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Error Estimates for a Regularization of a
Class of Porous Medium Equations

Koffi B. Fadimba

Abstract
In solving numerically the class of Porous Medium Equations
(PME)
oS
5N + V- f(S)u—-V - -E(S)VS =Q(S)

with appropriate boundary and initial conditions, one often regu-
larizes the problem, because of possible roughness in the numerical
solution, due to the smallness or the vanishing, at some points, of
the diffusion coefficient k.

We consider a regularization of the PME and establish conver-
gence estimates for the first derivative, in time, of the regularized
solutions, first for the case where the diffusion coefficient k& van-
ishes at S = 1 and at S = 0. Next we give error estimates for
the case where k does not vanish but is assumed small enough to
perturb some numerical methods, though the theoretical solution
of the PME might be sufficiently regular in this case.
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1 Introduction

We consider the equation

aatS—l—V-(f(S)u)—V-(k(S)VS) = Q(9) on 2 x (0,7]. (1.1
with the boundary conditions:
(f(SHu —Ek(S)VS)-n=¢q on 092 x [0,Tp] (1.2)
and the initial condition
S(z,0) = S°(z) on §2 (1.3)

with 2 a bounded domain of R", n = 1,2, 3, and where 0 < S%(z) < 1,
for all z € Q, S° € H'(Q). For simplicity let || = 1.

Equation (1.1) is called the saturation equation when k vanishes for
S = 0 and for S = 1. This problem is obtained by modeling, for instance,
flow through a porous medium (see e.g [1],[9],[5]). Here S is the saturation
of the invading fluid, u is the Darcy velocity, k& the conductivity of the
medium. The flux, or fractional flow, function f defines the transport
term, and () defines the source and sink terms.

One difficulty in approximating numerically the solution to problem
(1.1)-(1.3), lies in the fact that the diffusion coefficient k vanishes when
the saturation is zero, or 1. In a past paper [7], analysis was done for
the case where k vanishes, but this analysis concerned the solution itself.
Here, we are interested in the first derivatives of the solution.

We make the following assumptions on the data of this problem.

cpls)” 0<s<ao
k(s) > < co a; <s < (1.4)
all =5t ap<s<1

where 0 < oy < % < g < 1 are given. We assume 0 < p < 2, and we set



To get around some difficulties from direct numerical approximation,
one often regularizes the problem in some way. Here we simply replace
the degenerate problem by a nondegenerate one, and hope (in fact this
is proved : see [7] for instance) that the solution to the new problem will
approximate, in some space, the solution to the initial problem, as the
perturbation parameter § tends to 0. We regularize by perturbing k as
follows (as an example of regularization): we let 0 < 3 < % and

0 = min(k(5), k(1 = 5)),
0 = min(k(5) = k(0), k(1 = B) = k(1)) (1.6)
with kg defined by

— k(¢ k(E) > 6
ks (€) { %(5 §< ])Cg(f) <4 ot(hzar?vise. (1.7)

More generally, define ks in such a way that kg converges strongly to &
as the perturbation parameter 5 tends to 0. In any case define Kz by
K3(€) = [$ kg(r)dr. Then the approximate problem for (1.1) is:

055V (F(S570) — V- (k5(S5) V) = Q(S3) on % (0.7] (19
f(Sg)u n — (ilKﬂ(Sﬁ) = (q on 0 x [O,To] (19)
Sg(x,0) = S°(z) on Q. (1.10)

Now the question is how well we approximate the initial problem by
so doing. Many papers have dealt with this problem, in the degenerate
case. José Carillo in [4], and Emile Rouvre and Gerard Gagneux in [13],
study the same problem in general settings, with one degeneracy at 0,
but do not regualrize the problem. They are concerned directly with
the existence of entropy solutions. M.E. Rose in [10] considers problem
(1.1)—(1.3) with one degeneracy, without the transport term and in one
dimension, and in [11, 12] the full advection-diffusion equation in one di-
mension. D.L. Smylie in his doctoral thesis [14] treats the pure parabolic
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case in several dimensions, and with two degeneracies. R.C Sharpley
and K.B. Fadimba in [7] and [8], and K.B. Fadimba in [6] treat the full
advection-diffusion equation in several dimensions with two degeneracies.
Error analysis for Ss is performed in each of these papers.

