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Abstract

This paper is devoted to the study of a fast reaction diffusion system arising in
reactive transport. It extends the articles [8,10] since a precipitation and dissolution
reaction is considered so that the reaction term is not sign-definite and is moreover
discontinuous. Energy type methods allow us to prove uniform estimates and then
to study the limiting behavior of the solution as the kinetic rate tends to infinity in
the special situation of one aqueous species and one solid species.
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1 Introduction

In this paper we consider the reaction-diffusion system,

u = Au — AG(u, w) in Q x (0,7) (1.1)

wy = AG(u,w) in Qx(0,7) (1.2)
(P*){ du

=0 on 99 x (0,T) (1.3)

u(z,0) = up(x), w(x,0)=wy(x) for x € Q (1.4)

where  is a bounded domain in RY with smooth boundary 0Q and T is a positive constant.
We suppose that A is a positive constant and that the function G(-,-) is given by

Glu,w) = (u—u)* — sign™ (w)(u — )", (1.5)

where w is a given positive constant and

1 ifs>0,
st =max(0,s), s~ =max(0,—s), and sign(s) =4 —1 if s <0,
0 ifs=0.

The above system (P*) is a simplified adimensional model of reactive transport in a porous
medium at the Darcy scale, where u stands for a concentration of an aqueous species, therefore
mobile, and w stands for a concentration of a mineral species. The term AG(u, w) is a reaction
rate that models either a precipitation if u — @ > 0 , or a dissolution otherwise. The positive
constant 7 is the thermodynamic constant of the dissolution reaction and A is a constant rate.
Reactive transport problems arise in the field of radioactive waste storage, oil industry or COq
storage. Indeed, water rocks interactions like precipitation and dissolution reactions have a
strong impact both on flow and solute transport.

We focus on reactions which are very fast compared with the diffusion process so that \ is a
large parameter. In this paper we extend a result of Eymard, Hilhorst, van der Hout and Peletier
[6], which they obtained in the special case of a function G(-, -) assumed to be nonnegative and
nondecreasing in both arguments. The Stefan problem obtained when A\ — +oo is the same
as that of [8,10] but the problem (P?) considered in this paper has an additional precipitation
term. In [8], the main tool is a finite volume method used in any space dimension. In [10], a
Legendre function (associated with the liquid concentration) is used in one space dimension to
deal with discontinuities. Note that in [3], the existence of a solution to the same problem with
two aqueous species instead of one is proven; however, the study of the singular limit in this
more complex case is still an open problem, since the techniques presented here do not seem to
be easily adaptable. We suppose that the initial functions ug and wy satisfy the hypotheses:



(H) UO,U}()GLZ(Q) 0<wug <M andOSwOSMg a.e in Q,
0
for some positive constants M; and M, such that M; > w.

ou  0*u  Ou
We set Qr = Q x (0,7) and denote by W53 (Qr) = {u € LQ(QT)’(?—@’M’E €

L*(Qr),i,j = 1,---, N} and by C%'(]0,7]; L=(f)) the space of Lipschitz continuous func-
tions with values in L>(£2). Next we define a notion of weak solution for Problem (P?*).

Definition 1.1 (u*,w?) is a weak solution of Problem (P*) if for all T > 0

(i) wreW (Qr) , whe CN[0,T]; L>=(Q));

(i) [NDET) ~ [ug©) — [ {6~ V' VE -G we) = 0,
L @ED) = [wie) ~ [ {we+acw v} = o,

for all € € H\(Qy).

The existence of a nonnegative solution pair is proven in [3] for the case of two aqueous species;
the system studied in this latter case fully contains the one studied here. In view of its regularity,
we remark that it satisfies the differential equations in Problem (P*) a.e. in Q7. The purpose
of this paper is to prove the following result.

