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In this thesis partial differential equations have been solved using a new class
of semi-implicit numerical methods on staggered meshes in order to analyse
their properties and in order to show the potential applications of this family
of scheme in the fields of computational fluid dynamics. In particular, two big
topics are investigated. In the first part of the thesis, pressurized fluids in
elastic pipes are investigated using staggered semi-implicit methods. In
particular, the governing PDEs are first solved using finite volume schemes
and successively they are integrated using arbitrary high order accurate
Discontinuous Galerkin methods. Afterwards, in the second part we present a
novel nonlinear a-posteriori stabilization technique for high order staggered
semi-implicit Discontinuous Galerkin finite element schemes. This strategy is
based on the combination of a-posteriori detection criteria with the use of
staggered semi-implicit subcell finite volume schemes in those cells that have
been detected as troubled.

The new limiter is applied to the shallow water equations and to the Euler
equations of compressible gasdynamics. To the best knowledge of the author,
this is the first time an a-posteriori subcell finite volume limiter has been
proposed for high order discontinuous Galerkin schemes. In addition, this new
tool is fundamental in order to carry out simulations for real world problems
using high order Discontinuous Galerkin schemes, such as the treatment of
wet and dry fronts in shallow water flows
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Preface

The material collected in this thesis has been developed during the three-years Doctoral
program in Environmental Engineering at the Department of Civil, Environmental and
Mechanical (DICAM) Engineering of the University of Trento.

The doctoral study grant was funded by DICAM and by the German company Robert
Bosch GmbH. Most of the research has been carried out in Trento supervised by Prof.
Dr.-Ing. Michael Dumbser. During 2017 I spent three months in Toulouse at the Uni-
versity Paul Sabatier under the supervision of Dr. Rapha&l Loubere. In addition, in
September 2018 I spent four weeks in Stuttgart at the Institut fiir Aerodynamik und Gas-
dynamic, where I participated at the DROPIT summer school.

In this thesis partial differential equations have been solved using a new class of semi-
implicit numerical methods on staggered meshes in order to analyse their properties and
in order to show the potential applications of this family of scheme in the fields of com-
putational fluid dynamics. In particular, two big topics are investigated. In the first part
of the thesis, pressurized fluids in elastic pipes are investigated using staggered semi-
implicit methods. In particular, the governing PDEs are first solved using finite volume
schemes and successively they are integrated using arbitrary high order accurate Discon-
tinuous Galerkin methods. Afterwards, in the second part we present a novel nonlinear a
posteriori stabilization technique for high order staggered semi-implicit Discontinuous
Galerkin finite element schemes. This strategy is based on the combination of a pos-
teriori detection criteria with the use of staggered semi-implicit subcell finite volume
schemes in those cells that have been detected as troubled. The new limiter is applied
to the shallow water equations and to the Euler equations of compressible gasdynamics.
To the best knowledge of the author, this is the first time an a posteriori subcell finite
volume limiter has been proposed for high order discontinuous Galerkin schemes. In
addition, this new tool is fundamental in order to carry out simulations for real world
problems using high order Discontinuous Galerkin schemes, such as the treatment of
wet and dry fronts in shallow water flows.

Trento, September 2018

Matteo Ioriatti
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Abstract

Abstract

In the present work we solve systems of partial differential equations (PDE) for hy-
perbolic conservation laws using semi-implicit numerical methods on staggered meshes
applied both to the class of finite volume (FV) and both to the family of high order Dis-
continuous Galerkin (DG) finite elements schemes. In particular, we want to show that
these new semi-implicit schemes can be applied in several fields of applied sciences,
such as in geophysical flows and compressible fluids in compliant tubes.

Inside this thesis we distinguish two big parts. First, we consider staggered semi-implicit
schemes for compressible viscous fluids flowing in elastic pipes. This topic is very im-
portant in several practical applications of civil, environmental, industrial and biomedi-
cal engineering. Here, we analyse the accuracy and the computational efficiency of fully
explicit and semi-implicit 1D and 2D finite volume schemes for the simulation of highly
unsteady viscous compressible flows in laminar regime in axially symmetric rigid and
elastic pipes. We consider two families of differential models that can be used to pre-
dict the pressure and velocity distribution along the tube. One is the so called 2D,
PDE model which is derived from the full compressible Navier-Stokes equations under
the assumptions of a hydrostatic pressure and an axially symmetric geometry. The sec-
ond family is a simple 1D non-conservative PDE system based on the cross-sectionally
averaged version of the Navier-Stokes equations in cylindrical coordinates. In this last
case, the use of a simple steady friction model is not enough to simulate the wall friction
phenomena in highly transient regime. As a consequence the wall friction model has
to be frequency dependent and, following previous studies present in the literature, we
consider the classes of convolution integral (CI) models and instantaneous acceleration
(IA) models.

We carry out a rather complete analysis of the previously-mentioned methods for the
simulation of flows characterized by fast transient regime in rigid and compliant tubes.
The numerical results show that the convolution integral models are clearly better
than instantaneous acceleration models concerning accuracy. Moreover, for CI mod-
els, instead of computing the convolution integrals, which is very time- and memory-
consuming, we express these methods via a set of additional ODEs for appropriate aux-
iliary variables. This trick improves the computational efficiency of these methods sub-
stantially, since it avoids the direct computation of the convolution integral. In addition,
semi-implicit finite volume methods are significantly superior to classical explicit finite
volume schemes in terms of computational efficiency, however, providing the same level
of accuracy.

‘We then proceed by extending the finite volume discretization of the 1D and 2D.,- PDE
models to arbitrary high-order of accuracy in space introducing a new SIDG scheme

xii



Abstract

on staggered meshes. Both models include the effects of the viscosity and of the wall
motion. The nonlinear convective terms are discretized explicitly by using a classical
RKDG scheme of arbitrary high-order of accuracy in space and third order of accuracy
in time. The continuity equation is integrated over the elements that belong to the main
grid, while the momentum equation is integrated over the control volumes of the edge-
based staggered dual grid. Inserting the discrete momentum equation into the discrete
continuity leads to a mildly nonlinear algebraic system for the degrees of freedom of the
pressure, which is solved by using the (nested) Newton method of Brugnano, Casulli and
Zanolli. We use the #-method in order to get second order of accuracy in time for the
implicit part of the scheme. In addition, the schemes have to obey only a mild CFL con-
dition based on the fluid velocity and not based on the sound speed; consequently these
schemes work also in the low Mach number regime and even in the incompressible limit
of the Navier-Stokes equations. This is a very important property, which is the so-called
asymptotic preserving (AP) property of the scheme. We carry out several numerical tests
in order to validate this novel family of numerical methods against available exact so-
lutions and experimental data. We also report numerical convergence tables in order to
show that the new schemes indeed achieve high order of accuracy in space.

In the second part of the thesis, we present a new class of a posteriori sub-cell finite
volume limiters for spatially high order accurate semi-implicit discontinuous Galerkin
schemes on staggered Cartesian grids for the solution of the 1D and 2D shallow wa-
ter equations (SWE) and of the Euler equations both expressed in conservative form.
Here, the starting point is the unlimited arbitrary high order accurate staggered SIDG
scheme proposed by Dumbser and Casulli (2013). For this method, the mass conserva-
tion equation and the momentum equations are integrated using a discontinuous finite
element strategy on staggered control volumes, where the discrete free surface elevation
is defined on the main grid and the discrete momentum is defined on edge-based stag-
gered dual control volumes. According to the semi-implicit approach, pressure terms
are discretized implicitly, while the nonlinear convective terms are discretized explicitly.
Inserting the momentum equations into the discrete continuity equation leads to a well
conditioned block diagonal linear system for the free surface elevation which can be ef-
ficiently solved with modern iterative methods.

Furthermore, the staggered SIDG is also extended to the Euler equations of compress-
ible gasdynamics. Here, the governing PDE are rewritten using a flux vector splitting
technique. The convective terms are updated using an explicit Runge-Kutta DG integra-
tor. Then, the discrete momentum equation, which is integrated again on the dual grid,
is coupled with the discrete energy equation that is discretized on the control volumes
of the main grid. The pressure is efficiently obtained solving a linear system combined
with an iterative Picard iteration procedure.
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Abstract

However, according to Godunov’s theorem, any unlimited high order scheme inevitably
produces spurious oscillations in the vicinity of discontinuities and strong gradients.
Therefore, in this PhD thesis the family of a posteriori sub-cell finite volume limiters
recently introduced by Dumbser et al. (2014) for explicit DG schemes is also extended
for the first time ever to semi-implicit time discretizations.

At time t" the unlimited DG scheme is run in order to produce a so-called candidate
solution for time ¢"*!. Later on, we find the cells characterized by a non-admissible
candidate solution using physical and numerical detection criteria based on the positiv-
ity of the solution, the absence of floating point errors and the use of a relaxed discrete
maximum principle (DMP) according to the MOOD strategy of Clain, Loubere and Diot
(2013).

In all the cells marked as troubled control volumes a lower order but more robust semi-
implicit finite volume (FV) method is then applied on a sub-grid composed of 2P + 1
cells, where P denotes the polynomial degree used for approximating the discrete solu-
tion within the DG scheme. Then, after having identified the troubled cells, the linear
system for the new pressure terms is assembled and solved again, where unlimited cells
use the high order semi-implicit DG scheme and limited cells are evolved via the more
robust finite volume method on the subgrid. Finally, from the subcell finite volume av-
erages a higher order DG polynomial is reconstructed and the scheme proceeds with the
next time step.

We apply the new semi-implicit staggered DG method with a posteriori subcell FV lim-
iter to classical benchmarks such as Riemann problems in 1D and circular explosion
problems in 2D with shock waves, showing that the new subcell limiter resolve shocks
successfully and accurately without producing spurious oscillations. Moreover, in the
benchmarks characterized by smooth solutions the detector does not find any troubled
cells. As consequence, the limiter is not activated and the method corresponds to the un-
limited staggered semi-implicit DG scheme. For SWE we carry out additional numerical
tests in order to show the well-balanced property of the method and that it is also able to
deal with wet and dry fronts properly.

Xiv






1 Introduction

Many problems and phenomena investigated by science and engineering can be ex-
pressed by the principle of conservation of certain physical properties, such as mass,
momentum and total energy. Consequently, the behaviour of a physical system is gov-
erned by conservation laws, which are mathematically classified as partial differential
equations (PDEs), since the physical quantities in general depend on space and time.

In particular, the phenomena of the fundamental branches of continuum mechanics are
described by PDEs, but for this family of equations, exact solutions are available only
in very simple situations. Over the last fifty years, great advances have been made in
the field of numerical analysis and the approximation of PDEs has a fundamental impor-
tance in engineering and applied sciences.

In the following, without claiming to be exhaustive, we briefly recall the most widespread
strategies adopted in order to approximate PDEs numerically. For every class, we state
the advantages and the disadvantages, in particular, focusing the attention on semi-
implicit schemes, since this is the family of methods that has been mainly investigated
in this thesis. For the sake of clarity and in order to ease notation, in this introduction we
consider only rather simple examples of PDEs in one space dimension, in to highlight
the benefits and drawbacks of the different methods.

1.1 Explicit schemes

First, we consider explicit methods, which are one of the most widespread strategies for
solving non-linear hyperbolic time-dependent systems of conservation laws. A system
of m conservation laws is given as follows

%?Jrf (@ =0, QeQyCR" F(Q)CR™, (LD

where @ is the vector of the conservative variables and F'(Q) is the flux vector. The
system above is rewritten in the quasi-linear form

8Q +A(Q) 0, with A(Q)=2F

90 (1.2)



1 Introduction

and where A(Q) is the so-called Jacobian matrix of the flux F'(Q); the system is
called hyperbolic if the matrix A has m real eigenvalues and m linearly independent
eigenvectors. We distinguish three categories of explicit methods. The first is the family
of explicit finite difference schemes (FD), where data are represented by point values.
The second one are the finite volume (FV) methods, where data are represented by cell
averages inside each cell. The third type of explicit schemes considered here is the so-
called Discontinuous Galerkin (DG) finite element method (FEM), characterized by high
order polynomial data inside each control volume, with a discontinuity (jump) at the cell
interfaces.

