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CONVERGENCE OF HIGH ORDER METHODS
FOR MISCIBLE DISPLACEMENT

YEKATERINA EPSHTEYN AND BEATRICE RIVIERE

Abstract. We derive error estimates for a fully discrete scheme using primal
discontinuous Galerkin discretization in space and backward Euler discretiza-
tion in time. The estimates in the energy norm are optimal with respect to the
mesh size and suboptimal with respect to the polynomial degree. The proposed
scheme is of high order as polynomial approximations of pressure and concen-
tration can take any degree. In addition, the method can handle different types

of boundary conditions and is well-suited for unstructured meshes.
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1. Introduction

A high order numerical method for solving miscible displacement is introduced
and analyzed in this paper. Miscible displacement occurs in important applica-
tions such as remediation of contaminated groundwater and production of oil from
petroleum reservoirs. The physical model that describes the miscible displacement
phenomena arises from the natural law of conservation of mass. This law is applied
to each component of the fluid mixture. The mathematical model consists of a
coupled system of partial differential equations: a pressure equation and a concen-
tration equation for each component. Since the components of the fluid mixture
may react with each other, the numerical method must accurately solve the laws
of conservation. In particular, it is important to solve the continuity equation that
describes the flow phenomena with high accuracy.

In this work, we propose a fully discrete scheme that is locally mass conser-
vative. The approximations of pressure and concentration at each time step are
discontinuous piecewise polynomials of different degrees. We show convergence
of the numerical method with respect to both the mesh size and the polynomial
degree. The flexibility inherent to discontinuous approximation spaces allows the
use of complicated geometries and unstructured meshes. The primal discontinuous
Galerkin method, analyzed in this paper, encompasses the nonsymmetric interior
penalty Galerkin (NIPG) method, the symmetric interior penalty Galerkin (SIPG)
and the incomplete interior penalty Galerkin (IIPG) method introduced for elliptic
problems in [18, 26, 4]. Discontinuous Galerkin methods have been recently popular
in modeling complex flow and transport problems in porous media (see for instance
[22, 6, 5, 10, 14]).
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Several methods for solving the miscible displacement are proposed and ana-
lyzed in the literature. When classical continuous finite element approximations
are used for both the pressure and the concentration equations, optimal conver-
gence rates are proved in the dispersion-free case and nearly optimal convergence
rates in the dispersion case, under somewhat idealized circumstances [8]. However,
this procedure does not handle the transport-dominated problem arising from the
concentration equation. Strong improvement in the accuracy of the approximation
of the concentration is obtained by considering interior penalty Galerkin methods
that can be based on continuous piecewise polynomial spaces [27] or on discontin-
uous piecewise polynomial spaces [11]. In this case, the pressure equation is solved
with a continuous finite element method and penalty terms involving the jumps in
the normal derivative are introduced in the concentration equation.

In the miscible displacement problem, only the velocity enters the equation for
the concentration and therefore a natural procedure for solving the pressure equa-
tion is the locally mass conservative mixed finite element method. The concentra-
tion equation can be handled either by a continuous finite element method [12, 13]
or by a modified method of characteristics, which combines the time derivative and
the advection terms as a directional derivative [16, 24, 3]. In [23], a combination
of a continuous finite element method and the method of characteristics for the
concentration equation and a standard continuous finite element method for the
pressure equation is used. As in the above cases, time stepping is done along the
characteristics.

More recently, primal discontinuous Galerkin methods have been applied and
analyzed for solving the miscible displacement problem using a semi-discrete ap-
proach. The system of equations is discretized in space only. A combined mixed
method for the pressure equation with NIPG for concentration equation is studied
in [20]. Both pressure and concentration are approximated by the NIPG method
in [21, 17]. However, the convergence result in [21] is valid only if the boundary
condition for pressure is a Neumann type. The numerical scheme presented in this
paper, is fully discrete and valid for both Dirichlet and Neumann boundary condi-
tions for the pressure and Dirichlet, Neuman and mixed boundary conditions for
the concentration.

The outline of the paper is as follows. Section 2 contains the model problem and
assumptions on the data. The coupled discontinuous Galerkin scheme is formulated
in Section 3. Existence and convergence of the numerical solution are obtained in
Section 4. Extensions of the scheme to several types of boundary conditions are
presented in Section 5.