Theorem 1 Suppose that ug and wq satisfy the hypotheses (Hy). Then for every X > 0, Problem

(PY) has a unique nonnegative weak solution (u*,w?). Moreover there exist functions U &

L*(Qr), W € L*(Q7) such that v and w converge strongly in L*(Qr) to U and W respectively,

as X tends to co. The function Z := —(U + W) 4+ 7 is the unique weak solution of the Stefan
problem
Zy = N(ZT) in Q% (0,T) (1.6)
ozt
(SP) 8—20 on 092 x (0,7T) (1.7)
n
Z(x,0) = —(up(z) + wo(x)) + 7 for x € . (1.8)

Conversely the limit pair (U, W) is given by (U, W) = (=Z" +u,Z7).

Let us first present the results of numerical simulations which show the behaviour of the solution
to Problem (P?) as X becomes larger, and which were obtained by solving a nonlinear system
obtained from a discretization of (P*) by the finite volume method [7], for finite values of A. For
A = 00, we discretized by the finite volume method the Problem (SP). The physical domain
Q) is the unit square (0,1) x (0,1). The initial condition is taken to be uy = 0, except in two
squares where 1y = 2.1073, wy = 0 and w = 1073, In these squares, since ug > %, then at initial
time, the mineral precipitates, and therefore w increases. In the sequel of the simulation, we
observe the dissolution of w. In figures 1 and 2, we display concentration maps of w after 1
time step (precipitation has occured) and 6 time steps (dissolution has occured). We select the
values A = 103(a), 10%(b) and X\ = +o00(c). When X increases the precipitation front gets stiffer.
Indeed in Figure 2, max(w) is 6.5 107*(a), 9.8 1074(b), @ = 1073(c). Therefore, we observe the



expected behaviour of the solution as A\ increases.
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Fig. 1. Concentration of w after 1 time step for 103(a), 105(b), A = oco(c).
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Fig. 2. Concentration of w after 6 time steps for 103(a), 10(b), A = oco(c).

The mathematical justification of this asymptotic behaviour is obtained by proving Theorem
1: this is the aim of the remainder of this article. This article is organized as follows : In Section
2 we prove a comparison principle for Problem (P*), which implies the uniqueness of its weak
solution. This result is quite natural since the monotonicity properties of G in u and in w make
it a cooperative system [1]. In Section 3 we present some a priori estimates, which imply that as

A tends to oo, the sum —(u* +w?) + % tends to the unique weak solution of the Stefan problem
(SP).

2 Comparison principle and uniqueness

We first prove the following comparison principle.

Theorem 2 Let (u,w) and (¢, 1)) be such that u,p € Wy (Qr) and w, ¢ € CO1([0, T]; L>®(Q))
and suppose that they satisfy



up > Au— NG(u,w) a.e in Qr (2.9)
wy > NG (u, w) a.e in Qr (2.10)
O < Ap— NG(¢, 1) a.e in Qr (2.11)
G <AG(6Y)  acinQr (2.12)
a—u:a—d)zo a.e on 02 x (0,7) (2.13)

on  On ’ '
u(z,0) > up(x) > ¢(x,0) forz e Q (2.14)
w(x,0) > wo(x) > (x,0) forz e Q (2.15)

Then

u(z,t) > ¢(x,t) a.ein Qr (2.16)
w(z,t) > Y(x,t) a.ein Qp (2.17)

Before presenting the proof, we recall a technical result stated by Crandall and Pierre [5].

Lemma 2.1 Let p: R — R be Lebesque measurable and bounded and define q by q(r) =
/ p(s)ds. Let w € WHH0,T, LY(Q)). Then q(w) € WH(0,T, L*(Q2)) and
0

d d

£q(w) = p(w)%w a.e.

This Lemma will be used several times in this article either with p(s) = sign(s) and thus
q(s) = |s| or with p(s) = sign™(s) and thus ¢(s) = s™.

