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Structural changes of the pore space and clogging phenomena are inherent to many porous media
applications. However, related analytical investigations remain challenging due to potentially van-
ishing coefficients in the respective systems of partial differential equations. In this research, we
apply an appropriate scaling of the unknowns and work with porosity-weighted function spaces.
This enables us to prove existence, uniqueness and non-negativity of weak solutions to a combined
flow and transport problem with vanishing, but prescribed porosity field, permeability and diffusion.
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1 Introduction

Reactive flow and transport processes in porous media have a wide range of applications such as
oil recovery, groundwater remediation and in biomedical contexts. Recently, the investigation of
such processes in altering porous structures found an increased interest.

However, due to the physical complexity of the situation, it is not surprising that many ana-
lytical results are restricted to very specific situations, e.g. in which no degeneration occurs (up
to clogging): In [1] the numerical analysis of a reactive flow problem with non-degenerating, but
space-dependent permeability and net dissolution reactions is conducted. In [9], an advection—
diffusion equation with strictly positive porosity, but positive semi-definite diffusion tensor is
analysed. In [29], the existence of global weak solutions of transport and flow in a porous
medium with circular inclusions of low permeability is proven. Hereby the porosity, the dif-
fusion and flow profile are prescribed as time-independent non-degenerating L°°-functions.
In [12, 20], two-scale convergence of a transport problem and consequently the existence of solu-
tions to the limit problem is proven mapping the evolving geometry to a reference configuration.

The structural alteration and finally clogging of the pore space, which is relevant in many
porous media applications, can, however, lead to the degeneration of macroscale parameters
namely porosity, permeability and effective diffusion tensor. This poses additional requirements
to a thorough analytical treatment: In [3] two-phase mixtures, e.g. partially melted materials,
are considered. The corresponding linear elliptic equations describing the flow at the Darcy
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scale are derived from mantle dynamics and contain a stabilising pressure term. The key idea
in this research to manage the degeneracies arising is to consider an appropriate scaling of the
unknowns, more precisely to perform a porosity-weighted transformation of the variables or
equivalently to deal with porosity-weighted function spaces. The existence and uniqueness of a
solution to the flow problem over the entire domain are then shown using the respective stabilised
variational formulation.

Likewise in [25], the porous medium’s porosity was assumed to be a given time-dependent
function, where the degenerate case was of particular interest and thus explicitly admissible.
The degeneracy was handled and analytical results were obtained by introducing appropriate
weighted function spaces and including the degenerate parameters as weights. In more detail,
the non-vanishing parts of the coefficients were proposed that belong to the Muckenhoupt
class 4. Recently, the analysis of degenerating equations of an effective, nonlinear diffusion—
precipitation model due to vanishing unknown porosity was conducted in [26]. There the
underlying system was coupled to an evolution equation for the change of porosity. Similar
scaling arguments have also been applied to fractured porous media in the case of closing frac-
tures [6], where the vanishing scaling parameter represented the square root of the cross-sectional
length of lower-dimensional subdomains.

In this research, we build upon the cited literature, in particular [3] and extend the results
obtained therein. More precisely, we investigate a combined flow and transport model with
degenerating porosity, permeability and diffusion. As in [3, 25], we assume that the change of
porosity is prescribed, i.e. there is no evolution equation for the porosity included into the model.
Additionally, reasonable linear/power law relations between porosity and diffusion/permeability
are used. Finally, we include stabilising terms as used in [3] for the flow equations, but now also
for the transport equations to keep the model consistent. Since the flow and transport model are
only one-sided coupled, i.e. there is no back-coupling from the transport to the flow problem, the
results from [3] can be used directly. However, an improved regularity result must be proven for
the velocity field to further analyse the transport model. For its analysis, first suitable (uniform)
energy estimates equipped with appropriate weights are proven for a regularisation of the degen-
erating model. With these weighted estimates, we can ultimately pass to the limit and conclude
on the existence of weak solutions of the limit problem. The main result is stated in Theorem 3.7.

Finally, we remark that in contrast to our research the investigation of degenerate parabolic
equations is usually based on vanishing second ordered terms due to the unknown, cf. [10]. In
porous media applications, such degenerating problems were addressed using Kirchhoff’s trans-
formation, among others, in the context of Richards’ equation [2, 21, 23]. Beside the terms of
second order, there the time derivative also approaches to 0. For numerical analysis of degener-
ate reactive transport in the unsaturated regime, we likewise refer to [11, 22]. However, transport
equations can also degenerate due to vanishing porosity which is caused by clogging pores.
Although the time derivative and the second-ordered terms are again involved, the mathematical
structure is different and thus these degeneracies have up to now barely been analysed.

Outline: In Section 2, we introduce the model under consideration based on the model stated
in [3]. Thereafter, in Section 3, we perform the analysis of the model. More precisely, we recall
the analysis of the degenerating flow model from [3] and discuss the regularity of the velocity
field in Section 3.1. Building upon these results as well as on a regularisation of the degenerating
transport model, we prove the unique, weak solvability of the degenerating transport model in
Section 3.2. Finally, we end with concluding remarks in Section 4.
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2 Mathematical model

Let Q C IR? be an open and bounded three-dimensional domain with Lipschitz boundary and for
T >0 we set Q7 :=Q x (0, 7). We investigate a fully saturated porous medium and state the
macroscopic flow and transport model under consideration, cf. Model 1 and 2: First, for the fluid
flow, we consider Darcy’s law for velocity u and pressure p with permeability K(0), porosity 6
and stabilising term Op [3]:

Model 1 (Flow model)

u=—-K(@)Vp in Q7,
V-u+6p=-—09,6 in Qr,
u-v=_0 on 92 x (0, 7). (2.1)

Second, we consider the transport equation for a concentration c.

Model 2 (Transport model)

0/(0c)—V -(D(@O)Vc —uc)=—0(0)R(c) — Opc in Q7,
c(.,0)=cp in 2,
c=0 on a2 x (0,7) (2.2)

with diffusion ID(#) and reaction rate o (6)R(c).

In the underlying coupled model (2.1)—(2.2), we are seeking for a tuple of solution functions
(c, u, p) for given porosity 6 and initial data c¢y. We apply homogeneous Dirichlet boundary
conditions for the concentration field and homogeneous Neumann boundary condition for the
flow problem. However, also further boundary conditions may be used as already discussed in
[3] in the context of degenerating fluid flow.