2. Model Problem and Notation

Consider the miscible displacement of one incompressible fluid by another in a
porous medium Q C IR? and over the time interval (0,T). Let p denote the pressure
in the fluid mixture and let ¢ denote the concentration (fraction volume) of the
displaced fluid in the fluid mixture. The partial differential equations describing
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this type of flow are:

(1) V(5P = fi i Qx0.D)
(2) u= —LVp, in Qx(0,7),
p(c)
(3) @% + V- (uc—Dw)Ve) = fo, in Qx(0,1),
subject to the following boundary conditions:
(4) p=par on Ipx][0,7T],
(5) u-n=uqg on I'yx][0,T],
(6) c=cqr on 9N x][0,T],

where I'p UT'y is a partition of the boundary 9. Equation (1), referred to as the
pressure equation, is coupled with equation (3) through the viscosity of the fluid
mixture. Equation (3), referred to as the concentration equation, is coupled with
equation (1) through the fluid velocity (2) and the dispersion-diffusion tensor D(u):
uuT
D(u) = (aeflullz + dm)T + (o1 — at)m-

The coefficient d,, is the molecular diffusivity, a; and «; are the longitudinal and
transverse dispersivities, ||u||2 is the Euclidean norm of the velocity and I is the
identity matrix. Let us also note, that the permeability K in the velocity equation
(2) is obtained from a macroscopic averaging of the microscopic features of the
medium. Hence, it can be discontinuous in space variable and can vary over several
orders of magnitude. The coefficient ¢ in (3) is the porosity. Assumptions on the
coefficients are made below.

Assumption H1. The function p~+ is positive, bounded below and above by p and
T respectively and it is also Lipschitz continuous. B

1 1
(7) Ve, 20 € R, | —— — ——| < pp|xr — xal.
|N($1) pi(w2) |
Assumption H2. The matrix K is symmetric positive definite and uniformly bounded
above and below. There are positive constants k, k such that:

(8) Ve e R?, kaTz <a2TKx <kalz.

Assumption H3. The diffusion coefficient is strictly positive and the dispersivities
are bounded.

vz € IR?, 0<qz)<a;, 0<ar)<ag and 0 <d < d,,.

1

Under assumption H3 it was shown that D(u) is uniformly positive definite in
and Lipschitz continuous [21]:

9) vu € R?, VzeR? de’z <2 D(u)r,
(10) Vu,u € B2, |D() ~ D), < ke llu— o,
Assumption Hj. The matrix D(u) is uniformly bounded above.
(11) Vu € R?, Vo€ R* 2" D(u)x < dz’z.

We propose a discontinuous finite element discretization of (1)-(6). For this, we
introduce a non-degenerate quasi-uniform subdivision of {2, made of either triangles
or quadrilaterals. The quasi-uniformity assumption is only needed for the p-version,
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i.e. for deriving error estimates in terms of the polynomial degree. As usual, the
maximum diameter over all mesh elements is denoted by h. The set of interior
edges is denoted by I'y,. To each edge e in I'},, we associate a unit normal vector ne.
For a boundary edge, n. is chosen so that it coincides with the outward normal.
The space of discontinuous polynomials of degree r > 1 is denoted by D,.(&p):

D,(&) = {v e L*(Q) :VE € &, : v|g € P.(E)}.

For any function v € D,.(£,), we denote the jump and average over a given edge e
by [v] and {v} respectively. Assuming that n. is outward to E!, we can write:

Ve = 0E! NOE?, [v]|. = vlgr —vlpz, {v}le = 0.50|p1 + 0.50|pz,
Ye =0E!N0Q, [v]le=v

ELl, {v}le = U|Eg-

Let N be a positive integer and let At = T/N be the time step. Denote t' = iAt
for 0 < i < N. Define the space

Di\,[h = {’U = (Ui)OgigN : VO<i<N ’Ui S Dr(gh)}

We also denote by M the constant that only depends on the maximum number of
neighbors that one mesh element can have so that the following inequality holds.
Let A be any quantity depending on E! or EZ:

(12) Vi=1,2, () A(E))'/?< \/QM( > A(E))2.

ecl'y, FEe&p

(13) (Y AE)NY? < VMY AE)Y

ecl'p Ecéy,

Let H*(O) be the usual Sobolev space on O C R, d > 1 with norm ||-||x,0. We also

define the broken norm: |||v|||x,0 = (ZEGSh ||11||%)E)1/2. We now recall well-known
trace results and inverse inequality used in the error analysis [1, 25, 19].