Proof. We subtract the inequality for w (2.9) from that for ¢ (2.11), and multiply the result
by sign®" (¢ — u) ; similarly we subtract the inequality for ¢ (2.12) from that for w (2.10), and
multiply the result by sign®* (¢ — w), where sign®* is a smooth nondecreasing regularization

of sign™ which converges pointwise. This approximation can be built as in Lemma 3.1 below.
Adding both inequalities and integrating the result on 2 we deduce that

: : L
[ 5500 —w) + [ Sas —w) < [ Ao —u)sign™ (6 —w) + A [ 75(ww,6,v)
with as(s) = / | sign®* (r)dr which converges to st and
0

7s(u, w, ¢, ) = (G(u, w) — G(¢, w)) sign®* (¢ — u) + (G(¢, V) — G(u, w)) sign®T (1) — w).

Then,

%/ﬂ{@é(ﬁb —u) +as(p —w)} < —/Q|V(¢> — w)|*{sign®* (¢ — u)} + /\/QT(;(u,w, b, 7).



This implies, in view of Lemma 2.2, Lebesgue’s dominated convergence theorem and the hy-
potheses on the initial data, that for all ¢ € [0, T,

//T(¢ —u)"(z, t)dr + /Qw —w) " (z,t)dr <0,

so that ¢ < wu and ¢ < w on Q7. O

Lemma 2.2 Let the function 75 be defined by
7(u,w,6,9) = (Glu,w) — G(¢, ) sign’* (¢ — u) + (G(¢, ¥) — G(u,w)) sign™ (¢ — w),
with sign®* a smooth approzimation of sign™. Then lims o 75 < 0.

Proof. We use the monotonicity of G(u,w) (/" u, \, w). We rewrite 75 in the form,

75 = {G(u,w) — G(p,w)} sign’" (¢ — u) + {G (o, w) — G(¢, )} sign’* (¢ — u)
HG(¢,¥) — G(¢,w)} sign™* (¢ — w) + {G(¢, w) — G(u,w)} sign”* (Y — w)

=  —{G(b.w) — Glu,w))} sign’* (¢ — u) + {G(¢,w) — G(u,w))} sign’ " (¢ — w)
—{G(d,w) — G(,9)} sign®" (¥ — w) + {G(¢,w) — G(¢, )} sign™* (¢ — u)

Applying Lebesgue’s dominated convergence theorem we deduce that

/szTé(u’w’¢7¢) — /QT(u,w,d),l/)) as 0 | 0,

where
T = —{G(d,w) — G(u,w)}" +{G(d,w) — G(u, w)}sign™ (¢ — w)

—{G(0,w) = G(6,¢)}" +{G(¢,w) — G(§,9)}sign™ (¢ — u) <0.
0J

Corollary 2.3 Under hypotheses (Hy), let (u*, w*) be a weak solution of Problem (P*), then:

uMz,t) <at) =a+ (M, —7w) e, a.ein Qr (2.18)

<
w(x, 1) <w(t) = My + (My —7)(1 —e™), a.ein Qr. (2.19)

Proof. We check that (@, ) is the weak solution of Problem (P?*) with the constant initial
data (u(x,0),w(x,0)) = (M, Ms). The result then follows from the comparison principle given
in Theorem 2. U



3 A priori estimates

The purpose of this section is to prove the convergence Theorem 1. We first introduce some
notations and give technical lemmas. To begin with we construct a smooth nondecreasing
approximation of the sign function which we denote by sign’ and which converges pointwise to
the function sign; we then define by H’ the regularization of the Heaviside function H°(s) :=

/s sign’ (7)dr.
0

Lemma 3.1 There exist a sequence of smooth nondecreasing functions (signé) which converges
pointwise to the function sign.

Proof. First we introduce two smooth functions f, and f; defined respectively by

671—11)2 forx <1 e~ for x >0
filz) = and fo(z) =
0 forx >1 0 for x <0

The function fyf; € C*(R) and is equal to zero on R \ [0, 1]. Moreover defined F' by

/fo - /fo )il

one can check that F' € C*°(R) and satisfies F/(0) = 0, F(z) = 0 for x < 0 and F(x) = 1 for
x > 1. Finally, setting sign®(z) = F(%) for 6 > 0, we deduce that sign’(z) converges to sign(z)
for all z € R as ¢ tends to 0. O]

We now prove some a priori estimates.

