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Abstract The paper deals with the numerical modeling of compressible single-
phase flow of a mixture composed of several components in a porous medium.
The mathematical model is formulated by Darcy’s law, components continuity
equations, constitutive relations, and initial and boundary conditions. The problem
is solved numerically using a combination of the mixed-hybrid finite element
method for the total flux discretization and the finite volume method for the
discretization of the transport equations. The time discretization is carried out by
Euler’s method. The resulting large system of nonlinear algebraic equations is
solved by the Newton-Raphson method. The dimensions of the obtained system
of linear algebraic equations are significantly reduced so that they do not depend on
the number of mixture components. The convergence of the numerical scheme is
verified in the single-component case by comparing the numerical solution with an
analytical solution.

1 Introduction

The mathematical modeling of the transport of multicomponent mixtures in the
subsurface is important for many applications including oil recovery or CO,
sequestration. The traditional approaches use either the fully implicit (fully coupled)
method or a sequential method [5, 14]. The fully implicit method is stable, allows for
long time steps, but leads to extremely large systems of linear algebraic equations
whose size is proportional to the number of mixture components. Alternatively, in
sequential solution procedures like IMPEC (implicit pressure, explicit concentra-
tions) [8], a pressure equation is formulated by summing up the transport equations
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[5, 14] or by another method [1, 7, 15]. This procedure allows the size of the solved
system to be reduced, as only pressure is solved implicitly. However, this approach
is conditionally stable and the time step has to be chosen prohibitively small in many
cases.

In this paper, we improve our approach to the numerical modeling of the
compressible multicomponent single-phase flow in a porous medium proposed in
[13], where the numerical scheme was used for a simulation of methane injection
into a propane reservoir. The original approach handled a velocity discretization;
now, the total flux is discretized, and the convergence of the numerical to an
analytical solution in a special case is verified. The scheme, based on a combination
of the mixed-hybrid finite element method (MHFEM) and the finite volume method
(FVM), has advantages of both the traditional sequential and implicit methods.
As in the implicit schemes, our method leads to large systems of linear algebraic
equations, but it is possible to reduce the size of the final system of equations to a
size independent of the number of mixture components. Unlike in other sequential
approaches, no pressure equation has to be formed as pressure is evaluated directly
from the equation of state.

2 Mathematical Model

Let 2 C R? be a bounded domain with porosity ¢ [-], and (Z. 7) be the time interval
[s]. Consider the single-phase compressible flow of a fluid of n, components in the
domain at a constant temperature 7' [K]. Neglecting diffusion, the transport of the
components is described by the following molar balance equations [7]

d(pei) .
o +V-(v)y=fi, i=1,...,n (1)
¢ =ci(x,1), x e 2,te(t1),
ne
q =cv, CZZC,', 2)
i=1
where unknown quantities ¢;, i = 1,...,n., are the molar concentrations of the

components [mol m™3]. On the right hand side of Eq. (1), f; [mol m~3s7!] denotes
the sink/source term. The total molar flux q is expressed in (2) by the total molar
concentration ¢ and Darcy’s velocity v [ms~!'] which is given according to [2] by

v=—u"'K(Vp—og). A3)

In (3), K is the medium intrinsic permeability [m?] (generally symmetric and
uniformly positive-definite tensor), i is the viscosity [kgm™ s™!], Vp denotes a
gradient of the pressure p [Pa], g is the gravitational acceleration vector [m s2], and
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o is the fluid density [kg m73]. Equations (1) and (3) are coupled with constitutive
relations expressing dependencies (to be found in [6, 10, 12, 13])

p=plr....ce.. T). 0=0(cro...ien). p=pler....co.. T). (4
The initial and boundary conditions are given by

ci(x,to)zc?(x), xefR,i=1,...,n., (5a)

ci(x,t) = cP(x,1), xel.(t), te(tyt),i=1,...,n., (5b)

p(x,t) = pD(x,t), xel, te(thr1), (5¢)

q(x,1) -n(x) = ¢V (x,1), xely te(), (5d)

where n is the unit outward normal vector to the boundary 92, I', U, = 952, and
I', NI, = @ . Further, I';(¢) denotes the inflow part of the boundary 952 at time ¢,
ie. [c(2) = {x €322 |q(x,t) -n(x) < O} .On T, NIy, valuesof ¢?,i =1,...,n,,

are constrained by Egs. (4) and (5¢) so that p? = p (ch, cer, T) .

