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A new finite difference scheme, the development of the finite difference heterogeneous multiscale method (FDHMM), is
constructed for simulating saturated water flow in random porous media. In the discretization framework of FDHMM, we follow
some ideas from the multiscale finite element method and construct basic microscopic elliptic models. Tests on a variety of
numerical experiments show that, in the case that only about a half of the information of the whole microstructure is used, the
constructed scheme gives better accuracy at a much lower computational time than FDHMM for the problem of aquifer response
to sudden change in reservoir level and gives comparable accuracy at a much lower computational time than FDHMM for the weak

drawdown problem.

1. Introduction

Natural porous media exhibit a significant spatial variability
in most attributes of hydrogeological interest. For instance,
it is quite typical for hydraulic conductivity to vary orders of
magnitude over distances [1]. The groundwater flow problems
in heterogeneous porous media can be accurately solved by
using conventional finite element method or finite differ-
ence method based on smaller scale, which leads to more
computational cost. Discrete schemes obtained in this way
are often by far too expensive to be solved directly. For
the sake of the accuracy and efficiency, several different but
related multiscale methods, such as the multiscale finite ele-
ment method (MsFEM) [2, 3], the heterogeneous multiscale
method (HMM) [4], and the numerical homogenization
method [5], for problems with oscillating coeflicients have
been proposed to accommodate the fine-scale description
directly. Here, we should also mention the work of Babuska
in the 70s [6-8], which motivated these multiscale methods
in an extent.

Multiscale solution methods are currently under active
investigation for the simulation of subsurface flow in het-
erogeneous formations [9]. Ye et al. [10] applied MSFEM to

simulate two- and three-dimensional saturated flow prob-
lems. Chen and Hou [11] proposed a mixed multiscale
finite element method for elliptic problems with oscillating
coeficients; they demonstrated the efficiency and accuracy of
the proposed method for flow transport in a porous medium
with a random log-normal relative permeability. He and
Ren [12] presented the finite volume MsFEM for solving
saturated flow in heterogeneous porous media. E et al. [13]
took a systemic analysis of HMM for elliptic homogenization
problems, where the error between the numerical solution
of HMM and the solution of homogenized equation is
estimated, and how to construct better approximation of
the exact solution from the HMM solution is discussed.
Ming and Zhang [14] applied HMM to the linear parabolic
homogenization problem and discriminated different types
of microscopic models. Ming and Yue [15] discussed the
numerical performance of HMM including comparison with
other methods. Yue and E [16] developed HMM for linear and
nonlinear transport equations with multiscale velocity fields
in heterogeneous porous media and focused on the problem
where advection is dominant at the small scale.

Most of existing multiscale methods have been limited
to the finite element method [17-19]. There are also widely
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used finite difference flow and solute transport models in
both the groundwater and oil industries. To handle multiscale
problems with finite difference methods, based on the frame-
work of HMM [4], Abdulle and E [20] proposed the finite
difference heterogeneous multiscale method (FDHMM) for
solving multiscale parabolic problems. This method includes
a “heterogeneous” discretization which cares about the fine
scale only on small representative region of the spatial
domain. FDHMM has two components: a macroscopic
scheme evolved on a coarse grid (the grid of interest) with
unknown data recovered from the solutions of the micro-
scopic model and a microscopic scheme, in which the orig-
inal equation is solved on a sparse (heterogeneous) spatial
domain. The similar idea can be found in [21]. Chen and Ren
[22] applied FDHMM to Richards’ equation; they found that
FDHMM could effectively simulate the transient unsaturated
flow in the specific soils. In the saturated flow case, we may
precompute the macroscopic flux at a preprocessing step to
save the computational time. In addition, Abdulle and E
[20] studied the multiscale parabolic equation without the
source sink term and considered the examples where the
coeflicients change according to the smooth function. For
transient flow problem in heterogeneous porous media, the
coeflicients generally change in a random form; thus there is
a need for more evaluation of the applicability of FDHMM.
Here, we propose a new scheme of FDHMM for simu-
lating not only the steady saturated flow problem but also
the transient saturated flow problem in geostatistical random
porous media. The constructed scheme employs an idea
presented by Ming and Zhang [14]; that is, the microscale
parabolic model can be reduced to the microscopic elliptic
model for the problem without oscillation propagation in
time. Motivated by the construction of the multiscale finite
element base functions [2, 3], in every control volume, we
divide the microscopic elliptic model into two basic micro-
scopic elliptic models and estimate the basic macroscopic
flux by the solutions of these two basic microscopic elliptic
models. The small scale information is then brought to the
large scale through the approximation of basic macroscopic
fluxes. These basic macroscopic fluxes are just calculated
once at the preprocessing step and will be used in the
subsequent computations. In general, governing coarse-grid
equation and coupling the approach of the new scheme
are the same as those of FDHMM by Abdulle and E. The
main difference between the two methods is the microscopic
scheme, in contrast to FDHMM by Abdulle and E, where
the numerical fluxes are computed on the fly using localized
and more resolved computations which means that FDHMM
by Abdulle and E needs the macroscopic and microscopic
evolution at every time step and the new scheme adopts the
idea of MSFEM of Hou et al., by numerically precomputing
a finite difference analogue of a multiscale shape function,
which provides a fixed expression for the numerical basic
flux in terms of the coarse variables. It means that the fine-
scale information is coupled into the coarse scale by this
finite difference analogue of a multiscale shape function. In
addition, the new scheme incorporates ideas from Ming and
Zhang [14] to transform the microscopic parabolic model to
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a microscopic elliptic model, which allows MsFEM ideas to
be adopted in the computational scheme.