Remark 1 The stabilising pressure term Op in the flow equation (2.1) naturally arises in mod-
els related to mantle dynamics from the pressure differences between fluid and matrix phase
which is the driving force for compaction, cf. [3, 15] and references cited therein. Note that in
case of vanishing porosity this term is essential for the model’s analysis as performed in [3],
where a stabilised variational formulation was used to control the L*>-norm of 02 p and hence to
prove existence of a solution to the flow problem, cf. Theorem 3.1 below. To balance all terms
occurring in (2.1) also in the transport equation and to conduct its analysis, it is necessary to
likewise include the term Opc into the transport equation (2.2). However, the term 6p in (2.1)
(and likewise its balancing term in the transport equation) can be scaled with a small parameter
to suppress its physical impact. In this way, the models applicability can be extended to further
applications beyond mantle dynamics.

In Models 1 and 2, the effective permeability K and diffusivity D are the essential model
inputs since they characterise the underlying porous medium. Although they can be computed
by means of auxiliary cell problems in the context of homogenisation, it remains challenging
to characterise the full effective tensors in (evolving, natural) porous media. They are conse-
quently often assumed to be represented by scalars and linear/power laws (or Kozeny—Carman
type equations) in terms of the porosity are frequently used [13, 24, 27]. In this work, we rely on
the following
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Assumption 1 The parameters K,D: [0, 1] — [0, 00) are assumed to be scalar-valued maps
depending on the porosity 0, such that K(6) > 0,1D(0) > 0 for 6 # 0 and degenerate in the sense
that K(0) =DD(0) = 0 for 8 = 0. Moreover, we assume that the diffusivity satisfies the constitutive
law D(0) =07 and likewise the permeability satisfies K(0)=6*. In the following we assume
d=1,ie.DO)=0, and k > 3.

Remark 2 It is often assumed that the diffusivity satisfies the constitutive law ID(0) = a8 [8, 24].
For instance Penman suggests d = 1 and o = 0.66 [19], while with « = 1 Buckingham proposes
d=2[7], Marshall d = % [17] and Millington d =4/3 [18]. The case d < 1 is on the contrary
not of interest for applications since there exist the following analytically derived bounds: the
Voigt—Reiss bound D(0) < 60 and the n-dimensional Hashin—Shtrikman bound D(0) < %6 for
the effective diffusion, cf. [14, 24]. In particular, for small porosities the three-dimensional upper
Hashin—Shtrikman bound ﬁ@ is approximated linearly by %9 ~ 0.660, which is exactly the
relation proposed by Penman. Hence the specific choice of d = 1 provides a reasonable relation
for small porosities. This is exactly the focus of our research since in the limit of clogging, the
porosity 6 vanishes.

Remark 3 Well-established functional relations between the permeability and the porosity are
power law relations IK(9) ~ 0% (Verma—Pruess) and the Kozeny—Carman equation K(0) ~ ﬁ
[13, 27]. Since the denominator is negligible for small porosities, the Kozeny—Carman equation
reduces to a power law with exponent k = 3. However, even much higher exponents are given
in the literature based on experimental findings for different processes (e.g. k> 10 for chem-
ical alteration, k > 20 for mineral dissolution). Especially, a plenty of dissolution experiment
data justify very high exponents up to an extreme value of k =431, cf. [5, 13]. Thereby large
exponents correspond with increasingly heterogeneous dissolution structures such as fingering
patterns. Consequently, we focus on the case K = 0% with k> 3. From an analytical point of
view, the assumption k > 3 seems also to be necessary if d = 1. Then the advective term V - (uc)
of the transport equation (2.2) can be handled and an appropriate energy estimate for space
dimension three can be derived. In this sense, the Kozeny—Carman exponent k = 3 may represent
a lower bound such that analytical results can be established.

Additional assumptions are placed on the reaction term on the right hand side of (2):

Assumption 2 We assume that o : [0, 1] — [0, 00) is a scalar-valued map depending on the
porosity, such that 6~1+PVg(0) e L*(0, T; L®(Q)) for some arbitrary small p; >0 holds.
Furthermore, let R : R — R be a Lipschitz continuous map with Lipschitz constant Lg > 0 and the
property R(0) = 0. Moreover, we assume R(c)c_ < Cr|c_|? with negative part c_ =min(0, c).

Remark 4 The product structure of the reaction rate f (6, c) = o(0)R(c) is evident from upscal-
ing theory [28] where o (0) denotes the specific surface and rates to what extend a heterogeneous
(surface) reaction R(c) can take place. It is inherently related to the porosity and can analytically
be determined for specific geometric situations such as circles, squares, or tubes [27]. The con-
ditions for the reaction rate are, for instance, fulfilled by (sub-)linear functions R(c) < kreactionC.
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Likewise, the Langmuir type adsorption/Monod kinetic 1+ does satisfy the assumptions, whereas
Freundlich type adsorptions are excluded.

In contrast to the non-degenerating problem, boundedness of solutions to Model 2 cannot
be expected for vanishing porosity in general, cf. Remark 8 below. In order to prove analytical
results nevertheless, the prescribed porosity field 6(¢, x) must be subjected to stronger restrictions
than in the non-degenerating situation, compare also the assumptions in [3]:

Assumption 3 We assume that the porosity 6 : Qr — [0, 1] is a given function which decreases
in time and describes the process of diminishing pores, i.e. the sign condition

0,0 <0,

holds. Moreover, we assume that the porosity field and related quantities satisfy the following
restrictions

a) 0'7° VO € L°(Qr) and 672 8,0 € L=(0, T; LA(R))

b) 07 8,6 € L¥(Qr)

c) 07'VO € L®(0, T; L*(R)) fulfilling the smallness condition ||9’1V0||L00(L3) <% with an
appropriate constant C > 0, see Section 3.2.4 below

d) 6719,0 € L>(0, T; L*(R))

Remark 5 In order to solve the flow problem and to prove a useful integrability property of the
solution Assumption a) and b) are necessary, see Theorem 3.2 and Lemma 1 below. Nevertheless,
the additional conditions c)—d) are needed for the mathematical analysis of the transport model,
i.e. to manage the diffusive term with d = 1 and hence to ensure a weak solution to the transport
model. In fact, the above conditions, particularly c) and d), are quite restrictive. However, the
restrictions on the porosity which must be satisfied according to Assumption 3, do not intersect
in an empty set. Obviously, the classical non-degenerating problem is integrated in our model
by assuming non-vanishing porosity 0. A further more interesting example is given by 6(x, t) 1=

1
13D yyithin the domain Qr = B x (0, %), B:={ye R3: ly| < %}, which vanishes for x — 0.
Then, 0 fulfills ||0~'V8|3 < oo since

3 % d
O7'VO)x, ) = ————— = and hence ||9*1ve||§zc—/ <
x| In3(|x]) Pl 27 Jo rin“(r)

Although not even the gradient V0 itself is bounded, the singularity is still sufficiently integrable
when we multiply it with the weight 0~'. Thereby, the smallness condition in c) can be ensured

by an appropriate choice of ¢ > 0. Since 0 does not depend on time Assumption d) is trivially
fulfilled.