3 Numerical Scheme

The system of Eqs. (1)—(5) is solved numerically by a combination of the MHFEM,
for total flux relation (2), and the FVM, for transport Eqgs. (1). We consider a 2D
polygonal domain §2 with the boundary d§2 which is covered by a conforming
triangulation T, . Let us denote K the element of the mesh T, with area |K]|,
E the edge of an element with the length |E|, n; the number of elements of the
triangulation, and 7, the number of edges of the mesh.

Discretization of the Total Molar Flux Unlike in [13], where the velocity v was
discretized, here, the total molar flux q is approximated in the Raviart-Thomas space
of the lowest order (RT(}() over the element K € T as

q= Z qK EWK.E, (6)
Eeok

where the coefficient gx g is the numerical flux of vector function q through the
edge E of the element K with respect to outer normal, and wg g represents the
piecewise linear RT%-basis function associated with the edge E (see [3,4,11,13]).

If we express the pressure gradient from Darcy’s law (3), multiply both sides
of the obtained relation by the basis function wg g, integrate over K, use (6) and
properties of the RT?< space, we derive a discrete form of (2) and (3)

qk.e = cxix | axepx — Z Brkeepke +vkeok |, E€idK. (7)
E'coK



562 O. Polivka and J. Mikyska

Green’s theorem and the mean value theorem were also employed in the derivation
[13]. In (7), ak.r,Bk.EE ,» and yk g are coefficients dependent on the mesh
geometry and on the local values of permeability (details in [13]); pg is the cell
pressure average, pk g/ is the edge pressure average, and [Lg, ok denote the mean
values of viscosity and density over the cell K, respectively.

The continuity of the flux and pressure on the edge E between neighboring
elements K, K’ € T can be written as

gk + 49k =0, pkE = pk.E = PE. (®)

Boundary conditions (5¢) and (5d) in a discrete form read as
rxe =pP(E), VECT,, (9a)
qke =q"(E), VECIy, (9b)

where p? (E) is the prescribed value of the pressure p averaged on the edge E, and
g™ (E) is prescribed flux through the edge E.

The numerical fluxes can be eliminated by substituting gx g from (7) into (8) and
(9b). For further derivation, let us consider time dependent quantities at time #,
denoted by upper index n + 1. Then, Eqgs. (7)—(9) transform to the following system
of n, linear algebraic equations

-1
n+1 n+1 n+1 n+1 n+1
>k (MK ) Ok EPK — D Bk.EE Py g + VK EQK
K:E€dK E’€dK

Fr = — Y ¢ME)=0, VEZT,
K:E€dKNT,

P —pP(E)y=0, VECT,.
(10)

Herein, ) x.zcqx denotes the sum over the elements adjacent to the edge E.

Approximation of the Transport Equations Transport Egs. (1) with the initial
and boundary conditions (5) are discretized by the FVM [9]. Equation (1) is
then integrated over an arbitrary element K. Using Green’s theorem, applying the
mean value theorem, and denoting ¢k, ¢; k, fi.k, the averaged values of ¢, ¢;, f;

(i = 1,...,n.) over the cell K, respectively, the discrete form of (1) reads as
d(¢kcik) —
T'Kl + Z Ze [ 9-nke = fiklK], (11
EcdK %

where Z; £ denotes the mole fraction z; = ¢; /¢ of the i-th component on the edge
E, and q is given by (2). The integral in (11) is equal to the numerical flux g .

Let us suppose that the porosity does not depend on time. The time derivative
of ¢; x in (11) is approximated by the time difference with a time step At,. Using
Euler’s method [9], we obtain for every n, all K € Tp,andi = 1,...,n,
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n+1

n
Fr = ol K| 57 55 g (P Tk )= ful KT =0,
E€dK
12)
where q"+1 is given by (7). The value of Z; £" is chosen by upwinding as
2y for gt >0,
GE'=\2yg for qiff <OANEZIQ:KNK =E, (13)

2y for g} <0 AECAR,

where z” represents the mole fraction of the i -th component on the inflow boundary
computed from (5b). Note that the scheme is almost fully implicit, the only term in
(12) which is evaluated explicitly is the value of z; £".