One main concern in this paper is the regularity of Sg;. A conjecture
in [11] is that Sg is bounded independently of 3, for the degenerate case.
This is important since it improves the estimates in the error analyses
for the finite element method applied to the problem. In [10] and [14],
the analyses are performed assuming that this conjecture is true. Indeed
the conjecture is true for p =1 by [10].

In this paper, without proving the conjecture itself, we attempt to
bring some improvement to the existing results on this matter. More
precisely we show that ||Sg; — St||r2((r1)+) tends to 0 as 3 — 0, in the de-

generate case (condition (1.13)). We also show H\/kﬂ(Sg)(Sgt — St %)

tends to 0 as § — 0, in the nondegenerate case (condition (1.12) or
(1.11)),with possibly aq small), among other results. A drawback for the
last result is that the constants appearing in the estimates depend on S,
VS and S. For these reasons, we make the following assumptions.

Condition (1.11) is unlikely to be satisfied if we have a degenerate prob-
lem, i.e. if the coefficient k£ vanishes at some places. Hence the assump-
tion

k(s) > ag Vs € [0,1], (1.12)

with ag possibly small. Nevertherless our first result (Theorem 3.1) is
gotten under the degeneracy condition

k(0) = k(1) = 0. (1.13)

The remaining of the paper is structured as follows. In Section 2, we
give some preliminary results on the solution operator T'. Also we give a
summary of some previous results on the problem considered.



In Section 3, we prove our main result: |[Sg; —S;||12((#1)) tends to 0 as
3 tends to 0. We also obtain in this section that H \/ k3(Ss)(Spt — St)
tends to 0 as 3 — 0, but under the restriction (1.11).

In section 4, additional error estimates are given for Ss;, and conver-
gence estimates are established for V5.

L2(L2)

2 Preliminaries

2.1 The Solution Operator

The solution operator defined below is a very useful tool in the analysis
of problems of parabolic nature, in the sense that it can help simplify
somehow the analysis. In particular, it helps define an equivalent norm
on (H')* more appropriate for the analysis of the P.D.E. than the usual
dual norm. Here we give a summary of some of the properties of the
solution operator and its discrete analogue. We refer to [14], [6], and also
to [10, 11, 12] for more details. Denote

1 1
fo= gy f, F4r =iy (-1

when this has a meaning. We consider w € H'(f2) given by
—Aw=f—fq inQ

& =0 on 09 (2.1)
wo = fo

Then w is well-defined for a given f € (H')*. We define the Solution
Operator T by
T(f)=w for all f e (H")*

where w is the unique solution to problem 2.1.
A weak formulation of Problem 2.1 is

(VTf,V$) = (f — fa.¢) Vo€ HY Q) (2.2)
(T o = fo |



If we take ¢ = T'g with g € (H')*, then we get

and if g = f we get

(£, Tf) = IVTfllZ> + (fa)* Vf € (H')". (2.3)
We have the following

Proposition 2.1 The solution operator as defined by (2.1) is linear,
symmetric in the sense (T'f,g) = (f,Tg) for all f,g € (H')*,and positive
definite in the sense that (Tf, f) >0 if f # 0.

This proposition allows us to define a new norm on (H*)* (see [10],[12],[6]

and [11]), by

1 1
lull gy = (Tu,w)2 = (IVTullZz + (ug)?)? = [Tl (2.4)

2.2 Previous Results

We summarize here some results from [7], which are still valid without
condition (1.13) being necessarily satisfied [6], and which we need in the

following analysis. Define
24n

T x4
i.e. 7y is the conjugate complement of 2 4 p.
We make the following assumption.

