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Abstract: The flow in porous media can be described by the Richards equation.
However, porous media often exhibit a variety of heterogeneities, thus treating
a porous medium as homogeneous does not often fit the reality well. Therefore,
we describe the flow in the porous medium using the Richards equation with
the dual-permeability model, which assumes that the porous medium can be
separated into two different media. This thesis is concerned with the numerical
solution of the Richards equation with the dual-permeability model. We present
the derivation of the dual-permeability model, and for the numerical solution, we
use the space-time discontinuous Galerkin method. This produces a system of
nonlinear algebraic equations that need to be linearized. We perform a 1D expe-
riment to verify the method and, finally, we present a 2D single-ring experiment
to demonstrate the method.
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List of physical quantities

Used physical quantities and their units using the international system of units:
o [kg] ...mass,
e [m] ...length,
e [s] ...time,
e [—] ...dimensionless.

However, physical quantities concerning porous media are often expressed in
[cm/day] units, which we will be using later.

Active POTOUS VOIUIMIE ... ... .t v [
effective hydraulic conductivity .............. ... o L. K, [ms™]
exchange term . ... ... . I [s7!
fluid density ... ... p [kgm™3]
fracture weight ... ... .. wy [—]
geodetic head . ... ... . z [m]
hydraulic head ....... ... ¥ [m]
inverse of air entry value ........ ... .. a [m™!]
matrix weight ... . Wy [—]
maximum water Content ................ . i 0s [—]
pore size distribution parameters ............ ... ... i m,n [—]
pressure head ......... . U [m]
residual water content ......... ... ... 0, [—]
saturated hydraulic conductivity ............. ... ... ... L K, [ms™!]
sink term ... S [s7
SPECIIC SEOTAZE ..o\ttt ettt S [m™]
transfer coeficient for water ........... ... ... ... . Qi M7
unsaturated hydraulic conductivity ............. .. ... . K [ms™!]
volumetrix flux ... ... . q [ms™]
volumetric water content ............. .. ... 0 [—]
water retention Capacity .............oiiiiiii e C [m™!]



Introduction

Mathematical modeling of flow in porous media is an important field in hydro-
geology, mining industry or simulations of diffusion of toxic substances for envi-
ronmental protection. One can imagine a water soaking through a dam, which is
composed of different materials, such as clay or gravel. Although porous media
often show a variety of heterogeneiteis such as cracks or fissures, we will consider
a porous medium as a continuum with given physical properties. This process
can be described by the Richards equation (see Chapter
(V¥ — z) S

(K(V — 2)VU =
8t V ( ( Z)v )+pwater O,

where the unknown scalar function W is called the hydraulic head. Moreover,
function K is the hydraulic conductivity, 9 is the active porous volume, z is the
geodetic head and S is the sink term.

However, treating porous media as homogeneous does not often correspond
to the reality, especially if the porous medium contains different materials. Thus,
we will assume that porous medium can be described by two different porous
media, see Figure [I]

Figure 1: Example of a porous medium at the microscopic level.

In this work, we deal with such a flow in porous media that can be described
by the dual permeability model [I]. It means the porous medium can be separated
into two distinct pore systems, one associated with a macropore network (fracture
pore system ;) and the other with a less permeable pore system such as rock
matrix blocks (matrix pore system ,,). As the description above indicates, this
problem can be described by a pair of coupled equations

Wi =2y, (K (%) — )W) = 8, — -,
ot Wy (1)
D0, (T, — Ty

5 ) (KW — )V, = S,

The solution of is a pair of functions (Vy,¥,,) = (Vs(x,1), ¥, (x,1))
representing the hydraulic head W of the fracture pore system and the hydraulic

1—wf'
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head ¥,, of the matrix pore system. The other functions in will be described
later.

Richards equation (|1 is a degenerate parabolic equation, because the function
¥ and the matrix K are nonlinear and can degenerate, i.e., for some porous media

it holds

) o :
Jim 9() =0, lm /() =co, lim_[[K(@)] =0,
where ) = ¥ — 2.

Following [2], we discretize problem (/1)) by the space-time discontinuous Galer-
kin method, which provides high accuracy with respect to space and time and
is suitable for the mesh adaptation. We present the governing equation and de-
rive the Richards equation with the dual-permeability model. We also formulate
the dual-permeability model in a weak sense and subsequently we present the
discretization with respect to the space and to the time. This leads to the sys-
tem of nonlinear algebraic equations for each time level, therefore a linearization
process is required. To complete our solution strategy, we will briefly mention
stopping criteria for solving the linearized systems and mesh adaptation. All the
computations are performed using the ADGFEM [3] framework. Finally, seve-
ral numerical experiments are presented. First, we verify the method on a thin
rectangular domain. Afterwards, we perform a single ring experiment, which is
commonly used for estimating hydraulic properties of soil. This experiment will
be also performed with the mesh adaptation.



1. Governing equation

In this chapter, we derive the dual-permeability Richards equation. We will
assume that the domain €2 is a porous medium with flowing water, consisting
of soil aggregates or rocks and of fracture pore network. Sections - will
cover the derivation of the Richards equation, and in Section we introduce
the dual-permeability model.

1.1 Mass conservation law

We phenomenologically postulate the law of conservation of mass. Let ¢ € (0,7)

and Q C R? be an open domain. Consider a volume V C Q arbitrary but fixed

in time ¢t. We define a mass of fluid in volume V as ¢ and its density as p.

Further, we define a volumetrix flux q, which is a vector field describing the way

the quantity ¢ flows and represents the rate of volume flow through a unit area.
The total mass ¢ of a fluid in V' is defined by the integral

0=aqt)= [ plx.t)dv.

and it can change in time if fluid flows through the surface (inside or outside).
This rate that ¢ is flowing can be expressed by the volumetrix flux in integral
form

»/BV pfluid Q(X, t) : Il(X, t) dS7

where n is outward unit normal.

Because of properties of porous medium, we will also consider a sink term
S representing the sink (typically plant root water extraction) of ¢ as it is also
contributing to the total quantity of fluid in V. We can express the total mass
contributed by the sink term S as

/V S(x,t)dV.

Finally, the integral form of the law of conservation of mass reads

0
a/vp(x,t)dV—l—/avpﬂuidq-ndS+/VSdV—O.

Suppose q is continuously differentiable on a neighborhood of V. Then using the
divergence theorem and the fact that V' is independent of ¢ we get

f—i-V'(pfluidq)-i-SdV:O vV CQ

resulting in continuity equation

)
a—f+v-(pﬂmdq)+5=o in Q x (0,T). (1.1)



1.2 Volumetric water content

We will consider a volumetric water content 6. At the point x € {2 and in
time ¢ € (0,7") the function 0(x,t) represents a relative volume of fluid in an
infinitesimally small porous domain. Hence 6 is defined as

o Vituid 7
‘/;otal

where Vyyq is the infinitesimal volume of water and Viotar = Viiwid + Vair + Vioir 18
the sum of infinitesimal volumes of fluid, air and soil. Thus, we can express rhe
density p as

/0<X; t) = Puwater 6(X7 t)

Considering a compressible porous medium, then the relative volume of fluid
contributes to the following relation:

9(x,1) == 0(x, 1) + ‘Z /io 8(s) ds, (1.2)

where we define the active porous volume 9¥(¢)) and S5 > 0 is the storativity.
Then for the compressible medium, we correct the density p as

p(X, t) = pwaterﬁ(x7t)- (13)

We can deduce that volumetric water content 6 depends on the pressure head
Y as 1(x,t) corresponds to the height of a liquid column at point x. Thus, we
can write § = 6(¢)). This relation is represented by the water retention curve,
which is a continuous function satisfying

lim 0(v) =46, and 60(Y) =40, fory >0,
Ph——00

where 6, is the residual water content (limiting water content for inducing un-
saturated flow) and 6, is the saturated water content (state of maximal water
saturation).