Lemma 3.2 Let (v}, w?) be the solution of (P*). Then there exists Cy > 0 only depending on
T, Q) and u, such that

// |wy|dzdt = A// (u*, wh)|dzdt < C, (3.20)

and

// IV |2dadt < C). (3.21)

Proof. We first prove (3.20). Multiplying (1.1) by sign’(u — @) and integrating the result on
) we obtain

% /Q (MW —m)}=- /Q {vi - ﬂ)}Q {Sign5}/ (u* — ) — /\/QG(UA, w*) sign’ (u* — 7).

/
Using the nonnegativity of s +— {sign‘s} , we have the following inequality



%KKWW“”M+*LGw%MN@ﬂm—mSQ

which we integrate on (0,¢), 0 <t < T to obtain

/Q [H —m)} (0) + A [ G, ) sign’ (v — 1) < /Q {H (uo - 1)}

Qt

It then follows from Lebesgue’s dominated convergence theorem that

/\u —|(t) —i—)\/ w)sign(ut — ) < C.
In view of the special expression of G(-,-), we remark that
G(u)\a w)‘)sign(u)‘ o U) = ‘G(u)\7 w)\)’7

so that finally
/Q W — (1) + )\/Q G, )| < C

holds. Moreover in view of (1.2) we deduce that

S w=af [ ew ) <o

which coincides with (3.20). Next we prove (3.21). Multiplying (1.1) by v* — 7 and integrating
the result on QQr we obtain

//Tut u — ) //T (u* — ) —)\//TG(U’\,w’\)(u’\—ﬂ)

which implies that

//T (u*—7) //Tﬁt —|*— )\// (u*, w u—u<)\//T (W, ) (W 7).

Using (3.20) and the fact that u* is bounded we deduce (3.21). O
Next we prove estimates of differences of space and time translates of {u*}. We set for r € R™:

Q. ={xreQ, B(x,2r)CQ}.

Lemma 3.3 There exists Cy > 0 only depending on T, € and u such that

/OT/Q |u(z + &, 1) — uM(w, t)|*dedt < Col€f, (3.22)

and .
/ / W (@, b+ 7) — 0 (w, ) Pdwdt < Cyr (3.23)
0 Q

forall ¢ € RN, €] < 2r and 7 € (0, 7).



Proof. We first prove (3.22). We have that

/OT/QT [u(x + &,t) — uMz, t)|*dodt = /OT/QT _/01 Vul(z + o€, t).£do
< /OT/T /01 \Vu’\(x+0§,t)|2d0/01 €| do | dadt
< \g\?/ol —/OT /Q |Vu’\(x+a§,t)\2dx>dt do
<iel [ [ f1ve o )]ao

T
<IgP [ [ IVury.t)Pdydt.

2

dxdt

Using (3.21) we deduce (3.22). Next we prove (3.23).

/ o [t 7) = e )P
—/T / < 2+ 7) — uMx ,t))(/OTatuA(x,H—a)da)dxdt
_/T / < ot 4 7) (x,t)) (/OT(AU)‘—AG(uA,w)‘))(x,t+0)da>dxdt
_/T /( (.t +7) — uMa ,t))(/OTAuA(x,t%—a)da)dxdt

A /T / ( 2,4+ 7) (x,t)) (/OTG(u)‘,w’\)(a:,t+a)da>da:dt

= I +1] (3.24)

Using (3.21) we have that

T T—1
| g/ </ /Q ‘Vu)‘(x,tjt 7) — Vur(z, t)“Vu’\(x, t+ J)\d;tdlf)da
o \Jo
T
< 27’/ / ‘Vu’\(x,t)\2dxdt < 27C. (3.25)
0 Ja

In view of (3.20) and Corollary 2.3 we obtain that
11| < 2KCyr. (3.26)

Finally substituting (3.25) and (3.26) into (3.24) we deduce (3.23). O

Next we prove estimates of differences of space and time translates of {w?*}.