1.1.1 Explicit finite volume schemes

Here, we explain shortly the main features and the numerical background of explicit
finite volume schemes; for an exhaustive treatment of these methods see [148]. We de-
note the computational domain in space by Q2 = [z, zr], discretized by N, equidistant
cells, indicated as T; = [z,_ 1Ty 1], with constant length Az = *£-=L. We intro-

duce also a temporal control Volume T, =[t", t"+1] Hence the elementary space-time
control volume is denoted as 73 x T,. We now integrate eq. (1.1) over T; x 7}, and
obtain

Titd Titd ¢nt1 gn1

/Q ") = /Q 2, ") do+ /F(Q L 1))t t[F(Q(xH%,t))dt.

z,

(1.3)
Defining the cell averages at the time levels ¢ by
1
= - t™)d 1.4
Q=5 | Qs (14
T, 1
2
and, successively, the time averaged fluxes at the interfaces x, 1as
tn+1
1
iy = [ F@Qy0)d 15)
in
we end up with the following reformulation
At
n+1 n n
Q Qz A.r(FH_% _Fi—%)’ (16)



1.1 Explicit schemes

which is the base in order to build an approximate solution of the system (1.1). In the FV
framework, the key factor is the choice of the numerical flux at the cell interfaces. The
most appropriate option is the Godunov flux, which is based on the exact solution of the
Riemann problem at the cell interface [45, 78, 148]. Since this procedure is also the most
difficult and time-consuming one, several approximate Riemann solvers (RS) have been
proposed in literature. A first example is the Riemann solver of Roe [125] founded on
the idea to linearise the nonlinear Riemann problem in an appropriate manner. Then, one
can use the Riemann solvers of the Harten-Lax-Leer (HLL) family, [85], such as HLLE
[68]. This family of RS is characterized by simplicity and great robustness. However,
they smear out contact discontinuities and other internal waves, which is a big drawback
for large PDESs systems. A significant advance for this problem has been made by Ein-
feldt et al., who proposed the HLLEM Riemann solver [69], and by Toro et al., who
designed the HLLC method [149]. Both, HLLC and HLLEM are able to resolve steady
contact discontinuities exactly, without compromising the robustness of the underlying
HLL scheme. This property made HLLC one of the most widespread Riemann solvers
nowadays, used in many computer codes. The strategy proposed by Osher and Solomon
in [116] is based on path integrals and it is also well-suited for large PDE systems, since
it is a so-called complete Riemann solver. However, the computational cost increases
significantly. In addition, we also mention the local Lax-Friedrichs (LLF) or Rusanov
method [126], which is a very simple but very robust approximate Riemann solver; it
can be seen also as a particular case of the HLL RS. We conclude this list, mentioning
that very recently the Osher and HLLEM Riemann solvers were extended also to non-
conservative systems of hyperbolic PDEs, see [62, 65].

Additionally, the well-known CFL constraint on the time step At is necessary in order
to ensure the stability of an explicit scheme, see [46]. In the one dimensional case, this
stability condition reads:

At
E )
where CFL is the so called Courant-Friedrichs-Lewy number and |Amax,;| is the abso-
lute value of the maximum eigenvalue for every Q7'.

Moreover, another essential property of any numerical method is the monotonicity. In
general, if this crucial feature is not respected, the method produces non-physical os-
cillations in the presence of shocks and discontinuities. This phenomenon is unwanted,
because it could generate a wrong physical understanding of the results or, even worse,
the simulation could crash. In this sense, a barrier to the construction of monotonicity-
preserving high order FV methods is given by the Godunov theorem [78], which states
that linear monotone schemes can be at most first order accurate. However, over the
years, researchers understood that this theorem can be circumvented by building non-

CFL <1, with CFL = |Amax,i| 1.7
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linear high order FV schemes, which respect the monotonicity property. Hence, a fun-
damental improvement in terms of accuracy has been achieved by van Leer [157], who
proposed a nonlinear (data-dependent) reconstruction of piecewise polynomials of de-
gree one in space and time, leading to the so-called MUSCL-Hancock method. The
nonlinearity was achieved by a so-called slope limiter, and in the last decades, many of
such slope limiters have been developed. The MUSCL-Hancock scheme belongs to the
family of so-called Total Variation Diminishing (TVD) schemes, which are second-order
accurate nonlinear methods for which in the scalar 1D case it can be proven that the total
variation (TV) of the discrete solution does not increase in time.

Another significant progress is represented by the class of ENO schemes, proposed by
Harten et al. in [86], and by the WENO scheme of Jiang and Shu [93]. ENO and WENO
schemes are based on nonlinear data-dependent reconstruction, making use of several
reconstruction stencils in order to find the least oscillatory reconstruction polynomial.
High order of accuracy in space is achieved by extrapolating the values to the cell inter-
faces from the nonlinear reconstruction polynomial, while integration in time is typically
done using high order TVD Runge-Kutta methods, see [40, 93].

Another successful strategy is the ADER scheme of Toro and Titarev [145, 146, 150,
151], where high order of accuracy in space and time are achieved in one step by using
the approximate solution of the generalized Riemann problem.

The finite volume methods mentioned above can also be extended to nonlinear systems
of hyperbolic conservation laws in multiple space dimensions, see [148]. We distinguish
two different ways, depending on the subdivision of the computational domain. The first
strategy is based on regular Cartesian grids and the other approach uses unstructured
grids, typically adopted for the discretization of geometrically complex domains. For
this last case we mention the possibility to discretize the system of PDEs also on moving
conforming and non-conforming unstructured meshes, see e.g. [15, 16, 17, 76, 77].

To summarize, explicit finite volume methods are widely used for the numerical simu-
lation of nonlinear hyperbolic systems of PDEs. They are characterized by great robust-
ness and there are several strategies in order to obtain high order of accuracy in space and
time. However, they are not suitable for the simulation of low Mach number or nearly
incompressible flows, since the CFL condition (1.7) of an explicit FV scheme is based
on the sound speed, which is contained in the eigenvalues of the compressible Euler sys-
tem. Furthermore, in some particular situations, such as the simulation of compressible
turbulent flows and the resulting acoustic waves, a data representation based merely on
piecewise constant cell averages may not be enough. This makes piecewise polynomial
data more desirable for the design of high order schemes.
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1.1.2 Explicit Discontinuous Galerkin schemes

In the previous section, we explained that in the finite volume framework the computa-
tions are carried out using only cell averages and, consequently, high order finite volume
schemes are based on reconstruction procedures of the piecewise constant values that
lead to high order polynomials.

The discontinuous Galerkin schemes belong to the family of explicit discontinuous fi-
nite elements methods, and arbitrary high order of accuracy in space is easily obtained by
working with piecewise polynomial basis functions. DG has first been proposed by Reed
and Hill in 1973 for the investigation of neutron transport [124] and after fifteen years
Cockburn and Shu recovered the method and they extended these schemes to general sys-
tems of nonlinear hyperbolic equations in a famous series of papers [41, 42, 43, 44, 44].
Considering the governing system of PDEs in eq. (1.1) and the computational domain
Q introduced in the previous section, we multiply all the terms by a test function that
consist in piecewise polynomials of degree P. @ and F' are projected into a discrete
space spanned by the same piecewise polynomial basis functions and within each spatial
control volume they are expressed as follows:

Qz.t) =Y di(@)Qi(t), Fla.t) =) ¢i()Fi(t) (1.8)
=0 =0

where Q(t) and F'(t) are the so-called degreed of freedom of the vector of the conser-
vative variables and of the flux vector, respectively. Then, we integrate over the control
volume 7T; and integration by parts produces
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Ineq. (1.9) Fii% = F.i% (Q;il , Q;;) are computed by using one of the numerical
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fluxes discussed in section 1.1.1 evaluated at the boundary extrapolated values Qiii 1

3
on the right and the left of the cell interface. The discretization of the PDE system
continues using a TVD Runge-Kutta time integration. In most cases, the third order
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accurate version of the TVD Runge-Kutta method is used. It reads as follows:

N A 1 1 -
ko= 2Q" + (ki + 2 AtLy (k1) (1.10)
~ 14 2. 2 -
n+1 n
- = 2k 7Aﬂ;(k),
Q 3Q + 3h2 + 3 h | k2
where the operator Lj, contains the space discretization
. 1 B .
Lh@ai:_zzml1(¢“”¢%‘W“ME*%_K"E)‘ (1.11)

In addition, in eq. (1.11) the following universal matrices were introduced

1

M= [ @p©de Ku= [ @O0 (112

which can be simply precomputed. The success of the DG scheme is mainly based on the
fact that it can easily obtain arbitrary high order of accuracy in space, and the third order
of accuracy of the time integration is usually sufficient for many practical application.
We also mention the so called ADER-DG method [53, 88, 122, 135], which achieves
arbitrary high order of accuracy in space and time in a single step, which makes ADER-
DG a fully discrete one-step scheme. However explicit DG schemes suffer of a very
severe stability condition on the time step, because the Courant number depends on the
polynomial degree P approximately as follows

1

CFL .
Sop+1

(1.13)

Another important drawback is the fact that the DG scheme, as presented above, is lin-
ear in the sense of Godunov. Hence, spurious oscillations are inevitably generated in
the vicinity of steep gradients and discontinuities. The design of appropriate limiters
for high order DG methods is still an open subject of research and several different
approaches have been proposed in the literature over the years. A first family of lim-
iting strategies is the so called a priori limiting. It is divided into three main classes
that are the artificial viscosity method [3, 114, 118], (H)WENO limiting [2, 94, 95] and
slope/moment limiters [24, 49, 50, 100, 101, 108]. Recently, a novel family of a posteri-
ori sub-cell finite volume limiting on uniform and adaptive Cartesian has been proposed
in [64, 163]. This approach has been successfully extended also to fixed and moving
unstructured grids in [14, 59]. Here, we also mention a family of DG schemes with
a priori subcell finite volume limiting, see [111, 132, 133]. We furthermore provide a
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non-exhaustive list of publications of explicit DG schemes in applied sciences consid-
ering the fields of computational fluid dynamics [7, 8, 9, 74], elastic wave propagation
[57, 58, 143] and computational astrophysics [61, 73, 74, 164]. The major problem of
explicit DG schemes is the time step restriction given by the stability condition in eq.
(1.13). This issue can be circumvented or at least alleviated by using either implicit or
semi-implicit time discretizations, which will be discussed in the next section 1.2.

1.2 Implicit and semi-implicit schemes

In this section, we discuss the families of implicit and semi-implicit schemes for the
numerical approximation of PDEs. Instead of explicit schemes, they can also be applied
to parabolic and elliptic PDEs and, in general, they are more efficient because they are
either subject to some milder stability conditions (semi-implicit methods), or they are
even unconditionally stable (fully implicit schemes).

Implicit methods are widespread in physical problems governed by linear or nonlinear
parabolic equations, which describe, for example, the propagation of heat and pollutants,
or groundwater flow in unsaturated porous media. We start by giving a very simple
example of implicit method. For this purpose, we consider the one-dimensional diffusion

equation

oC  OF . aC

where C is the concentration, D > 0 is the diffusion coefficient and F' is a flux term
that depends on the D and the gradient of C'. Introducing a computational domain 2 =
[z, zr] subdivided into N, equally spaced elements, a finite-difference approximation
of eq. (1.14) with an implicit time discretization of the fluxes reads as follows

At ot —optt
+1 +1 +1y . +1 _ i+1 (3
cl +E(F:F% —Fz_"_%)_C’i" with FZ—% _—DH%T. (1.15)
Moving unknowns at time level t"* to the left yields
At +1 At At n+1 At n+1 n
_Di—% Ax2 iy +(1+Di—%A7x2+Di+% Axg)ci _Di+%A7xQCi+l =Gy
(1.16)

After supplying proper boundary conditions, equation (1.16) repeated for all the indexes
i =1,.., N, forms a three-diagonal linear algebraic system with IV, equations and N
unknowns. Several strategies can be adopted in order to solve the linear systems that
arise from the implicit discretization of PDEs. For example, Gaussian elimination and
LU factorization methods that belong the so called family of direct methods, see [123].
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Here, we also mention the Thomas algorithm, see [123], which is a particular case of
the Gaussian elimination method applied to tridiagonal systems of equations and which
is particularly efficient in terms of memory and computational cost. Implicit time dis-
cretization can be easily extended to multiple space dimensions; however, the use of
direct solvers for large linear algebraic systems is usually computationally very expen-
sive. An efficient alternative is typically given by the class of iterative linear solvers. In
particular, a robust and fast algorithm is the conjugate gradient (CG) method [87, 123],
which can be applied when the system is symmetric and positive definite. If these two
properties are not satisfied, one can for example use the GMRES method of Saad and
Schultz [127].

The most important feature of fully implicit schemes is the fact that they are uncon-
ditionally stable and, consequently, they become very competitive in those situations
where explicit schemes are restricted by very small time steps due to the CFL condition.
Fully implicit methods can be adopted in order to solve numerically nonlinear PDE sys-
tems like the Navier-Stokes equations. In the context of implicit DG schemes, we refer
the reader to the methods proposed by Bassi et al. [4, 5, 6, 110] and the fully implicit
space time DG schemes of Van der Vegt et al. [98, 156]. Typically, solving nonlinear
systems of PDEs using fully implicit schemes is computationally very expensive, since
the implicit discretization yields strongly nonlinear algebraic systems with huge num-
bers of unknowns and with rather high condition number. In the context of high order
DG schemes, the discretization is carried out mostly on collocated grids.

In order to keep using a large time step but increasing the computational efficiency, the
semi-implicit approach is valid a strategy; hence a general nonlinear system of PDEs is
split [152] as

aQ 9 d

T %FC(Q) + 8—pr(Q) =0, 1.17)

where F,(Q) is the nonlinear convective-type flux and F,(Q) is a pressure flux. In the
semi-implicit philosophy, the convective subsystem is updated explicitly, while the pres-
sure system is integrated using an implicit time discretization. Hence, the time step is
given by a mild stability condition based only on the fluid velocity and not based on
the sound speed. In the framework of finite volume and finite difference methods, sev-
eral very successful semi-implicit schemes have been developed by Casulli et al. for
the shallow water and free-surface Navier-Stokes equations in a well-known series of
papers [27, 28, 29, 33, 35, 36]. These methods are characterized by a staggered grid
approach [84], where the free surface is located in the cell centers and the velocities are
defined at the cell interfaces. Staggered semi-implicit finite volume methods have been
recently also extended to the simulation of blood flow in systems of compliant arteries
[34, 72, 141] and, successively, to the flow of compressible fluids in rigid and elastic
pipes [56]. The idea of staggered meshes for semi-implicit finite volume schemes has
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been extended also to the numerical simulation of the motion of fluids in porous media
[19, 30, 31, 37], to the compressible Euler and Navier-Stokes equations [55] and to mag-
netohydrodynamics (MHD), see e.g. [66].