C7|f(b) = f(a)* < (K(b) — K(a))(b - a) (2.6)

for all 0 < a < b <1, and for some positive constant C*.
Assumption (2.6) is verified under condition (1.4) for the nondegen-
erate case. In the degenerate case we need the additional hypothesis:

f0)=f(1)=0 (2.7)

(2.5)
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We will be using (2.6) in the form

|1 f (u) = f(0)lli20) < (K(w) = K(v), u—v) (2.8)

A consequence of (2.6) is

716 < C/k(e) (2.9)
These inequalities remain true when £ is replaced by kg. Also
O™ {lu = v[|73E < (K(u) = K(v), u—v) (2.10)

for all u,v € L***. Inequality (2.10) is also true when K is replaced by
Kp. Given that K is Lipschitz, we have:

(K (u) = K (v))g < [|K (u) — K(v)[72
< lk)loo (K (w) — K (v), u—v). (2.11)

The next Theorem gives the error estimates for S — Sz, when the initial
problem (1.1)—(1.3) is replaced by the regularized nondegenerate problem
(1.8)—(1.10).

Theorem 2.1 Assume that hypothesis (2.6) hold. Let Sg be the solution
to (1.8)—(1.10), and S the solution to (1.1)—(1.3), then

To
sup |5 — S|{- + 77/0 (Ks(5s) — K(5), Sp — S)(r)dr < C(B5)

0<t<Tp
(2.12)
155(S5) — K(S)| 7222y < C(B0)". (2.13)
and
HSB - SHigfu(LHu) < C(Bd)". (2.14)

The following regularity results are found in [7].



Lemma 2.1 If Sg is the solution to (1.8)—(1.10), then

<c (2.15)
L (07T07L1 (Q))

H dSg

Lemma 2.2 Under the conditions of Lemma 2.1, we have

2
IS0l + | Ra(5) 7S

L2(L2

< C-Ty+ 157 (2.16)
)

Lemma 2.3 Under the hypothesis of Lemma 2.1, we have

2
H\/ ks(Sp)Spt
12(1?)

ot IV E5(S3) 7 (12) < C. (2.17)

The above Lemmas help to prove the following.

Theorem 2.2 Assume the hypotheses of Theorem 2.1 hold. Then
Kk
HSBtHZ'V(L'Y) < Cp T (2.18)

and
.

< Cp T, (2.19)

Ly(L™)

Hasﬁ + V- f(S5)u

Finally we have the following

Theorem 2.3 Assume > 1. Then

sup (K (Sg) = K(S), S5 = ) + 0|V (Ks(Sp) = K ()l[3(z2) < O

0<t<To

(2.20)
“Sﬁ - SHLOO(L2+“) S C’(Smﬁ (221)
| K (Sg) — K(S)||2(0,1,11) < CO2. (2.22)



3 Error Analysis for Ss

In this section we establish our main results. We show that [|Sg —

StllL2ryy and |[\/kz(S3) (S — St)||2(r2) (for 0 < p < 2) tend to 0 as
g — 0.

For this purpose we subtract equation (1.1) from equation (1.8) to
get

Sar=Si+V-(f(Sp) = F(9))u=A(Kp(55) = K(S5)) = Q(Sp) = Q(5). (3.1)

To simplify we assume from now on that () = 0, and ¢ = 0.

3.1 Analysis in L?((H!)*)
We have the following Theorem.

Theorem 3.1 Assume conditions (1.4), (1.13), (2.6) and (2.7) hold.
Also assume f € C*([0,1]). In addition let 0 < u < 2. Then

1S5 — Selliz(my-y + sup (Kp(Sg) — K3(S), S5 — ) < C6%,  (3.2)

0<t<Tp
where oy = i, and C' independent of (3.

Before giving the proof of the Theorem, we deduce from the above
results the following known results.

Corollary 3.1 Under the assumptions of Theorem 3.1, we have

[ K5(Sp) — K(S) Lo (z2) < co (3.3)
1S5 = Sllzoezzmy < Co74 (3.4)
1£(S5) = F(S)||perz) < COF. (3.5)

Estimate (3.3) comes from (3.2) and (2.11). Estimate (3.4) is a conse-
quence of (3.2) and (2.10). Finally, estimate (3.5) results from (3.2) and
condition (2.6).



Now we prove Theorem 3.1.

Proof.