3 Analysis for model

In this section, we introduce transformed variables following [3] and proof the existence of
unique, non-negative, weak solutions to Model 1 and 2.
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3.1 Analysis for Darcy’s law

For Darcy’s law as stated in (2.1), the theory developed in [3] directly applies. Along these lines,
we consider the transformations

0=KO) 2u (o u=K@©)2) and p:=02p (& p=0"1p). 3.1)
This leads to the following scaled Darcy law including the transformed stabilising term 6 2 p

Model 3 (Transformed flow model)

1= —K(0)2V(0~2p) in Qr, (3.22)
V- (K(0)20)+02p=—,0 in Q7, (3.2b)
K(@)Zit-v=0 on 82 x (0, T). (3.2¢)

In order to define weak solutions to (3.2), we introduce the Hilbert spaces [3]
Hoan(@):=[v e LX) 1073V - (K©)2v) e (@),
Ho o) = {0 € Hoan(R) - K©) 20 - v =0
equipped with the inner product
(1, V1, = 0,022+ (973V - (KO) 2w, 071V - KO)0))
where (., .), denotes the standard inner product of L?($2). The boundary condition K(G)%v .

v =0 is actually given via a well-defined 0-weighted trace operator yy : Hy 4;,(2) = H _%(89),
which is defined similarly to [3, (3.6)].

Definition 3.1 We call a pair of functions (i, p) € Hp 4, 0(2) x L*(2) a weak solution to Model
3 if its weak formulation

/ it gdx = / POV - (K(0)2 p)dx,
Q Q
/ 0=2V - (K(0)2 i)y dx + / Pyrdx = — f 0-20,09dx
Q Q Q
is fulfilled for test functions ¢ € Hy 4, 0(2), ¥ € L*(Q).
Then, the following theorem holds [3]:
Theorem 3.2 (Existence flow problem) Let Assumption 3, a) be satisfied. Then there exists a

unique weak solution (i, p) € Hp 41 0(2) x L*(Q) to the flow problem (3.2) and the following
energy estimates holds for some C > 0:

. . _1 1a _1
llullz + 11212 + 1672V - (K@) 2w)ll2 < Cll6728,6]|>. (34)

The transformation (3.1) is necessary since the problem (3.2) can then be considered with
respect to the appropriately weighted Hilbert space Hy 4;,(€2). Then, elliptic theory yields the
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existence of a weak solution, cf. [3]. Nevertheless, in the transport problem, we always work with
the non-transformed velocity and pressure field for the sake of readability. Backtransformation
of (3.4) leads to the following energy estimate for the original unknowns (u, p):

I 1 _1 _1
IK@) 2ull + 102pll2 + 1672V - ull, = Cl6~26,0]>. (3.5)

Remark 6 We note that for clogging pores the fluid flow vanishes. Contrarily, the pressure itself
1
may be unbounded, but does not blow up worse than 6 2.

3.1.1 Integrability of u

Investigating the transport equation in Section 3.2 below, we need more regularity for u.
Therefore, we prove

Lemma 1 (L*-Integrability of the velocity) Let Assumption 3, b) be satisfied, then weak
solutions of the flow problem (Model 1) fulfill

1
2

1 1 k—1
IK@) Fula < (3163 pl2l6 " 011 ) (3.6)
Proof. We consider the weak formulation
/ K@O) 'u- pdx = f pV - pdx, (3.72)
Q Q

/Vom//dx—i-/@pwdx:—/ 0,0 dx (3.7b)
Q Q Q

of the non-transformed flow problem (Model 1). We test (3.7a) with |u|>u. This directly proves
the lemma’s statement since

K@) *ull} = / pV - (ulPuydx =3 / plul*V - udx = =3 / plul*(3,6 + Op)dx
Q Q Q

=—3/p|u|28,9dx—3/p2|u|29dx

1 1 k—1
<3)102pll K@) #ulZ1672 30 loo.

Here, we used (3.7b), K(6) = 0%, cf. Assumption 1, and the regularity of p according to (3.5)
(Theorem 3.2).

Theorem 3.3 (Integrability of the velocity) Let the conditions of Theorem 3.5 and Lemma 1 be
satisfied. Then there holds for each a € (2,4) the weighted estimate

D D Y _1 —a
IK@) ™ aulls < K@) #ull3 *IK@O) " 2ull; * < co. (3.8)

Proof. We combine Lemma 1 with the non-transformed energy estimate (3.5) to prove the
boundedness of ||K(0)_$u||a with a € (2,4) via a weighted estimate of Lyapunov type: To this
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end, we define

|u|2a74 |u|47a
A= —124 and B:= —|4
IK©) ™ #ull;* K@) 2ull;

e . 1 2a—4 | 4-a . 2a—4 g7 | d—a pr
and apply Young’s inequality (with == + 5% =1) to obtain 4B < =423 4 =54B4a,
Multiplying AB with K(9)~! and integrating actually leads to

1
1 o 14
IK(@®)~ 43 IK©) 2 ully

2a—4 4-
< fAza“—th(e)*l dx+—“/BﬁK(9)*1dx=1,
4 Jo 2 Ja

/ lu|“K(®)! dxzfABK(e)*ldx
a2 JQ Q

which directly implies the assertion. O

In particular, we are interested in an estimate choosing ¢ =3 in (3.8) and hence consider in
this special situation the upper bound in more detail. Thereby we obtain with (3.5) and (3.6)

_1 _1 _1
IK@) 3ully < IK@) 3ul;IIK@) 2ul),
1 k—1 1
<3102pl210"T 86l - CIO720,0]12
<3C2[07 20012107 0,0 . (3.9)

Since we investigated an elliptic equation during this section, we dropped the time-dependence
of 6 and hence of the solution (i, p). The flow model in (2.1) is of stationary type and depends
on time only due to 6, i.e. the integrability of (i, p) with respect to time is inherited from
Assumption 3:

it € L%(0, Ts Hoaio () and  p € LX(0, T; L(RQ)).