In the context of discontinuous Galerkin finite elements, the first high order semi-implicit
DG schemes on collocated meshes were proposed by Dolejsi and Feistauer in [51, 52]
for the Navier-Stokes equations. Further semi-implicit DG schemes on collocated grids
have been proposed for the shallow water equations by Tumolo and Bonaventura in
[154, 155].

A new class of semi-implicit DG methods on staggered meshes was first introduced by
Dumbser and Casulli in [54] for the shallow water equations and this idea was success-
fully extended to unstructured meshes by Tavelli and Dumbser for different PDE systems
in [136, 137, 138, 139, 140, 142] . High-order staggered semi-implicit space-time DG
schemes for the solution of the incompressible Navier Stokes equations on uniform and
adaptive Cartesian grids (AMR) have been proposed in [70, 71].

1.3 Targets of the thesis

The scope of the present work is to solve numerically partial differential equations using
finite volume and high order finite element methods on staggered meshes with a semi-
implicit time integration. Then, we want to use these new schemes in order to investigate
some simple engineering applications.

Hence, at first we develop semi-implicit finite volume and finite elements schemes on
staggered meshes in order to investigate pressurized fluids in rigid and elastic pipes.
These numerical tools are very important in order to carry out simulations for biomedi-
cal, industrial and civil phenomena.

Another part of the work is devoted to the development of a novel shock capturing al-
gorithm for the family of staggered semi-implicit high order Discontinuous Galerkin
method. This tool is fundamental in order to perform successfully simulations charac-
terized by strong shock waves which typically happen for shallow water flows or for
acoustic phenomena at low Mach number regimes.

1.4 Structure of the thesis

The remaining chapters of this doctoral thesis are structured as follows:

e In Chapter 2 we discuss and compare explicit and semi-implicit FV methods for
pressurized viscous compressible flows in elastic tubes with each other. Great
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attention is dedicated to analyse the different types of frequency-dependent wall
friction models available in literature. Moreover, we propose a new simple and
computationally efficient approximation of Zielke’s convolution integral to ac-
count for frequency-dependent friction.

In Chapter 3 we still investigate compressible viscous pipe flow phenomena, and
propose a novel staggered semi-implicit DG scheme for a cross-sectionally aver-
aged 1D model and for a hydrostatic, axially symmetric 2D, model. After the
theoretical part, we perform several tests in order to validate the novel schemes.

In Chapter 4 we deal with the 1D and 2D shallow water equations. First, we recall
the basis of the staggered semi implicit DG method of Dumbser and Casulli [54].
Then, we proceed explaining the idea of a new a posteriori sub-cell finite volume
limiter that is needed in order to deal with shock waves (bores) and the problem
of wetting and drying in the shallow water equations. This is the first time ever
that an a posteriori subcell finite volume limiter is used in the context of semi-
implicit staggered DG schemes. In the last part of the chapter we carry out some
benchmark simulations in order to validate the new family of methods.

In Chapter 5 the new a posteriori subcell finite volume limiter is generalized to
the 1D and 2D compressible Euler equations. We first start with the derivation of
the unlimited SIDG schemes on staggered Cartesian meshes. Then we discuss the
limited scheme and, finally, we execute the validation via several test cases that
involve shock waves and other types of discontinuities.

In Chapter 6 we draw the conclusions. In particular, we summarize the targets that
have been achieved in this thesis and finally we discuss potential improvements
and further steps that are left to future research.



2 A comparison of explicit and semi-implicit
finite volume schemes for viscous
compressible flows in elastic pipes in fast
transient regime

In this chapter we compare the accuracy and computational efficiency of fully explicit and semi-
implicit 1D and 2D finite volume schemes for the simulation of highly unsteady viscous compress-
ible flows in laminar regime in axially symmetric compliant tubes. There are essentially two main
classes of mathematical models that can be used to predict the pressure and velocity distribution
along the tube: one class is based on the full compressible Navier-Stokes equations in an axially
symmetric geometry, leading to a two-dimensional governing PDE system with moving bound-
aries, and the other class uses a simpler, cross-sectionally averaged version of the Navier-Stokes
equations, which leads to a non-conservative PDE system in only one space dimension along the
axial direction of the tube. Within the first class of models, the influence of the wall friction on
the flow field is directly obtained from first principles, without any further modelling assumptions
and is thus valid even for highly unsteady flows. In the second case, only averaged flow quantities
are available, and it is well known from previous studies published in the literature that the correct
representation of the wall friction needs to be frequency dependent, since the use of a simple steady
friction model, like the classical Darcy-Weisbach law, is not sufficient to reproduce the wall friction
effects in highly transient flows. For the cross-sectionally averaged Navier-Stokes equations, there
are again two main classes of frequency-dependent wall friction models: convolution integral (CI)
models and instantaneous acceleration (IA) models.

We provide a very thorough and critical comparison of all the above-mentioned methods for the
simulation of highly oscillatory flows in rigid and compliant tubes concerning accuracy and compu-
tational efficiency. From our numerical results we can conclude that the convolution integral models
are significantly superior to instantaneous acceleration models concerning accuracy. Furthermore,
the CI models require only a slight computational overhead if they are properly implemented by
solving a set of additional ODEs for appropriate auxiliary variables, instead of directly computing
the convolution integrals. We also find that semi-implicit finite volume methods are clearly supe-
rior to conventional explicit finite volume schemes concerning computational efficiency, however,
providing the same level of accuracy.



2 Explicit and semi-implicit FV schemes for compressible flows in elastic pipes

2.1 Mathematical models and numerical methods for pipe
flow

2.1.1 Explicit path-conservative finite volume schemes for
non-conservative hyperbolic systems

After having taken a cross-sectional average of the 3D compressible Navier-Stokes equations in
an axially symmetric duct, the flow of a viscous and compressible fluid in a flexible pipe can be
modeled by a simplified system of 1D partial differential equations (PDE) which is composed by
the continuity and by the momentum equation. It is written as follows:

o 0

= (pA) + —(pAU) =0,

ot oz

o 9 9A @D

—(pAU) + — (pAU? + Ap) — p— = —2nRrw,

5; (PAU) + o (pAU™ + Ap) —p - TRTw
where t € RBL is the time, « is the longitudinal coordinate which belongs to the 1D domain
Q = [zr,zr] C R, pis the density, A is the cross sectional area of the tube, U is the mean

velocity in the z direction, p is the mean pressure and 7, is the wall shear stress. This system is
composed by two equations but it has five unknowns. Consequently three closure relations need
to be introduced. The first one relates the pressure with density; here, we use a simple equation of
state that is valid for a barotropic fluid:

p=p(p) =po+c&(p—po), 2.2)

where po, po and ¢ are the reference density, pressure and speed of sound of the fluid, respectively.
The second closure relation connects the cross sectional area of the pipe with the pressure. Here we
use a simple elastic model which is given by Hooke’s law applied to a cross sectional area of a pipe

[79, 105]:
[ ow

A=7R?, R=Ro/1+ 2L 2.3)
Ex

In Eq. (2.3), Rp is the equilibrium radius, F is the Young’s modulus of the material and W is a
geometric parameter which contains the dependence on the wall thickness h,, and the Poisson ratio
vy Of the tube, see [79, 105]:

(%)2(1 +vw) — (1= 2vy)
W =2 (@)2_1 . 2.4)
Ro

In this work the material parameters h,, and v,, are assumed to be constant. Note that when E
tends to infinity the tube becomes stiff and, consequently, the wall strain is negligible. The last
closure regards the evaluation of 7,. In experiments characterized by fast transient flow the classi-
cal Darcy-Weisbach formula, which is only valid for the stationary regime, has to be supplemented
by an additional term which contains the unsteady friction component for the computation of the
tangential wall shear stress. Under the assumption of laminar flow the total wall shear stress is com-
puted as 7, = Ts + Tu. Here, 75 is the quasi-steady friction term expressed as 75 = pA|U|U/8,
with A\ = 64/ Re being the usual Darcy-Weisbach friction factor for laminar flows given in terms
of the Reynolds number Re and 7, is the unsteady wall shear stress. Its evaluation is discussed
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in detail in section 2.1.3. Note that when OA/9z = 0 and 7, = 0 in (2.1), one obtains the well
known 1D compressible Euler equations for barotropic fluids.
Introducing the vector of the physical variables defined as Q = (pA, pAU)T, system (2.1) can be
written as follows:

('9Q 0Q
oz

where J(Q) = ﬁf(Qq)/aQ is the Jacobian matrix of the flux vector f = (p AU, pAU?+ Ap)T =
(Q2,Q3/Q1 + Ap)T. B(Q)9Q/dz represents the non-conservative term and the only non-zero

element of the matrix B is Ba1 which is equal to B21 = p/(

+ J(Q)erB(Q) =5(Q). 2.5)

m + p); S(Q) is the source
term and the non-zero term is given by the total wall shear stress that has to be properly written in
conserved variables. It is possible to introduce the matrix A (Q) = J(Q) + B(Q) and rewrite the
system (2.5) as a quasi-linear system of PDEs as follows

—==5(Q). 2.6)

The diagonal matrix of eigenvalues A = diag(A1, A2) and the matrix of right eigenvectors R of
the matrix A read

_Ju-=¢ 0 o 1 1 . ;o Co
A—[ 0 U+c’} R_[U—c’ U—l—c’} with 0_78’ 2.7
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where the parameter ¢’ is the speed of sound modified by the effect of the wall elasticity and the
derivative 9 A/9p can be directly derived from equation (2.3). Furthermore, it is important to recall
that in the flux calculation the pressure has to be found from the known conservative quantities by
solving the nonlinear scalar equation g(p) = Q1 — p(p)A(p) = 0. In order to do this one can
either use a Newton method or the more robust bisection method.

A grid composed by N equally spaced intervals T; = [z, 1,2 11 ] is introduced; the length
2

1,
2

of each element T is equal to Az = = —x,_1 = (xp — xRr)/Nz. The finite volume
2

it
update based on a second order space-time TVD reconstruction for a non-conservative system of
hyperbolic equations reads (see [65])

Q:l+1 Qn_i( L1 +D:i§)—%(f;r%—f;:2) AtB(Qn+2)AQn+AtS(QL+Z)
(2.8)
where the Di , are the so-called fluctuations and f =f (Qn+12 ’i) are the boundary extrap-
2 +3

olated fluxes from within the element. The AQ?* are the slopes computed from the cell averages at
time ¢™ by using the standard MINMOD slope limiter (applied componentwise) [148]

AQP = minmod(Q74, — Q7 Q7 — QI,). 29)

13
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Once that reconstructed values anji = Q' £ AQY at the time ¢t™ are known, the quantities at
i+l
2

the boundary and at the half time t"+% =t"+ %At” are given by the following time evolution:
(F(Q,) - Q] g» Qn
oQ} = — i L +S(Q7Y
: Q} Aa: B(Q; ) Q) 2.10)
n+ % ,F At

Qiil Qn:t AQ'rL_,'_iath
2

We furthermore have used the abbreviation Q = Q!+ 1 Atat Q7. Then, the fluctuations
DiiJr , can be computed by using either the Osher Riemann solver [115, 116] or the HLL Rie-

mann solver, both extended to non-conservative systems of hyperbolic equations using the path-
conservative framework of Castro and Parés [26, 117]:

n+ % y—
i+1

n+g,+
i+d

n+%,*
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+
) or D 1—DHLL(Q it+1

+
D 1 - DQSHER(Q ,Q ,Q )
(2.11)
We recall that for the path-conservative Osher scheme [67] the jump terms for two general states

Qr, and QR read

D sumr QL. Qr) = / Aap(s))ds + / A((9)]ds)(Qr — Q). (2.12)

when using the simple segment path ¥ (Qur, Qr, s) = QL + s(Qr — Q). However, the path
integral appearing in the expression above can become quite cumbersome to evaluate for general
PDE systems. With an abuse of notation, throughout the rest of the chapter we therefore define

DgSHER(QI-H QR) to be the approximation of (2.12) via numerical quadrature, i.e. as

Dsuer (QL, Qr) = ng ) EA@G))NQr - QL),  (213)

where the path integral has been approximated using a Gauss-Legendre integration rule with nodes
s; and weights w; on the unit interval [0, 1]. For systems composed of only two PDEs, as the one
considered in (2.1), the HLLEM Riemann solver proposed in [65] reduces to the HLL method, for
which the jumps term (fluctuations) are given by the expressions

Dy (QL, Qr) = ——[fR —f, + D)+ LR *(Qn - Qu),
SR — SR —
SLSR (2.14)
D{7(QL, Qr) = +— 2 —[fr — fr, + D*]——(QR ~Qu),
SR — SL SR —SL

with the abbreviation D, = B(QL, Q.)(Q«—Qr) —i—]~3(Q*7 Qr)(Qr — Qx«) and where Q.
is the intermediate HLL state computed as

Q.= [(Qrsr —Qusp) — (fr — f1) — B(QL.Qr)(Qr — QL)  (2.15)

SR — SL
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and for B(Qa, Q) we have

~ 1 G
B(QuQu) = | B(Qu Qo s)ds ~ > w,B((s)(@Qa~Qu): 216
J
The wave speeds are estimated according to [65] as follows,

. A\ 2 : 2 1
sp = min(0,A(QL), A(Q)) sr =max(0,A(Qr),A(Q)) withQ=(Qr +Qr),
. o B o @1
withmin(0, A, A) = min(0, A1, A2, A1, A2) and max(0, A, A) = max(0, A1, A2, A1, A2). As
already mentioned above, in Eq. (2.13) and Eq. (2.16), s; and w; are the points and weights of
an appropriate Gauss-Legendre quadrature formula. Here we consider G = 3 and consequently

s = (% - \{—1;5, %, % + 1—‘”05) and w = (15—8, 1%, %) For all the details see [67]. The scheme

obeys the stability condition At = CFLW with CFL < 1 and it is second order accurate
both in space and in time. This stability condition is based on the speed of sound of the flow, but
for incompressible flows, the ratio of flow speed and sound speed (the Mach number) tends to zero.
This means that in the incompressible limit explicit time stepping schemes become increasingly
inefficient and a different strategy, such as the semi-implicit approach explained in [55, 56], has to
be introduced in order to perform faster simulations.