Our method is also analogous to the classical upscaling
method, where the upscaled hydraulic conductivities are
precomputed [23, 24]. Different from the classical upscaling
method, the present method only precomputes the basic
macroscopic fluxes. The estimation of the macroscopic fluxes,
which contain both microscopic information of the medium
property and useful information about the gradients of the
solutions of microscopic elliptic models, is coupled into the
course of solving the coarse equation, and it makes the
constructed scheme put more emphasis on the interaction
between the macro- and microscale behavior. On the other
hand, in the new scheme, the fine-scale global flow solution
is decomposed into a series of local microscopic problems;
the computations of these basic microscale problems can be
carried out sequentially; this obviously saves the computa-
tional time and the memory requirement, which may provide
the proposed method with a possibility to solve large flow
problems under restricted computational capabilities.

This paper is organized as follows. We firstly describe the
flow problem and introduce the principle and the algorithm
of the constructed scheme in detail. Numerical examples
to illustrate the performance of the constructed scheme
are arranged in Section 3. Some conclusions are given in
Section 4.

2. New Scheme of FDHMM

2.1. Flow Problem. The transient saturated flow through a
heterogeneous porous medium is governed by the parabolic
partial differential equation

oyt o
=~ =V-[Kx) Vy (x,t)]+R(xt), o

in Qx(0,T),

S, (x)

where y is the hydraulic head, S; is the specific storage
coefficient, K is the hydraulic conductivity tensor, R is the
source sink term, x = (x, y) is the spatial coordinate, t is the
time variable, Q is the study area, and T is the time domain.

2.2. Principle and Algorithm. 'The discretization in this study
is the mesh-centered finite difference. To simplify the presen-
tation of the constructed scheme, we assume that the solution
domain Q is a square and uniformly discretize it with a coarse
NxN mesh. Let the Cartesian coordinates of this coarse mesh
be represented by (x;, y;),4,j=1,...,N+ 1. H = x;,; —x; =
Yjs1 — ¥j denotes the coarse mesh size.

Notice that a macroscopic model is known to exist
according to the homogenization theory, and the idea of the
constructed scheme is to evolve a macroscopic model for the
flux form of (1),
ov (x,t)

t

S (X) ——

3 -V-F(x,t)+ R(x,t),

in Qx(0,T),
(2)

on a coarse mesh, where ¥ is the macroscopic state variable
corresponding to v, that is, we have ¥ = 1y at the coarse
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FIGURE L: Illustration of the macroscopic and microscopic compu-
tational domains.

node (i, j), and F is the macroscopic flux. In fact, based on
the principle of the flux balance, we can also deduce (2).

To solve (2), we firstly need to determine the macroscopic
flux F. In the absence of explicit knowledge of F, our problem
reduces to approximate the flux F; this will be done by locally
solving a set of microscopic models. In Figure 1, we center
a control volume at the midpoint of the line between any
two coarse nodes except for two exterior nodes. Thus, there
are four control volumes Ii‘i(l 1,; and If j+(1/2) around every
interior node (i, j) and these control volumes are centered at
the points (i + (1/2), j) and (i, j + (1/2)), respectively (see
Figure 2). We assume that the control volume Ii‘i(l f,j isa
square of size § and discretize it into a fine M x M mesh,
for which (&, 7;) denotes the coordinate of node (k, [), where

kl=1,...,M+1l.a=2¢&,, -& = n,, —n denotes the fine
mesh size. For & and 7, we have
H-¢6

& = — + (k- 1) —
s s (3)
=H--+(0-1)—, kl=1,....M+1.
M S +I=D +
Similarly, (7, &) denotes the coordinate of the control vol-
ume I[; jt(1/2)"

2.2.1. Basic Microscopic Elliptic Problems. To estimate the
macroscopic flux, we need to solve a set of local microscale
problems in the control volumes. Actually, the saturated
hydraulic conductivity tensor K(x) in this study is only a
function of the spatial position and does not oscillate in the
temporal direction, and we only need the spatial homoge-
nization of K(x) at the microscopic evolution. According to
the conclusion of [14], in every control volume I % we can only
solve the following reduced elliptic equation:

V- [K®Vyx]=0, inl. (4)

In every control volume I°, similar to the construction
of the multiscale finite element base functions developed by

Hou and Wu [2] and Hou et al. [3], we will solve two basic
elliptic problems with the Dirichlet-Neumann boundary
condition in which the Dirichlet boundary condition is used
in one direction and no-flow boundary condition is used
N), the
Dirichlet boundary condition is used in x-direction and no-
flow boundary condition is used in y-direction, and vice
versaforIl]+ 1/2) (#,j=1,2,...,N).

Set the head of the basic elliptic problem with no
dimensional change. Let ¢' and ¢* be the solutions of these
two basic elliptic problems, respectively. In I +(1 /2),j» s shown
in Figure 2, for the first basic elliptic problem, the head
on the left side is 1, and that on the right side is 0, and
vice versa for the second basic elliptic problem. Similarly,
in I, j+(172)> for the first basic elliptic problem, the head on
the bottom side is 1, and that on the top side is 0, and
vice versa for the second basic elliptic problem. The cell
problems are computed in parallel, and the number of the
processors is reduced [16, 25]. To solve the basic elliptic
problem, we considered employing the conventional finite
difference method with multigrid over a fine mesh to solve the
original equation. For implementing the multigrid algorithm,
we use directly a numerical simulator MGD9V [26]. In fact,
according to the above two basic elliptic problems, we have
@' + ¢* = 1. Then, we only need to solve the first basic
elliptic problem and obtain the solution ¢* of the second basic
elliptic problem in the course of computation according to

¢ =1-9.

in the other direction. For Iziu/z),j (i,j = 1,2,...,

2.2.2. Estimation of Basic Macroscopic Fluxes. After solving
the basic elliptic problems, we estimate basic macroscopic
fluxes based on the solutions of the basic elliptic problems. In
By Bl (0 =
macroscopic fluxes estimated by the solutions of two basic
elliptic problems; we have

1,2) denote, respectively, the basic

X1 1 0P~
Flap,j = —15 o K(x) o —dxdy
i+(1/2),j (12,
a* E& ¢k+ll ¢k1
5 ZZKkm/z
k=11=1
KXo>2 _ 1 Y a¢a
Flapm,; = I o K ®) = —dxdy
i+(1/2),] i+(1/2),j
2 MM
’Il ¢k 1 ¢kl
ZZ Kivaop— a=12
k=1I= 1
(5)

where Kk+(1/2 ) is the geometric mean of Kj; and Kj,,;.
Similarly, in I; +(1/2)°

1 o¢*
ylx
Fi Jr/2) T |I‘5 K (x) gdx dy

i ]+(1/2)| By
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FIGURE 2: The control volumes at the coarse node (i, j) and two basic microscopic elliptic models for the control volume I°
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pZMMm
T’Ik ¢kl 1 (pkl
ZZ Kipapp—— a=12,
mmH
(6)

where Ky, (;/,) is the geometric mean of Ky ; and Ky, ;.