For the same reason we have K(@)_%u € L>(0,T; LY(2)) for all a € [2, 4].

3.2 Analysis for the transport equation
3.2.1 Transformation and function spaces for the transport equation

In this section, we analyse the transport problem, cf. Model 2. Similar to the transformation of
the velocity and pressure given in Section 3.1, we define the transformation of the concentration
field

such that we are again able to analytically handle the corresponding problem by the introduction
of an appropriate weighted function space.
The scaled transport equation reads

3(028) =V - (DV(0™28) — 0 2ud) = —0 (O)R@) — 02p¢  in Q. (3.10a)
&=0 ondR x (0,7),  (3.10b)
(., 0)=¢ inQ, (3.10¢)
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where R(?) :=R(9_%&) = R(c) for the given porosity function 6 and ¢¢:=6(., O)%co. Due to
the Lipschitz continuity of R and R(0) = 0, the transformed reaction rate function R satisfies the
condition

R(©E) < Lpb 212 (3.11)
Inspired by the energy estimate, cf. Theorem 3.3, and [3], we consider the function space
Vo(Q) = {; € 12(Q):D(0)2 V(O ¢) e (12(R)) and ¢ =0 on asz}.

We remark that due to 6 the function space V(£2) is time-dependent although it describes the
spatial dependence of an unknown. The corresponding inner product is given by

&y =&+ (DO VO 3¢), DO)EVE ) (3.12)

2 b
cf. [3] and we conclude

Lemma 2 Let the condition of Assumption 3, c¢) on 0 be satisfied. Then, the space Vy(2) equipped
with the inner product (., . )y, defined in (3.12) is a Hilbert space.

Proof. Since this is a special case of the situation discussed in [3], we follow the proof of [3,
Lemma 3.1] and it suffices to verify the completeness of V(£2). Thus, let (i )reny C Vo(S2) be a
Cauchy sequence, i.e.

2 k,n—00

1 _1
llux = wall, = lux — wall3 + IDB)2 VO 2 (tx —u))l; —> 0.

The ﬁ:omplelteness of L?(Q) implies the convergence (1>f the1 sequences (uy)ren and
(D(6)2V(O™ 2ug))ken In LZ(Q),l ie. ug = U & L*(Q) and D(B)2 V(O 2uy) — ¥ € L*(Q) as k —
oo. Testing the sequence (ID(0)2 V(0™ 2uy))rew With a smooth function ¢ € C§°(R2) yields

(DO V(O 2u5), ¢),=—(u, 672V - (D(6)?9)),
= —(u, %ef%m(e)f%m/(e)vw)z + (e, 673D(6)2V - 9),,

where D(0) = 6, cf. Assumption 1, and the condition §~' V6 € L?(Q), cf. Assumption 3, ensures
1 1

that 6~ 2ID(0)~21D'(§) VA belongs to L>(R2). Due to the L?-convergence of (u; )zen the right-hand

side converges to

1
—(u, Eef%D(e)*%D'(e)veqb)z +(u, 67D(O)1V - ¢),
1 1 1 1
=—(u, 073V - (D©)29)), = (DO VO ), ¢),.
Finally, we conclude ¢ = D(G)% V(Q_%u) which completes the proof. O

3.2.2 Weak formulation

In this section, we introduce the weak formulation to the transformed transport equation (3.10)
and consider relations between weighted and standard function spaces.
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Definition 3.4 We call
teXyi={c O, T HY (@) 10700,05¢) € 2O, Ts H™ ()], (3.13)

a weak solution to (3.10) if the scaled transport equation is fulfilled in the weak sense, i.e.
(6720.628), @)1 + / D(O)V(62)V(6 2 p)dx + / V(607 2ue)0 "t pdx
Q Q

- / 0= 20 (0)R(E)pdx — / pépdx (3.14)
Q Q

holds for given porosity function 6, (u,p) from Section 3.1, and test functions ¢ € Hé (2) for a.e.
t€(0,T). Here (., .)y-1, denotes the standard dual product of H ~1(Q) and H(} (2). Moreover
the initial value &y € L*(S2) is taken in the following sense

@) — 0, ) 230 forall v € LX(Q).

We now further investigate the relation between the weighted function spaces Vy(€2), Xy
defined above and the standard function spaces for general D(9) = 6, d > 0:

Lemma 3 For ID)(G)%Q_% VO € L3 (), the following embeddings hold:

H)(Q) = Vo(Q)  ford>1,
Vo(QNLYQ)— HY(Q)  ford<1.

Consequently, with Assumptions 1 and 3, c) we have the isomorphism
Vo(2) N LO(S2) ~ Hy (%)

fora.e te(0,7).
If additionally Assumption 3, d) holds, the solution space Xy is isomorph to the standard
parabolic solution space, i.e.

X=X = e 120, T HY (@) ¢ € 120, T H™ @)}
Proof. By the product rule, it holds for an arbitrary function & : 2 — R
1
DO)2 V(0 2£) =D(6)20~2VE — 51]3)(9)%9*%(%)5. (3.15)

Assuming & € H}(R) and applying the Sobolev embedding H'!(2) < L5(Q), it suffices that

D(6)26~2 V6 belongs to L3(<2) and that @ > 1 to have the left-hand side in L2(Q2), i.e. H} () —
Vo(R2). On the contrary, the embedding V() N LE(Q) — H(; (£2) holds for d <1 again due to
D(6)262 VO € L3 ().