Furthermore, as shown in [65, 104], the path-conservative HLLEM scheme and the path-conservative
Osher Riemann solver are well balanced for certain classes of non-conservative PDE systems. In
particular, these schemes exactly preserve steady state solutions with zero velocity and constant
pressure in ducts with variable reference cross section (A9 = ng) in longitudinal direction.
However, for the sake of simplicity we only consider the case Rg = const, since the main focus
of this chapter is on the detailed study of the influence of the wall friction in highly transient flows.

2.1.2 Semi-implicit finite volume schemes

In order to increase the computational efficiency of the simulation, especially for low Mach num-
ber flows, an alternative semi-implicit discretization can be used in order to approximate the PDE
system (2.1). Here, for convenience, it is rewritten as follows:

%( A) + %(pAU) =0, (2.18a)
%( AU) + %(pAUQ) + AZ—Z = —27R7s — 27 R7y. (2.18b)

First, a staggered grid is introduced in order to discretize the one-dimensional domain. Hence, the
pipe of length L is divided into N; intervals of constant length Az = L/N,. The pressure is
located at the cell centers x;, while the velocities and the mass fluxes are defined at the interfaces
x, 1 of the control volumes (see Fig. 2.1). In addition, the §-method is introduced for the time
discretization, where 6 is an implicitness parameter taken in the range 0.5 < 6 < 1 for stability.
Moreover, when # = 1 the scheme is of first order of accuracy in time, while when 6 = 0.5 one has
a Crank-Nicolson type scheme of second order. For example, the 6-method applied to the pressure
gives p?+9 = Gp;H'l + (1 — 6)p}*. The #-method is widely used in semi-implicit schemes, see

[34, 55, 56, 72, 136, 141], because is it quite a simple and cheap strategy to achieve second order
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Figure 2.1: Grid for the semi-implicit 1D scheme: according to the staggered approach,
the pressure is defined in the cell barycenter while the velocity is defined in
the cell edges

of accuracy in time.
The semi-implicit discretization for the continuity equation yields [56]

Mp}*h) = M@}) - AMQ] T - Q) (2.19)

where M (p;) = p(pi)A(p;)Az is the mass of fluid contained in the i-th cell and Qn+1
Z

pi+%A?+ 1 UZLJr is the mass flow rate with p7' 1= max]0, §p(pi )+ §p(pi+1)] and Ai+%

max|0, % ®)+ 35 A(pl ', 1)]- At the same tlme, the discrete momentum equation reads

n+1 _
Qrl - FQr

it At

2 _ _An =Y nt0
TR vl 20
Un Un+1 .
+6 i+3 it3
_p? )—27‘(‘R+1pl+1)\1+2?—2ﬂ'Rl+1(3)i+%7



2.1 Mathematical models and numerical methods for pipe flow

where F’ Q’?Jr , 1is an explicit and nonlinear operator for the convective terms. It can be computed in
itd
2

many ways and a simple choice can be a finite volume method based on the Rusanov flux, as done
in [56]:

At
FQ?JF% = ?Jrl — E( w1 — fi'), where
1
= ( H»l z+1 UZ:AQZZ%) - ismax(Q:-;% - Q::%)a 22D

Smax—2max(|U" 1| | z+1‘)~

The evaluation of term 7} is explained in section 2.1.3. Eq. (2.20) can be rewritten as

At
n+1l _ ~n _ n n+1 n+1ly n n+1
Ql+é = i+% 9A2+1 Az (pZJrl —D; ) At7i+%Qi+%v (2.22)
2wRT AT 4 UL |
it i . .
where the term ’YZ- . = TQ > 0 takes into account the effects of quasi-steady
2 it 2

friction using the Darcy-Weisbach law. Here AT,L 1= 64/ Re denotes the (local) Darcy friction
2

factor in terms of the Reynolds number of the flow. Moving Q"+1

to the left hand side, the previous
expression becomes
G At A
n+l _ no g2t n ntl_ ntl 2.23
QH—% (1+At’y)’+% AI(1+At’Y)Z+%(pZ+1 p; )7 ( )
where the quantity GZL 1 includes the nonlinear convection and the known terms at time ¢":
2
n —
G b= F
Substitution of Eq. (2.23) into Eq. (2.19) yields:

At
Z+ 1 —(1-0)A7 7(1);#1 -pi) - 27rR?+% (Tu)?+%At. (2.24)

it3 A

+1 At? +1 +1 A +1 +1 A _
M+ — 0235 |:(p1n+1 -y )(m)ﬂ%-(l’? —p?,l)(m)?,%] =bp, (2.25)

which can be written more compactly using the following matrix vector notation
M(p" 1) + Tp™ ! = b(p"), (2.26)

where M is a vector function that contains the non-linearity, T is a symmetric three-diagonal
matrix, p? 1?1 is the vector of the unknown pressures and b™ is the known right hand side term.
System (2.26) is efficiently solved by using either the Newton algorithm of Brugnano and Casulli
[20, 21], or the more general nested Newton algorithm of Casulli and Zanolli [37, 38, 56], if more
complex equations of state are needed, see [55, 56]. When the pressure is known, the numerical
mass flux can be easily computed by using Eq. (2.23) and, consequently, the new velocity is equal
to U™ = Q! /(p™ | A™ ). Moreover, the density and the cross sectional area at the new
it+3 i+3 it3 it3g
time are updated using the closures in Eq. (2.2) and in Eq. (2.3).
To improve the information that regards the radial velocity profile, one can use a semi-implicit
scheme for a two-dimensional model such as the one suggested in [56]. This method is an extension
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2 Explicit and semi-implicit FV schemes for compressible flows in elastic pipes

to weakly compressible flows of the family of semi-implicit methods for blood flow presented in a
series of recent papers [34, 72, 141]. Under the hypothesis of hydrostatic radial pressure equilibrium
and when the longitudinal scale is much larger than the radial one, the motion of a compressible
barotropic fluid in a circular elastic duct is described by the following system of equations, which
is a simplification of the Navier-Stokes equation in cylindrical coordinates:

0, 0
RS —(p )+ = (prw) =0,
ot 8 2.27)
(87 ‘u 8u ) ap _ M 8( Bu)
P ot 8:1: dx  ror or

where 7 is the radial coordinate, u is the dynamic viscosity, and uw and w are the velocity compo-
nents in « and r direction, respectively.
The kinematic boundary condition at the moving wall yields (see [34, 72, 141])

OR OR
— +4+u— —w=0 for r=R. (2.28)
ot ozx
The first equation of system (2.27) is integrated over the cross section and using the kinematic
boundary condition the following relation is obtained:

9pA o R
dr =0. 229
o T2 81/ purar 229

The quantities A and p can be computed by using the same closures introduced in the previous
section. Similarly to the previous method, in axial direction there are N, cells of length Az and
the pressure p; is located at the center of these control volumes in the position x;. The radial grid is
1 Q1 n — n 2 1 e n
composed of ring elements of size Ari_‘_% k= ri+%,k+% rH_%,k_% withk =1,2,...., Ki-&-%
where K i"+ 1 1s the number of active rings at the cell interface 41 K Z_ , is bounded between
2 2 2
1 and N,, which is the maximum number of ring elements. For simplicity, we will always use
the maximum number of ring elements (K, 11 = Ny). However we want to underline that in
principle the semi-implicit 2D scheme allows to modify the number of active layers according to
the wall deformation. The axial velocity w is located at the edge x, 41 and at the midpoint 7, | 1
5
while w, 41 is defined in the cell barycenter x; and at the edge of the radial segment r, 11 (see
’ 2
figures 2.2 and 2.3 ). This discretization of the computational domain yields again a staggered grid.
The momentum equation is discretized using a semi-implicit approach [56]:

n+1

q. - Fq? n+0 _ n+o
Z+%,k l+%,’€ — g Pitq p;
= w2 Tt
At itk Az ’
un e _ e Wt o (2.30)
+ 2mp(rn i+ k41 i+1.k o i+1k i+%,k—1)
201 1~ N 0 —r.,1 i
N Ar™ o itg k-3 Ar? . ’
i+t5,kt+5 i+5.k—5
where "1 = pm Lam u"+11 and a” = 277 Ar™ | are respectively the mass
iti.k ity ity ity +2, +2,k it
flow and the area of the k-th ring in position T, F'q 1s an exphclt and non-linear operator



2.1 Mathematical models and numerical methods for pipe flow

X =Xi+1/2

Figure 2.2: Radial grid for the axial velocity u

for the convective terms. The discrete momentum equation can be rewritten in a more compact
form obtaining the vector of the mass fluxes [56]:

Q" = D lG]+1 —Bﬁ( ntl

i+l A, P =Pl TIDTRAR, @31)

e
are column vectors of the mass and of the area of the rings. Dn 1 is a three-diagonal matrix that

T +1 _ T
whereQ+1 _(qi+l,17qi+l727'~~7qi+lﬂKﬁ+1) andAﬁ l - (ai_t,_l’lv"’vai_;'_l’](_” )
2

accounts for the coefficients of the viscous terms at the time t” + At (see [34, 56, 141]). The
column vector G;‘+ 1 contains the non linear convective terms and the known quantities at time ¢™.

2
Eq. (2.29) is approximated by using a finite volume discretization. Also here the 6-method is used
in order to improve time accuracy,

M(pyth) = M) — A1T - QU - 1T - Q) 2.32)
2 T2
where we have used the notation 1T = (1,1,---,1) for a row vector consisting only of ones.

Substituting the discrete momentum equation (2.31) into the discrete continuity equation Eq. (2.32),
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2 Explicit and semi-implicit FV schemes for compressible flows in elastic pipes

Figure 2.3: Radial grid for the radial velocity w

one obtains the following mildly non-linear system:

M) = 2R = THATD AL,y — (T - ) ATD AL = b7,
(2.33)
which has the same form of system (2.26) and is therefore solved in the same way at the aid of
the (nested) Newton method. Once the pressure is known, the axial velocity is computed with Eq.
(2.31), while the radial velocity is obtained from the discretization of the continuity equation (2.1).
For more details about the numerical method, see [34, 56, 72, 141].
The stability condition of the semi-implicit schemes corresponds to the stability condition of the
method used for the calculation of nonlinear convective terms. In general, the time step restriction
is only based on the speed of the flow and not on the sound speed. Consequently, these schemes are
very efficient, especially in the case of low Mach number flows. Moreover, if the convective terms
can be neglected, one can simply set F'lg = ¢, and in this case the schemes are unconditionally
stable. However, the time step At should be chosen small enough to reduce the numerical viscosity
and to resolve unsteady flow features properly.

In addition, it is rather simple to show that the semi-implicit schemes satisfy the so-called C-
property, i.e. that these schemes are well-balanced. Consider the case where the cross sectional
reference area of the pipe Ag = wRﬁ is not constant in longitudinal direction, while the pressure is
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2.1 Mathematical models and numerical methods for pipe flow

constant (p}* = const.) and the velocity is zero everywhere (Uin+ ; = 0). In this case the discrete
2
pressure gradients in (2.20) are zero and also the non-linear convective terms are zero, which can
be easily seen by inserting U%_"+ ; = 0 into Eq. (2.21). Furthermore, also the unsteady friction
2
terms vanish. As a result, the discrete mass fluxes QZ‘:II = 0 at time ™! remain zero and thus
2
the pressure remains unchanged (p""'1
preserved.