Lemma 3.4 There ezists a positive function h such that h(§) — 0 as & — 0 and:

/OT /Q |w(z + &, 1) — w(z, t)|dzdt < h(E), (3.27)

and .
/ / (@, b+ 1) — wz, )|dedt < Cir (3.28)
0 Q

for all ¢ € RN, €] < 2r and T € (0,7T).

Proof. We first show (3.28). We have in view of the ordinary differential equation (1.2) for
w?, that

T—1 A A\ dd T—1
t — t t =
/0 /Q\w (x,t+7) —w(z,t)|dx /0 /Q

S/OT </OT/Q)\|G(u)‘,w’\)(x,t)\dxdt>da,

which with (3.20) gives (3.28). Next we prove (3.27). We first introduce the set

/T dw™(z,t + o)do|drdt
0

(3.29)

Q) = Ugeq, B(z, 1)

and remark that by definition
Q. CcQ cQ.

As it is done in [6], we introduce the function ¢» € C§°(£2,), such that

(x) = é/Q p<w> dy forall z € Q,

r r

where 1 = Uyeq, B(x,r/4) and p is the function defined by

S S I
poexp< 7= |x\2> if |z] <1,

0 otherwise,

p(z) =

and pg is a constant chosen such that /R N p(x)dxz = 1. One can check that 1 satisfies that
0<¢¥<1inQ and ¢ =11in Q,.
Let £ € RY with |¢| < r. For all (z,t) € Q. x (0,T) we set
Mz, t) = u(z + &, 1) and 0z, t) = wx + &, 1).

Next we show that

10



E = <G(u)‘, wt) — G(&’\,u?’\)> (sz’gn(u)‘ — @) — sign(w — 171’\)) >0, a.e. in Q. x (0,7).
(3.30)

We consider 4 different cases :

If u* > @* and w* > @* or if v* < @ and w* < @ then <3ign(u’\ — ) — sign(w — u?*)) =0

and thus E = 0.
If u* > @* and w* < @ since u — G(u,v) is increasing and v — G(u, v) is non increasing we
have that

G, o) < Gu, ) < Glur, w?).

Thus £ > 0.
Similarly if v* < @* and w* > @ then E > 0. This concludes the proof of (3.30). In view of
the ordinary differential equation for w?, (1.2), we deduce from (3.30) that

(w* — %), <3ign(u’\ — @) — sign(w — u?)‘)> >0, a.e. in Q. x (0,7). (3.31)

Multiplying the equality
(u)\ - a)\)t + (w)\ - @D)\)t o A(u)‘ o ,&)\) _ O,

by {sign‘s(u)‘ — 12’\)}1/) and integrating by part on . x (0,¢) for ¢ € (0,T) we obtain that

/Ot /,T(UA — ), {Sign‘s(uA — &A)}wda:ds - /Ot //T(wA — u?A)t[sign‘S(u’\ — &A)}wdxds
+/Ot /; V(u — ﬂ’\)V{[sign‘s(uA — ﬂ’\)]ﬂ)}dxds =0 (3.32)

which by Lebesgue’s dominated convergence theorem implies that

/Ot /’T(UA _ ak)t{sign(uA _ ak) wdxds + /t/ (w — w*)t[sz’gn(uA _ aA)deds
+/ / ) sign(u® — @) Vepdrds < 0.

This with (3.31) gives that

t t t
/ W — @ wdads +/ / w* — @ |pdrds +/ / Vit — @ Vipdads < 0,
0 Jor 0 Jor 0 Jor

11



which implies after integration in time in the two first terms that

T

/, (W — @) (2, 1) + | (w ~ m)(:c,t)y>¢(x>dx
< <\UO(x) — up(x + &)| + |wo(z) — wo(z + 5)‘>¢($)da: n /Ot /Q,T (W — @) (x, )| A () | dads

_Q;

Integrating this inequality with respect to ¢ on (0,7) and using the fact that 0 < <1 in Q..
and ¢ = 1 in €2, we deduce that