2.2.3. Estimation of Macroscopic Fluxes. Based on the esti-
mation of the basic macroscopic fluxes, we will estimate
macroscopic fluxes. Let ‘I’,"J be a coarse numerical solution
of (2) at time ", to estimate the macroscopic flux F” at time
t"; we will deal with it below.

We first solve a microscopic elliptic problem with the
Dirichlet-Neumann boundary condition at every control
volume I°. Head at the Dirichlet boundary of the control
volume is calculated by bilinear interpolating functions.

For the control volume I° i+(1/2),j» heads at the left and right

sides are
e 9, (m) — g1 (m)
l//z+1 1%)] g, (m) +& 220 q : ,
gl
n,right,l 9>\"M) —91\1
wi+(1g/2t),j =g, (m) + EMH%’
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% _
/[}’ ay
0 x
i+(1/2),j°
respectively, where
M
ﬂ\yi.+<1—ﬂ>\y.,l, 1<l< >,
_lm H) " 2
9 (’71) - i n M
<2_E>\Pi)j+<ﬁ_l>\}/i)j+1’ ?<ZSM,
92 (m)
M il M
- E\I’Hl,j'*'(l_ﬁ)\yiﬂ,j—l’ 1<l< 5
N M M M
<2_H>\I’i+1’j+<ﬁ_1>\I’i+1’j+l’ ?<ZSM
(8)
Thus, ¥/, the solution of the microscopic elliptic problem in
Ii6+(1 /2),j is obtained over the control volume Ig(l /2),j Via the

linear combination of ¢' and ¢*, which are the solutions of
two corresponding basic elliptic problems, respectively, and
then we have

n,left,/

_ n,right,l
y™ =Viia), J¢ %,

+Yila,) I=1,...

SM+1.  (9)

Similarly, in If j4(1/2)> heads at the bottom and top sides are

n,bottom, g (’1 ) -9 (’1 )
1//1 ]t-)i—(tlt/z) : =93 (Tll) + El £ 0 H Al >
-
n,top, ga\n1) — 93\
l//i,jtJrFll/Z) =95 (1) + & %x
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respectively, where

1%.+<1_ﬂ)qfl_l., 1<)
g(m) =07, BT Mo
A O
A
}71 \I’i)j+1 +(1 %) \I’i—l,j“’l’ 1< l < %)
- M i M
(2_E)qji,jﬂ"'(ﬁ_l)‘{’iﬂ,jﬂ’ > <l<M.

(11)

The solution of the microscopic elliptic problem in this
control volume is

n,bottom,!

_ n,top,! 2 _
V/ 1//zJJrl/Z)(/S (/5 l_l""

1//1]+(1/2 SM+1. (12)
Like the assumption in [27], we assume that the situation
investigated in this study is for locally isotropic conductivity
and also assume the hydraulic conductivity tensor with prin-
cipal axes oriented in the direction of the principal statistical
anisotropy axes of the local parameters. It means that the
conductivity tensor for a locally heterogeneous medium is

K= <K é") K((’X)>. (13)

By applying the above assumption, we derive the macro-
scopic flux F”,

F' = —ﬁ J Jp K (x) Vy (x,1") dx
oy
1 Kx) 0 ox
) ) (57 k)| 30 |axar
dy (14)
Ko 2
1 3 (P
__Wjj'lﬁ K(x)al dxdy—(Fn,y>,
dy

where F™™* and F™” are estimated macroscopic fluxes in x-
direction and y-direction at time ", respectively. For the
control volume Il (1/2),] ., together with (3), (5), (7), (9), and

(14), we have

1 aw
1,X _
Fi+(1/2),j = 18— . K (x) =—dxdy
i+(1/2),j +(1/2)j
M M n,l n,l
o a ZZK Vi ~ Vil
= ‘Szk Z k2T
1i=1

k=11=1 a

@ G lefi,! ¢k+1l bes
n,les 5|
T2 ZZKH(I/Z Viiam,, o

2 2
n,right,] ¢k+1,l - ¢k,l >

i+(1/2),] a

+¥7 -y

é
=~ [H (2\}1 z+1,j+1)

4H i+1,j i+1,j-1

H+d
_(2
4H

L LI

+ i,j i,j—1

n X1,1
- \I’i,j+1):| Fi+l(1/2),j

H-6
+[ 4H (\P1+1]1+\Yz+1]+1)

H+§
(

n n X152
W _\Fi,j—l + Ti,j+1)j| Fi+1(1/2),j

H+4
+ [ 4H (2\Ij;+1] +\Ij;+1] 1 \Ijin+1,j+1)

A

X5,1
Z\P +¥ 1,j+1):| Fi+2(1/2),j

H-6
T ( i,j—1

n
_\Pi+1,j \I’Hl ]+1)

H+§
+[_(
4H

B X2
+ 1H ( ‘P \P1]+1):|Fi+(1/2),j'
(15)