= p}’ = const.), i.e. the steady state solution is exactly

2.1.3 Unsteady friction models
2.1.3.1 Convolution integral methods (ClI)

The analytic expression for the calculation of the unsteady loss is given by the convolution integral
of Zielke, see [162],

Tu(x,t) 7 / W(t U((;c t )dt*, (2.34)

which is also called frequency dependent friction, since Zielke derived this expression in the com-
plex domain after applying the Laplace transform. Moreover, he assumed incompressible and lam-
inar flow in a rigid pipe and implemented his formula with the method of characteristics. In Eq.
(2.34) the acceleration is multiplied by a weighting function W of the following form

Zm 10502 for £ <0.02,
W) = ;.;1) (2.35)
—njt for > 0.02,

where the coefficients are given by (mi, ..., meg)=(0.282095, -1.250000, 1.057855, 0.937500,
0.396696, -0.351563) and (n1, ..., n5)=(26.3744 ,70.8493, 135.0198, 218.9216, 322.5544), while
i = vt/R? is the dimensionless time. Note that the domain of definition of the weighting function
is 0 < £ < oo. The numerical evaluation of the convolution integral needs a very large memory
amount and makes this approach computationally very expensive. Consequently, another more ef-
ficient approach is necessary. First, Trikha proposed in [153] an approximated weighting function
of the following form:

Wapp(f) = Zm]e njt, (2.36)

with Ny = 3, (m1, m2, m3)=(40.0, 8.1, 1) and (nl7 n2,n3)=(8000, 200, 26.4). Using a weight-
ing function written as series of exponential functions, the unsteady wall shear is calculated with
the formula of Trikha [153]

3

3 3
2 2 _
7'17 ~ EM} :y] _ R Z n; Rz y;-L71 + 2 :m][U'n _ Uvnfl])7 (2.37)
=1 j=1

which improved the efficiency but not the accuracy because the weighting function of Trikha does
note reproduce well the original function. Successively Kagawa et al. [96] proposed a more accurate
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2 Explicit and semi-implicit FV schemes for compressible flows in elastic pipes

weighting function with N,, = 10 terms (valid for 6.31 - 106 < it < oo ) and another formula
to approximate the Zielke convolution integral:

VAL
eSS Ul R S L

The coefficients of the Kagawa weighting function are (n1, ..., n1o)= (26.3744, 72.8033, 187.424,
536.626, 1570.60, 4618.13, 13601.1, 40082.5, 118153, 348316) and (m1, ..., m10)=(1, 1.16725,
2.20064, 3.92861, 6.78788, 11.6761, 20.0612, 34.4541, 59.4541, 101.59).

Other authors proposed other values for the coefficients m; and n; for the approximated weighting
function Eq. (3.13), such as Vitkovsky et al. [160] and Vardy and Brown [159]. In addition, Ur-
banowicz and Zarzycky [165] recently proposed a very accurate function with N, = 26, defined
in the range 10~° < £ < oo: (n1, ..., nag )= (26.3744, 70.8493, 135.0198, 218.9216, 322.5544,
499.148, 1072.543,2663.013, 6566.001, 15410.459, 35414.779, 80188.189, 177078.960, 388697.936,
850530.325, 1835847.582,3977177.832, 8721494.927, 19120835.527, 42098544.588, 92940512.285,
203458923 445270063.893, 985067938, 2166385707.058, 4766167206.672) and (m1, ..., mag)=
1, , 1, 2.141, 4.544, 7.566, 11.299, 16.531, 24.794, 36.229, 52.576, 78.150, 113.873,
165. 353 247 915 369 561, 546.456, 818.871, 1209.771, 1770.756, 2651.257, 3968.686, 5789.566,
8949.468). For a very nice review of convolution integral theory and of its approximation see [165].

2.1.3.2 Instantaneous acceleration methods (I1A)

Another class of unsteady friction models is the one called Instantaneous Acceleration based models
and is based on the hypothesis that the unsteady wall shear stress is directly proportional to the
acceleration of the flow. To the knowledge of the authors, the most complete model of this family
is the one of Brunone et al. which is formulated as follows [22, 23, 120]:

pDKpy,, ,0U . ou, oU
= —(— +sign(U—)co—). 2.39
Tus 1 g TieUg gy 239
Several values have been proposed for the coefficient K p,.,, and here we use the expression sug-
gested by Vardy and Brown in [158] because it seems to be the only one related to the Reynolds
number
7.41 14.3

Kpry =2 Rex’ leog(w). (2.40)

2.1.4 A new efficient approximation of the Zielke convolution
integral

The numerical integration of a convolution integral can be very computationally expensive, espe-
cially when long time simulations are required. Here, we derive a new simplification of the model
of Zielke that leads to a new efficient formula for the evaluation of the unsteady wall shear stress.
Our idea follows the approach used in the work of Moczo and Kristek that simplified convolution
integrals in order to compute efficiently material-independent anelastic functions for seismic wave
propagation [112]. Substituting a weighting function expressed as a sum of exponential functions
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Ny

(eq. (3.13)) into the convolution integral, the total wall shear is computed as 7, = > 3 T where
the j-th component is written as follows
2/1 njv (t t* ) dU(t )
i(t) = — mie 2.41
7 = R 7 dt @41

The coefficients m; and n; can be taken from any of the approximated weighting functions previ-
ously citepd. Deriving with respect to time the left and the right side of the previous equation and
applying the Leibniz rule, we obtain the expression

d dU( gy N . 2udU(D)
St = ‘T dt* i 2.42
i R at Rz ¢ TR ™ @42

that can be formally rewritten as an ordinary differential equation

d L 2u dU(t)
aTj (t) = R2 Tj ETWLJ (2.43)

Since the coefficients n; can assume very large values [96, 159, 160, 165], the source terms in the
ODE (2.43) are stiff. Hence, for efficiency and stability reasons, the ODE (2.43) is approximated
by using the implicit Euler method

n—1
T =T v uuUn —yn-1

A T T wmU TR A @49

and finally, after solving for the quantity 71", the unsteady friction term at time ¢™ reads:

N Ny T 1 + %m](U'n _ Unfl)

— J
_;T Z 1+ 25 At

Here, we deliberately omit the spatial index for the averaged velocity U, since the above formula
(3.12) applies to both, the path-conservative finite volume scheme on collocated grids, as well as to
the semi-implicit finite volume method on staggered grids.

(2.45)

2.2 Numerical results

In this section we show and compare the computational results that have been obtained by applying
the previously presented numerical schemes. We use some abbreviations: PCID for the explicit
path conservative scheme applied to the 1D model, SI1D and SI2D for the semi-implicit schemes
applied to the one-dimensional and to the two dimensional PDE, respectively. The unsteady friction
model of Urbanowicz and Zarzycki is abbreviated by UZ model. Furthermore, Kagawa ODE and
UZ ODE indicate that the new approximation of the Zielke convolution integral based on the ODE
solver (3.12) has been used, and that it has been implemented by using the coefficients of the
weighting function of Kagawa et al. [96] and of Urbanowicz and Zarzycky [165], respectively. In
addition, the Osher Riemann solver and the HLL Riemann solver give very similar results for the
1D PDE system, which can be explained by the fact that the system does not contain any linearly
degenerate intermediate field. Consequently, in the next plots the numerical solution for the explicit
path-conservative finite volume scheme is referred to the one computed by using the Osher Riemann
solver, in order to keep the images clear and readable. The differences between the methods can be
appreciated in terms of accuracy and computational time for the simulations.
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2 Explicit and semi-implicit FV schemes for compressible flows in elastic pipes

2.2.1 Womersley test

For the first test considered the fluid is assumed incompressible (co = 102°) and the pipe rigid
(Eso = 1029). Consequently, this test case can be numerically performed only by using the semi-
implicit schemes because when the speed of sound cp and thus also the the maximum eigenvalue
(max|A(QJ)|) tends to infinity, the system (2.1) is no longer hyperbolic.

An oscillating pressure gradient of the following form

Pin (t) = §R(poui& + LAwejwt) = Pout + LAy COS(Wt) (24())

is imposed in a pipe of length L and radius R. The pressure wave is characterized by an amplitude
A, and by an angular frequency w = 27 f. Due to the incompressibility and rigidity conditions,
the pressure varies linearly along the longitudinal coordinates. The axial velocity w is constant in
longitudinal direction while the radial profile is given by the analytic solution of Womersley [161]

 Jo(#§3/2Wo)

1
t) =R{Aw—[1 — —=7—7-
un ) = G we)

Je?“t}, (2.47)

where j = +/—1 is the imaginary unit, Wo = R,/ % denotes the Womersley number and J,, is

the zeroth order Bessel function of complex argument.

For this test we consider L = 1m, R = 4-10~3 m, poyt = 5-10° Pa, A,, = 1000 Pa, f = 500
Hz and pg = 998.2 kg/m3. According to the solution derived by Womersley, the convective terms
are neglected. The numerical parameter for the grids are N, = 500 and N, = 50 while the time
step has been imposed as At = f~1/100, hence a single wave period is resolved in 100 time
steps (100 points per wave length). As initial conditions, in the code for the semi-implicit two di-
mensional method we imposed the velocity profile given by w(r, 0) while for the one dimensional
semi-implicit method, the mean velocity is equal to U = 1/A [ u(r,0)dA.

The velocity computed by the scheme SI2D has to be cross-sectionally averaged in order to have
a consistent comparison against the velocity given by averaged SI1D method, for which we have
implemented and tested several unsteady friction models. Similarly, also the exact solution in Eq.
(3.70) is averaged over the cross section, in order to have the exact mean velocity that is subse-
quently compared against all numerical results.

First, a dynamic viscosity of 4 = 1073 Pa-s is chosen. In Figures 2.4-2.7 the reference solution
is well fitted by the numerical solution of SI2D but also by all the friction models implemented in
SI1D. Later on, the viscosity has been increased by three order of magnitude, hence ¢ = 1 Pa-s. In
this case, the exact solution is well fitted by all friction models, apart from the models of Trikha and
Brunone, see Fig. 2.9. The first disagreement could be justified by the fact that Trikha’s weighting
function doesn’t approximate well the original function of Zielke. The second mismatch could be
explained because the Brunone model does not take into account the past acceleration of the flows,
such as the model of Zielke and, consequently, also all its approximations.

2.2.2 Impedance matrix for weakly compressible flow in the
frequency domain

The next investigation regards the comparison of the numerical solutions against an analytic solution
derived in the frequency domain that is valid for weakly compressible laminar flows and which has
been exposed in [105]. The system of equations (2.27) is simplified neglecting the radial velocity
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Figure 2.4: Womersley test, . = 10>, Exact solution (—), numerical data given by
SI2D (A) and by SI1D with Zielke model (V)
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Figure 2.5: Womersley test, ;4 = 10~>. Exact solution (—), numerical data given by
SI1D with Trikha model (A) and with Brunone model (V)
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Figure 2.6: Womersley test, ; = 10>, Exact solution (—), numerical data given by
SI1D with Kagawa model (A) and with Kagawa ODE model (V)
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Figure 2.7: Womersley test, ;4 = 10~>. Exact solution (—), numerical data given by
SI1D with UZ model (A) and with UZ ODE model (V)
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Figure 2.8: Womersley test, u = 1. Exact solution (—), numerical data given by SI2D
(A) and by SI1D with Zielke model (V)
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with Trikha model (A) and with Brunone model (V)
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2.2 Numerical results

w and the convective terms of the momentum equations. Further assumption is the hypothesis
of periodic laminar flow in a situation such that the friction effects given by the frequency are
higher than those of quasi-steady flow conditions. Applying the Laplace transform one obtains the
following expression for an hydraulic system composed by a tube of length L and radius R

] == [4)-

cosh(vy(s)L <
7L (S) sinh(’qy/((s;L) 7ZL(S) sinh(’i%s%L% Ql (S) (2.48)
A ) L — L)1 Qa(s)]’
L sinh(y(s)L)

cosh
—Zr (8) sinh(?/y(s)L

where s = jw is the Laplace parameter, p(z, s) and Q(z, s) are the complex pressure and the
complex volume flow rate. The indices 1 and 2 denote the quantities at the inlet and at the outlet of
the tube, respectively. Consequently, we have p1 = p(0, s), p2 = p(L, s) and O = Q(O, s) and
Q2 = Q(L,s). Z(s) is the impedance matrix and its elements are expressed as functions of the
hyperbolic sinus and cosine functions. Moreover, Zy, is a transfer coefficient given by

Jo(R* . E 1

Exo

where Zj is the frictionless case of Zy, and E’ is the modified total bulk modulus of the system
that takes into account also the wall elasticity. Here, E~ is the Young modulus of the wall material
and E is the bulk modulus of the fluid, commonly defined as £ = pocg; 7 is a wave propagation
parameter that is essentially a function of the speed of sound and of the complex radius R*:

_ 5 7JO(R*) . « _ - |8
fy(s) = p JQ(R*) with R* =3 l/R. (2.50)

In order to compute the elements of the impedance matrix for a numerical simulation in the time
domain, a frequency has to be fixed and then an oscillatory pressure gradient is imposed, exactly
like in the Womersley test. The complex quantities p and Q are then computed by applying the fast
Fourier transformation to the time signals of the numerical pressure and mass flow rates taken at the
inlet and at the outlet of the tube. Applying an oscillating pressure signal of the same form given by
Eq. (3.69) the complex pressure at the outlet po is much smaller than the complex pressure at the
inlet of the pipe p1. Moreover, it is possible to demonstrate that the impedance matrix is symmetric
and consequently the elements z11 and z12 of the impedance matrix can be computed as follows

[79, 105]: A R
11 (s) = D1(s)@1(s) 1(s) = — D1(5)@2(s)
Q1(s) — Q3(s) 1(s) — Q3(s)

For additional details about the impedance theory see [105].