First notice that under assumption (1.13) we get that do = §. We go
from identity (3.1). Multiply each side by T'(Sg — S;), integrate over
the domain € (assume |2] = 1), use the Divergence Theorem, and the
boundary conditions (1.2) and (1.9) to get

1S5 = Selltrrry = ((F(Ss) = f(S))u, VT (Spe — Sy))
+(V(K35(Ss) — K(5)), VT (Sp: — 5)) = 0, (3.6)

where we have made use of (2.4). By (2.2) the last term on the left hand
side of (3.6) can be rewritten as

(V(Kp(Sp) — K(S)), VT (Sp: — St))
= (Spt — St — (Spt — St)qs Kp(Sp) — K(S)).  (3.7)

Now
(St — St)a = ((Sg — S)a), = 0.

Next use the product rule on the second term of the right side of (3.7)
and substitute in (3.6) to get

1S5e = Stellfny- + jt(Kﬁ(Sﬁ) — K(8),85 = 8) < [I(f(S5) = f(S))ullL2

IS0~ SOl + [(Ka(So)e — K(S)er (S5~ ). (38)

Hide the second term of the right side of (3.8) in the left side, by (2.4).
Holder Inequality on the last term then yields

1 d
§||56t - StH%Hl)* + %(Kﬁ(sﬂ) — K(S),S5 - 9)

< C{f(Ss) = [(S)Z2 + 1 Ks(Sp)e = K(S)ellza 1S5 — S} (3.9)
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2+4p

with v = T

we obtain:

Integrating in time over [0,7p], and using again Holder,

1S — Sill 72y + o sup (K5(Sp) — Kp(5), 85 — 5)
< C{IIf(Se) = F(S)F2z2) + 11K (S8)e — K (S)ell vz 198 — SllLovn(roem }
+ sup |[(Kp(S) — K(S),Sp —9)|. (3.10)

0<t<Th

Thus referring back to Theorem 2.1, condition (2.6), estimate (2.17),
and the definition of Kz, we get

196: — Sill 72y + 0 sup (Kp(Sg) — Ks(S5), S5 — §) < Co*, (3.11)

0<t<To

where

ap = (3.12)

1
o
This ends the proof of the Theorem. O

Note : If we make the following hypotheses, as made in many papers
(10, 11, 14] :
k(s)+ k(1 —s) <Cp, (3.13)
then
0% = .

3.2 Analysis in L?(L?)

¢ From now on, we assume that condition (1.12) holds in place of condition
(1.13), unless otherwise stated.

Now we show that H\/kg(Sg)(Sgt —S) s 0as 3 — 0. We go
from (3.1). Multiply each side of (3.1) by K3(Ss): — K(5),, integrate
over €2, use the Divergence Theorem, and the boundary conditions (1.2)
and (1.9), to get

(Spr — Sty K(Sp)e — K(S)) + (V(Kp(Sp) — K(5)), V(EKs(Ss): — K(5))
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= ((f(Ss) = f(9)u, V(Es(Sp)e — K(5):))- (3.14)
We split the first term on the left side of (3.14) into 2 terms:
(Spt = St Kp(Sg)e = K(S)) = (Spr — St, ks(Sp) (S — S))

+(Spe = S, (ks(Sp) — k(5))51) (3.15)
so that (3.14) becomes

(S50 — SesKal(53) (S0 — 50) + 5 I VK(S) —~ K (S

= ((F(Sp) = F(5))u, V(Kp(s)e = K(5)e)) + (Spe =S, (ks(Sp) —k(S())St))-

3.16
Next, using the product rule on the first term of the rightside of (3.16)
we have

| /ra(S)( — 5.

_ jt« F(Sg) = F(S)m, V(Ks(Ss) = K(S)))

H(((f(S) = F(9))w)s, V(E(Sg) = K(5))) + (Spe— St (ks(Sp) — k<S()?2§t7)j

2

1d )
T g IV Es(Ss) = K5Iz

By the product rule

((f(Sp) = f(S)a)e = ((f'(Sp) — ['(S5))Stu)
+1(58)(Spr = S)u+ (f(9s) = f(S)w. (3.18)

The second term of the right side of (3.18) gives
(F(S9)(S3 — S, V(K(S5) — K(S)
Lo
< 717 (Sa)(Sa = S22 + ClIV (Ks(S5) = K(5))]22

|, TCIVE(S) = K(S)IZ: (3.19)
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where we have used the fact that |f'(0)] < Cy/kg(o) (see (2.9)). Since
f € C?*([0,1]), f’ is Lipschitz. Thus the first term of the right side of
(3.18) gives