For ¢ € L*(0, T; Hy(2)), we similarly have

07 10,02¢) =0, + %efl(ate)c,
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i.e. with 671(8,0) € L*(0, T; L3(RQ)) the term 6~'(3,)¢ belongs to L*(Q27) — L*(0, T; H'(Q))
and hence the following equivalence holds:

0720,020) e LX(0, T; HN(Q) o 0, € L20, T; H\(R)). O

Remark 7 Although the transformed function spaces are isomorph to standard function spaces
under specific preconditions on the coefficients and assumptions on the regularity of the given
porosity field, we emphasise that all these statements refer to the transformed concentration
¢. These isomorphisms allow considering the problem in the time-independent spatial function
space H}(RQ) instead of Vy(S2). Moreover, necessary standard embeddings can be applied for the
solution ¢. However, estimates must also be interpreted for the non-transformed concentration
¢ in order to understand the physical complexity of the degenerating problem, compare also
Remark 8.

3.2.3 Regularisation

In order to prove existence of weak solutions to the degenerating model (3.10) in the sense of
Definition 3.4, we consider for a regularisation parameter ¢ > 0 the following non-degenerating
regularisation of the transport problem

1 _1 _1
3(022,)— V- (]D)(HE)V(HE 28.) —ub, 285)

N _1
= —0(O)R.(C.) — Oph. 26,  inQx(0,7), (3.16a)
=0 ondQ x (0,7),  (3.16b)
2e(.,0) =2 in Q (3.16¢)

R _1
with R, (C;) := R(6: ;). Moreover, the given porosity 6 is replaced by

0, == (3.17)

6 forf=>¢
e else

avoiding the porosity to fall below ¢ > 0.

In (3.16) the weak solution (u, p) of the degenerating flow model (2.1) is defined as before,
i.e. no regularisation is undertaken for these quantities. Furthermore, the argument of o () is not
replaced by 6, in (3.16) and the stabilisation term is specifically split to ensure the applicability
of (3.7b) later on.

Obviously, this system does not degenerate and hence standard parabolic theory [16, Chap. I1I]
can be applied with respect to the usual function space X'. Therefore, for each & > 0 we obtain a
solution ¢, € X.

3.2.4 Regularisation — uniform energy estimates

In this section, we derive energy estimates for solutions to the regularised model (3.16) for
D(0) = 0 and the parameter choice k£ > 3, cf. Assumption 1. As a consequence of (3.15) and the
homogeneous Dirichlet boundary condition, the Sobolev embedding H(} () — LY(RQ) (Cs > 0)
and the Poincare’s inequality (Cp > 0) yield for a solution ¢, to (3.16)
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. [P | A
[VEella < ID(0)2 V(6: *20)ll2 + §||98 'O, 15112l
1 -1 | S R
< ID@:)2V(O: *¢:)ll2 + CSEHQE VO, 1311 [l 1

1 -1 _ R
< ID(B:)2 V(e 2E)ll2 + CsCpll07 ' VO, 15[ Ve, I

Let us mention that due to the definition of 6, there holds |67 V6,3 < |6~'V6||; for all & > 0.
Therefore, in case that the smallness condition

1
l6-'vols < =,
C

is satisfied with C := CsCp, cf. Assumption 3 c), the gradient V¢, can be estimated uniformly by
_1
the weighted gradient D(6,)2 V(6, 2¢&.) as follows:

A 1 -1,
[Veel2 < ©@)ID(O:)2 V(B >, (3.18)

with ©(0) := ——L—— e (1, o0).

1=ClI6=1 V8 003,
Since in the limit ¢ — 0 a degenerating system is considered, it is necessary to derive
uniformly bounded estimates in adequately 6-weighted norms:

Theorem 3.5 Under the Assumptions 1, 2 and 3, the condition ¢y € L*(2), and the additional
smallness assumption

1

2COMIK®) Sul <2C00) (326 2001316901~) " <1, (3.19)

for ae. t€(0,T) if k=3, the following uniform energy estimate holds for solutions ¢, to the
regularised problem (3.16):

A 1 1. -1 3a
1261 oc2) + D)2 V(B >l a2, + 116 7 (6 E)72 -1, < 00

_1
Proof. We test equation (3.16) with 6, ¢, and apply (3.7b) as well as (3.11) to obtain the
energy estimate:

1d . 1 -1
ﬁtncen% + ID(6:)2 V(8: 22113

_1 N _1 _1 _1 _1
= —/ 0, 2U(G)RE(E'E)éde—/ OpOe * .0 2E'ga’x—/ V- (ubs ?¢.)0, *Codx
Q Q Q

1

—= f 0,7 (8,6, )2 dx
2 Jo

_1 . _1 _1 1
- f 0. 20 (0)R,(6,)sdx — / UV 26.)0s 2eedx + / 0 (8,6 — Ea,eg)ag dx
Q Q Q

<0

_1 _1
< Lell6; o (O)llsollCell5 — / u- V(0 2¢:)0; 2 ¢.dv.
Q
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For the last estimate, we used the fact that 9,0 — %8,08 <0 due to the definition of 6,, cf. (3.17)
and Assumption 3. The last term on the right-hand side must be absorbed into the weighted
diffusive term, which is possible due to the integrability of the velocity, see Section 3.1.1. More
precisely, to manage the integral

_1 _1
/ UV, 26.)0, 2e.dx, (3.20)
Q

it is necessary to distinguish the two cases k > 3 and k = 3:

(1) If £ > 3, we set k := min{k, 4} and apply Young’s inequality to obtain with (3.8) and % +
1 _ 1/ /
= =5 (le k' <6)

_1 _1 _1 _1
/ U-V(0, &) 2eudy = / 0, 2 D(0,) 2 K(0)F K ()% ué. - DN(6,)2 V(0 2 &2)dx
Q Q
1 -1,
< 3ID(0:)2 V(6e *&)lI3

-3 - Lo LA 2
+ G510 “D(0) 2 K(O)* IS 1K) < ullllce |-
_1
With the assumptions D(6,) =6, > 6 and K(0) = 6%, k > 3, it holds 6, 2]D)(@g)_%]K(@)% <

1. Then Gagliardo—Nirenberg interpolation (with 4, = (% - %)a + 177(1 & exponent o =
3(% — L)< 1), Young’s inequality (with (1 — &) + & = 1) and (3.18) yields

1 A _1 N _ N 2
CSIK©) < ullle: 12, < G IK®) * ully (121, 1Ve.15)

_1 . —a 1 -1
< CsOOY|KO) *ul2|¢: 13" ID(0:)2 V(6: 2 &)]|3

20\ o _1o e A 2 1 —3a 2
<(1—a) (CsOO)*) = IKO) *ulle ™ 18113 + a D)2 V(6: *2:)l5-
(3.21)