Lemma 1. There is a constant M; independent of h such that if E is a triangle
or quadrilateral, for any e C OF:

(14) Vo e H*(E),s > 1, |[vlly, < Mch™2(|0llg 5 + R [Vllg p),
(15) Vo € HY(E),s > 2,|Vv-nlly, < M= 2(|[Vollg 5 + 1| V20, p)-

Lemma 2. Let E be a mesh element. Let g : N — N be a function defined by
g(k) = (k+1)(k +2) if E is a triangle, and by g(k) = k? if E is a quadrilateral.
There is a constant My independent of h and k such that:

k
(16) Vo € Be(B), Ye € O, ol . < Moy L o]

Lemma 3 (Inverse Inequalities). Let E be a mesh element and v € P,.(E). Then
there exists a constant C' independent of h and r such that

(17) V] oo (1) < ChT M2 0]l g,
(18) ||UH1E < C’}1717"2””“0,5
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3. Scheme

At each discrete time ¢!, we will approximate the pressure p(t',-) and concen-
tration c(t,-) by discontinuous piecewise polynomials P* and C* of degree r, and
r. respectively. For the p-version, we assume that the degrees are related in the
following fashion. There exist positive constants &g, d; such that
(19) 5o < £ < 4.

Tp
Before formulating the scheme, we introduce additional notation. Let € be a param-
eter that takes the value —1, 0 or 1. By changing the value of ¢, we will obtain the
NIPG, SIPG or IIPG method. Let o, > 0 and 0. > 0 be the penalty parameters.
Our numerical method is the following: find P = (P%)o<;<n € DV o oand C =
(Ci)OgiSN S Di\:,h such that
Initial Concentration

(20) Vv € D, (En), CY% = / .
Q Q

Pressure Equation: V0 <i < N — 1,

Vz €Dy (&), Z/ CH_I)KVPUA Vato, Y. 9(|£;|n) /[Piﬂ][z}

E€& e€l,UTD
1+1 i+1
-y / (o Cz+1 KVPH p ] - Y / LA
eel’y, eel'p
+e Y /{ oy K V7 ne} }PH +e Z/ ey K V7 me pi
ecl'y, ecl'p
2]- /flz"‘ Z /udlrz+op (rp /pd1r2+€ Z / sz ‘NePdir-
ecl'n ecl'p ‘6‘ ecl'p Cdlr
Concentration Equation: V0 <i < N — 1,
1+1 7 CH_l 1+1
Yo € D, (£n), /A C CU+Z P LA
Eecé&y
C«z+1 )
+Z/DW“WWlW—Z/{mHMW“mm]
E€E,

Cdir i 7 3
Z/ RV - 3 /{DU“) VL, o]
e€l'p dir) e€l,UlpUl'y

crtt z+1 Cdir i+1
+€Z/e{ (Czﬂ)KW ne [P 4 ¢ Z/ Cdir)va.neP
ecly e€l'p
+e Z /{D(U”l)Vv n}[CH + e Z g?‘:r) /[Ci+1][v]
ecl'y, € ecl', U'pUl'y €
Cdir
Z/ Cd va'nepdir+ac cdll‘v—’_ Cdlrudll‘v7

ecl'p eEFDUF ecl'n

with the definition of the discrete velocity U**! given by
K

—_vpt
((Ci 1) v

(23) Ut =—
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We obtain a nonlinear system of equations that can be written in short as
Vze D, (&), YweD. (&), 0<i<N, L(P',C% 2,v) = 0.

It is easy to check, using standard techniques for Interior Penalty discontinuous
Galerkin methods, that the scheme (20)-(22) is consistent, i.e. if the solution of
(1)-(6) is smooth enough and if we denote ¢’ = ¢(t?,-) and p’ = p(t?,-), then

(24) VO<i< N, VzeD, (&), YweD (&), LK, c5z0v)=0,
4. Existence and Convergence of the Discrete Solution

In this section, we prove the existence and show convergence of the numerical
solution (P, C) by the use of the Schauder’s fixed point theorem (see for example
theorem 6.44 in [9]). Let p and ¢ be approximations of p and ¢. We assume that

(25)  peL®0,T,Wh>(Q)), éeL>0,T,L>(Q)), & L>(0,T,L*(Q)).

We will denote p(-) = p(t?,-) and &(-) = &(t%,-). We assume that there are con-
stants kp, k. > 2 such that
VO<i<N, Vt>0, p'(t)eH™"(Q), c(t)eH"(Q).
We assume that the following standard hp-type approximation results hold [2]
. o ; hmin(rp—l-l,l-cp)—s ;
(26) VO<i< N, [P =l £ M————=——IIP'llu~ (@),
Tp
hmin(chrl,nc)fs

(27) VO<i<N, [|&—c|ms <M s ¢ | Free ()

Here and throughout the paper, M is a generic constant independent of h,7¢,7p
and At, that takes different values at different places. In addition, in the case of
the p-version, we assume that x,, k. > 3.