Further, we will use the proposed van Genuchten model [4] for the water
retention curve 6(1)):

0, + 2=t —  for ¢ <0,
0(x)) = (1+(=ay)m) (1.4)
0, for ¢ > 0,

where m and n are the measure of the pore-size distribution and « is related to
the inverse of the air entry suction.

1.3 Darcy-Buckingham’s law

Darcy-Buckingham’s law describes the macroscopic flow of a fluid through an un-
saturated porous medium and it represents the relations between the volumetric
flux q and the hydraulic head W. It states [5]



where K(0) is the unsaturated hydraulic conductivity.
The hydraulic head ¥ consists of the pressure head 1 and the geodetic head
z. The geodetic head at a point x = (x, z) has the value z. Then

W, t) = Y, £) + 2.
The hydraulic conductivity K is defined as
K(w) = Kr(¢)Ks;

where K is the saturated hydraulic conductivity and K, is the relative hydraulic
conductivity, which is a reduction of the saturated hydraulic conductivity, so
K, € (0,1]. If the porous medium is isotropic, we can write K; as

K, = K,I,

where I is the identity matrix.

Since there is a relation for (1)), we can also consider a relation for the
function K, (¢). This constitutive relation is expressed by the Mualem function
[6]. Combined with the van Genuchten function for the retention curve the
formula reads

(o)™ (tCan)) ™2 g <

Kr(¢) — {1 (1+(—arp)n)m/2 o o (1.5>

where parameters a, m and n were already explained in ((1.4)).
Thus, in terms of ¥, Darcy-Buckingham’s law reads

q=—K(U - 2)VU. (1.6)

1.4 Richards equation

Moreover, we introduce the derivative of the water retention curve, which is called
the water retention capacity C() and it is defined as

= 7 (I+(=azp))m+1

Cdo(y) (s =0r)mna(—ay)" 1 o W <0,
o for ¢ > 0.
Remark 1. Note, that the integral

/¢ 0(s)ds

—0o0
in (1.2)) is infinite in general. It is mathematically correct to write the integral as
Y
/ (s)ds,
—c

where c¢ is sufficiently large, but it is common to write it as ¢ = oo, because
Richards equation uses only the derivative of this term. We can write

d ¢ d v d (v
1 L 00 s =g [ o) ds+ g [ 6(s)ds
=0+6(v)
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Thus, we can write the derivative of the active porous volume 9

dv S
i C) + 6*89(7#)-
In terms of ¥, we denote
Ss
YW —2):=C —2)+ 9—9(\11 — z), (1.7)
and because %—‘f = %7 we can write

9 _ W g9
ot dp ot 'V T o

Returning to the derived continuity equation (|1.1]), substituting (1.3, (1.6))
and using ([1.8) yields Richards equation

(1.8)

oV S
water

where ¥ is the unknown function, the function v and the matrix K are known

from the relations (1.7), (1.5) and S is the sink term.

1.5 Dual-permeability model

We follow continuous mixture theory, namely the assumption of the equipre-
sence of all components. In our dual-permeability approach, at each point, we
will assume that the medium can be separated into two distinct pore systems
(fracture and matrix domain), both of which are treated as homogeneous media
with separated hydraulic and solute transport properties. The dual-permeability
medium is considered to be a superposition of these two systems over the same
volume [I].

Moreover, we assume that these two separate porous media can be described
by the equations derived above. Hence, we denote equation with the sub-
script f for the fracture medium and with the subscript m for the matrix medium.
However, these equations do not form the coupled system covering our medium,
since they are independent, even though there is also some exchange of the physi-
cal quantities between them.

Hence, we denote I',, as the term representing the exchange between the frac-
ture and the matrix pore system, which is weighted by the volume fraction of
the corresponding components. We consider wy as the fracture weight, i.e., the
volume of the fracture pore system relative to the total pore system, defined as

volume of fracture medium

wp = .
f volume of whole medium

Further, we assume that the volume additivity constraint (quasi-incompressibility)

holds, i.e., w,, + wy = 1, where w,, is the matrix weight, as the components

of porous media are solid and their volumes do not penetrate each other on the

microscale level.



Using the mentioned first-order coupling term, we can write the fully coupled
dual-permeability model as

ov S I,
Y (Vy —2) th — V(KW — 2) V) = ——L — =2
Pwater L%

ov S, r (1.10)
v, — v (K, (¥, — v )=-—2 S
Y (U — 2) ot V- (Kn(¥ — 2)VU,,) Dwator + O

For further derivations and computations, we will omit the sink terms S; and
Sm, because they have negligible influence on our computations.

Exchange term I,

The interactions between the fracture and the matrix pore systems are governed
by non-linear processes. Trying to capture these microscopic processes while
preserving a relatively simple formula was the objective of [7]. The coupling term
I', can be modeled by the first-order exchange term. This assumes the water
transfer is proportional to the difference between the pressure heads of the two
pore systems and is defined as

Ly = aw(p — thm) = (Vi — Vy)

for any depth z, where «,, is the first-order transfer coefficient for the water.
The exchange term I, is space and time dependent. If I',, > 0, the water
transfer is directed from the fracture system into the matrix system.
We will assume the first-order transfer coefficient for water has the form [7]

B

Oy = ﬁwaKaa

where K, is the effective hydraulic conductivity, g is the dimensionless parameter
depending on geometry of the aggregates, a represents the distance from the
center of a matrix block to the fracture boundary and =, is the dimensionless
empirical scaling factor.

The representation of the effective hydraulic conductivity was studied in [7].
There were compared several proposals how to set K, and we will use

Ko = 5 (K0 + Konn)

This choice considers both pressure heads for the matrix and for the fracture, thus
it can be advantageous during simulation of the water transfer in both directions.
Finally, we can clearly see these two equations are linked, so we can write

[TT0) as

ov S Lp(Ue, 0,
(W = 2) SL =V (K (V) = 2) V) = =L (g ¥)

Pwater wy (111)

V(K (V. — U, )= — .
ot Vo (Ko (T = 2) VW) pwater+ Wy

r)/m(qjm - Z)



2. Problem formulation

In Section [2.1] we formulate the problem for the closed system of equations. The
concept of the weak formulation for the system (|1.10) is presented in Section .

2.1 System of scalar nonlinear parabolic equa-
tions

Let Q C R? be a bounded domain with Lipschitz boundary 09 = 0Qp U 0Qy,
00QpNOQy = 0, corresponding to the Dirichlet and the Neumann boundary part.
Let us define time-space cylinder @ := (0,7) x Q and a part of its boundary as
¥ :=(0,T) x 0. Moreover, we split the boundary ¥ = ¥p U Xy.

Let us formulate our problem: Find functions

\IffZQ—>R,
v, :Q — R,

sufficiently smooth, such that following holds:

ov Dy (Wy, W) .
(¥ —2) 7; =V (K (¥ = 2)VUy) = —(u];f) in Q,
(2.1)
ov,, Lw(Wr, U,) .
m \Ilm - - : Km \Ijm - \Ijm = s
Il = 2) TG =V (Ko (B = 2) V) = =720 i Q
with the Dirichlet boundary conditions
Y=V on Xp,
I = P (2.2)
\Ilm = \I/Dm on 2D7
with the Neumann boundary conditions
(Kf(\Ilf—z)V\Iff)~n:\IJNf on Yy, 2.3)
(Kn(V,, — 2)VV¥,,) -n=Uy  on Xy, '
and with the initial conditions
qff(iL‘,If = ) = ‘Iffo in Q, (24)

U, (r,t=0)=T,,, in,

where Wp ,Wp Wy, , Yy, Wpn,, Uy, are given functions and n is the outer unit
normal to Xy. We remind that the exchange term I', is dependent on ¥, and
U,,, ie, Iy =0y (Vy, U,y,).