_1
By choosing § <1 —« the term (§ + oz)||D(9€)% V(e 2¢)||5 may be absorbed in the
diffusive term on the left-hand side. Finally, we obtain for k > 3

1d . 1 -1,
Mucgn% +(1 =8 —a)|D()2V(6: 22l (3.22)

e R WA
s(LRneslo(9>||oo+(1—a)(as@(e)z“)l—a IK(©)* ull¢ )ncgn% (3.23)
with « =min{k,4}. Let us remark that the definition of 6, implies |6, Lo (0)] o0 <

16~'0(8)]lco. Then, Gronwall’s lemma ensures ¢, € L®(0, T; L?(2)) with the uniform
estimate

~ 2 A2
sup [|lc:()lz < llcoll3
te(0,7)

T 1 T T
X exp [LR/O 167" (6) | cdt + (1 —Ot)(Ca®(0)2"‘)m/0 (IIK(Q)‘KuIIK”>dt]
(3.24)
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(2) Contrarily, this approach does not work for the limit case £ = 3 since then « would be equal
to 1. However, assuming the additional smallness property (3.19) on the porosity 6, we are
able to absorb the entire integral (3.20) in the diffusive term as follows:

_1 _1 _1 _1
/ U- V(0 28.)0, 2 ody = / 0. 2D(0,) 2 K(0)SK(O) 3 ué, - (6, )2 V(6 > &,)dx
Q Q

_1 1 1 1 A 1 -1
<116 *D(B:) 2 K(0)3 oo IK(O) 3 ull3lICe 16 1D(0)2 V(6: * &) 2
(3.25)

The Sobolev embedding H'(Q2) — L(Q) (Cs > 0), the Poincare inequality (Cp > 0) and
(3.18) lead to

. . A 1 -1,
leells < CsliCell g <2CsCp||Veellz <2CsCpOO)|D(G:)2 V(6 *&e)ll2-

_1
Applying this estimate of the L°-norm of ¢, and the fact that 6, 2 D(GS)_%K(Q)% <1 (since
D(6,) =0, > 6 and k = 3) to (3.25) yields with C = CsCp

“3apT A > _1 Lo —4a
f - V(0 2 E:)0; > Eedx < 2COO)IKO) 3 ull3 IDE:)2 V(O > )5
Q
This term can be absorbed if the following smallness assumption, cf. (3.19),
1
2COOIK®) Huls <2C00) (3C21072001316901)" =:b <1,

is satisfied for a.e. # € (0, 7). Here, the integrability estimate for the velocity yields the
constant C, cf. (3.9) and [3]. Since 1 — b > 0 in summary, for £ = 3 it holds

1d . 1 -1, _ A
EE”CSH% + (1 = b)ID(B:)2 V(O 28)115 < Lrll6, ' (0)lloollCe 13

Again Gronwall’s lemma ensures ¢, € L>®(0, T; L*(R2)) with
T
sup [12:(1)]13 < 123 - exp [LR / ||9—lo<9)||oodr] :
1€(0,T) 0
i.e. for « =3 and @ = 1 this formally coincides with (3.24).

Applying standard arguments the uniform boundedness of ]D)(Qa)% (A %?:5) in L*(Qr) fol-
lows from (3.22) and (3.24) or from the analog estimates in case that k=3 (¢ =1).
Moreover, the boundedness of the weighted time derivative in L?(0, T; H~'(2)) can be
inferred as follows using (3.7b) (eliminating p):
2
) p

D0V (6; 26V (0 2 o)

_1 1
(O 281(982 Ce), @)

11 T
116 * 8,(6¢ cs)”iz(H—l) :/ ( sup
0

el 1 =1

T
(]
0 el =1 "Je

_1 _1
+‘/ V.0 2¢.)0; % pdx
Q

dx

_1 _1 _1 N 2
+ / 0. 20pe,0, zgpdx‘—i- / 16; 20(9)R8(68)¢|dx) dt
Q Q

https://doi.org/10.1017/50956792522000018 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792522000018

Analysis of a degenerate flow and transport problem 69
r 1 -1 1 _1
<[ s (10626 e IDE) Ve ol
0 llgll, =1

+ ||95_13r9||%||55||6||¢||6
N | . 2
+/ |- V(6 *¢c)0: * pldx + Lg|16, 0(9)||oo||Cs||2||<P||z) dt
Q
with
_1 _1
[ v o o

Q

_1 11 1 1 1
<116 *D(0:)2K3 (0) 00 1K (O) 73 ul|3[ID(B:)2 V(Be )2 ll¢ll6 < 00.

_1
Again, since D(0,) =6, >0 and k>3, cf. Assumption 1 it holds 6 ZID)(GE)_%K(G)% <
1. Owing to the regularity estimate for the velocity (3.9), the weighted time derivative

_1 1
0 2 8:(6¢ ¢, ) is finally bounded in the corresponding norm. O

3.2.5 Regularization — Passage to limit

Due to the uniform estimates of Theorem 3.5, we can extract converging subsequences. A com-
pactness argument then yields a limit function ¢ € X which solves the original degenerating
equations (3.10) in a weak sense, cf. Definition 3.4.

Lemma 4 For functions fulfilling the uniform a priori estimates stated in Theorem 3.5, we deduce
the following convergences of an appropriate subsequence (Cp)men Of (Ce)e=o (and likewise for
the other terms) and identify the corresponding limit function as follows:

A */\
a) Cn —~C € X,

_1
B) D(B)2 V(O &) — D(O)2V(O~28) € L2(0, T; L2(R)),
_1 1 *
O On 0038, — 0710,028) € L2(0,T; H\(Q).

