).

5 Conclusion

We have presented results of stochastic simulations of flows and particle transport in a 2D layer
of random porous medium. The porous medium is characterized by a hydraulic conductivity
which is assumed to be a lognormal random field. Numerical experiments are carried out by
solving the Darcy equation for each sample of the random hydraulic conductivity by a direct
solver for sparse systems, and tracking Lagrangian trajectories in the simulated flow.

We present a numerical analysis of different Eulerian and Lagrangian statistical characteristics
of the flow such as the transverse and longitudinal velocity correlation functions, the diffusion
coefficient, the mean displacement of Lagrangian particles, and the probability density function
of the transverse Lagrangian coordinate.

We focus on the existence of a diffusion regime in the longitudinal dispersion. It was found
that even for long layers of about 10? log conductivity correlation lengths and heights up to 32
correlation lengths there is no diffusion regime. This is true both for moderate (oy ~ 1) and
large (oy ~ 4) fluctuations of the log conductivity. This is related to the long and heavy tails of
the correlation functions of the longitudinal velocities which in turn is related to the divergence
free property of the velocity field, and to the no flow boundary conditions.

Important feature of the flow is that the steady state mean Lagrangian longitudinal velocity
is higher than the mean cross averaged Eulerian longitudinal velocity. This effect is more pro-
nounced for larger fluctuation intensities of log conductivity, and less pronounced for thicker
layers.

The impact of the intensity of log conductivity fluctuations on the flow is different for thick and
thin layers. In the case of thin layers with the height compared to one correlation length, an
increase of the log conductivity fluctuations leads to a decreasing of the mean and variance of
the longitudinal velocity. For thick layers this dependence is converse.

A remarkable feature of the transverse mixing of particles is that even after thousands of corre-
lation times the transverse distribution is not uniform, having a stable transverse profile. This
is caused by the no flow boundary conditions and the relevant vertical gradient of the transverse
velocity variance.

Finally we remark that we believe that the main conclusions of this study remain true also for
3D layers, but in some details the long-term transport in 3D flows may be of course different, so
we are going to made the relevant 3D simulations.
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