//(u — xt)|+|(wk—wk)(x,t)\>dxdt

<T <\u0(a:) — up(z +&)| + |wo(z) — wo(x + §)\>dx

@

T 12 /o 1/2
vr( [ f 1= we) ([ 1aer)
o Jar o Jar

Also using (3.22) with Q, replaced by €2, we deduce that

/ / |(w (x,t)|dzxdt < T/ (\uo () —uo(x + &) + |wo(x) — wo($+§)\>dx
e [, 1avr) " 5:3)

Therefore we have proved (3.27) with h(£) being equal to the right hand-side of (3.33).
O

Corollary 3.5 Let (u*, w?) be the unique nonnegative solution of Problem (P*). There exist
subsequences {u*} and {w*"} and functions U € L®(Qr) and W € L>(Qr) such that

' — U and w™™ — W

strongly in L*(Qr) as A\, tends to co. Moreover as M\, tends to oo, u* — U weakly in

L*(0,T; HY(Q)).
Proof. The first part of Corollary 3.5 follows from Lemmas 3.3 and 3.4 and the Riesz-Fréchet-

Kolmogorov theorem ([4] Theorem IV.25 and Corollary IV.26). The last assertion follows from
(3.21). 0

12



Lemma 3.6 We have that G(U, W) = 0 so that setting Z := —(U + W) + 7 we obtain

if U>w thenU =7 and Z = —W
if U <@ then W =0 and Z = -U + 7.

Thus Z+ = —U + .

Proof. We set
G, w) i= (u =) — sign? (w)(u—1)",

where sign? is the continuous function defined by

1 ifx>e
signf () =4 Lo ifo<az<e
0 ifz<0
Next we check that
0<(u—1)G(u,w) < (u—1)G(u,w), (3.34)

for all (u,w) € R*. We consider three cases :
If w > e then G(u,w) = G.(u,w) = u — 7 so that

0 < (u—1u)G(u,w) < (u—1)G(u,w).

If0<w<eand u—1u>0then (u—u)G:(u,w) = (u—1u)* = (u—1u)G(u,w) > 0.
If 0 <w<eand u—71u <0 then we have (v — )G (u, w) = Tw(u —u)? > 0 and moreover

(u—1)G:(u,w) < (u—1u)G(u,w).

This concludes the proof of (3.34). Applying (3.34) at the point (u*, w*) and integrating the
result on ()7 we deduce that

0< [ (u —a)G(u, w*) < [ (u* —7)G(ur, wr).
Qr Qr

In view of Corollary 3.5 and (3.20) we deduce that lim,\mToo/ (u* — )G (u, w™) = 0 and
Qr

thus since G, is continuous we have that

/ (U —@)G.(U,W) = 0.

T

Therefore G.(U, W) = 0 or U = w. Finally letting ¢ tend to 0 we obtain that G(U, W) = 0 or
U = wu, which concludes the proof of Lemma 3.6. O

Lemma 3.7 The function Z := —(U + W) + 7 is a weak solution of Problem (SP).

13



Proof. Let (u*, w*") be the unique solution of Problem (P*"). Then
| g — [ vutnve == [ (ug+ wo)é(0),
T Qr Q
for all £ € C*(Qr) such that £(T) = 0. Letting \,, tends to co we deduce that
/ (U + W), — / VU.VE = — / (o + wo)£(0) (3.35)
T Qr Q

for all £ € C*1(Qr) such that £(T) = 0.

We consider now the function Z = —(U + W) + @, then by Lemma 3.6 we deduce that Z is
a weak solution of Problem (SP) in the following sense : (i) Z € L>®(Qr) ; (ii) Z satisfies the
following equality

f,, 76~ [, ¥27e= [ (w0t wo ~we(0) (3.36)
O

Lemma 3.8 The function Z := —(U + W) 4+ is the weak solution of Problem (SP) and the
whole sequence (u*, w) converges to (U W) = (=ZT +1u,Z7) as \ tends to co.

Proof. Lemma 3.8 follows directly from the uniqueness of the weak solution of Problem (SP)
(see [9] Proposition 5) and the fact that the functions U = —Z" +u, W = Z~ are uniquely
defined as well. O
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