The initial and boundary conditions (5a) and (5b) are approximated as

! = c(K), VKeTg, i=1,...,n, (14a)
ZE" =22 (E 1), VECT.(t),i=1,....n., ty<t, <Tt. (14b)

Combining the MHFEM and FVM Schemes Let us denote Fr and Fg;, for
edge £ € {1,...,n.}, element K € {1,...,n;}, and componenti € {1,...,n.},
the left hand s1des of Egs. (10) and (12) W1th q"+1 substituted from relation (7).
The cell-averaged values px = p (cl,K, ey Cn K ) ,0 = 0K (CLK, e, cn“K) , and
UK = W (CLK, e, cn“K) are evaluated using (4). The system of n, + ny x n,
equations

F=[Fi,....F0:Fiisees Finseoo Fugtoees Fign ] =0

for unknown molar concentrations c;’}l, - ;’+Il<, K € {1,...,n;}, and edge-

averaged pressures p”+1 E e {1,.. .,ne}, is a nonlinear system of algebraic
equations which we solve using the Newton-Raphson method (NRM). The resulting
system of linear algebraic equations is shown in Fig. I, where the sparse Jacobi
matrix is unsymmetric, and the unknown vector is represented by corrections of
molar concentrations and edge pressures. The nonzero black-colored blocks in Fig. 1
are given by partial derivatives

BFKi BFK,' BFE BFE
Je)i; = —=7 Uke), = —7 . Uex), = — - Jer =—7 -
7 e jj}l ap K+El 7 dc jj}l ap K+E1/
(15)
where Jg g is element of Jg gr and i, j = 1,...,n.; K = 1,...,n; E,E' =
1,...,n.. The partial derivatives in (15) can be evaluated analytically using (4),

(10), and (12).
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C11...Cne1 C12. Cne 2 Clng .. Cneyny
f11 dcy —F
Cne,1 0Cn,.1 —Fi .
C12 0cy 2 —Fy

Cnc,2

6Crbc,2 _FZ,VLC
Clny 661#% —Lng,1
C”cx”k OC”C?”/@ 7Ezk,nr
b1

op1 -

Dn. (5])”5 _F’Ls

Fig. 1 Structure of the system of linear algebraic equations in the NRM

The size of the system in Fig. 1 can be reduced by inverting the Jg blocks for
all K (the inversion is possible since the blocks are diagonally dominant for small
time steps) and eliminating vectors Jg g for all E, K. Thus, we derive a reduced
system of n, equations for n, corrections of pressures §pg with the same structure
as Jg g/ . Once §pg are computed, corrections of concentrations ¢ k, ..., 8¢y, k
on each cell K can be evaluated by the back-substitution utilizing the Jx inversions.

4 Experimental Analysis of Convergence

In this section, we verify convergence of the proposed scheme using the experimen-
tal convergence analysis. Choosingn, = 1,¢ =1, f =0,g=0,K=1,u = 0.5,
and p = ¢, Egs. (1) and (3) transform to

% +V-(cv) =0, v=-2Vc. (16)

We set the initial and boundary conditions as follows
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c(x,t9) = Ba(x, ), X €, (17a)
p(x,t) = By(x,1), xel, te(tr), (17b)
q(x.0) -n(x) =0, x eIy, 1 € (i0.7), (17¢)

where B;(x, t) is the Barenblatt solution of (16) prescribed by

1/(m—1)

k(m —1) |x|?
Bty =17 (1-%%) L om=2, (s
+

where ¢ = max(c,0) and k = (m + 1)~!. For any time ¢ > 0, solution (18) has a
compact support [~ \/2m /(k(m — 1)), t*\/2m/(k(m — 1))] becoming wider in
a finite speed [16].

Using the numerical scheme derived in Sect. 3, we solve Eqgs. (16) and (17) in a
rectangular domain 100 x 20 m?, where I', is composed of line segments x = 0
and x = 100 (0 < y < 20), while I'; contains the rest of the boundary 042, i.e. the
horizontal and vertical boundary y = 0 and y = 20. Both parts of I', are outflow
boundaries, thus I. = @. The initial time #, = 10* s and the final time v = 10°s.