From now on, we will omit the arguments of Ky, K,,,vf, 7m and I'y, if the
context is clear.

10



2.2 Weak formulation

Let us now introduce the weak solution of the above problem. To do this, we
need to specify assumptions on the Dirichlet boundary conditions as follows:

Up, = trace of some ¥* € C([0,T]; H'(Q)) N L>(Q) on Xp,

2.5
W), = trace of some U** € C([0,T); H(Q)) N L™(Q) on Yp, (2:5)

The Neumann boundary conditions as

Uy, € C([0,T); L*(0Q)),
\I/Nm € C([O,T],LZ(ﬁﬂN)),

and the initial conditions as

U, € LA(Q),
Uy € L*(Q).

Finally, let us define spaces
Vp i={v e HY(Q) : v|aq, =0}, V :=C([0,7T];Vp).

Let ¢, om € Vp be arbitrary. We multiply equations (2.1]) by ¢, ¢, respec-
tively, and integrate over {2 to get

0V I
et d—/ (K, VU d:/—— dx,
/Qw g Prax— | V- (K;V¥;)opdx = | wy P X

v, L'y
/’ymawde—/V-(KmV\I/m)gomdx—/gpmdx.
Q ot Q Q Wy,

Using the Green’s theorem and the conditions (2.3]), we obtain
[V @&V pax= [ Wy, 0pds - [ (K90)) Vi dx
N
and
/ V- (K V,0) o dx = / Uy o dS — / (KnVU,0) - Vi dx.
Q S Q
Let us define the following forms:
(u,v) = / wwdx, u,v € L*(),
Q
af(u,v) = / (Kj(u—2)Vu) - Vodx, u,ve€ H'(Q),
Q
A (u,v) = /Q(Km(u —2)Vu) - Vodx, u,v € H'(Q),
(u,U)N:/ wwdS, wu,v € L*(0Q).
QN

Using the introduced notation, we can finally state the weak formulation of
the problem (|1.10)).

11



Definition 1. Pair of functions Wy, V., is called a weak solution of problem|2.1
if it satisfies following conditions:

U, —U* € L2(0,T;Vp), ;e L™(Q),
U, — U ¢ L*(0,T;Vp), V¥, € L¥(Q),

where U* and U** are from (2.5)),

(W axpaft(t)’w> +ap(U (), 0p) + (Fw(‘lff(;); \Ifm<t))’¢f> — (U, (0, 69),
(vm a\pan;@)’%) + (U (1), om) — (F“’(\Df (;)T;\Ijm(t)),gom> = (U, (£), om) N

for all g, pm € Vp, and

\Iff(x,t:O):\I/fo m Q,

U (r,t=0)=V,,, inQ.
The existence and uniqueness of the weak solution for the Richards equation
was studied in [8] and [9]. However, for the non-linear Richards equation, as is

our case, the question of the existence and uniqueness is open. We will assume
that the weak solution exists and further we will not be concerned about it.

12



3. Numerical solution of
Richards equation

In this chapter we present an approach to solve the Richards equation. Follo-
wing [I0], we approximate both spatial and temporal derivatives by the discon-
tinuous Galerkin method (DGM). Section introduces the notation and de-
fines the key terms for DGM. Section focuses on space discretization. The
methodology of fully space-time discretization is presented in Section where
we also define the space-time discontinuous Galerkin approximate solution of the
Richards equation. The solution yields the system of nonlinear algebraic equa-
tions, whose linearization is treated in Section [3.4. We present a Newton-like
method for solving the mentioned system. Finally, we will discuss the stopping
criteria for the solvers in Section and lastly we mention a mesh adaptation in

Section [3.6]

3.1 Assumptions, definitions and notations

Partition of the domain

Let h > 0 be a positive parameter and € be a closure of the domain Q. We define
the partition 7, of {2 as a finite number of closed triangles K with mutually
disjoint interiors, such that

0= U K
KeTy,

We call 7}, a triangulation of the domain 2. Further, we denote

o OJK the boundary of a triangle K € T,

e hy the diameter of K,

e h =maxgeT, hr,

e pg the radius of the largest circle inscribed into K,

e I' the face of K,

e hr the quantity representing the length of the face I'.
The quantity hr can be defined in many ways. We will use

. ;<hKFL + hK§> for T € F,

(3.1)
hct for ' € FP.

By | K| we denote the area of K and by |I'| we denote the length of T

Let K1, K, € T), C R?. Elements K; and K, are called neighbours, if their
intersection K7 N K5 has positive 1-dimensional measure.

Let Fj, denotes the system of all faces of all elements K in 7;,. We define the
following sets:

13



o set of all boundary faces 72 = {I' € F;, : ' C 9O},
o set of all Dirichlet boundary faces FP = {I' € F, : ' C 9Qp},
o set of all Neumann boundary faces F¥ = {I' € F, : T' C 9Qn},

o set of all inner faces F} = F;, \ FP.

For each T' € Fy,, we define a unit normal vector np. If ' € FZ, then nr is
the outer normal. The orientation of np, I' € F{, is arbitrary, but fixed.

Assumptions on meshes

Let us consider the system of triangulations {ﬁl}he(o,ﬁyﬁ > 0, of the domain €.
Then, we assume that

« the system {73}, (o5 s shape-regular, i.e.,

h _
HCR>O:p—K§(JR VK €T, Yhe (0h),
K

where C'g is a positive constant,
» the equivalence condition holds, i.e., for each quantity hr

HCT,C(;>OZ Crhx < hr < Cehg VKGE, VFth,FCGK,

where Cr, Cq are constants independent of h, K and T.

Spaces for DGM

To introduce the discontinuous Galerkin method, we need to define the space,
where the approximate solution will be sought. For the triangulation 7, and any
k € N, we define the broken Sobolev space

H*Q,Ty) = {ve L*(Q);v|x € H"(K) VK €T,}.

This space consists of functions, which are generally discontinuous on inner faces
of elements K € T},. We further define the norms

1/2
Wl = (X lellmz)  for ve HYQ.T),
KeTh

1/2
0] k(0,73 ( > |vlge K)2) for v € H*(Q,Tp).
KeTh

Let I € F}l and KF , KF be two neighbouring elements that share this face

I', such that I' C GKF N 8K§L . We define the trace, the mean values and
the jumps for v € H*(Q, Ty) as

v%L) = the trace of v|K§L) on I,

o = the trace of U|K§R) on T,

(v)r = ; ( L) 4 U(F )> representing the mean value of the traces of v on I,
[v]r = v%L) — v%R) representing the jump of v on I'.

14



For the boundary faces ' € FP, T’ C 8K§L) U 0f2, we define

véL) = the trace of U|K1£L) on I,

()r = [o]r = o,

for v € H*(Q,Tp)
Finally, for the triangulation 7, of 2, let p > 0, p € N, and let us define the
space of discontinuous piecewise polynomial functions

={ve L*(Q);v|x € P,(K) VK €T},

where P,(K) denotes the space of all polynomials of degree < p on K. It holds
that Sp, C H*(Q,Ty) for k < 1.

3.2 Space semi-discretization

Let us introduce the space discontinuous Galerkin discretization of the problem
([2.1). For simplicity, we will derive the discretization with one equation using
the index «, o € {f, m}, denoting the equation for the fracture and the matrix
equations, respectively. Finally, we formulate the space semi-discrete solution in
the vector form. We denote I'y = —T',,/w; and I',,, = [y, /w,,.