Similarly, for Il j+(1/2)» We have

\Pn

(2\}1 ijr1 T v i+1,j+1)

i—1,j+1

ny H-6

ij+1/2) T4H

H+d (2
4H

L LI

+ i,j i-1,j

n Y151
- \I’i+1,j):| Fi,}+(1/2)
[H—6
+ —

—1,j+1 1+1 S+l

H+$6 " 1
H (_ i-1,j T q’m;)] F:Jl+(1/z)

+[H+8(2‘I’ 4

n
4H i,j+ 1,j+1 \Iji+1,j+1)

H-3§ Vvl
- e (2‘{’ + ‘I’ ‘{’111])] Fi,JZ'+(1/2)

0 ( \Pn1]+1 +\II+1]+1)

H-§6 92,2
+ 4H ( \I] + \Yl+1])] F1]+(1/2)

(16)
2.2.4. Macroscopic Evolution. Let At be a time step size, where

At = t"*! — ", The macroscopic evolution on the coarse mesh
is now done via the approximation of (2), and here we use



the Crank-Nicolson method to construct the fully discretized
version of (2),

S..
a0 (W =)

1 n+1l,x Fn+1 X

_ n+l,y n+l,y
Y (F1+ a2, ~ Ficajo,j + -5 )

i,j+(1/2) i,j—(1/2)

1 1,X 1,X n,y n
“oH (Fi+(1/2),j —FZupt Fz]+(1/2) Fi,j—(l/Z)) +R; ;.
(17)
Combining (15), (16), and (17) yields
SSi’j n+1 n
YA IR )
_ \Pn+1 \I,n+1 \I_,rﬁ-l
= (C1 i-1,j-1 T QY TG i
+ o ! it cs\I’"Jr1 + c6‘I’lT11]
+1 +1 +1 18
+C7\Pn1]+1 + G n]+1 + C9\Pzr-l+1;+1) as)

n n n n
+ (Cl\yi—l,j—l +o¥ e tat

+c5‘{’ + ¢ 1+1]+c7‘{’

1,j+1

n
+CS J+1 + C9 1+1 ]+1) + Ri,j’

where
1
1= T
8H
x N X152 ,1 2
[(H+8)( 11/2)1+F -(1/2),j szl (1/2) +Fz]1 (1/2))
2)
+(H - ‘”( (1/2); +F (1/2)1 ~Fiap
Y2
)]
x N X152 X5,1
2= T3 [(HJ“‘S)( H-I(I/Z)] Elqm, ~ Elip,

X 1
HESD )~ 2E) 1/2))

x s X552 X151
+(H - 6)< 1+2(1/2 =~ F G~ il
X152 Y21
+E G, ~ 2E )]

X2
G = 8H2 [(H‘L‘S)( i1/2, ~ Fil

Y1 Y152
+F ap ~ B (1/2))

X1,2
+(H - 6)< iy~ Fil(

HE - F /2))]

i,j—(1/2)
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1
= Y1 V1,2 X151
“4= 8 [(H +9) (F11+ 1/2) Fz Lj+(1/2) 2F —(1/2),
20 Y25
Fl] (1/2) + Fz; (1/2))
V2> V2>
+(H-9) (F1 JZ+ 1/2) Fz ]2+(1/2
X551 V1s
2F —(1/2),j Fz] (1/2))]
_ x Yis
c 8H2 [(H“S) (ZF*'IU/Z)] +2F,]l+<1/2)
%),1 Y2
-2k i-(1/2),j ~ F 1/2))
X Yas
+(H-9) (ZFH'Z(I/2 +2F, ]2+(1/2)
x1,1 Y1»
~ 2F ), 2 (1/2)>]
X, 1 2
%= 8H2 [(H +9) (2F1+2(1/2)J F; ]1+(1/2 + szl+ 1/2)
+FJ’2 Fyz,Z )
i,j—(1/2) i,j=(1/2)
X1 Vo
+(H-9) (ZF 11/2)1 FzJZ+ 1/2)
Y22 V1>
+F>J+ (1/2) F,; (1/2))]
= Yas Vs
= 8H2 [(H +9) (F’ ]2+ (1/2) Fl ]2+(1/2)
+FX1 Fxl,z )
—(1/2),j i—(1/2),j
Yl Y1
+(H-9) (Fl ]l+(1/2) F: ]1+ (1/2)
+Fx2’ sz,z )]
—(1/2),j i-(1/2),j /]
_ x y
%= 8H2 [(H +9) ( ’* 1/2)J + Fl+1(1/2)] + 2Fz ]2+(1/2)
+FX2 sz,z )
—(1/2),j i~(1/2),j
X Yis
* (H 6) ( +(1/2 it P‘1+2 (1/2),j + 2F'1 ]1+(1/2)
X1> X152
+Fz+l(1/2) Fi—l(l/z),j>] »
x s X,
%= 8H2 [(H * 8)( z+21/2)J + Fz+2(1/2),
Y2l Y25
FIJZ+(1/2) Fz ]2+(1/2))
X
+(H-9) ( l+(1/2)1 + Fz+1 (1/2),j
Y1 V1>2
Fl J1+ (1/2) Fz ]+(1/2))]

(19)
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FIGURE 3: Flow chart of the new scheme at a time step.

Then, we solve the following equation at the coarse mesh
by using MGD9V [26]:

n+1 n+1
- Cl‘Pi—l,j—l - Cz\yz] 1~ C3\Ijl+1] 1

S.. .
si,] n+1 n+1 n+1
+ ( A Cs) VY —aYi oY

_ n+1 \I,n+1
68 i,j+1 —G 1+1]+1

n+1
—a ¥

n n
=¥ 1j-1 T oY 1] 1t ta¥i

Ssi‘
»]
+( At +C5>\IJ 6 1+1]+C7\P 1]+1+C8\Pz]+1
n
) 1+1]+1+Ri,j
(20)

Thus, the algorithm is completed. The solution procedure
at a time step is illustrated in Figure 3. We also give a sum-
mary which only includes the relevant discrete equations nec-
essary to implement the proposed method. Firstly, the basic
elliptic problems (4) are solved. Then, basic macroscopic
fluxes (5) and (6) are estimated, and the coefficients (19) are
calculated. The above steps are finished at the preprocessing
step. Finally, the macroscopic discrete equations (20) are
evolved.