Next we prove existence and convergence of the solution using an idea similar to
idea in [15]. Let us define the following subset of the broken Sobolev space:

= {(1,1), ®) € DN 5 x DN 9% =2 and there exist positive constants

Ky, K, ..., Kg, Atg independent of h such that for At < Atgand 0 <i< N —1:
1 i ~i+1]|2 Loy =ig2
(57— B 6 = o — 57 16" = @llog

. h2rp h2rC
Hllo™ = @I < Ko 5= + K3 T 7+ KA,
Tp

. h2rp h2rc
+1 _ 4112
o = I < Ko + K e )

The set W is closed, convex subset of the broken Sobolev space and it is not empty
since it contains the element (p*, ¢ )o<i<n-

Lemma 4. For any (¥, @) in W, if At is small enough (namely At = O(h/r.) <
1/K ), there exist positive constant My, Ma, M3 for any 1 <i < N
'L ~i hT h ¢
(28) H¢ - HOQ = Ml( —2 + Re—2 +At)
T’

(29) 16']|cc.02 < M, HWHIl < M.

The constants My, My are independent of h, rp,, . and At but depend on K1, ..., Ky.
The constant M3 is independent of h,rp,r. and At but depends on Ks, Kg.
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Proof. We will show that (29) is a consequence of the definition of W. We first
prove (28), which will yield (29). From the definition of the space W, we have for
0<i<N-1:
i ~i+1(2 i ~if|? i ~i
lo7 =& H g o = lI¢" =& llg o + Atllle™ =l
A hQTp A h’2 A 3 A i+1 ~i+11|2
< tK22 — + AtKs 25 gz T EGAE + ALK ([ =

Fix n > 1, sum from ¢ = 0 to i = n — 1 and note that Z?:_ol At < T and ¢° = &%

n—1
n _ ~m|2 g &
6" =@ lGq + ALYl =+
=0
h27‘p hQT —
< KT o + T g + KGTAP + MG Y [0 =211
p =0

From Gronwall’s lemma, if At < 1/Kj, there is a constant M independent of h and
At such that
N—1

. ; . h2rp h2rp
6" =@ 5.0 + At Y [ll¢™ =& HH|IF < M ( e S 7+ AL,
=0 Tp
This yields (28). Besides, from (19) and choosing At = O(T%), we conclude that

n -n h
6" =2l < M

c

Using an inverse inequality (17), we have
[¢" = o0 < MrZh™H @™ ="l < M.

This implies that
10" l[oc,0 € M+ [|E" |0, < M2,
which with (25) yields gives the result (29). O

We now define an operator F that acts on elements in W.

V(’l,b, ¢) € W? f(¢7 ¢) = (¢L’ ¢L)a

where (11, ¢1,) satisfies initial conditions:
(30) (W1, 0%) = (¥°,6°),
and for 0 <i < N — 1, ¢ € D, (&) and ¢ € D, (&) such that

V:eD, (&) Y / KU Veta, Y QTZT) / [ 2]

Ecé&y e€l,UTD

fZ/{ ¢l+1 KV nod] Z/ E oz

e€l'y, e€l'p dir)
3 / (g KV i e ¥ [ k9
ecl'p
g(r
(31) /f1z+z /udlrz+ap (ep /pdlrz+5 Z/ ¢ KVz.nepdir.
e€l'y e€l'p ecl'p dir)

i+1
Vv € D, (&n), /At LR (bdﬂ“ KVyitt. v
Ee&y
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e R

Eeg), e€ly
Z / Cdir H—l SNV — Z /{D ClJrl V¢Z+l ne}[ ]
cdlr
e e€l, Ul'p Ul
Cdir
+e Z /{ ¢1+1 KVv-nc}| H_l | +e Z / (cair) va n(ﬂ/}H—l
eel, ecl'p
D z+1 i1 g(re) i+1
DN LSRN R D Ao
e e€l,UlpUl'y €
Z / Cdir KVv~nepdir+UC Z Cdlr’l)-l- Cd1rUd1r’U
e€lp (cair) e€lpUlN e€l'n
where
) K ;
33 (M= e Ve
(33) (1)

We show that F is well-defined by proving existence and uniqueness of (¢, ¢).

Lemma 5. There exists a unique solution (¢,¢;) € Dv{\;,h X Dﬁ\i that satisfies
(30)-(32).

Proof. Since the problem (30)-(32) is linear and finite-dimensional, it suffices to
show uniqueness of the solution. Let (11, ¢,) and (¢, $12) be two solutions
and let (v, ¢) denote their differences. Then, the pair (v, ) satisfies (30)-(32)
with zero data fi = pair = Uqir = cair = fo = 0 and ¢iL = 0. Clearly, we have
(¥°,¢%) = (0,0). Fix i € {0,..., N — 1} and choose the test function z = ¢)**! in
(31).