(2.51)

2.2.2.1 Rigid case

First, the numerical models are applied in order to reproduce existing experimental measurements
that have been obtained for a test fluid in a rigid pipe characterized by radius R = 4 mm and
length L = 0.791 m. In the semi-implicit schemes the longitudinal resolution is equal to 1 mm and
consequently the number of cells is 791. The radial grid for SI2D is composed by 50 equally spaced
layers. On the contrary, for the path conservative method the number of cells IV, has been chosen
equal to 395 that gives a resolution of 2 mm. This choice for the parameters Ax and At comes
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from the result of a series of preliminary simulations that will be discussed in subsection 2.2.4.
The investigated frequency range goes from 50 Hz to 2000 Hz using a frequency step of 10 Hz. In
addition, both in the numerical simulations as well as in the measured data, a transient phase occurs
at the beginning of the experiments. During this period the mass flow signals are not regular, but
experiences have shown that they becomes cleaner after 0.1 s. Moreover, the fast Fourier transform
has been applied to the signal composed by the last 50 wave periods. Consequently, for each
frequency the final time of the simulation is equal to 0.1+50/ f. According to the hypothesis of this
theory the convective terms are neglected and the semi-implicit schemes are unconditionally stable
but, in order to limit the numerical viscosity and to resolve the unsteady flow features properly, the
parameter At is imposed equal to T%, / 100, where T, is the wave period (T = f *1).

In Fig. 2.12 one can see that the numerical solution of the scheme SI2D reproduces perfectly well
the analytic solution without the use of any friction model, since the 2D model is based on first
principles and directly discretizes the viscous terms from the available radial velocity profiles. In
Fig. 2.13 the first element of the impedance matrix is computed using the one dimensional schemes
PC1D and SI1D without any unsteady friction model; here, the numerical data do not fit the exact
solution and, consequently it is possible to understand the crucial role of unsteady (frequency-
dependent) friction models. According to the results of the previous test, also in this case the
approximations proposed by Trikha (see Fig. 2.14) and the model of Brunone (see Fig. 2.19) do
not give good agreements with the reference solution. In the next four figures (Fig. 2.15, Fig. 2.16,
Fig. 2.17 and Fig.2.18) the coefficients of the weighting functions of Kagawa and of Urbanowicz
and Kamil are used to compute the contribution of the unsteady wall shear stress by using both the
formula of Kagawa (eq. (2.38)) and the new ODE integrator (eq. (3.12)); in all these cases the
agreement is very good.

2.2.2.2 Elastic case

Second, the frequency domain is investigated for a generic fluid in a flexible pipe. The wall defor-
mation is governed by the Hooke law presented at the beginning of the chapter. It is a very simple
model for the tube wall and for comparison against experimental data more sophisticated equations
must be used. However, the advantage of the Hook model used for these simulations is that it can
be easily taken into account in the exact solution of the impedance matrix. The fluid properties
are: pg = 998.2 Kg/m3, ¢y = 1400 m/s and p = 1072 Pa-s. The length of the pipe is L = 1
m and the radius R = 1 mm while the Young’s modulus is Eoo = 1 - 10'° Pa. The longitudi-
nal resolution is still 1 mm for the semi-implicit schemes while it is equal to 2 mm for the path
conservative method. The other numerical parameters are taken equal to the case of the rigid pipe.
The semi-implicit 2D model gives again a very good match compared against the reference solu-
tion (see Fig. 2.20) and also for this test when the unsteady friction is neglected in the 1D models
the disagreement remains high (see Fig. 2.21). The 1D schemes implemented accounting for the
unsteady friction via the convolution integral family match very well the reference solution in the
frequency domain (see Figures 2.22, 2.23, 2.24, 2.25 and 2.26). Also the Trikha method works well
(see Fig. 2.22 ) because the viscosity of the fluid is quite small. However, as shown in Fig. 2.27, the
model of Brunone still gives significant disagreements when compared against the exact solution
in the frequency domain. We want to underline that the approximations of the Zielke model fit the
analytic solution for compressible flow in elastic ducts very well, although the original model was
proposed for incompressible fluids in rigid pipes! Moreover, for these tests the simulations are very
long and it is practically impossible to get the results by using the original Zielke method due to its
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2.2 Numerical results

slowness and due to the massive memory amount that it requires.

2.2.3 Water hammer

The last test presented here is a typical benchmark problem used to assess the quality of different
unsteady friction models. In a long pipeline characterized by normal flow and with a constant hy-
draulic head upstream given for example by a reservoir, the downstream valve is suddenly closed
generating a pressure wave that travels back into the pipe and then it is periodically reflected. This is
known as the experiment of Holmboe and Rouleau [89] and from their results it was understood that
the unsteady friction contribution is crucial in order to predict the pressure damping at the down-
stream border of the pipe correctly. Here, we consider a fluid which has similar physical properties
of water: pg = 998.2 kg/m3, co = 1400 m/s, . = 10~3 Pa-s. The length of the pipe is L = 15
m and the radius is R = 4 mm. For all the schemes the number of cells is Nx = 1000, because
we decided to take the pressure signals in the same position in order to compare the numerical data
in the best way possible. In addition, for SI2D the number of rings is N, = 50 and for both the
semi-implicit schemes the time step At is imposed equal to 2 - 1072 s to reduce the numerical
viscosity introduced by the implicit time discretization.

The aim of this analysis is to compare the behavior of the different unsteady friction models con-
sidered in this chapter. We assume that the reference solution for the pressure at the end of the tube
is the numerical one given by SI2D, since it is the only method that is able to evaluate the friction
term directly from first principles, without any closure relation.

In Fig. 2.28 the results of the Trikha method implemented in SI1D and in PC1D are shown. It is
possible to observe that both numerical schemes (SI1D and PC1D) give very similar results with
the same unsteady friction model, which, however, deviate from the reference solution. In Fig. 2.29
the numerical data obtained from the Brunone model are exposed and a disagreement can be seen,
but this behavior is intrinsic to the Brunone model and has been observed also by other authors, see
for example [120].

Fig. 2.30 and Fig. 2.31 show the results of the Kagawa coefficients used in the original formula of
Kagawa (2.38) and in our new ODE method (3.12). The results illustrate a very good fitting with
the reference solution. The same conclusion can be observed applying the UZ model coefficients,
see Figures 2.32 and 2.33.

As conclusive test, we repeat the previous simulations for an elastic tube with Eo, = 1010 Pa and
with an increased viscosity equal to ;4 = 10! Pa-s. This comparison in the time domain is carried
out in order to show again the robustness of our new ODE method at relatively high viscosities
and to underline again the excellent fitting of convolution-integral type unsteady friction models
for viscous compressible fluids in flexible pipes. Figures 2.34 and 2.35 show the good agreement
between the reference solution and the 1D models implemented with the Kagawa ODE and with
the UZ ODE models, respectively.

2.2.4 Efficiency analysis and computational times
The reference solution for the impedance matrix allows to compute the error and to compare it

against the CPU times for the different schemes here considered. The error calculated is intended
as the mean of the relative errors between the numerical solution and the analytical one related to
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Figure 2.28: Water hammer, rigid pipe - Reference solution (—), 1D methods without
unsteady friction (- - -), numerical data given by SI1D with Trikha model
(A) and by PC1D with Trikha model (V)
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Figure 2.29: Water hammer, rigid pipe - Reference solution (—), 1D methods without
unsteady friction (- - -), numerical data given by SI1D with Brunone model
(A) and by PC1D with Brunone model (V)
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Figure 2.30: Water hammer, rigid pipe - Reference solution (—), 1D methods without
unsteady friction (- - -), numerical data given by SI1D with Kagawa model
(A) and by PC1D with Kagawa model (V)
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Figure 2.31: Water hammer, rigid pipe - Reference solution (—), 1D methods without
unsteady friction (- - -), numerical data given by SI1D with Kagawa ODE
model (A) and by PC1D with Kagawa ODE model (V)
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Figure 2.32: Water hammer, rigid pipe - Reference solution (—), 1D methods without
unsteady friction (- - -), numerical data given by SI1D with UZ model (A)
and by PC1D with UZ model (V)
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Figure 2.33: Water hammer, rigid pipe - Reference solution (—), 1D methods without
unsteady friction (- - -), numerical data given by SI1D with UZ ODE model
(A) and by PC1D with UZ ODE model (V)
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Figure 2.34: Water hammer, elastic pipe - Reference solution (—), 1D methods with-
out unsteady friction (- - -), numerical data given by SI1D with Kagawa
ODE model (A) and by PC1D with Kagawa ODE model (V)
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Figure 2.35: Water hammer, elastic pipe - Reference solution (—), 1D methods with-
out unsteady friction (- - -), numerical data given by SI1D with UZ ODE
model (A) and by PC1D with UZ ODE model (V)
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the absolute value of the complex parameter z11:

251 (o)l

This analysis has been carried out for a test fluid characterized by co = 1400 m/s, pg = 998.2
kg/m3 and p1 = 1072 Pa/s in a rigid pipe of length . = 1 m. Here, the friction model used in the
1D models is the ODE method with the coefficients of Kagawa. First, we consider the error of all
first order schemes with three different meshes with N, = 100, 250, 500; for the explicit schemes
the time step size At is given by the CFL condition with CFL=0.9, while for semi-implicit schemes
it is chosen as At = T'/ N, so that a wave period is resolved with N, time steps (points per wave
length). The results of this analysis are given in Table 2.1. In Fig. 2.36 it is possible to see that
when the number of longitudinal cells increases, the errors decrease. We then have repeated all the
simulations using the second order schemes and from Tab. 2.1 and from the plot in Fig 2.37 it can
be observed that the error is much lower than in the first order case, especially for the semi-implicit
schemes. Furthermore, in some cases for SI2D the error is also lower than the one of the second
order explicit schemes. Moreover, for the semi-implicit schemes we decided to introduce also a
grid where N is equal to 1000, because experiments have shown that the qualitative solution im-
proved in particular where the parameters |z11| and |z12| have peaks. At the end of this analysis,
we decided to simulate the frequency domain with a resolution of 2 mm for the explicit methods,
while for the semi-implicit schemes we have chosen Az = 1 mm and with a time resolution of
At =T/100.

Furthermore, the CPU times of the simulations have been plotted against the errors both for the
1st order and for the 2nd order schemes (see Fig.2.38 and Fig. 2.39). In general, for a given error
the semi-implicit 1D method gives results in much less time with respect to the explicit 1D scheme
and w.r.t. SI2D. For the second order case, SI2D is computationally more efficient than the ex-
plicit schemes for a given spatial grid. The computational times of the simulations done for the
impedance matrix and for the water hammer have been measured and they are exposed in Tab. 2.3
for SI2D and for the one dimensional schemes.

It is possible to observe that for the impedance matrix for the rigid tube the CPU time of the scheme
SI2D is very similar to the one of the explicit 1D methods both with the Osher RS and with the
HLL RS. However, for the elastic case the 1D explicit method becomes extremely slow (due to
the necessary iterative computation of the primitive variables from the vector of conserved quan-
tities), and one can observe that the two dimensional semi-implicit method is almost one order of
magnitude faster than the explicit 1D methods, which is quite a remarkable result. Moreover, the
experiments done using the Osher RS have produced the results in less time with respect to the
HLL RS. This last fact occurs because the iterative procedure for the calculation of the pressure
(9(p) = Q1 — p(p)A(p)) is required more times in the computation of the HLL flux than in the
evaluation of the Osher flux. We think this is a very particular case for this non-linear system of
PDEs studied in this work. For systems composed by more than 2 PDEs the Osher RS is in general
more expensive. Anyway, for all the test cases the method SI1D is clearly the fastest of the schemes
that have been considered here, since it represents a special case of SI2D when N,. = 1; it gives
very accurate results in a very small computational time. Last but not least, in all simulations we
observe that our new ODE integrator method (3.12) for the Zielke convolution integral is faster than
the original formula of Kagawa. This is valid using both, the Kagawa coefficients as well as the
Urbanowicz and Zarzycky coefficients. We attribute this result to the fact that the new ODE method
does not involve time-consuming evaluations of exponential functions.

Ny
1 |21 (f)l=125F (fi)l
Gl = N, > | . (2.52)
=1
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Error vs Nx — 1st order schemes
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CPU time vs error — 1st order scheme
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Figure 2.38: CPU times and errors for the first order schemes - e Explicit schemes, A
SI1D, B SI2D

CPU time vs error — 2st order scheme
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Figure 2.39: CPU times and errors for the second order schemes - e Explicit schemes,
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2.3 Conclusions about explicit vs. semi-implicit schemes for pipe flow

Explicit Scheme
N, Az [mm] €)z,,| Istorder €.,,| 2nd order

100 10 0.2031 0.1972
250 4 0.1833 0.0899
500 2 0.0529 0.0518
1000 1 - -

Semi-implicit 1D
N, Az [mm] €z, | Istorder €.,,| 2nd order

100 10 0.3061 0.0658
250 4 0.1185 0.0361
500 2 0.0604 0.0250
1000 1 0.0336 0.0192

Semi-implicit 2D

N, Az [mm] €z, | Istorder €.,,| 2nd order

100 10 0.3157 0.1129
250 4 0.1428 0.0897
500 2 0.0959 0.0806
1000 1 0.0790 0.0758

Table 2.1: Frequency domain - error €|, | for the first order schemes and for the second
order schemes corresponding to different N,

2.3 Conclusions concerning the comparison of explicit
versus semi-implicit schemes for compressible pipe flow

In this chapter we have discussed, implemented and compared several finite volume schemes for
systems of partial differential equations that govern pressurized viscous compressible flows in rigid
and flexible pipes. Since the governing PDE system contains a non-conservative product, the classi-
cal explicit Godunov-type schemes have to be supplemented by using a path conservative approach
in order to consider the varying cross section due to the elastic wall deformation. Another family of
methods under consideration is the class of staggered semi-implicit finite volume schemes. For this
class of methods, the two-dimensional case gives accurate results without the need of any closure
for the viscous terms. Furthermore, in most cases the 2D semi-implicit method is almost as fast as
the explicit one-dimensional scheme, but in some cases it can even be faster.