Let us assume that

U = (\}IJJ;) € L*(0,T; H*(Q))?, \I’a(tt) e (L2(0,T; HY(Q)))?, (3.2)

is the solution of (2.1)) and let ¢ = (¢y, om)’ € (H*(,T5))?. We multiply (2.1))
by ¢, integrate over K € 7Ty, use the Green’s theorem and summing up over all

elements K € 7;,. We obtain

Z/ d—i—Z/KV\If -V, dx

KeT, KeTy (3.3)

- Z/ (KaVUa(t)) -ng @adS = Z/F ) o dx.

KeTy, KeTy,

Since ¢, is in H*(K), the derivatives have the trace on K and therefore the
surface integrals are well defined. Let us now rewrite the surface integrals in the
following way:

Z/ (Ko VU, (1)) ng p,dS

KeTy,

S / (KoVUo(1) - np pdS+ 3 / (Ko VU,(1) - 0 g dS

rerp rery
L R R
+ 3 [ (KT () = (KT (00)) - 1r dS,
rerf
Note that if np is the outer unit normal to KﬁL), then nr is the inner unit normal

to KﬁR) and therefore —nr is the outer unit normal to KﬁR).
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Since ¥, € L*(0,T; H*(2)), ¥, and its derivatives are continuous over the
inner faces, we can write

K VU, ()] =0 KoV, (1)) = (K, VU, (1) vl e 7,

(K VU, (1)) = (Ko VU, ()Y = (K, VU, (1) VI e F.
Thus, we can express the surface integrand over the inner faces as
(KaVU(E)F (pa)f” = KoV )i (pa)i”) - nr = (Ko V(1) - nr (2ol
The integrand over the Dirichlet boundary faces can be rewritten as

(Ko VWo(t)) - nr oo = (KaVWa(t))r - 0r [@alr,
since for the boundary faces I' holds
(KaV¥o(t) = (Ko V¥ (t))r
and
Pa = [pa]r-

Altogether, substituing the Neumann boundary condition, we can rewrite the
surface integral as

3 /a (K, V(1) - g padS

e (3.4)
= Uy, (t) 0o dS + Z /<Kav\11a(t)>l“ -nr [9004]1“ ds.
=N rerph
Using (3.4), we can rewrite the identity (3.3 as
oW, (t)
K, VU .
/Qva 5 gpadx+Kze:T /K( oV, (1)) - Vi, dx
h
= Y KV nrlpalrdS = [ W, () ¢adS + [ Talt) podx.
resp’t Y Q
(3.5)

To ensure the existence of the approximate solution, we must include addi-
tional terms in our formulation (3.5). We define the interior and the boundary
penalty bilinear form

i (u,v) =Y /Fa[u]p[v]pd5+ > /FauvdS

rerf rerp

- /Fa[u]p[v]pds, u,v € H(Q,Th),

reFrlP

where o > 0 is the penalty weight. We will consider the penalty weight in the
form

g . UFEJ—‘}{D — R,

1D
0'|F:O'F:77 Fth,



where Cyy is the penalization constant and hr is defined in (3.1). Further, we
define the boundary linear form as

HOESY /a\IfD vdS, ve HY T,

rerp

where Wp_ is the Dirichlet boundary condition defined in (2.2)). Note that if
U, € L*0,T; H*(Q)) is the solution of (3.5), then

Jo(Ug,0) = J5(v) Yove HAQTy). (3.6)

We impose the continuity of the approximate solution on the interior faces by
adding the interior and the boundary penalty into our formulation.
Moreover, we will use the —1, 1 or O-multiple of the identity

3 / Vo) np [lrdS = 3 /K 2)Vo - np Uy, dS,

LeFfP rerp

Yo e H*(Q,Ty),

to add to the right-hand side of (3.5)). This leads to the definition of the following
forms: For u,v, f,g € H*(Q,Ty,), we define the forms

aan(u,v, f,9) = Z/ o(u—2)Vu) - Vodx

KeTy,

= 3 [ (K 2T e e + O (0~ ) Te)r mr [u]r) dS

rerlP

+e Y /K (u—2)Vo-nr Uy, dS

rerpP

—/Fw f,g)vdx—/ Uy, vdS,
Q N

(3.7)
where © € {—1,0,1}, a € {f,m}.
Therefore, we can write as
oV, (t
() = 2 22 o) 4 (Ba0), 0 s 1), W) =0 (38)

for p, in H*(Q, Tp), a € {f, m}.

Adding the penalty terms from to the equality yields the definition
of the discontinuous Galerkin weak formulation. As we advised, we formulate
it in the vector form. For U = (U;,U,,)" € (H?*(Q,T;))?* we define the vector
variant of the form a, j and of the boundary penalty terms as follows:

a U 5 ;U 7Um
ah<U7 ¥, Uf’ Um) - (CLT:VZ((U:%%;];m (jvf’ Uni)) ’

s = (Jieen) s ()
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Definition 2. Function U = (U;,U,,)" : Q* — R? is called a discontinuous
Galerkin semidiscrete approzimate solution of the problem (2.1)), if it satisfies

U € (CY([0, T]; Sp))*

and one of the following identities

() -2 258 o) + @ 0), 0.U5), Untt)

ot (3.9)
+J7(U(t), ) —Jp(p) =0 Ve e (Sp)?

U0, 1) (Y5, 05) T 5
’ = V(or, om)" € (Shp)”,
((Um,o,som (Umgripm) | 7 P Em) € ()
holds for © € {—1,0,1}, where Vy,, ¥, are defined in (2.4) and

— oU;(t)
(i -2 4) (((Vf“ff %% w@f)))

ot V(U — 2) 228 0,

The definition 2 introduces the three variants of the discretization of the di-
ffusion terms: © = —1,0, 1 stands for non-symmetric, incomplete and symmetric
variant, respectively.

3.3 Space-time discretization

The previous section covered only the discontinuous Galerkin discretization with
respect to the space. In this section, we introduce the fully space-time disconti-
nuous Galerkin discretization of the problem (2.1)). We employ the same notation
as was introduced in the previous section, we only add a subscript ; for the time
discretization.

Let » > 0 be an integer and 7" > 0 the end time. We construct the partition
0 =1ty < ... <t = T of the time interval [0, 7] and denote the subintervals

]k’: (tk—lytk)7 Tk: [tk—lvtk’L k= 17"'77"
and

T =t —tpe1, T = kmlax T

Then
0, T)=Up_1I, IinNIL,=0 fork#n, kn=1,...r

Thus, 75 denotes a triangulation on the time level I;,. For every time interval
Iy, k=1,...,r, the space partition 7y, of {1 is different in general.

Further, we introduce the following notation: Let ¢ be a function defined in
U—1 1, and let us assume that one-sided limits

lim o(t)

+
t—t;

18



exist. We define

v = p(ty) = lim p(t) (3.10)

t—)t

and the jump with respect to the time on the time level I}

{o}e =0 — 95

We consider a varying polynomial degree with respect to the space, i.e., for
each triangle K € Ty we denote a positive number px as a polynomial degree
on K. Then we define the finite-dimensional space

Shpr = {9 € L*(Q);¢|lx € PP*(K) VK € Thl}-

Moreover, we consider a fixed polynomial degree ¢ € N in time and we define the
space of the functions piecewise polynomial in space and time

e =1{p € LX(Q); oz, )]s, = Ztl@lm
QPk,iGSh,p,k:, :0,...,q,k‘:1,..., }

Remark 2. 1f p € Sh 1, then ¢|k« g, is a polynomial with degree < pj with respect
to the space and with degree < ¢ with respect to the time. This means

i+j<px 4 _
Olrxr, € PPX(K) x PI(I;) <= ¢ligxp,(x,t) = Z Zaijklexét ,
i,j=0 k=0

ik € Rz = (21,22) € K, t € I.