The algorithm described above is easy to extend to
the steady flow problem in heterogeneous porous media.
Under the condition of the steady flow, the left-hand side

of (1) equals zero. Correspondingly, the left-hand side of
macroscopic (2) equals zero. The remainder will similarly be
completed; then we have

a¥ijto¥ i+ ta¥+a¥;

1
i-1,j+1 + CS\P11+1 + C9 i+1,j+1 _ERi,j'
(21)

Although FDHMM proposed by Abdulle and E [20] works
for the transient problem, it is also easy to extend to the
steady problem. The given coarse- and fine-grid equations of
FDHMM are elliptic equations in the steady condition. The
iteration scheme of FDHMM is similar to that of the new
scheme, and the solutions of both methods are the same.

The locally hydraulic conductivity (13) is assumed to
be isotropic, but the macroscopic conductivity may be
anisotropic or a full tensor because the final macroscopic
scheme (18) is a nine-spot one. The algorithm may also be
extended to general quadrilateral mesh; the method is similar
to [28].

+ C6\Ilz+1 N + 07

3. Evaluation of Numerical Accuracy

All porous media in nature are heterogeneous. The hetero-
geneity in this study comes from the hydraulic conductivity.
As the standard deviation of logarithmic hydraulic conduc-
tivity increases, the heterogeneity increases. The random con-
ductivity field is generated by the Turning Band method [29],
in which the hydraulic conductivity is assumed to be locally
isotropic. In this study, we used four saturated groundwater
flow examples, including two steady flow examples and two
transient flow examples, to show the main advantages of the
constructed scheme. Also, influences of different factors are
examined, such as conductivity fields with high variability as
well as different correlation structures, the flow rate of the
pumping well, and the size of the local microscale model, on
the accuracy of the constructed scheme.

3.1. Implementation. The algorithm has been implemented
in a FORTRAN code. Because it is difficult to construct
interesting multiscale problem with an exact solution, people
often compare the coarse scale solution obtained by the mul-
tiscale method with a computed reference solution obtained
on the fine scale. We have employed the conventional finite
difference method with multigrid over a fine mesh to solve
the original equation and refer to this solution as the “exact”
solution.

As a measure of the error, we take the relative L, norm
and the relative maximum norm

YN (- ¥ (x))’

SR | o)
max,_; |‘I’ ¥ (x;)]
eery, = ,
0 max;_, v |¥ (x;)|

.....

respectively, where N’ is the total number of nodes on the
coarse mesh, ¥; denotes the coarse solution at the coarse node
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FIGURE 4: A realization of the random saturated conductivity fields of different standard deviations under A, = A, = 100 m: (a) 0y, = 0.5,

(b) 0,k = 1.0, (¢) 0,k = 1.5, and (d) 0y, x = 2.0.

x;, and W(x;) denotes the “exact” solution projected on the
coarse mesh; that is, ¥(x;) = w(x;) at the coarse node. Here,
y(x) is the “exact” solution.

In all test examples, the study domain Q is a rectangle
covering 1km x 1km with the point (0,0) as the origin. A
uniform finite difference mesh is constructed by dividing Q
into an NxN mesh. The fine mesh is a 256 x256 mesh, and the
“exact” solution and the random hydraulic conductivity field
are obtained on this mesh. The coarse mesh is a 16 x 16 mesh
and the coarse solution is obtained by using the multiscale
method on this mesh.

3.2. Steady Flow Problems with Isotropic and Anisotropic
Microstructure. We impose the Dirichlet-Neumann bound-
ary condition for the test steady flow problem. The left and
right sides of boundary are Dirichlet boundaries. Head on
the left is 20 m, and that on the right side is 10 m. The
top and bottom sides are impermeable boundaries. To start
the computation using the new scheme, we need to choose

the size of the control volume §. In this study, § is chosen to
be equal to a half of the coarse mesh size, which means that
we only use about 50% of the total data at the small scale; that
is, 8 = (1/2)H. Every control volume I % is uniformly divided
into an 8 x 8 mesh such that its mesh size equals the size of
the fine mesh.

Four conductivity fields with isotropic correlation
microstructure are first applied. Correlation lengths of these
conductivity fieldsare A, = A, = 10m, A, = A, = 20m,
Ay = A, =40m,and A, = A, = 100 m, respectively. We
assume that the geometric mean of hydraulic conductivity
is K = 0.006 m/min. Under 0, = 0.5,1.0,1.5,2.0, where
O,k is the standard deviation of logarithmic hydraulic
conductivity, these four conductivity fields vary by about
one, three, five, and six orders of magnitude, respectively.
A realization of the random conductivity fields with
Ay = A, = 100m and oy, = 0.5,1.0,1.5,2.0 is plotted
in Figure 4. Figure5 plots the errors of the solutions of
the constructed scheme for different correlation lengths at
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Ok = 0.5,1.0,1.5,2.0. It illustrates that the larger standard
deviation of logarithmic hydraulic conductivity leads to
the less accurate results. Furthermore, at the case with
Ay = A, =10m and 0y, = 2.5, in which the conductivity
field varies by about nine orders of magnitude, the new
scheme is even not convergent, although it works for other
correlation scales for the same logarithmic conductivity
variance. The reason may be that conductivities of highly
heterogeneous systems are highly discontinuous, which
makes the direct application of the algorithm infeasible. It
may also indicate that the standard deviation of logarithmic
hydraulic conductivity plays an important role in the
accuracy of the new scheme. At the same time, when
Ok = 0.5, the results obtained under different correlation
lengths have about the same accuracy and the correlation
length of conductivity field shows no significant effect on the
accuracy of the new scheme. It is noted that the correlation
length is even larger than the size of the control volume in the
case with A, = A, = 100 m. The heads in section y = 500 m
obtained from the fine-scale model on the fine mesh and the
constructed scheme on the coarse mesh for the case with
Ay =A, =100mand oy, g = 0.5,1.0,1.5,2.0 are depicted in
Figure 6, and we observe that the solution obtained by the
constructed scheme on a coarse mesh is able to approximate
the exact solution. The above discussion indicates that the
new scheme gives a reasonable accuracy for the test steady
flow examples with isotropic correlation microstructure.
Convergence should be a necessary condition for the
new scheme as a good numerical method. Here, we only
consider the conductivity field with A, = A, = 100 m. Fixing
0 = (1/2)H, Figure 7 plotted the relative errors for coarse
meshes with 4 x 4, 8 x 8, 16 x 16, and 32 x 32 elements
under four cases that oy, x = 0.5, 1.0, 1.5, 2.0, respectively. The
errors monotonically decrease as the total number of coarse