1 5 3 9(rp) 1.7
. KI/ZV i+1112 J\'p) +17)12
‘HM(WH)UZ v H‘O,Q I e€l’,Ul'p |€| I H|O’e
—(1—¢) § / KV tn ] —(1—e) § / Kv’i“.n pitl — .
e€ly, s (@) Y I e€l'p (cair) v v

If € = 1, we directly have that ¢*t1 = 0. Otherwise, using assumption H1 and trace
and inverse inequalities, we can bound the last two terms of the left-hand side of
the equation above by

1 1

§|||WK1/2VW+1|HQQ +M Z

eel',Ul'p

‘ | I/JH_I}HO e’

which implies that *+! = 0 if the penalty value o, is large enough. Next, we
choose the test function v = ¢+ in (32). A similar argument gives that ¢**! =0
if the penalty o, is large enough. O

We now show that the range of F is included in the space WW. The same technique
can be used to show that F is continuous.

Theorem 1.

V(@) eW, F(Y,0)eW
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Proof. Let (¢, ¢) € W, (¢, ;) = F(¢,¢) and denote
Y0 S . S Na Ti = 1/’2 7ﬁi59i :pl 7]51751 = ¢ZL 7517X’L = Ci 76i'

From the consistency equations (24), we have

~ia1 g(rp) ~i+1
Z/Euwl KVptvera, ), S /EWM

FEecé&y, eecl'p,Ul'p
Y [t s -3 / nez= 3 [ uans
ecl'y, eel'n
"1+1 ~i+1
+E(,€ZF /{ ) KVz-n.}[p +€P€ZF/ o) KVZ Nep

g r
_/Qflz_gp § : i’ /pdlrz € Z / CdlI’ sz'nepdir
- i+1 _ g(r ) i+1
> /EWH Ve, S A0 /e[e 5

EcEy ecI',U'p
S A R i M
ecl), eclp dlr
—€ Z /{ @ KVz-n ] —e Z / KVz~n69”1
eEF ecl'p Cdlr

! VpthVz— ! pln Yz
+ Z/ ¢z+1 T ule z+1)) vz Z/{ (¢+1) uczﬂ))KVer e}zl

Ecé&y, eel’y,
1 ,
N i
(34) = /{ T — e Kz
ecl'y,
Subtracting equation (34) from (31) and choosing z = 7¢*1, we obtain:

! i 9(ry)
|||WK1/2VT +1‘H(2)7Q+0.p Z | | H[ —&-1]”(2)76
: ecI';,Ul'p
(e Z /{ i+1) T Y [r 4 (1) Z / KVT“l.ne)T“rl
ecly, (¢ eclp (cair)
Z / ) = KVt .yt Z M/[91+1][7i+1]
E€Ep (c ethuF le|] /.
+ —— e KV n Y Kveiﬂ ettt

z+1

ecl'y, eel'p Cdlr
—€ Z /{ z+1 z+1 ne} 91+1 —e Z / KvTiJrl -neei“
ecl'y, C celn Cdlr
1 ,
- / kv
E;h M ¢’L+1 ( Z+1))
1 ~i+1 i1
N Z /{ ¢1,+1 o M(ci+1))KVp+ 'ne}[T + }
ecl'y,
1 ~i
(35) te Z /{ (¢i1)  p(cith) VEVz-n [Pt =T+ + T

ecl'y,
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Next, we bound each term in the right-hand side of (35) using techniques standard
for discontinuous Galerkin methods. In what follows, the quantities €; are positive
real numbers to be defined later. Using Assumptions H1 and H2 and Cauchy-
Schwarz inequality, we have

nl<-om Y &y,

We now fix an interior edge e and denote E! and E? two elements sharing the edge
e. Using (12) and the trace inequality (16), we have:

3 [ucrer ], e, < X g(rioris,

ecl'y, ecl'y,

<O St e ol
eel'y, e e
2

<3 M (3 oo o e )
e€ly, E el B2

ecl'y,

1
JFHK2VTH1|E§
0,e

< (30 MM e 35 Jactwee )

4h
eely Eeé&y,

Therefore, we have the following bound on T;:

IR 32 RMM?E —~ g(rp) | _is1y)2
Tl < AT 0+ (L =2 =5 == > S [l ]l
— ecl'y,

2
0,E

Similarly, using (13) and (16), we have for T5:

M Lo i 6(72) 2k MM} 9(rp) |1 it1)2
o < K=V 50 + (1 —e)? = T Il

24 1 el ’