We consider again the exact solution

= (y)) e P07 HAQ)P, ‘I’a(? € (L0, T; H'()),

of the problem and the test function ¢ = (¢y, pn)" € (Sy2)?. It also holds
that ¥ € C([0,T); H'(Q))?. Let k € {1,...,r} be arbitrary (but fixed) and
denote ¥/, = 9V, /0t, a € {f,m}. We multiply equation by 0o € SpE,
integrate over K x [, and sum up over all elements K &€ 7, ;. Then

/ (’7&‘11;7 ‘Poc) dt — / / V- (Kav\lla) Pa dx dt = / (Fom Qpa) dt.
I Iy JK I
()

We dealt with term (x) in the previous chapter, so it remains to handle the term

with the time derivation. For better manipulation, we write Pal¥a=2) instead of

V!, We use the integration by parts with respect to the time for the term with
the time derivation as follows:

0V6(V, — 2) ,
——— p, | dt = — Vo(V, — 2), dt
/zk< o 7 ) /zk( (Vo =2).¢0) (3.11)
+ (1904(‘1’;,1@ -z ), 90;,16) - (1904(‘1’2,1@ 1 Zk 1) %lk 1)
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and since ¥, and z are continuous in time, we have (cf. (3.10))
ﬁa(qjl_,kq - le—l) = 1904(\1/;,k—1 — 2_1)
and thus
(1901<\Ilik—1 - le—1)’ %Oct,k—ﬂ = (ﬁa(\lj;k—1 - Zk;_—l)a 90:5,1;—1)- (3.12)

Once again using integration by parts and applying the identity (3.12), we obtain

0V6(V, — 2) B 004(V, — 2)
/Ik < ot ’%) di = /zk ( ot ’%> dt
+ (ﬁa(‘l’;kq - 21211)7 90;:,]971) - (1901@1’;,1%1 — 2 1), @2,1@71) (3.13)

a’l}a \Ija -z
_ <()’ (pa) dt + {9a(Vy — 2) }r1, 90;1«—1)-
I ot

Thus the exact solution ¥ = (¥, U,,) satisfies the identity

87,9& \I/a —Z o
-/I ((6t>’ 9001) T aa,h,k(\l}m Pa; \ij7 \Ijm) + Jh,k(\yaa 9004)
k

- Jg,k(@a) dt + ({Va(Va — 211, Q)O(—;kfl) =0 Vo, € Sﬁji

with U, (0—) = ¥,,, a € {f,m}.

Remark 3. Forms ag i, Jfp and Jpy in (3.14) are defined in the same manner
as in the previous section. The difference is only in the range of the sum: here,
we are summing over K € Ty, and I' € Fy, .

(3.14)

This process leading to equation (3.14]) is the standard way to define a space-
time discontinuous Galerkin approximation of the problem (2.1)). However, treat-

ing the first term in (3.14)) in a way
000 (¥y — 2) v,
el Sl 4 = U, —2)— 1
( 5 ,soa) (%( o« 2) ,soa) (3.15)

leads to some inaccuracy in the water content balance, due to the low regularity
of ¥, particularly 9 (0) is discontinuous. Therefore, we will present a different
approach of defining the approximate solution.

Substituting the identity (3.12]) into (3.11)) leads to

094(V,, — 2) B ,
/Ik < ot 7(1004) dt = _/Ik(ﬁa(qja_z)agpa)dt
+ (VW — 25 )s Par) — (0a(Vo 11 — 25i1), Ph 1)

where ¢!, = dp,/0t.
Finally, we can define the form A, 5 : ;7 x Spf x Spix Spd — R as

Aa,h,k(ua v, f7 g) :/I _(ﬁa(u - Z)7 UI) + aa,h,k(“: v, fa g)

+ ‘];Lj,k(u7 U) - JB&(U) dt (316)
+ (v — 27),05) — (Va(upy — 251), 05 )

for u,v, f,g € Sﬁ:g. The last term in the equation (3.16]) establishes a connection
between the approximations of the two consecutive time layers.
We can now proceed to the definition of the approximate solution.
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Definition 3. Function U = (Uy,U,,)" : Q* — R? is called a space-time discon-
tinuous Galerkin approximate solution of the problem (2.1)), if U € (5533)2 and
U satisfies the following identity

AU, ) =0 Yeoe (St k=1,...r (3.17)

with (Ug,, U )" (\Iffo, U,..)T given by the initial condz’tz’on where the form
Ay (SPE)? < (Sp1)? — R? is defined as

_ Af,h,k’<Uf>90fa UfaUm)
Ah,k(U7 (P) - (Am,h,k(Um; s Uf, Um) .

Notice, that the space (Sﬁﬁ)Q, where the approximate solution is sought, is
independent of the boundary conditions and that the components Uy, U, are
connected through the exchange term I',,.

The existence and the uniqueness of the approximate solution for single Ri-
chards equation has been proved for the linear case in [10]. However, the existence
and the uniqueness for the general nonlinear Richards equation with a dual-
permeability model is open.

3.4 Solution strategy

The definition of the approximate solution in is equivalent to the system
of nonlinear algebraic equations for each time level £ = 1,...,r. According to
Remark , each system in consist of 2N, equations, where the number
Np = (¢ + 1) Zker,, (x + D (px +2)/2 (if @ C R?), where px is a polynomial
approximation degree in space and ¢ is a polynomial approximation degree in
time. We call the number 2N, the degree of freedom of the mesh 7y, .

We will follow the linearization technique presented in [2]. We define the space
of piecewise polynomial functions on one time layer k

S .k —{(p QX[k%R QO‘KXI;C PPK(K)XP(]([]C),KEE,]C}.

Let ¥ = (U, ¥,,)" € (SP'9)? be the approximate solution of ([3.17) and denote

its restriction to the space S,”k, Pk = W\, Further, we define a basis Bhk

of the space S;'7, as By = {pi(z, )} where Ny is the dimension of [

Let the basis B be L? orthogonal and constructed as a composition of local
bases for each K x Iy, K € Ty, I € [0,T], i.e., each K X I} has a corresponding
basis function ¢g g, such that supp ¢xx5, C K X I. Then we can express

N ¢kj
W) = [ Y0 = (Z e )
\Ijm(x7t) Z]:kl fm’]@](l‘,t>
where 5’;’j,£7’§;j € R,j7 = 1,..., N, are the basis coefficients for the fracture
component W% and the matrix component WF , respectively. Let us note, that we

want to express both components with respect to the basis By ;. Therefore, the
basis of space (S}'4,)?, where the approximate solution on time level k is sought

can be defined as
o))"
N (N ()
i=1
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From Definition [3] we have
App(WF ) =0, | i=1,...,2N,
for

k=1,...,r

In order to reformulate the system (3.17]), we define the vector valued function
Fh,k c R2Vk — R2Nk g

Fp(€F) = {App(OF @V k=1,...1

where &F = (51; L §jf al ekl €RNE) and the scalars £f JERT =1, Ny,
are the coordinates of the approx1mate solution Wk W respectively, with respect
to the basis By, j.