Proof. Due to the estimates obtained in Theorem 3.5 and the isomorphism between the spaces
Xy and X, cf. Lemma 3, (¢¢)e~0 is uniformly bounded in X’ with respect to ¢ > 0 and hence
there is a subsequence (¢,,)men converging weakly* to a limit ¢ € X'. Then the Lemma of Aubin-
Lions implies strong convergence of a subsequence of (&,,)men in C(0, T; L*(S2)) to & such that in
particular 9,2, — 8;18 with respect to L?(0, T; H~'(2)). These properties together with the weak

convergence of (0, 2 ;0,)men lead to

T 1
f (361 &) — 8028, @) 1
0

| 1 T/ 1
= E / ((em : atem - 6_% 8;9)6‘, §0> dt + E / (em : 8tem(em - E‘), §0> dt
0 2 0 2

T r m—>
+/ (O — 9%)@&% @)1 g dt +/ (0%(atam — 3,C), @)1 g dt =30,
0 0
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implying weakly convergence of 8,(0 Cm) to Bt(é’%&) This property allows us to identify the
limit & of 6, 28,(9 &m) in L2(0, T; H™ l(Q)) Due to the strong L”—convergence of 0,,2, to 62

we have Wea}<* convergence of the product 9,,, . 2 8;(9,,, Cm) = 0,02 Cm)t0 0 2. &E=10,6 2 o), i.e.
£E=0"29,02¢).
_1
Sinlilaurly,1 we see that a subsequence of ]D)(Qm)% V(0On*e,) converges weakly to
D(9)2 V(9 2¢): The uniform boundedness ensures the existence of a limit y e L*(0, T; L*(R2)),
cf. Section 3.2.4. On the other hand (3.15) implies with D(9) = 6 the weak L?(Q27)-convergence

_1 1
D(em)% V(em 2 am) = Ve'm - E(ey;lvem)&m
1
— Ve (67'Vo) = D)2 V(628),
which allows to identify y. O

Since the energy estimate stated in Theorem 3.5 is uniform with respect to € > 0, it is inherited
to the limit ¢ such that

A2 1 ) _1 1.2
”C”LOO(LZ) + ”D(e)z V(Q ZC)”LZ(LZ) + ”6 2 8?(9 ZC)”LZ(H—I) < Q.
Remark 8 Due to Lemma 3 and Remark 7 these norms are equivalent to the corresponding
norms of the standard function space X. Nevertheless, it is reasonable to represent the energy
estimate with respect to these weighted norms since they arise naturally from the weak formula-
tion (3.14). Furthermore, we remark that the energy estimate can be transformed to an energy

estimate in the non-transformed physical concentration c. In particular, this concentration may
1
be unbounded, but does not blow up worse than 6~2.

Theorem 3.6 (Existence transport problem) Under the Assumptions 1, 2, and 3, the condition
¢o € L*(Q) and the additional smallness assumption (3.19) if k=3, the limit ¢ € X given in
Lemma 4 satisfies the weak formulation of the degenerate problem (3.14).

Proof. We have for all test functions ¢ € L*(0, T; H&(Q)) the following convergences:

Evolution Term:
T 1 1 1 1 m—00
/ (O 20:(0:2C) — 07 20,020), Qg1 pdt —> 0.
0

according to the corresponding weak-* convergence as stated in Lemma 4, ¢).

Reaction Term: The Lipschitz property (3.11) of f?(é) leads to

/OT ((egig(e)iem(am)—eéa(e)k(a)),go)zdt:foT((e a(©)—0"'5(0)) 0 02 R, (p)

+/OT (910(9)< O R m(cm)_ezR(c)) )2 !
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T 1, .
5/ 16,,'a(0) =0~ o (O)I3 16 Run(@n)ll2 ll@lledt
0 —

<Lgliémli2

+| /0 T(<n% R — ezR(c)) 07'0(0), ) di

where the second summand on the right-hand side can be estimated with Assumption 2 and (3.11)
as follows

/T(< 03 Ron(er) — 92R(c)) 0-10(6), (p)zdt

= [ (6~ 0 R 001 0) [ (03 (Rutem ~ R®) 670101 0)

—_———

0, (3.26)

_1 1
<LR|Om 2 ém—0" 2c|

1
02 Lo _
/ 167" —1 1) 13 116 Ru@m)ll2 167000 (0)lloollo | 6t
o LRl|Cm |l
=Lrlicmli2

Sl

T 1
0\ ?2
+Lg / o (9—) en—072lg 1070 O)ool@ .
0

m

1
02 ~ ~ ~
<lle1 (1) I3 émllz+lém—cli2

o

Let us define for me N and 7€ (0,7) the subdomain €2,,(¢) :={x € Q:0(x, ) > &,}, where
&m > 0 corresponds to 6,, via (3.17), i.e. 6,, > &, and 6,, =6 for all x € Q,,(f). Moreover, there

holds lim,,—, o &, = 0. Consequently, the right-hand side of the above estimate converges since
1

(%) * =1 in Q,(¢) and hence

1
97 62 m—
16" ( 1) Is <1915 6”! (—1 - 1) loo <1923 e =37 0, (3.27)
02 6m

Similarly, the first summand on the right-hand side of (3.26) can be estimated by applying (3.27)
and Assumption 2.

Diffusive Term: Applying the weak convergence as stated in Lemma 4, b), it holds
r R N L1 _1
DY (0,)V(05 2 2). DE(6,)V (05 (p) (]D)z O)\V(O), D2 (O)V(6? (p)>2 dt
0 0
r 1 -1 1 1 1 1
= / (]D)Z(G,,,)V(Gm 2en) —D2(O)V(O™20), DZ(G)V(9_2¢))) dt
0 2

T 1 1 _1 1 1
+/ <D5(9m)v(9mZém),DQ(Gm)V(Qm ‘p) - D2(9)V(9_2¢)) dt
0 2

for all ¢ € L*(0, T; H& (2)), where the first summand on the right-hand side vanishes. Due
to D(0) =6, cf. Assumption 1, and the uniform estimate stated in Theorem 3.3, the second
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summand on the right-hand side can be estimated by
1

T 1 1 - 1 1
/ <D5(9m)v(9m2€’m), D2(0,,)V (O > 9) — D2(9)V(9_2¢)> dt
0 2

m—0o0

1 1 1 _ _
s5||Df(em)wem2c,,,>||z||9,,,‘vem—e 'Volsllels — 0,

where the sequence (6,,! V8, )men €ven converges in a strong sense since the corresponding L°-
norms converge to |07 VO||5.