= eel'p
The term T3 is bounded using assumption H1 and (8), Cauchy-Schwarz and Young’s
inequalities:
K 1o i i
IT5] < SIEZV G0 + MI[VOHG g

Using the trace inequality (14), we have for the term Tj:

o 9(rp) 1+ 2 o it ]2 102
T S Al o U] e S L
ecI',U'p Ee&y

The terms Ty and Tg are bounded in a similar way as the terms 77 and T3, except
that the trace inequality (15) is used instead of (16).

o T . 2 M
Til4n < 2 S S g
eel',Ul'p 9 p Ecg,

The terms 77 and Ty are handled in the same way as terms 717 and T5, with the
exception that the trace inequality (14) is used to handle the approximation error
term.

H i —2 || pi i
175+ T3] < S04 B g+ M) 3 0672 0712+ V02 ).
Ecé&y

Using (7), (8), Cauchy-Schwarz inequality and assumption on p'*! (25), we have:

1% 1 . W . . " . 2
T < SIEVT G o+ MV e = HIG o+ MIVAHIZ X g

+1
O,e) || [T’L

> (9 g g +0? [1V267 g )

]HO,e
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The term T3 is a summation term over interior edges. We assume that the edge
e is shared by the elements E! and E2?. Thus, we have using (7), (8), (25) and
Cauchy-Schwarz inequality:

[Thol < HvﬁHHmE% Z ((H(WH — )| m o,e“‘H((biH _
e€ly,
0 ).

il P

+(HXH—1|E§

Using the trace inequality (14) (16), we have:

= HXi+1|EZ,

g 2 . .
Thol < Z H e + MIVE O™ =5 o
ecl'y,

M|V
M S U2, + 12 9 )
g(?"c) Ecg),

The term Tj; vanishes if the approximation p is continuous. Otherwise, we can
bound exactly like the term T5.
Jd i _ 112 112
Tl < SIEEVT U IEg + Mglry) 3 (072 [0 [l g + 196" g 5)-
Ee&y

Combining all the bounds above, using the fact that 1 < 72 < g(r) < 612, we have
the pressure:

kMM
(1 —5) Z g 1+1 HOe
eel’y,

7 L 6(11)2k M M2 Tp 1112 i1
Hgon — (1- o ML 5 gfeﬁuwmong( o5,

Mh?
g(re)

Define the limiting value of the penalty parameter:
2 48() kM M}
Tu '

Assuming that o, > o, using the approximation results and the fact that ¢ belongs
to W, we obtain:

M 1 i g
Lrbwrt g + (2 -

=

eel'p

i i 2 i i ~i
M (g (rp)) VOG0 +M x| o+ VX THIB o+ M6 =5 o

o, =(1-¢)

(RS AR DR LS [+

(&
ecl',Ul'p
1 1 h2 min(rp+1,kp)—2 -
< Mmax(,uk Pa—— ( Tgnp_él lp HH*»p(Q)
h2 min(re+1,60)—2 i hQrp hQT‘
(36) +T|| e (@) + Mi( gy + 1 i AtQ))
c P

Next, we consider the concentration equation in the system (24). The same way as
for the pressure equation, the concentration equation can be rewritten as:

/Q%(?“ o+ Z/ ek Vo + Z/DC“ -V

Ee&y Ee€é&y
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-3 [l -y [ =3 [ eaane

eel’y, ecl'p Cdlr ecl'n
+1
8 o3 ;
- > / (e el +e ) / g Ve ned 5]
eel,UI'pUl'Nn ecl'y,
+e Z / Cdir KVv~n€~L+1+€ Z /{D (C"TH Vo - n et
cdlI‘
ecl'p ecl'y,
ROV oy [ URED O bt e et
ethuFDuF |e| e€lp (cair)
—0O¢ Z Cdll‘v /(bAth+1 /QSX%H
ecl'pUl'n

- Z/ @) —— =KVt V- Y /D (VX v

Ee€g&y, Ecé&yp
i1 Cdir i+1
+ ) / L@ KV nabl + > / ey KV ne
ecl'y, ecl'p

. [T i -2 ¥ [ ke

GEF}LUFDUFN eel’y,

Z/ Cdir KVv ned Tt — EZ/ (u YV - n [

Cdlr

eely
g\re ) 7 7 ~i
RG> Te)/ il Z/ () = D) VEH - Vo
e€l',U'pUl'y € Eeé&y,
¢z+1 z+1 1
+ — . KVptt. Vo
Eze; / (¢tt) M(C”l))
¢1+1 citl -
— : KVptt.
A e R R
- > [Uper - D) Vet n
ecl'p, U'pUI'n