Note, that from the definition of the form A, j , we see that the func-
tion Fy, 1 also depends on ¥*~1. Thus, the system of nonlinear algebraic equation
(3.17) can be represented as:

Find & € R*™ . Fy (&) =0, k=1,...,r (3.19)

Therefore, problem ([3.19) is a root finding problem and we can use the famous
Newton method to solve it. However, the Newton method for a vector valued
function requires computing the Jacobian matrix

dFy, ,(§)
d¢

which is usually a difficult task. Therefore, we will present a different approach:
a linearization of the form A, j , and then approximating the Jacobian matrix.
The system ([3.19)) is strongly nonlinear, therefore we need to perform a li-
nearization of the form A, . First, we need to deal with the time derivative
term. For o € {f, m}, we express this term as derived in and ,

004(V,, — 2)
/zk ( ot ’%‘> dt

Ini(§) =

— [ (twe = 2% )t ([{0a(We = rivin) (B20)
~ / (10000 = 2552 00 )+ (a(We = 2){ e )

where the term {¥,(¥, — z) },_1 is approximated as

(Ta—2)f 4

e [ T M AT
~90((Fa = 2)lE0) (Faly = Yoliy)
= (W = 2)[-1) (e
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We introduce the linearization of forms A, px, o € {f,m}, k=1,...,r. Let
us define the forms

af (g, U0, Uy W) = Y- / (Kp(V;—2)V¥;) - Vpdx

KGTh k

- > /(Kf Uy —2)VU)r-nr [¢)r + 0K (U, — 2)Ve)r -np [V]p )dg

rersh

—/Fw (T g, Wy, Ty, Uy v dx,
Q

mhk(qjﬁh\pf?gpalpfa Z / V\D ) VQOdX
KEThk
= 5 [ (K@ = 5900 [l + O (T — 2)Viphr me [B)r ) dS
Fe]:ID

_ / Lo (U, 0,0, U7, U v dx,
Q
and

dh i, 0) = -0 3 /K Ve -np W, dS+/ Wy, ¢ dS.

rery,
Recall the form of the exchange term to clarify its arguments:
Lo (0, U, U7, ) = (T, T) (0, — ).
Due to and Remark , we have

apn k(g0 W, W) = a1 (U, W, 0, Wp, Wy) — (0, )
am,h,k(\llma 28 \ija \Ijm) = afmh,k(\ljmu \Ilf7 @, \I[fa \Ilm) - ern,,h,k(QO’ \Ijm)
VU, \I’f, p e Sﬁ:?_

Using (13.20)), we define

o o i
Al (U W 0, Wy, W) = /Ik (W(‘I’f - 2)8;790) + J5 (W, 0),

+ a?,h,k<qu7 \Ilm7 2 Ff’ Tm) dt (321)
+ (v (W — Z)I;?_l‘lf,?k_l, SOk+—1)7
L S T = oV, o
AL (U V70T T0) = [ (9T = )5 0) + T (W 0)
k
+ afn,h,k(\pﬂw \I]fv 2 \Ijifv Tm) dt (3'22>
+ (Y (Vo — Z)|k+_1‘1’$,k_1, 902;——1)7
and the residual terms as
Dlpalp o) = [ dlpalo. W) + T ()t (0T — 21 V1ot
(3.23)
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for Uy, W, 0, W, € Sy, a € {f,m}. Finally, we define

Ak, (U U0, T, W)
L _ f,h,k s m?@fv i ¥m)
ALL(W.0.F) = (Amhk(mm’%@m&f’qj )) (3.24)

and

— DE, (T, 04)
L — Fhk\F £ PF
Dyl ¥) ( DL gﬁm)) (3.25)

where ¢ = (07, om), ¥ = (U, U,).
The forms Aé,h,k: and Dé,h,k are consistent with the form A, px, ie.,
Apne(Wp, 0, W, W) 2 Al (p, W 0, g W) — D0, U)
A (Vs 0, Wy, W) e AL (W, U0, Wy W) — Do ie(0, W) (3.26)
\I/f, U, p€ S}Z;:;I_

Let ¥ and W be the restrictions to the space (Sﬁﬁ}k)? Using the linearized
forms ([3.24]) and (3.25)), we can define the so—called 2N}, x 2N}, flux matrix Cy, j:

oN, 2N},
{Aﬁ,k( 7¢Z7‘P)}2Nk_{A£k<Z§f]¢J+ Z fmJ‘PJu‘Pza‘I’>}

Jj=1 J=Ni+1 i=1
—{ALer 0B €= CurlE)€
and the vector gy,

a,(€) = {Dra(wps, ) }2F,

where ¢;, i = 1,..., 2N}, are the basis functions from (3.18) and &, & € R** are
the coefficients of ¥, ¥ with respect to the basis (By,x)?, respectively.
Finally, by virtue of (3.26]), we obtain the approximation

Fri(&) =~ Cri(&e) & —an(ée), k=1,...,r7 (3.27)

If we fix the arguments of C, ; and q,, perform the differentiation of (3.27) with
respect to &, we arrive at

Ini(&r) =~ Cri(&r).

Notice that matrix Cp, ; and the Jacobian matrix Jj , are sparse and have block
structure. Therefore, we can approximate the Jacobian matrix Jj (&) by the
flux matrix Cp x(&x).

Remark 4. Even though we defined the forms (3.21]) and (3.22)) using the integra-
tion by parts leading to (3.15)), it did not cause any of the mentioned problems,
since Cp,  is only an approximation of the Jacobi matrix Jj, .

In the end of this section, we will briefly describe a technique for solving
(3-19). We will use a Newton-like method described in [1I], which is characte-
rized by the fact that the Jacobian Jj is replaced by some approximation. We
will also employ a damping parameter A, which helps with the convergence, if
the initial guess &} is far from the solution. This method will generate a se-
quence {&€}}—0 1., approximating an actual numerical solution &. The stopping
criterion is discussed in the next section.
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Algorithm 1. Damped Newton-like algorithm [2]

1. Let &) € R*Nr be given.
2. Until a stopping criterion is not satisfied, compute:

« Find d' € R*™ such that
Chi(€)d" = —Fnr(€h), (3.28)
e update
P= 6+ Nd

where A\l € (0,1] is a damping parameter such that the monitoring
function &' := ||Fpx(E5)|/||Fhnr(€L)]] is less than 1.

At the start of each step, we set \' = 1 and multiply it by ¢ = 0.75 until the
monitoring function &' < 1. Thus, multiple evaluation of F}, . can occur in each
iteration. The linear system is solved by the GMRES method with block
ILU(0) preconditioner, see [12] for the details.

3.5 Stopping criteria

It remains to deal with the stopping criterion mentioned in Algorithm [T We
want to avoid stopping the algorithm too early, since the accuracy of the solution
can suffer. On the other hand, we do not want stopping criterion too strict, since
its computational efficiency can get too low. The solution strategy presented in
the previous chapter raises the following sources of errors:

o space discretization,
o time discretization,
« violation of (3.19)) by the algebraic solver.

We will use the same technique for balancing these types of errors as presented
in [2] and [13].

To introduce error estimators, we will briefly summarise exact, space-time and
approximate solutions:

o exact solution ¥ € L*(0,T; H?(2))? satisfying (2.1]),

q
p

» space-time discontinuous Galerkin discrete solution Wy, € Sﬁ: satisfying

(3.17) exactly without algebraic errors,
« approximate solution Wy, € Sp'? of (3.17)) given by the Algorithm .

We outline the idea of the error measure in the dual norm. Let V' be a linear
vector space equipped with a norm || - ||y, and Vj, a finite dimensional subspace
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of V. Let a(-,-) : V xV — R be a form linear with respect to its second argument
and u € V, u, € Vj, be an exact and approximate solution of

a(u,p) =0 YoeV, alup,pon) =0 Yo, €V,

respectively. Then the error measure in the dual norm on the space V' is given
by

alUp, — alu,
E(uy) = ||Auy, — Aul|y» = sup (un; p) — alu, p)
seviro Niellv

= sup a(uha (10)

PEV,p#0 1=10% ’

(3.29)

where (Au, ) = a(u, @), u, € V and (-,-) denotes the duality between V' and
V' 13].