elements increases and tend to zero, which means that the
new scheme solution converges as the coarse grid is refined.

Next, we turn to consider three conductivity fields with
anisotropic correlation microstructure. Fixing y-direction
correlation length A, = 10 m, x-direction correlation lengths
of these conductivity fields are A, = 20m, A, = 40m, and
A, = 100m, respectively. Assume that K = 0.006 m/min.
Under oy, ¢ = 0.5, 1.0, 1.5, 2.0, these three conductivity fields
vary by over one, three, five, and seven orders of magni-
tude, respectively. The results of the constructed scheme for
different correlation lengths at 0y, = 0.5,1.0,1.5,2.0 are
depicted in Figure 8. As in the previous example, the stan-
dard deviation of logarithmic hydraulic conductivity shows
significant effect on the accuracy of the new scheme. The
errors obviously increase with oy, g increasing. Compared to
the standard deviation, the correlation length of conductivity
field has relatively little influence on the accuracy of the
new scheme. The maximum error in Figure 8 is attained at
the case with A, = 100, A, = 10m, and o,k = 2.0,
and the relative L, and maximum errors of the solution of
the constructed scheme are 2.28% and 5.88%, respectively.
Similar to the isotropic case, the new scheme also gives a
reasonable accuracy for the test steady flow examples with
anisotropic correlation microstructure.

3.3. Aquifer Response to Sudden Change in Reservoir Level.
We design this transient test example based on the example in
[30]. Consider the confined aquifer in the study area. Initial
head is equal to 20 m everywhere in the aquifer. We wish
to simulate changes in head through time if, at ¢t = 0, we
suddenly drop the water level in the reservoir on four sides
of the study area from 20m to 10 m. The specific storage
coefficient and the thickness of the aquifer are 2.0 x 10™* m™
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and 10 m, respectively. To generate the random hydraulic
conductivity field, we assume that K is 0.003 m/min, the
standard deviation of In K is 1.5, and the correlation structure
of the conductivity is anisotropic with A, = 40mand A, =
10 m. Conductivity K in this random field varies by over five
orders of magnitude. Fix a time step size At = 5min and the
study time 8000 min.

At first, accuracies and efficiencies of the constructed
scheme and FDHMM are compared. Let the size of the
control volume 8 = (1/2)H, and the control volume I°
is uniformly divided into an 8 x 8 mesh. The computa-
tional results of different multiscale schemes at times =
500, 1000, 2000, 4000, 5000, 6000, and 8000 min are plotted
in Figure 9. Figure 9 indicates that the new scheme seems to
be more accurate than FDHMM. After t+ = 1000 min, eer,
and eer, of the solution of the constructed scheme mono-
tonically decrease from 2.06% to 0.32% and from 7.37% to

0.95%, respectively, while those of FDHMM fluctuate in the
intervals 2.71%~6.60% and 6.13%~15.40%, respectively. The
reason leading to the difference between the results obtained
by the constructed scheme and obtained by FDHMM may be
the different approaches of estimating the macroscopic flux.
Compared with FDHMM in which the approximation of the
macroscopic flux is determined before the coarse equation is
solved, for the constructed scheme, the computation of the
macroscopic flux is coupled into the course of solving the
coarse equation. Thus, a quasistationary state of the computed
macroscopic flux is approached in the global domain for the
constructed scheme and in the local domain for FDHMM,
and it may make the constructed scheme give better accuracy
than FDHMM for this test problem. We plot the heads in the
whole study domain at times t = 1000 and 5000 min obtained
from the fine-scale model on the fine mesh and two multiscale
methods on the coarse mesh (Figure 10). We observe that
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the heads obtained by the new scheme on a coarse mesh
can satisfyingly approximate the “exact” heads, and FDHMM
underestimates the heads at the coarse nodes.

The results were obtained on a computer running Win-
dows XP with 2.66 GHz processor, 2 megabytes of cache,
and 512 megabytes of RAM. For this test example, mem-
ory requirements using the conventional finite difference
method, the constructed scheme, and FDHMM are about
277, 4.3, and 4.3 megabytes, respectively; CPU times using

the three methods are about 12.1 min, 0.1 min, and 72 min,
respectively. Compared with the computational cost of the
conventional finite difference method, in our test example,
the present new can save about 84.5% memory and about
99.2% CPU time, and FDHMM can save about 84.5% mem-
ory and about 40.5% CPU time. We need to solve 4N(N —
1) basic microscopic elliptic problems in the constructed
scheme. In fact, the computations of these basic microscale
problems can be carried out sequentially, and, at a time,
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we only need to solve two basic microscale problems (one

for I,/ ; and the other for I}, ). When & = (1/2)H,

every basic microscale problem has (M + 1)* unknowns;
the degrees of freedom of these basic microscale problems
are 2(M + 1)°. Added (N + 1)* degrees of freedom of the
macroscopic scheme, the total degrees of freedom of the new
scheme are 2(M + 1)* + (N + 1) Similarly, the total degrees
of freedom of FDHMM are also 2(M + 1)* + (N + 1)
and degrees of freedom of the full fine scheme are 2NM +
1)2. Thus, both the constructed scheme and FDHMM can
obviously save the memory requirement. The first saving in
computational time in two multiscale schemes is achieved
by reducing the computation of the fine mesh on the whole
domain. The fine-scale global flow solution is decomposed
into a series of local microscopic problems, and this greatly
saves the computational time. However, local microscopic
models of the new scheme only need to be solved once at the
preprocessing step, while those of FDHMM need to be solved
at every time step. Thus, the constructed scheme needs much
less CPU time than FDHMM.