((f'(Sp) = £'(9)) S, V(K5(Sp) — K(S5))) < CllSrullpez)[1Ss — SII72
+HIV(K5(Sp) — K(5))l72 (3-20)
The third term on the right side of (3.18) gives the bound

(£ (Ss) = f(S))ue, V(Kp(Ss) — K(5)))] < ;Il(f(Sﬁ) — f(S))uel7

IV R(S) ~ K(S))]E: (3.21)

Finally the last term on the right side of (3.17) is bounded as follows:
1
(Sge — St (ks(Ss) — k(8))Se) < £11\/ks(Ss)(Spe — Si)ll72
4

ko(Sp) — k()|
ks(Ss) I,

We can hide the first term on the right side of (3.22) in the left side
of (3.17). The last term is treated as follows:

to(Sp) — k()|

Y, kﬁ(‘sﬁ) L2
ks(Ss) — ka(S)|I*, [|ks(S) — k(S)|
SQ(‘ s H*’ Vs LJ
<2 ‘ kﬁ(sﬂ)\/;_okﬁ(s) B T (ng (3.23)

13



where we use the definition of ks (see (1.7)). By the Lipschitz nature of
kp(Sp) — ks(S)

ks, we have
"

Now going back to estimate (3.17), substituting and hiding the appro-
priate terms from the above analysis, we obtain

;H\/ ks(Sp)(Spe — St)

d

< 5 ((F(S5) = f(5))u, V(K;5(Sp) — K(5)))

+CISpul| o () {1185 — SIZ2 + 1(£(S) — f(S)ullZ2

< |lksllzodo * (1S5 — Sllz2- (3.24)

L2

2 14 ,
5l VES) — KD

_ 0°
+0g 1155 — Szz + 5o T CIV(Es(Ss) - K(S)Ize- (3.25)

Using Gronwall Lemma yields:

|Vistaitsa—s[ .

< C sup [((f(Sp) = f(S))u, V(Kp(Ss) — K(5)))]

0<t<Th

+C|[Spall oo (o) {1195 = Sl Fa(rzy + 1 (Ss) = F(S)Z2r2

+ 1| V(E3(Ss) = K ()70 (12

- 0°
+05 (1S — SlZ22) + st IV(Ks(S%) — K(S)I7=}  (3.26)

where S° is as in (1.3). The first term on the right side of (3.26) is
bounded as follows:

sup [((f(Ss) = f(5))u, V(Kp(Ss) — K(5)))]

< CWf(Sp) = ()L + n/21V (K5(Sp) = K(S)7o 12y (3-27)
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so that the second term of the right side of (3.27) can be hidden in the
left side of (3.26). In [7] (page 46) it was shown that

VEs(SO)V.S°
L2

so that the last term on the right hand side of (3.26) is bounded by C.
Finally using Theorems 2.1, 2.2, Corollary 3.1 for the second term on the
right side of (3.26), taking o = I, we see that we have just proved the
following.

IV(K5(S°) = K(S°)llz2 < Co2 (3.28)

Theorem 3.2 Assume conditions (1.4), (1.11), (1.12), and (2.6) hold.
Also assume [ € C*([0,1]) and that k is Lipschitz. Then we have

|53~ 51

where

OIS = K($))imn < OB (329)

2
L2(L

GE 4 6%+ 600
= T

Before deriving in the next section additional error estimates for Sg,
and convergence results for V.S3, we make some comments on the above
two theorems. First notice that the results in Theorem 3.1 are valid even
for the degenerate case, that is when (1.13) holds. Next, Theorems 3.2
and 3.1 give new results at least if we are referring back to [6], [7], [10],
[11], [12] and [14]. Namely,

5 . (3.30)

156t = Sell z2((mys) < 57, (3.31)

a0 — 50| | <ot (3.32)
L2(L?)

1S5 — Sl (e < COmEm (3.33)

1K 5(S5) — K(S) | eqarty < C67. (3.34)

91 being defined by (3.30) . Inequality (3.33) is obtained from Theorem
3.1 and inequality (2.10). Thus Theorem 3.1 is an alternative way for
obtaining (3.33), the other one being Theorem 2.3.
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4  Additional Error Estimates for S and
Convergence Results for V.5S3.