Practically, only ¥, is available, therefore based on , we introduce
an algebraic estimator 7%, a space-algebraic estimator 7%, and a time-algebraic
estimator 7%,

— Ah,k (ﬁhﬂ Soh)

k
W, )= max ,
Ta(¥ie) enesh? o0 |[onlx
. A (P )
k hk\ ¥ hr, Phn
Nesa(Phr) = max ; 3.30
saln) = o Tnllx (3.30)
. A (T
n?A(‘I’hT): max h,k( hnsoh)'
ereSh Tt on#0 |lonllx

The space Sﬁi}k’q consists of piecewise polynomial functions over K x I, of the

degree < p + 1 with respect to x € K and the degree < ¢ with respect to t € I
and vice versa for the space Sp'?t!. Obviously, these spaces are bigger than S}? .

The norm || - ||x is defined as

2
leallc = ([ 5 (lenlli +1IVenlli +upnlli) de)

K KeTh

The quantity 7% measures the violation of by an inexactly computed
approximation Wy, given by Algorithm . The quantity 7%, (9%, respectively)
assumes that the approximate solution is formally exact in space (time respec-
tively) and measures the violation of the consistency identity .

The error estimates defined in (3.30)) set the stopping criterion in Algorithm
in a following way:

o At each time level, repeat step 2. of Algorithm [I| until

TL]Z S CAT],];'A7 k= ]-)"'7T7 (331>

« at each time level, we require

Mg <crnia, k=1,...,m (3.32)
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algebraic error —+— time-algebraic error —%— ]
space-algebraig error time step —&— 1

le-01 |

le-02 |

le-03 2

Values of error estimators

le-04 | =
BEOna5a08a88888 ]
e
64 64.5 65 65.5

Time step m

Figure 3.1: Example of the convergence of error estimators n% (algebraic), n%,
(space-algebraic) and n% , (time-algebraic) for two time intervals Iy, k = 64 and
k = 65.

We put ¢4 = 0.01 and ¢ = 0.5 for the experiment in Section 4.1 If the
nonlinear algebraic solver in Algorithm [1| does not reach condition in pre-
scribed 30 iterations, it will refuse the time step, reduce it by factor 4 and repeat
the computation. This is shown in Figure [3.1] on time level 64, where two sets
of lines are depicted. If the condition is violated, the step is refused and
recomputed with smaller time step. In case of the second experiment in 4.2 we
put c4 = 0.1 with the maximal number of iterations as 60 for each time level and
we set ¢ = 0.2.

Even though this technique is more of a heuristic, the evaluation of the pre-
sented estimators is fast and easy to implement.

3.6 Mesh adaptation

In this section, we briefly introduce the idea of anisotropic mesh adaptation,
which we are using in our single ring experiment described in Section More
details about the anisotropic mesh adaptation are in [14], [15] and [13].

This technique is based on the control of the interpolation error of a piece-
wise polynomial interpolation of the exact solution on the triangular grid [I5].
The mesh can be refined locally, which leads to faster computations and smaller
memory requirements, unlike the global mesh refinement. Although this method
is not based on a posteriori error estimation, which is a commonly used technique
for the mesh refinement, it provides high efficiency [14].

Let IIj, , 1 be an L?(Q) projection onto Shpe and let w > 0 be a given tolerance.
The problem is: Find a sequence of meshes 7, k =1,...,7 and the polynomial
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approximations degrees pyx € N such that
o |[®(tk) = Mpps®(te)l|Lo@) < w,
o dim(S}p k) is minimal,

where W is the exact solution and Il , ;¥ denotes its projection into the space
Shpi- Obviously, the exact solution ¥ is not known, but can be reconstructed
from the approximate solution by a higher order reconstruction using the least-
square technique, for example as in [16].

Taking into account the stopping criteria from Section |3.5] and the briefly
introduced anisotropic mesh adaptation with the Algorithm [I| we can summarize
the steps in the following algorithm:

Algorithm 2. Anisotropic space-time discontinuous Galerkin method [2]
1. Let w > 0, mesh 7, and time step 7; be given.
2. Putt=0.

3. Fork=1,...,r:

(a) Solve (3.17)) using Algorithm [I|for one time step until (3.31)) is reached.
Let W, is the output of Algorithm |1j and set WIZT =W lg,

(b) If (3.32)) is not fulfilled, decrease 7 and repeat step (a).
(¢) Reconstruct ¥, from the solution ¥, () from Algorithmand verify

5 (tr) = Mp e Orlte) || Lo ) < w. (3.33)

(d) If (3.33) is violated, create a new mesh 7, and the corresponding
polynomials degree px and repeat step (a).

(e) Put t :==t+ 7. If t > T, then stop.

(f) Set Thi+1 == Thks Tetr = T and go to the next time step.
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4. Numerical results

In this chapter, we present several numerical experiments to illustrate the pro-
posed model, whose discretization leads to the system of non-linear equations
: for each time step, which is solved iteratively by the technique from Sec-
tion [3.4] In first Section [4.1], we verify our model with 1D benchmark problem.
Moreover, in Section 4.2 we show and discuss results concerning the single ring
experiment, see [17] and [I8]. We use the ADGFEM [3] framework for computing
all numerical experiments on machine equipped with Intel Q8300 CPU.

4.1 One-dimensional problem verification

We solve the problem in a thin rectangular domain 2, with 40 cm depth
and with 0.1 cm width, see Figure [£.1] The mesh consists of 100 elements with
finer triangulation close to the surface and the polynomial degrees p = 3 and
g = 1. We use the fixed polynomial degree with respect to the space and the
time, respectively. The final time is set as 7' = 0.1 day (= 144 min).

_—

-0.5

depth [cm]
depth [cm]

-30 |

-35 |

-40

. .
0 0.02 0.04 0.06 0.08 0.1 0 0.02 0.04 0.06 0.08 0.1
width [cm] width [cm]

(a) Mesh on domain €. (b) Detailed mesh at the surface.

Figure 4.1: Mesh used for 1D verification (different scaling in coordinates).

The parameters describing the hydraulic properties in the van Genuchten
function and in the Mualem function are stated in Table[1.2) wherem = 1 — 1/n.
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Further, we prescribe the fracture weight wy = 0.05 and thus the matrix weight
is w,, = 0.95.

0, 0, alem™] n K, [ecmday '] S, [cm™]
Fracture ; 0.0 0.5 0.1 2.0 2000.0 1077
Matrix ,, | 0.10526 0.5 0.005 1.5 1.0526 1077

Table 4.1: Hydraulic parameters used in the experiment.

We prescribe the initial conditions as Uy = W,,,, = —1000 cm. The
boundary conditions are shown in Figure The Dirichlet boundary conditions
on I'y are given as Vp, = ¥p, = —1000 cm for the both porous media. We
prescribe the Neumann boundary conditions on I'; and I's as a no flow boundary
for the both porous media. However, on I'y, we prescribe a flow for the fracture
medium, since we allowed the water infiltration only to the fracture medium. We
can write the Neumann boundary conditions as follows:

Uy, =0 cm day™" on Ty, UTs,
Uy =0 cm day_1 on 'y UT's,
Uy, =—50 cm da;ﬁ1 on I'y,

Uy =0 (:mday’1 on I'y.

4
Neumann boundary
—— Dirichlet boundary
) Q M3
M

Figure 4.2: Boundary conditions.