Next, we discuss the effects of different cell sizes on the
accuracy of the constructed scheme. In a coarse 16 x 16 mesh,
the coarse mesh size H equals 1000/16 m; we change the size of
the control volume and let § = (1/2)H, (3/4)H, H, (5/4)H in
turn. To obtain the same size as the full fine mesh size, these
control volumes are uniformly divided into 8 x 8, 12 x 12,
16 x 16, and 20 x 20 meshes in turn. The results obtained by
the constructed scheme under different control volume sizes
at times = 500, 1000, 2000, 4000, 5000, 6000, and 8000 min
are depicted in Figure 11. We observe that the cases with
6 = (3/4)H, § = H,and 6 = (5/4)H have about the same
accuracy, and the case with § = (1/2)H has a less accuracy.
This is likely because, at three cases with 6 = (3/4)H, § = H,

and 6 = (5/4)H, the main microstructural information is
efficiently captured by the control volume. It may indicate
that the control volume size shows no significant effect on the
accuracy of the constructed scheme when it is chosen to be
near the coarse mesh size.

3.4. Steady and Transient Flow Problems with Weak Well
Drawdown. In this section, we first consider the steady
flow problem with well drawdown in heterogeneous porous
media. Similar to the examples discussed in [10, 31], we
impose the following fixed head and no flux boundary condi-
tions for the test example: heads on the left and right sides are
10 m and top and bottom sides are impermeable boundaries.
In addition, a pumping well with the constant flow rate Q
is located at the point (500 m, 500 m), and we let Q =
0.12 m*/min, 0.24 m>/min, 0.36 m®/min, and 0.48 m>/min,
respectively. The aquifer is 10 m thick. We also choose § =
(1/2)H and uniformly divide every control volume I % into an
8 x 8 mesh such that its mesh size equals the size of the fine
mesh.

Four conductivity fields with oy, x = 0.5,1.0,1.5,2.0 are
considered. Assume that the geometric mean of hydraulic
conductivity is K = 0.018m/min and the anisotropic
correlation microstructure with A, = 40, A, = 10m. The
errors of the results obtained by the constructed scheme
under different well flow rates at oy, = 0.5,1.0,1.5,2.0
are plotted in Figure12. Different from the examples of
Section 3.2, the standard deviation of logarithmic hydraulic
conductivity shows no significant effect on the accuracy of
the new scheme. For example, given Q = 0.12 m’/min, when
onx = 0.5,1.0,1.5,2.0, relative L, errors of the solution of
the new scheme are about 0.15%, 0.15%, 0.17%, and 0.20%,
respectively, and relative maximum errors of the solution
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of the new scheme are 2.52%, 2.29%, 2.17%, and 2.00%,
respectively. The important factor affecting the accuracy of
the new scheme is the flow rate of the pumping well. The
larger the flow rate of pumping well is, the larger the resulting
errors are. Setting oy, x = 1.0, Figure 13 plots the heads in

section y = 500 m obtained from the fine-scale model on the
fine mesh and the constructed scheme on the coarse mesh
for the cases Q = 0.12,0.24,0.36,0.48 m®/min. There are
larger errors of the results of the constructed scheme near
point (500 m, 500 m), which are caused by the pumping well
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at this point. This is likely because heads near the well vary
nonlinearly with distance to the well, which cannot be well
described by the constructed scheme. On the other hand, the
problem of the well singularity may be related to the chosen
scale. If we choose a coarse 32 x 32 mesh and 6 = (1/2)H
and resolve this well drawdown problem. When oy, x = 1.0,
in Figure 14, we replot the curves shown in Figure 13. We
observe that the accuracy of the new scheme was improved
markedly.

Next, we consider the transient well drawdown problem
in heterogeneous porous media. Boundaries of the study area
are Dirichlet types. Heads on four sides are all 10 m. Initial
pressure head is also 10 m everywhere in the aquifer. The
specific storage coefficient is 2.0 x 107 m™" and the aquifer
is 10 m thick. There is a pumping well at the point (500 m,
500 m). The well has the constant flow rate of 0.24 m®/min
and is pumped for 1600 min in the problem. The time step
is 1 min for every method. This test example is analogous to
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the examples used in [10, 31]. The statistical parameters used
to describe random conductivity field are K = 0.018 m/min,
ok = 10, A, = 40m, and A, = 10m. This random
conductivity field varies by over three orders of magnitude.
Similar to Section 3.3, we compare accuracies and effi-
ciencies of the constructed scheme and FDHMM. The control
volume I° has a size of (1/2)H and is uniformly divided into
an 8 x 8 mesh. We plot the computational results of different
multiscale schemes at times = 100, 200, 400, 800, 1000, 1200,
and 1600 min (Figure 15). The constructed scheme gives a lit-
tle more accuracy than FDHMM. Over the whole simulating
time, eer, and eer, of the solution of the new scheme are less
than 0.26% and 4.15%, respectively, and those of FDHMM are
less than 0.38% and 5.44%, respectively. Figure 16 shows the
heads at times ¢ = 200 and 1000 min in section y = 500 m
obtained from the fine-scale model on the fine mesh and

two multiscale methods on the coarse mesh. We observe that
the solutions obtained by both the constructed scheme and
FDHMM on a coarse mesh are able to satisfyingly approx-
imate the exact solution except of the well singularity. Near
the well singularity, the results obtained by both multiscale
methods are in rough agreement with those obtained by the
fine-scale model, and the heads are overestimated to be about
0.45m and 0.50 m by the constructed scheme and FDHMM
at the well singularity, respectively, at ¢ = 200min. This
fact may imply that, although a quasibalance state of the
macroscopic flux is achieved in the global domain for the
constructed scheme versus in the local domain for FDHMM,
this advantage of the constructed scheme is not obvious for
the well drawdown problem.