4.1 Additional Estimates .

With the help of Theorem 3.2 we prove that Kz(S5); — K(5); tends to
0 as [ tends to 0, but under condition (1.11).

Lemma 4.1 Under the hypotheses of Theorem 3.2, we have

1K 5(Ss)e — K ()il r2cr2y < C(|Jul| o (zoe), (1St oo (100)) 07 - (4.1)

Proof.
The proof is straightforward since

1K56(S8)e = K (S)illz2z2) < ks (Sp)(Spr — Sill2z2)

+[1(ks(Sp) — k(S5))SellL2(z2)- (4.2)
Theorem 3.2 then does the rest. O

4.2 Convergence Results for VS;s.

As for Sp we prove that, for 0 < p < 2, /kg(S3)V(Ss —S) — 0 as
g — 0.

Theorem 4.1 Under the hypotheses of Theorem 3.2, we have

2

L2(L2)

1S5 = S~z + o [ Eo(S2) V(55— 5)

where C = C(||VS||p(r), and where 6, is defined by (3.30).

Proof.
The argument goes as in the proofs of Theorems 3.1 and 3.2. We go from
equality (3.1), which we multiply by S — S5, assuming that Sg — S; €
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L?(L?), integrate the result over 2, use the Divergence Theorem together
with the boundary conditions (1.2) and (1.9). We then get:

2

= ((f(Sp) = f(5)u, V(S5—15))

L2

1d

5 35153= 1+ VEs(S2)V (55— 9)

+((k(S) — k(S3))VS, V(S5 — 9)). (4.4)

We can rewrite and bound the terms on the right side of (4.3) as follows:

(f(Ss) = f(S))u
ka(Sp)

((£(S5)~F(S)u, V(S5-5)) = ( AR5V (S5 - )

< o8 ‘(gf”“ w1 VmEavss -9 . @)

B\RPB 2
and
[((ks(Sp) — k(S))VS, V(S — 5))|
_ (kﬂ(sz) (_S’“)(S )V5, ksl V (S5 —S))
\ vB\PB

<C kﬁ(;z)(;sk)(s)vs +iH k(S5 V(S5 — 9)) i (4.6)

B\RS L2

Now we see the second terms of the right sides of (4.5) and (4.6) can be
hidden in the left side of (4.4). It remains to treat the corresponding first
terms. But recall that k and kg are assumed Lipschitz in this analysis,
and that we have |kg(s) — k(s)| < C0, by definition of ksz. Integrate in
time (4.4) over [0, Tp), use the fact that Ss(x,0) = S(x,0) = S°(z) to get

2
185 = Sl zzy + o [ VEs(S2) V(55— 9)

L2(L2)
< Co I £(Sp) = F(S)Z2ze)
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+OIV S L0100y LS5 = SllZa2)00 " + 0To}- (4.7)
Finally, use (2.14) (since 2 < 2 4 p), with condition (2.6) to see that the

right hand side of estimate (4.7) is bounded by C(||V.S|| Lo ()01, which
proves the Theorem. O

5 Conclusion.

The main result in this paper is Theorem 3.1 which is established for the
degenerate problem i.e. equation (1.1) satisfying condition (1.13), and
which was not given in our previous paper [7], or in any other paper of
our knowledge. But the estimate on the error Sz, — S; is gotten in the
negative space (H'(Q2))*. We wish we had it in a more regular space.
The other results in this paper come from an attempt to get the same
result in the space L?(€) for the degenerate problem. But we are doubly
handicapped: first we obtain an estimate for /k(Sg:)(Ss —95) (with some
weight), and secondly we impose a stronger condition on the solution
(condition (1.11)).
We notice that if condition (1.13) is satisfied then we have

50 - (5
so that §; becomes
51 < O

where \g = min (1, 2_7“) But then (1.11) and (1.13) are unlikely to be
compatible, though the constants appearing in the various estimates re-
main independent of 3, the regularization parameter. So the open prob-

lem is the following. Assuming that (1.13) holds and that |/k(Sg)(Ss: —
S;) € L3(L?), for all 3 sufficiently small, do we have

VE(S)(See — Si) — 0

in L2(L?), as 8 — 07
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