+€z/{ gt C&I )va_ne}[ﬁiﬂ]

22 J ) e )

& ve 3 [1(PE) - D) Ty

ecl'y,

Subtracting equation (37) from (32), using (33) and choosing z = £i!, we obtain:

J R e [ s R s [ PET D S P

ecl', U'pUl'y |e|
¢z +1 i1 ; i+l t+1
- Z p(pitl) — s KV vett - Z { (/52+1 et
EEE), ecl’y,
Z / Cdir KVTTH ne&t! + (1—¢) Z /{D Cz—i—l Vet e}[fi-&-l]
ol Cdnr eely,
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+ Z /D Cz-‘,—l §l+1 61—&-1 Z /{ ¢1+1 V§i+1 _ne}[TH—l]

ecI'pUl'n eel'y,
. Z/ Cdir v£i+1.n67i+1_/ ¢Atpi+1§i+1+/ dyitieit
ecl'p CdlI‘ Q Q
Z / ’L+1 v02+1 v€7.+1_|_ Z /D 1+1 7.+1 v§z+1
Ecép G Ecén
C ir . .
Z /{ 1+1 Ve?,-i-l ne €1+1 Z / Cdd KVG"H .negz-&-l
eely, e€lp ir)
/{D z+1 z+1 }£z+1 +€ Z /{ H_l Kv£z+1 ne}[eH»l]
eEFhUFDUFN eel'y,
te Z/ Cdir vaH-l n 0t + ¢ Z /{D 7+1)V§1+1 ne}[XH_l}
ecl'p Cdlr eel’y,
to, Z g(re )/[ i+1 §z+1 Z / <z+1 D(u i+1))v/éi+1.v§i+1
ecl',UM'pUTN |6| € Eeé&y
¢z+1 Cz+1 i1 i1
-y - —— JKVptt . ve
2 1 i+1
o / p(o™h)  ple ))
¢z+1 ci+1 " "
+ Z /{ ) T (el KVp™ - n HE]
et (¢ p(c ))
DI HCISSERTAS) N Catis
eel', U'pUI'N

SZ/ ¢1+1 3 cttl )KV&’H ne}[ﬁH—l]

S S \ul(eTh) - p(et)

(38) -3 /{ () = D)) Ve n J[F ] = 51+ S
ecl'y,
The term Sy contains the numerical error in the time discretization:
1 5i+1 _ 62 a~1+1
At At ot

We now bound each term in the right-hand side of (38). The terms Si,...,S1s are
bounded like the terms T;’s. We skip the details (see [7]). Consider the term Sig
using the assumptions H1, H3 and that (1, ¢) € W we have:

i+1

Si9 < *|||Vfl+1”|o +MVEE V™ =5 HINE + 11Ve 1)
AMVEFH NV S (e = &G + I HIE)-

Before bounding the term Ssy we remark that

¢! ¢t o1 i1 iFl it
|u(¢i+1) - M(Ci+1)| < p (ﬁ +prlc ™ o) =

Therefore we have

S20 < *IIIVEZ“IHO + MV A+ e o) 2 (6™ = &G + G-
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The term So; is bounded similarly to the term T7¢.Consider the term Sso, using
the assumptions H1 and H3 we have:

¢ M vl+1oo 7 ~7
Sp< % S Aygiyp g MIIVE e g e gy

e€l,UTp Uy le] g(re)
M||vettz, i+1 2|1 o2gi+1 Sit12 L2 il _ g2
Ty > UVOTHE + RV G) + MVET 2 V12 1 15
¢ E€&y,

M||VeEt 2 IV THIE
g(re)

Do UHE + RV IR)-
Eeé&y,

The terms Sz and Sy4 are bounded like the term 7T37;. Combining the bounds
above, using (36) and the fact that 1 < r' < g(r) < 6r%, we obtain the following
estimate:

757 H‘W%”IH HWF O+ SIvET IR

. 7d2MM .
+(G - - op T Zg,, (Gl

ecl'y,

Oc 782J\7Mt2 T i
+(§—%) > g(h ) [l

ecl'pUI'n

) 1. . .
<MY ST S e g + 28 [0
eel',Ul'p

g(re) i 9(re) i
+M X o g +M(2 w2 DI 2 g+ ML 3 107 5.0

+M(1+ g(rc))lllvx”llllﬁ,sz + M1+ g(r)IVOTIE o + Mo =5 o

h? h : -
91+1 2 + M v ,‘l}z—‘rl ~7,+1
i IV I+ MV IR o
The error |[p**1]o,q is bounded using a Taylor expansion with integral remainder:
4 . g+t 1 §2aitt
=t — At = t—t dt
c=c o T2 /t (t =) 5t

which yields
1 o, < M|éw | Lo i 41,22 (0)-
Define

L 21(d)2M M2 21(d)2MM?
4d ’ d )