Computational costs of the three methods in this test
example are similar to those in the test example discussed in
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flow rates: (a) Q = 0.12, (b) Q = 0.24, (c) Q = 0.36, and (d) Q = 0.48 (m>*(min) ™).

Section 3.3 and are omitted in this section. This is followed by
a discussion of effects of different cell sizes on the accuracy
of the constructed scheme. As described in Section 3.3, in a
coarse 16 x 16 mesh, the control volumes are chosen to have
sizes of § = (1/2)H, (3/4)H, H,(5/4)H and are uniformly
divided into 8 x 8, 12 x 12, 16 x 16, and 20 x 20 meshes
in turn. Plotted in Figure 17 are the calculated results of the
constructed scheme under different control volume sizes at
times ¢ = 100,200,400, 800, 1000, 1200, and 1600 min. It
indicates that four cases give a reasonable accuracy in eer,
and eer,,. We observe that the results for § = H are the
best, the results for § = (3/4)H are less accurate than those
for § = H, the results for & = (5/4)H are less accurate
than those for § = (3/4)H, and the results for § = (1/2)H
are the worst. The results obtained under three cases with
0 = (3/4)H,H, (5/4)H are very similar. Thus, the control
volume size may be chosen to be near the size of the coarse

mesh for the sake of the accuracy of the constructed scheme.
In addition, under the cases with 6 = (1/2)H and § =
(3/4)H, we only use about 50% and 75% of the information
of the whole microstructure, respectively. This flexibility of
choosing the size of the control volume means that the
constructed scheme may be applied to the flow problem
for which the microstructure cannot be completely found
beforehand.

4. Conclusion

A new scheme of the finite difference heterogeneous multi-
scale method, which puts more emphasis on the interaction
between the macro- and microscale behaviors, has been pre-
sented for solving saturated water flow problems in random
porous media. The macroscopic iteration formulas of steady
and transient flow problems have been explicitly deduced. By
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solving basic microscopic elliptic problems and estimating  in the computational cost. The constructed scheme saves
basic macroscopic fluxes, it is subtly brought to the large  about 58.7% CPU time compared to FDHMM for aquifer
scale for microscale information of the medium property = response to sudden change in reservoir level on the case
and useful information about the gradients of the solutions 0 = (1/2)H. Different numerical examples, including two
of basic microscopic elliptic models. For the transient flow  steady flow problems and two transient flow problems subject
problem, different from that FDHMM needs the macro-  to Dirichlet-Neumann boundary type, are applied to test
scopic and microscopic evolution at every time step, the  the efficiency and accuracy of the constructed scheme. We
constructed scheme implements the microscopic evolution  have considered seven correlation lengths and four standard
at the preprocessing step and only needs the macroscopic ~ deviations of the hydraulic conductivity field for steady flow
evolution at every time step, which offers substantial saving ~ problems with isotropic and anisotropic microstructure and



18
x1073
2.65 . . .
261 .
2.55 .
5 251 ,
=)
% 2.45 1
~
2 241 )
ks * x
& 235 N ]
| W 8 —4
225} ,
221 _
0 5 10 15
Time (x10? min)
—-A— §=H]/2 —-—0=H
—— 6 =3H/4 —— 8§ =5H/4

(a)

Abstract and Applied Analysis

0.043
0.042 + ]
g
3 0.041 b F
E ]
j=)
£
2 0.04 E
<
=i
2
£0039t wy, , , , !
&
0.038+ o—eo— 3
0.037 + E
0 5 10 15
Time (x10? min)
—A— §=H]/2 —— 6=H
—o— 8=3H/4 —— 80 =5H/4

(b)

FIGURE 17: Relative (a) L, and (b) maximum errors between the fine-scale model and the new scheme under different cell sizes for the transient

flow problem with weak well drawdown.

considered four flow rates of the pumping well and four
standard deviations of the hydraulic conductivity field for the
steady flow problem with well drawdown. In every transient
flow problem, we have also considered four sizes of the
control volume. The numerical experiments demonstrate that
the constructed scheme gives a better accuracy than FDHMM
for aquifer response to sudden change in reservoir level
and gives a comparable accuracy to FDHMM for the weak
well drawdown problem. The numerical experiments also
indicate that the constructed scheme can efficiently capture
the macroscale behavior of the solution on a coarse mesh
for the steady and transient flow problems without well
drawdown, and the scheme can approximately handle the
weak well drawdown problem. The well singularity is related
to the chosen scale. We may refine the coarse mesh size to
improve the accuracy of the solution to the well drawdown
problem. The standard deviation of logarithmic hydraulic
conductivity field plays an important role in the accuracy of
the constructed scheme. The larger the standard deviation is,
the less accurate the results are. The spatial correlation length
of random conductivity field has relatively little influence
on the accuracy of the constructed scheme. To obtain a
reasonable accuracy, the size of the control volume may be
chosen to be near or to be equal to the coarse mesh size or
other suitable size if necessary. This flexibility of choosing the
size of the control volume means that the constructed scheme
can be not only applied to the flow problem for which the
microstructure is completely found but may be also applied to
the flow problem for which the microstructure is only partly
found beforehand.

This study is limited to two-dimensional saturated flow
through heterogeneous porous media. We also plan to extend

this scheme to solve unsaturated water flow problems with
heterogeneity which would be more difficult to simulate.
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