The numerical solution is compared with the analytical one (18) by means of
the experimental orders of convergence (EOCs). Every numerical (element-wise
constant) solution is computed on a homogeneous regular triangular grid containing
n = 2 X ny x ny triangles, and projected to a grid on which the analytical solution
is computed. The analytical solution is element-wise linear by evaluating from (18)
three values on edges of each element. Error E, between the analytical solution
and the projection of the numerical solution (to the grid of the analytical solution)
originally computed on the grid n in three consistent norms L', L2, and L™ is
evaluated.

In Table 1, EOCs and errors of concentration on five grids with n, = n, and
the finest n, = 320 are included. The analytical solution is interpolated on the grid
ny = 640. The time step for the solution n, = 320 is chosen constant At = 386.7 s.
On every coarser grid, At is four times larger with each mesh refinement (i.e. At ~
1/n) to observe EOC of the space discretization.'

The numerical solutions computed on the grids with a different n, and n, are
compared with the analytical solution interpolated on the grid of 2 x 1,600 x
320 cells in Table 2. Again, At is four times larger with each mesh refinement
(i.e. At ~ 1/n)', At = 386.7 s for the numerical solution with 7 = 2 x 800 x 160.

'For At ~ 1/4/n all EOCs equal to 1 were observed in L' and L? norms, and the error of the
time discretization, thus, prevailed.
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Table 1 EOCs and errors of concentration ¢ at time © = 10°s compared with the analytical
solution on the grid n, = 640 (n = 2 X n, X n, elements) and the time step At = 386.7 s for the
numerical solution n, = 320. On coarser grids, At ~ 1/n

Grid (n) I Exlls EOC, _ ||E4l2 EOC, [Eulloo EOC
2 x 20 x 20 25113 x 1072 6.1743 x 10~ 2.8684 x 107

1.8297 1.7739 1.1119
2 x 40 x 40 7.0646 x 1073 1.8055 x 10—+ 1.3271 X 1073

1.4607 1.3506 1.0817
2 x 80 x 80 2.5667 x 1073 7.0798 x 107> 6.2704 x 107

1.2083 1.1165 1.1570
2x 160 x 160 1.1108 x 1073 3.2653 x 107 2.8119 x 107°

1.1040 1.0319 1.3770
2x320x320 5.1678 x 10~* 1.5969 x 10— 1.0827 x 10~°
Table 2 EOCs and errors of concentration ¢ at time t = 10°s compared with the analytical

solution on the grid n = 2 X 1,600 x 320 and the time step Az = 386.7 s for the numerical
solution n = 2 x 800 x 160. On coarser grids, At ~ 1/n

Grid (n) [ EOC, _|Eull2 EOC;  |Eulleo EOCo
2x50x 10 2.3185 x 1072 5.675x 1074 1.8943 x 1073

2.0520 2.0493 1.7276
2x100x20 5.5911 x 1073 1.3711 x 1074 5.7199 x 10~°

1.8051 1.7690 1.1810
2x200%x40  1.5999 x 1073 4.0231 x 107 2.5228 x 107

1.5337 1.4358 1.1608
2 X400 X 80  5.5262 x 107+ 1.4871 x 1073 1.1283 x 107°

1.2957 1.1655 1.3789
2 x 800 x 160 2.2510 x 10~ 6.6297 x 10~° 4.3386 x 1077

5 Conclusion

In this work, we have developed a numerical scheme based on a combination of the
MHFEM and FVM for simulation of single-phase compressible multicomponent
flow in a porous medium. We proposed a technique reducing significantly the system
into a size that is independent of the number of mixture components. Consequently,
computational costs are comparable with the traditional sequential approaches. Our
method provides an exact local mass balance (up to the non-linear solver error)
which is important for solving problems especially in a heterogeneous medium.
Convergence of the numerical scheme was verified by evaluating EOCs in a special
case of the problem for which an analytical solution is known. The EOCs range
from 1.03 to 2.05 behaving similarly in both examined cases.
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