Advective and stabilisation term: Since D(0) =0 and £ > 3, cf. Assumption 1, and applying
(3.7b), we obtain

Ty 1 1 T
—/ <9m2V-(u9m28m)—95V~(u955),¢> df—/ (6, 0pem — pe, @), dt
0 2 0

r _1 _1
- / ((v )0 e — 07 E) + O 21 V(O 2m) — 0 20 V(O 28), go) dt
0 2

T
+/ (V- u+03,0)6,"en—07'2),0),dt
0

T _1 _1
=—/ ((9,,,ZV(emzem)—e—EV(e—ie)).u,(p> dt
0

2

T
+/ (65,2 — 67'8)040, ), dt
0

T 1
_ f D)} V(O e) — DO VO KO) Fu o | dr
0 —— e ——

L3 o /5

r 1 1 1
—/ ((9,,,2 —9,,2,91)V(9m28m)-u,<p) dt
0

2

T
+ / (6, em —07'2)3,6, 9), dL. (3.28)
0

Again Lemma 4, b) implies the convergence of the first summand on the right-hand side. If
k > 3, the second summand can similarly to (3.27) be estimated by

r _1 _1
/ <(0m 2 - ID)(Om)%Q”?K(Q)’%)V(Qm 2Cm) - U, (p) dt
0 2

T 0 1 7l,\ 1 m—00
5/ 672 <0— - 1) oo D(0)2 V(O * En) 121K (O) 3 ullsll@lledt —> 0,
0

m

withp2:=§—1>0.
Contrarily, for the case k = 3, the following density argument is needed. First we consider

T 1
/ ((emz—D(em)%e%we)-%)wem 220t go) dt
0 2

T T 1 -
S/ 102 <9_ - 1) oo ID(6,)7 V(6 )12 1T O) 2 ull> ll@ll ot = 0,
0

m
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for all smooth test functions ¢ € C;°(27). The density of C5°(27) in L2(0, T; L%(R2)) leads for
an arbitrary test function ¢ € L?(0, T; L°(2)) and a sequence of smooth functions (pg € C°(R2r)

converging to ¢ as £ — oo to the following result. Let § > 0. Since ||]D(6m)2 V-On’ Cm)||L2<L2) is
uniformly bounded, choosing ¢ sufficiently large such that

o(t) 1 1 -1 )
S(%PT) <|| — e IK(®)3 U(f)||3) ID(6)2 VO * En)ll 202 19 — @ell 2 g6y < o
1€(0,

Om(t)
and afterwards choosing m in such a way that
1 0(7) _1 1=k, by
sup (162 (2) — 1) oo IK(O) 2 u(D)|2 | D)2 V(O = C)ll 222y @l 12200) < 5
1€(0,7) Om(0) 2

actually leads for ¢ € L?(0, T; L%(2)) to

r 1 1
/ (wm 2 D(0,)2607K(O) 1)V (6 28) - 1, <p) di| < 5.
0

2

Finally, applying Assumption 3, d) and the weaks convergence of % to 1 in L°°(L2) to the last
term on the right-hand side of (3.28) yields

T T 0
f (6, en—07'0)3,60,9), dtz/ ((— - 1> ¢0719,0, go) dt
0 0 em 2

Tro
+f (- (am—e)e—‘at9,¢> dt
0 Gm 2
m—0o0

r e . T g
5/ ((——1>,ce—lateqy)Loo,leH/ -l = 2216~ 3l llods ™= 0.
0 m 0 m 0

3.2.6 Existence and uniqueness

Combining the results of the previous sections, we obtain weak solvability of the original
degenerating model. However, the transport equation (2.2) is lost within the area with 6 =0
since it trivializes to 0 =0. In such a situation of vanishing porosity, the behavior of ¢ is
not clearly defined and hence a uniqueness assertion needs to be restricted to the subdomain
Qo :={(x, 1) € Qr|O(x, t) #0}.

Theorem 3.7 (Coupled degenerating problem) Under Assumptions 1, 2, and 3, the condi-
tion ¢y € L*(), and the additional smallness assumption (3.19) if k=3, there exists a weak
solution

(&, 8, p) € X x L(0, T; Hp 4in.0(2)) x L=(0, T; L*(2)),

to the degenerating transformed problems (3.2) and (3.19) corresponding to the coupled Model
1 and 2. Moreover, this solution is unique and ¢ satisfies non-negativity on .

Proof. The Theorems 3.2 and 3.6 directly ensure the existence of a weak solution (¢, i, p)
to (3.2) and (3.10). The uniqueness of this solution in €2 is verified by a straightforward argu-
ment (for the sake of readability it is expressed in the physical non-transformed values): Let
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(ci, ui, pi), i = 1,2, two weak solutions of (2.1) — (2.2). Then & := u; — u, and p := p; — p, fulfill
the equations

n=—-K(@®)Vp in Qr,
V-u+6p=0 in Qr,
u-v=0 on 92 x (0, 7),

with the unique solution # = 0 and p = 0, cf. [3]. Furthermore, the function ¢ := ¢| — ¢; satisfies
the transport equation

9(0¢) =V -D(O)Ve = —a (0)(R(c1) = R(c2)) in Qr,

with zero initial and boundary conditions. Testing with ¢ leads to

1 1. ! 1. ! - 1 [ -
Sl63e13 + / ID(6)? VEl2ds < / 0@l IRE) = RElal2ds + 5 / 19,0 o 12112
0 0 0
Finally, the Lipschitz condition of R, cf. Assumption 2 and Gronwall’s Lemma yield

sup 02812 <0, ie. =0 within .
t

The non-negativity follows along the same lines as the energy estimate testing the weak formu-
lation with the negative part c_ of the concentration. Thereby the reaction term is estimated via

fg o (O)R(c)c_dx < Crllo(®)|lcollc— |13,

according to Assumption 2. Again Gronwall’s Lemma guarantees the non-negativity on Q. [J

4 Discussion

In this research, we investigated a degenerating system of partial differential equations describ-
ing reactive flow and transport in altering porous media. For a prescribed, but vanishing porosity
field, we proved the existence and uniqueness of non-negative weak solutions in porosity-
weighted function spaces. We furthermore specified the conditions, under which these function
spaces can be identified with standard Sobolev spaces.

Since the assumptions placed on the porosity and (scalar-valued) coefficients are in line with
findings from the literature, our results apply to realistic scenarios. However, further research
is needed to consider the fully coupled system, in which the porosity is an additional unknown
being described by an ordinary differential equation or in an even more general setting by a level
set function. In the latter setting and relying on the results from upscaling theory, anisotropic
coefficients in their full tensorial form could also be taken into account.

Finally, a numerical realisation of scenarios with vanishing porosity and a related thorough
numerical analysis as presented in [3, 4] for the situation of a degenerate flow problem are
of interest. First results in this direction for the coupled flow and transport problem are found
in [30].
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