Even though the symmetric variant (© = 1) of the discontinuous Galerkin
method have better theoretical results, we will use the nonsymmetric variant
(© = —1), because we can set smaller penalty weight and primarily we save
computational time, because the resulting linear algebraic systems are easier to
solve. We impose the penalty weight o = 50.
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Hydraulic head - fracture component
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Figure 4.3: Water inflitration with no exchange between the porous media -

fracture component (I",, = 0).

Hydraulic head - matrix component
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Figure 4.4: Water inflitration with no exchange between the porous media -

matrix component (I', = 0).
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The water was allowed to infiltrate only the fracture pore system, thus the
water content in the matrix pore system is dependent on the exchange term I',.
We remind the form of the exchange term

f
Fw = CYw(wf - ¢m), Qyy = ?’YwKa-

Indeed, if we set ', = 0 (no exchange of the water between the porous
media), we see in Figure unchanged hydraulic head for the matrix component.
Figure shows hydraulic head of the fracture component with no water flow
to the matrix porous medium. We observe non-physical oscillations. This is
due to steep gradient of the prescribed flow and we also used a relatively coarse
mesh because of the computational complexity. However, the oscillations are
not growing up (they are ”stable”), which is a typical favorable property of the
discontinuous Galerkin method. It is possible to reduce them using finer adaptive
grids or a stabilization.

We set the parameters as follows: § = 3.0, v, = 0.4, a = 1 cm. Moreover, we
redefine the exchange term as

I =0Ty,

because it is not clear, how it is used in [I]. We experiment with values § = 0.01
and 6 = 0.0001 in order to reduce the influence of the fracture pore system to the
matrix pore system.

Figures|4.5|and [4.6[show the progress of hydraulic head on different time levels.
In both pictures, the oscillations manifest in the fracture component. Notice that
the function corresponding to the matrix component is monotonic. As the water
infiltrates through the exchange term, the water flow is progressive and thus there
is reason for oscillations. The obtained results are comparable with the results
from [1].
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Figure 4.5: Comparison of the hydraulic head with exchange term I';"".
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Figure 4.6: Comparison of the hydraulic head with exchange term
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4.2 Single ring experiment

A single ring experiment is used for the measuring the rate of water which infil-
trated into a porous medium. This experiment consists of insertion of the ring
into the soil and adding water inside the ring. In our case, the water is supplied
at a constant rate, representing the Dirichlet boundary condition, see Figure [4.8|

We solve the problem in the rectangular domain 2. The mesh for the
initial time step is depicted in Figure 4.7 We use the varying polynomial degree
in space, set as p = 2 for the first iteration, and the fixed polynomial degree in
time ¢ = 1. The final time is set as T' = 2 s.

1 T T T

0.8 - B

0.6 =

[m]

04t .

0.2 .

0 1 1 1 y 1 1
0 0.2 0.4 0.6 0.8 1 1.2

[m]

Figure 4.7: Mesh used for single ring experiment.

The parameters describing the hydraulic properties in the van Genuchten
function and in the Mualem function are stated in Table [4.2 where m = 1—1/n.
Further, we prescribe the fracture weight wy = 0.05 and thus the matrix weight
is w,, = 0.95.

0, 6, am] n K,[ms'] S [m]
Fracture ¢ 0.0 0.5 0.1 2.0 0.048 1073
Matrix ,, | 0.10526 0.5 0.005 1.5  0.00002 1073

Table 4.2: Hydraulic parameters used in the experiment.

We prescribe the initial conditions (2.4) as ¥, = ¥,,,, = —2 m. The boundary
conditions are shown in Figure [£.8] We prescribe the Dirichlet and the Neumann
boundary conditions in the following way:

Up. =105 ms*t onXp= I's,
Up =105 ms' onXp=Ts,

1

Uy, =0 ms " on Xy,

Uy =0 ms ' onXy.
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Iy I Neumann boundary
—— Dirichlet boundary
) Q !
M

Figure 4.8: Boundary conditions.

We also use the nonsymmetric variant (© = —1) for the same reason as
mentioned before. We set the penalty weight as o = 100.

Figures and demonstrate the single ring experiment. In this case,
we use an adaptive algorithm described in Section |3.6] Figure shows the
fracture component W¢ on the left and the corresponding adapted mesh on the
right. Figure shows the matrix component on the right instead. We see that
the water infiltration is much slower within the matrix component. We also do
not see any oscillations that were observed in 4.1}

We introduce a quantity

FO) = [ [ 0y (¥y(o.t) = )V, )) -
+ (1 —wyp) (K (U (2, ) — 2) VU, (2,t)) -ndS dt’,

which represents the actual water flux through the boundary I's accumulated
up to the time ¢. Figure |4.9 shows that the total flux accumulates primarily at
the beginning, for both cases — with the adaptation and without the adaptation.
Although the results were the same in the first quarter of the simulation, the
computational time of the adaptive computation is much smaller than the com-
putation on fixed mesh, see in Figure [£.10] We can observe that in the case of
the adaptive algorithm, the time step in the second half of the computation was
relatively large and thus the computation finished quickly.

Finally, we also present the development of the mesh adaptation and the
comparison of the computational time. Figure and shows that the mesh
was adapted only at the beginning of the simulation. This can be justified by the
fact that after the water was fully saturated in the domain delimited by I'; and
I's, there were no obstacles, so the time step could be larger. The larger step in
the second half of the simulation is also seen in Figure [£.10] Almost all of the
computational time was used for the first quarter of the physical time. Figures
and confirm the overall computational time and demonstrate the benefit
of the anisotropic mesh adaptation.
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Figure 4.9: Accumulated total flux during the simulation.
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Figure 4.10: Comparison of computational time of the adaptive algorithm and

algorithm without the adaptation.
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Figure 4.11: Hydraulic head — fracture component and adapted mesh.
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Figure 4.12: Hydraulic head — fracture and matrix comparison.
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Figure 4.13: Representation of the mesh adaptation.
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Figure 4.14: Representation of the mesh adaptation — detail.
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Conclusion

This work deals with the numerical solution of the Richards equation with the
dual-permeability model. This concept assumes that the porous media can be
separated into two distinct porous media, one with coarse structure (matrix) and
the other with finer structure (fracture). We used the space-time discontinuous
Galerkin method for the numerical solution.

We derive the Richards equation and afterwards we present the dual-permeabi-
lity model. The key term in this model is the exchange term, which represents the
water exchange between the fracture and the matrix pore systems. The solution
of the Richards equation with the dual permeability model is the hydraulic head,
which is a vector whose first component represents the fracture pore system and
the second component represents the matrix pore system.

The bulk of this work consists of the derivation of the approximate solution
using the space-time discontinuous Galerkin method for the dual-permeability
model and a technique for obtaining the actual solution. First, we focus on
the space discretization and we present the standard tools for the discontinu-
ous Galerkin method. Afterwards, we derive the fully space-time discontinuous
Galerkin discretization and we define the discontinuous Galerkin approximate so-
lution of the Richards equation with the dual-permeability model. The solution
yields a system of nonlinear algebraic equations. To solve this nonlinear system,
we perform linearization and we use a Newton-like method, which consists of
replacing the Jacobian of the system by its approximation.

Finally, two numerical experiments are presented. First, we justify our model
with a 1D benchmark problem. Even though oscillations manifest in the presented
results, the result is still acceptable, since the oscillations are not growing up.
The oscillations can be reduced using a finer mesh. The second experiment is the
famous single ring infiltration, which is used for the measurement of the rate of
water infiltrating into a porous medium. We observe that in the fracture pore
system the water infiltration is much faster, which corresponds to the reality. We
also experiment with anisotropic mesh adaptation and we compare the overall
computational time. The results were the same for the both cases as expected,
but with the anisotropic mesh adaption, there is a significant reduction in the
computational time.
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