Under the condition o, > o and using the approximation result, we obtain the

following estimate:

o2 on Nl %€ l5.0 ‘ g(re)
X 0,Q o~ 0, +|||v£z+1|||?)+ Z | i: H gH—l Hoe

eel'p, Ul'pUI'n

o) = max ((1 —e)

1 3 i1 h2r h27'L
(39) < max(l, 35— ) (Nl o0 + K g R + KiAt).
= (&3 p

Equations (36) and (39) imply that (1, ¢) belongs to W. O
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From Lemma 4 and Theorem 1, we have that the set F(W) is bounded. Using
similar techniques as in Lemma 5 and Theorem 1 it can be shown that F is contin-
uous. Since we are in finite dimension, this means that the operator F is compact.
Therefore, by Schauder’s fixed point theorem there is a solution (¢, ¢) € W such
that

(¥, ¢) = F(, $).

This fixed point solution is the DG solution to (20)-(22). Using the definition of
the space W, the approximation results (26), (27) and Lemma 4, we obtain the
following a priori error estimates.

Theorem 2. Let (P,C) be a solution to (20)-(22). Assume that the solution
(p,c) to (1)-(6) belongs to L>°(0,T; H»(Q2)) x L>°(0,T; H"()). Assume that the
penalty parameters satisfy:

. 48(7) 2k M M2
op 20, 0p,=(1- 5)2Tt
21(d)2M M2 21(d)>M M2
o> op, aizmax<(175)2 ()4d L ()d t).

Then, there exists a constant M independent of h,rp, ¢, At such that for alli > 1

o : - o e hre
1C7 = ¢l + (ALY ICT = D2 +[|1PF = pillls < Ml(ﬁ + 3 T A,
j=1 P c

More technical details of the convergence analysis presented above, can be found
in [7].

5. Extensions and Concluding Remarks

We studied the application of primal discontinuous Galerkin methods, namely
NIPG, IIPG, SIPG, and backward Euler discretization to solve the miscible dis-
placement problem. We gave explicit expressions of the limiting values of the
penalty parameters above which the method is stable and convergent. The meth-
ods, presented above can be modified slightly to consider several other boundary
conditions. The convergence analysis developed in Section 4 is independent of the
choice of the boundary conditions and it can be applied in the same way as above to
show the stability and convergence of the scheme introduced below. For instance,
we may have

(40) u-n=ug Y(x,t) €N xJ,
(41) c=cqy on I'pxJ,
(42) D(u)Ve-n=0, I'yx.J.

If (6) and (40) hold, the scheme becomes:
Pressure Equation: V0 <i < N — 1,

1 i+1 g(rp) i+1
Vz € D, (&n), Z /EWKVP+ .Vz—&—apz ] /JP*‘][Z}

Ecé&y, eel'y

-2 L{@KW’“M@HE 2 /Jﬁm-ne}mﬂ = /f+/

ecl'y, ecl'y
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Concentration Equation: V0 <i < N — 1,

1+1 )
Vv € D, (En), / At(C”Jr1 Cv + Z / %H_l KVvpPHl. vy
Ecéy

Oz+1 )
# 3 [ pwvert v 3 [ kP b

Eecgy, eecl'y
Z /{D UFHVC™ ne}fv] + e Z /{ (Ci+1) Kv“'”e}[PiH]
ecl',UoN eely,
+e Z /{D Uz+1 \VJI ne}[cz+1] Z g(rc) /[Cerl][U]
e€ly, e€l',UoN |e| €
= O¢ Cdir¥ + Cdlrudlrv
GBQ ecoN)

If (40), (41), (42) hold, the concentration equation becomes:
Concentration Equation: VO <7 < N — 1,

i+1 i+1 l+1
—I-Z/DU )VCHVy— Z/{ Gy KVP

Ecé&y, ecI'y, ecl'n

Yo € D, (&), At(c"+1 Cho+ > / ) —KVP* . vy
Ee&y, M
/CH_ludlr

Cz+1 .
Z /{D UTHvVeT nedo] + € Z /{ (C1) KVv - nc} [P

ecl'p,Ul'p ecl'y,
+e > /{D UV n O oo > gtre) /[OM][U}:
eely, e€l', Ul'pUl'x | |
+ Z / dlr'U+/ f2'U+ Z /Cdlrudlrv
ecl'p ecl'n
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