Moreover, in order to match the exact solution and the experimental measurements, all one dimen-
sional models need a closure relation for the wall friction, in particular for the unsteady contribution
to the wall shear stress that is crucial for the simulations that have been considered here. Several
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2 Explicit and semi-implicit FV schemes for compressible flows in elastic pipes

CPU time [s]

Explicit schems

N, Az [mm] 1storder 2nd order
100 10 1989 2315
250 4 11742 13923
500 2 39810 54776
1000 1 - -
CPU time [s] Semi-implicit 1D
N, Ax [mm] 1storder 2nd order
100 10 172 173
250 4 705 721
500 2 2574 2578
1000 1 10246 10158
CPU time [s] Semi-implicit 2D
N, Axz [mm] 1storder 2nd order
100 10 2462 2741
250 4 9177 10171
500 2 35962 40208
1000 1 151680 169475

Table 2.2: Frequency domain - CPU times for the first order schemes and for the second

order schemes corresponding to different NV,

unsteady friction models have been incorporated into the 1D schemes. The thorough comparisons
have shown that the models of Brunone and of Trikha do not give a good fitting over the entire
range of Reynolds numbers studied here, especially when the viscosity assumes large values. The
most accurate models seem to be those that approximate the convolution integral of Zielke, such
as the model of Kagawa and the one Urbanowicz and Zarzycki. Furthermore, we have proposed a
new formula for the evaluation of the convolution integral of Zielke that is at least as accurate as
the formula of Kagawa, but it is faster since it does not involve the time consuming evaluation of

exponential functions.
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2.3 Conclusions about explicit vs. semi-implicit schemes for pipe flow

Impedance matrix (Rigid pipe)

SI2D 50550
1D SIID PC Osher PCHLL
Trikha 784 37575 39623
Kagawa 1204 40408 41594
Kagawa ODE 832 38030 39630
uzZ 3143 45037 46536
UZ ODE 2503 39988 40145
Brunone 863 37233 40272
Impedance matrix (Elastic pipe)
SI2D 66059
1D SIID PC Osher PCHLL
Trikha 1391 419309 549111

Kagawa 1968 405697 552679
Kagawa ODE 1483 405517 552166
uzZ 3387 426222 578988

UZ ODE 2115 422963 583574
Brunone 1352 415219 573813

Water Hammer (Rigid)
SI2D 227

1D SI1ID  PC Osher PC HLL
Trikha 16 121 193
Kagawa 28 135 207
Kagawa ODE 22 127 200
uzZ 56 164 239
UZ ODE 38 141 219
Brunone 15 120 193

Table 2.3: CPU times in seconds for the two-dimensional method compared with differ-
ent one dimensional methods
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3 Semi-implicit staggered discontinuous
Galerkin schemes for axially symmetric
viscous compressible flows in elastic tubes

All numerical methods presented in the previous chapter were at most second order accurate in
space. In this chapter we therefore propose a novel family of staggered semi-implicit discontinuous
Galerkin (DG) finite element schemes for the simulation of axially symmetric, weakly compressible
and laminar viscous flows in elastic pipes that are, at least in principle, of arbitrary order of accuracy
in space. The equation of state (EOS) of the fluid is assumed to be barotropic and two different
mathematical models derived from the compressible Navier-Stokes equations are considered in this
chapter.

The first model describes cross-sectionally averaged 1D flows, including steady and frequency-
dependent wall friction effects. The novelty of our numerical method compared to standard DG
schemes consists in the use of a staggered mesh, where the pressure is defined over a primary grid
and the velocity field is defined on edge-based staggered dual control volumes. This approach is
well known from classical semi-implicit finite difference schemes for the incompressible Navier-
Stokes equations, but it is still quite unusual for high order DG schemes. The continuity equation is
integrated over the control volumes that belong to the main grid, while the momentum equation is
integrated over the elements of the edge-based staggered dual grid. The nonlinear convective terms
are discretized explicitly, while the pressure gradient and the mass flux are discretized implicitly.
Up to second order of accuracy in time can be achieved with the so-called #-method. Inserting the
discrete momentum equation in the discrete mass conservation equation leads to a mildly nonlinear
algebraic system for the degrees of freedom of the pressure. Such mildly nonlinear systems can be
very efficiently solved using the Newton algorithm of Casulli ef al.. We observe that the linear part
of the mildly nonlinear system is symmetric and positive definite.

The second model is derived from the compressible Navier-Stokes equations in cylindrical coordi-
nates. Assuming hydrostatic flow with constant pressure inside each cross section as well as axial
symmetry, only the terms in the axial and the radial direction need to be considered. Therefore, we
call the second model the 2D, model. Also in this case we use a staggered mesh for pressure and
velocity and thus the same philosophy as for the 1D model can be applied to obtain the discrete
pressure system. For the 2Dz, model a staggered DG scheme is also applied for the computation
of the viscous stress tensor in the discrete momentum equation. However, in radial direction the
resulting linear system for the friction terms is not symmetric and is thus solved using the Thomas
algorithm for block three-diagonal systems.

The use of a semi-implicit DG scheme leads to a very mild CFL condition based only on the fluid
velocity and not on the sound speed, which makes the method very efficient, in particular in the limit
cases when the speed of sound of the fluid tends to infinity (incompressible fluid) and in the rigid
case where the wall strain of the pipe tends to zero. In addition, at every Newton step a symmetric
positive definite and well conditioned block three-diagonal linear system is solved for the pressure,
using either a matrix-free conjugate gradient method, or the Thomas algorithm properly extended
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

to block-tridiagonal systems. Moreover, when the polynomial degree of the basis and test functions
is equal to zero the schemes reduce to classical semi-implicit finite volume methods, such as the
ones presented in the previous chapter.

While in the 2Dz, model the viscous effects in radial direction are directly obtained from first
principles via the Navier-Stokes equations, the 1D model requires an additional closure relation
for the wall friction. For both models we perform several tests in order to validate the numerical
methods for steady and unsteady flows of compressible and nearly incompressible fluids in elastic
and rigid tubes. We also provide numerical convergence results in order to show that the developed
schemes achieve high order of accuracy in space.

3.1 Staggered semi-implicit DG scheme applied to the 1D
model

3.1.1 Governing equations of the 1D model

The dynamics of fluids in general time-dependent domains is governed by the compressible Navier-
Stokes equations. Supposing axially symmetric flow and that the longitudinal scale is much larger
than the radial one, it is possible to simplify the system and to introduce the hypothesis of hydro-
static equilibrium, i.e. the pressure is constant in each cross section. Moreover, we assume laminar
flow. Under these assumptions one obtains the following one-dimensional, cross-sectionally aver-
aged model that consists of two PDE, namely the continuity equation and the momentum equation,
see [56, 91, 104, 141],

d d
Z(pA) + — (pAU) = 0, 3.1
at(p )+ax(p ) (3.12)
9 P o

Z(pAU) + 2 (pAU?) + AL = —27Rr, — 21 R7,, (3.1b)
ot ox oz

where t € Rar is the time and « is the longitudinal coordinate. In the above system (3.1), p =

p(z,t) is the density, A = A(z, t) is the cross sectional area, U = U (z, t) is the velocity averaged

over the section, p = p(x,t) is the pressure, R = R(z,t) = y/A/7 is the tube radius, while

T7s = Ts(x,t) and 7y = Tu(x,t) are the steady and the unsteady wall shear stress, respectively.

Since there are six unknowns in the system (3.1), four closure relations need to be introduced. The

first one is the equation of state for barotropic fluids that connects the density with the pressure:
p(p) = po + 2 CQPU : (3.2)

0

In (3.2) we introduced three physical parameters that are assumed to be known and constant: the
reference density pg, the vapor pressure p, and the speed of sound cg. Next, the closure for
the tube law is introduced. In this case the radius is related to the pressure and here we use two
simple algebraic elastic ring models. One possible choice that is very widespread in biomedical
engineering is the so-called Laplace law

)

R(p) = Ro+ =12, (3.3)
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3.1 Staggered semi-implicit DG scheme applied to the 1D model

while another closure used in mechanical applications is Hooke’s law (see [104, 105] ), which reads

2
R(p) = Roy|1+ 222, (G4)

OO
In equations (3.3) and (3.4) Ry is the equilibrium radius, pg is the equilibrium pressure, 8 and E
are stiffness parameters and W is a geometry factor. The steady wall shear stress is given by the
classical Darcy-Weisbach law for laminar flow (see [91])
U? 64 2pUR
Te = Ap—, with A= — and Re= =7
8 Re w
where Re is the Reynolds number and g is the dynamic viscosity. The last closure regards the
unsteady wall shear stress that is given by the Zielke convolution integral (see [162]) and which

reads ( )
8U x,t*

t) = w'( — o dt*, 3.6

(1) = / ot ©.6)

where W' is a weighting function. More details about the efficient numerical evaluation of Eq.
(3.6) will be given later.

(3.5)

3.1.2 Staggered grids

The computational domain 2 = [z, zg] is dived in two overlapping grids. The first one is the

main grid and is composed by N,; equally spaced elements of size Az = L/N; = ZE*L . The

elements of this grid are indicated by the following notation 7; = [z o 1,T 1 ]. In addition, a
2 2

dual mesh is defined and it is composed by N + 1 cells denoted by Ti+l = [zi,zit1]. Note
2

that, except for the two elements at the domain boundaries, the edges of a staggered control volume
correspond to the barycenters of two consecutive elements of the main grid and vice versa (see Fig.
3.1).

3.1.3 Basis functions

For a variable defined on the main grid, such as the pressure, the numerical solution is represented
by piecewise polynomials of degree P and reads

P+1
Z G1(@)pii(t) = p(x) - Pi(t), 3.7)
while for a quantity declared on the staggered grid, for example the velocity, we have
P+1
Uppr (@)= > (@)U, 1 () =9(x) - Uy 1 (0). (3.8)

=1
In equations (3.7) and (3.8) p; and UiJrl are the degrees of freedom, while ¢ () and () are the
2
so-called basis functions. Both can be mapped on an elementary control volume where a reference
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

>

LTi—-3/2 LTi—1/2 LTit1/2 Li43/2 x
Ui—l/2 Ui+1/2

»

Ti—1 T Tit1 z

Figure 3.1: Staggered control volumes for the DG scheme for the 1D model. Main
grid used for the pressure (top) and staggered dual mesh for the velocity
(bottom).

basis function ¢ (&) is defined:

d(x) =) with z=x;+&Az, 0<¢<1
$(x) = @l€) with v =z, 1 +EAT, 0<E<L,

In this framework the reference basis functions are the Lagrange interpolation polynomials passing
through the Gauss-Legendre quadrature points (see [25]) on the unit interval [0, 1]. It is obvious
that the chosen nodal basis is orthogonal on each grid.
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3.1 Staggered semi-implicit DG scheme applied to the 1D model

3.1.4 DG scheme for the 1D model

First, the continuity equation is multiplied by the vector of test functions ¢ and is subsequently
integrated over an element of the main grid:

:cH_%

9 d
/ ¢(atpA+£Q) dz = 0. (3.9)

T, 1
2
The quantity pA(:z: t) is discretized as @(x) - pA (t), where the degrees of freedom are simply
computed as PAm( ) = pi(t) - A;i(t), thanks to the use of a nodal basis. Furthermore, we
introduce the quantity () = pAU, which is the mass flow defined on the dual grid: Ql 1(z,t) =
2

P(x) - Q 44 1 (t). Also here the degrees of freedom of the new variable are simply given by the
2

product QiJr%,l(t) = ﬁi+%,l(t) . Ai+%,l(t) . UiJr%’l(t).
Then, the momentum equation is multiplied by the vector of test functions 7/ and integrated over a

dual cell:
Tipl 0Q oUuQ I s SN
/ ¢(§+T+Aax)d$*/z $(-AQ-T)de.  (3.10)

Eq. (3.10) is written with respect to the variable @ and a friction coefficient v = AU/(4 R) has been
introduced and is discretized as y(z, t) = ¥(z) - 4, 1 (¢). Moreover, in order to keep a compact
2

notation the unsteady friction term is rewritten with respect to the new parameter 7 = 27w Ry,
defined on the dual grid as 7, il 1 (z,t) =) - +i+% (t).
In Eq. (3.9), it is possible to dlscretize the time derivative while the second term is integrated by

parts and, in order to have a second order approximation in time, the #-method is applied to the
degrees of freedom of Q:

it il —n
) PA; PA; _An+o
[ oo | - PR g e, ) QL
TL7%
z;+

(3.11)
. —n —~mn . 0
where we use the notation ¢ = ey, pA; = pA;; = p(B7)AB ”,Jrl) and Q?jl/z =
A An+1
(1-9) ?-;-1/2 + QQ?J:/?
For the momentum equation, the time derivative is discretized introducing the term FQ;LJr 1

which is an explicit DG discretization of the nonlinear convective terms that will be discussed
later. Then, following the approach used in [54, 70, 136, 137], the pressure term is composed by a
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

non-conservative product which is integrated using the #-method and splitting the smooth contribu-
tion from the jump term. Moreover, in order to have an efficient and stable method, A is considered
on the staggered grid and is evaluated at the time ¢™. For the steady friction contribution, the de-
grees of freedom of ~ are taken at time ¢™ but those of the mass flow @ are evaluated at t"t1,
This is done for stability reasons according to the procedure used in [91, 141], in order to deal also
with potentially stiff friction terms. An explicit approach is used for the degrees of freedom of the
unsteady wall shear stress, whose approximation is rather complex. In this model it is calculated
using the approximation of Eq. (3.6) proposed recently in [91]:

N N T 1 m] (Un Unfl)

n __ n UJ
% _;Tw Z L+ A , (3.12)

where m; and n; are the coefficients proposed by Urbanowicz Zarzycki in [165] in order to use an
approximate weighting function W’ (see Eq. (3.6)) of the form:

W(t) = mje it with i=wvt/R2 (3.13)
j=1

The discrete momentum equation then reads

) (@ FR
/ vde || | S
Zq
(@, )P, 1) (¢(xj+%) AL LB - ¢la, 1) Aglﬁ"*‘))
1*2 Tit1 (3.14)

B +9 N 040
| ot | o]

1+2
Tit1 N
i+1
_ i Gl _ an
[ oooin |5y @i ([ ovan)
T4

Now it is possible to introduce the following universal tensors

1 1

ZICIL1¢3 or(&)pi(§)dE = My,

0 (3.15)

(0]
1 1

M = /90 (©)p(€)p(€)de = /mé)w(&)wm(@dé=Mklm,
(0] 0
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3.1 Staggered semi-implicit DG scheme applied to the 1D model

L (3.16)
er (L) (2> — k¢ (5* 5) d§ = Rq ki,
Lq = ¢(0)p (%) + jcp’(f)cp (€+ %) dé =
s 3.17)
e (0)p1 (%) +/<p§6(£)<pz (§+ >d§ = Lkt
0
Ro = (3) ¢ (3) 0+ /lcp(@«p(s)so' (- 3) =
2 (3.18)
o (3) e (5) om@+ 11¢k<£)¢z<s> (= 3) € = Rosim
-0 2)o ()1 o e )
(3.19)

e (B () om0 @0t (64 2) = b
0

in order to rewrite Eq. (3.11) and Eq. (3.14) in the more compact matrix-vector form as follows,

At ~
Me - (pA(B] ) - A(ﬁ?))+A—x(Rq~QW Lq - Q"*é’) 0, (320

'L+1
M. - Q"n+1 _ F/,an+l + ﬁ R An A7L+9 L An ~n+60 _
e it+3 it Ap P A 1P P AL 1P 321)
amn n+1 ~7
— AtM - —th;Q +1 AtMe'¢i+%’
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

n+6 __
i+1 Piy1 =
A N n *’ﬂ+ An ~n+0 n+1 _

Ry gim - A7 +1 iPit1,me Lp - A = Ly ktm - AiJr%vlpi,m and M - z‘+%Qi+% B
My, - AH 1 ZQZ_ﬂl " Moreover the matrix given by the product associated with the steady

2 2
friction term is denoted by I‘?+ ,=M-A" i1 = = M, klm'y A . Then, the discrete momentum
2

where the products of the rank 3 tensors with degrees of freedom are defined as R - An

equation takes the form

-1
~ N At o
n+1l _ n n n an+1 n nJrl
QH_%_(Me-l—AtI‘H%) (Gi+2_GE(RP'Ai 1pz+1—Lp A % ;
R (3.22)
where GL 1 accounts for all the known terms at the time ¢":
2

~ _=n A 2 ~ ~
G?Jr% :Me~FQH_1 (1-6 ) (Rp Al+1pz+1 Lp~A:,L+%p?)—AtMe-TZr%
(3.23)

Inserting the discrete momentum equation given by Eq. (3.22) into the discrete continuity equation
(3.20) yields the following system for the discrete pressure:

5" AtQ n - AN ~n
M. - pA(PTH!) - 92@Rq[Me+Atri+%] 1Rp~Ai 1plr11

2 A

A7 L [Me + AtT? 5] "Lp - AT ﬁ;l+11+

At? - R
02— (Rq[Me—i-Atl"” P - l+Lq[Me+At1"T:l]7lRp~AT‘71)'ﬁ?“
Ax? ity T3 T3

=M. pAB!) - (1 *% (Rq Y1~ La Q?_,)
At A A
—0—(Rq[Me + AT 1]7"G" ; —Lq[Me + A" ,]75G™ ,),
Ax itg ity -3 -3
(3.24)
which takes the form of the following mildly non-linear system for the unknown pressure degrees
of freedom p™+1:
PpAP" T +T . pntl = b, (3.25)

In Eq. (3.25) pA(p™T1) is the mildly non-linear contribution that affects only the diagonal of
the system (note that our chosen nodal basis is orthogonal), b™ is the known right hand side and
T is a symmetric block thee-diagonal matrix. The degrees of freedom of the pressure p™+1 are
obtained using the Newton-type algorithm for mildly nonlinear systems proposed by Casulli et
al. [18, 19, 37, 38] and which has already successfully been used in [28, 34, 72, 141]. Once the
pressure is known, the density and the cross sectional area on the main grid are computed using

the relations (3.2), (3.3) or (3.4), while Q”'H is directly given by the discrete momentum equation

(3.22). The degrees of freedom of the area on the dual grid ore obtained using the following Lo
averaging operator

A —1 n
A7y =M. (ML A" + Mg - AM) (3.26)
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3.1 Staggered semi-implicit DG scheme applied to the 1D model

where My, and Mg are universal matrices defined as follows

©ple+ Oeu(E + )i = My

(3.27)

©p(e — e = [ @n€p(e — 3)de = M.

1 1
2
My = / :/SDk(
0 0
1 1
o [ /
1
2 2

Then, thanks to the use of a nodal basis, the degrees of freedom of the velocity can be computed
pointwise simply as

An+1
rn+1 Qi+%’l
v e v (3.28)
2+§,l ﬁ’ﬂ+l An+1

i+d0 i

3.1.5 Non-linear convective terms for the 1D model

In order to complete the description of the numerical scheme, the procedure to compute the term

f@n is given. At first, the Velocity and the mass flow are projected on the main longitudinal
grid applying the Lg average in Eq. (3.26) properly applied to the quantities involved. Then, for

stability reasons, FQ is computed using a Runge Kutta Discontiuous Galerkin scheme based on
the classical third order TVD Runge-Kutta method:

Q" + ALy, (m,Qn),

3 . o
= Q"+4k1+ LA, (U”,k1>, (3.29)

Ky

K"

— ~ 2~ ~
FO" = 10m + ko + 2a0L (U”,k )
Q" SQ +gk2t g h 2
where the operator L, <U, Q) is computed for each cell 4 as follows

Az

Since the phys1cal flux of the nonlinear convective terms is f = UQ), in Eq. (4.18) we have
that f1 U; Q1 = Ul le 1, while the numerical flux f. i+l is a function of the two boundary

o o 1 ! N
L, (0.Q) = -1-Me™! (cp(l)fi+% o0y~ [ so/(g)‘p(s)dafi). (3:30)

extrapolated values at the interface x,, 1, which are given by U~ i+l = =¢(1)- U; and U,+ L=
D] +3 2

(0) - U 1. Here we use the simple Rusanov flux, which reads

1 1
_(uy+ ot - o- \_2 + - + _ -
iy =5 (U540 09y~ 3 (054 0y ) (94 - 20y

(33D

2
At the end, the non-linear convective terms are projected back to the staggered dual mesh using
again the Lo average. If the evaluation of the non-linear terms can be neglected one can simply
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

set FQz +1 = = Q" i+l and consequently the scheme becomes unconditionally stable. However,

the time step At should be chosen small enough to reduce numerical viscosity and to resolve
transient features properly. On the contrary, when the convective terms have to be calculated then
the admissible time step At is given by the usual CFL condition for RKDG schemes, which in this
case reads At < CFL =% (|U|> with CFL < (2P + 1)~

3.2 Staggered semi-implicit DG scheme applied to the 2D,
model

3.2.1 Governing equations of the 2D,,. model

In some situations, for example when the accurate knowledge of the velocity profile is important,
one may be interested in a more complete model. Consequently, when the radial scale is much
smaller than the longitudinal one, it is still reasonable to assume axial symmetry and hydrostatic
equilibrium, which means that pressure and density are constant within the cross sectional area.
Moreover, the contribution of the viscosity in longitudinal direction can be neglected and, at the
end, the Navier-Stokes equations reduce to the following system of PDEs called 2D,- model (see
[56, 91]) composed by the continuity equation and by the momentum equation in axial direction:

% + %( ur) + ag(prw) =0, (3.32a)
ou ou 8p w0, Ou
— — 3.32b
p(atJruf):c+ ) oz r(’)r( 8r) ¢ )

In (3.32) u = u(w,r,t) and w(z,r,t) are the velocity components in z and r direction, respec-
tively. The no-slip condition at tube wall (» = R) and the symmetry condition at the center of the
pipe (r = R) state:

ou(x,0,t
u(z,R,t) =0 and % —o0. (3.33)
T
Then, the kinematic boundary condition at the moving wall boundary reads (see [34, 72])
OR OR
6t+ E—w—o for r=R, (3.34)

and integration over the cross sectional area of Eq. (3.32a) coupled with Eq. (3.34) (see [56, 91])
yields the following integral continuity equation

R

A

% +on 83 / prudr = 0. (335)
0

3.2.2 Computational grids and basis functions
The computational domain defined by Q(t) = {(z,r) :z € [xr,zgr] U r € [0, R(x,t)]} in

general is non constant in time. Similar to the numerical method described in Section 3.1, a main
grid and a dual grid are introduced in z direction formed by N, and by N, 4+ 1 cells, respectively.
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3.2 Staggered semi-implicit DG scheme applied to the 2D, model

Due to the assumption of hydrostatic equilibrium, the pressure, the density and the area are vari-
ables that depend only on z and ¢. Consequently, these quantities are discretized exactly as it has
been done in Section 3.1, however here we use the apex x for the basis functions so that they can
be distinguished form the basis functions in r direction that will be discussed later:

PT41

pi(x,t) Z OF (2)pii(t) = " () - Pi(t). (3.36)

The components of the velocity and w depend also on the coordinate r and consequently two
staggered meshes are introduced in every degree of freedom of the longitudinal meshes. The main
radial grid is composed by NV, rings while for the dual radial grid there are IN,- + 1 rings that are
bounded by the barycentres of the elements of the main radial grid. Then, the basis functions for the
radial meshes are introduced. The polynomial basis functions ¢" () and 9" (1) are characterized by
a polynomial degree P”. Similar to the one-dimensional model, they are computed with respect the
function ¢" on a reference domain using the Lagrange interpolation polynomials passing through
the Gauss-Legendre quadrature nodes. The adoption of possibly different polynomial degrees for
the basis functions in = and r is justified by the fact that v and w change differently along the two
coordinates. The longitudinal velocity u is defined on a control volume Q;‘+ 1, = [xi, zig1] X
3
[rZi 1 (), T'Z+ 1 ()] that belongs to the staggered longitudinal grid and to the main radial grid. In

terms of basis functions, the discrete velocity w is written as follows:

P®41PT41
Uiy 1 (@) Z Z U (= Vi L gr,m () = %5 (2)@"(r) -y 1, (1)
(3.37)
The radial velocity w is declared on the main longitudinal mesh and on the staggered radial mesh
in the control volume Q?k+% = [mz—% , zlJr%] X [rp(z), 1 (%)]. Numerically it is expressed
as
P®4+1 P41
W1 @)= 3 S @), s 1 () = U@ () Dy 1 (0),
l m
(3.38)

3.2.3 DG scheme for the 2D,,. model - Integral continuity equation

R
It is easy to observe that the integral 2 [ purdr is the total cross sectional mass flow @ used also

0

in the 1D model. Consequently, the PDE Eq. (3.35) corresponds to the PDE in Eq. (3.1a) and also
its discretization is carried out in the same way done in the previous section. However, since for this
model the basis functions in x direction and 7 direction are characterized by different polynomial
degrees, the universal tensors introduced in Section 3.1 now are denoted by the apex x. This is done
because in the next subsection other tensors will be declared and they will differ by the chosen set
of basis function. The discrete integral continuity equation thus can be written as in the 1D model
and reads

At An X n
—RE-QMY -LE-Q i*") 0. (339

. prly — pr
e (PAB ) — pAP))+ 1 (Rg il
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

In the next sections we will discuss in detail how to compute the degrees of freedom Q’H’f of the

2
averaged mass flow from the velocity components defined on the radial grid, taking into account
also the viscous terms.

3.2.4 DG scheme for the 2D, model - Momentum equation - Part A

In order to make the complete method understandable, the integration of the momentum equation
is first developed such that a low order approach is adopted in = direction. Hence, the polynomial
degree P? of the basis functions ¢* is 0 and consequently ¢* () = 1. The momentum equation is
multiplied by a test function that depends only on 7 and then it is integrated over a control volume

Qn
7,+2,k

/ / ¢T27rpr(— +u 9u +w —u)drdz =
ox or

(3.40)

17) 7]
" (—r% + MEJW) drdz,

itd, k-1

where f" is the viscous flux in radial direction which is equal to ru o 2 and it is declared on the dual
radial grid fi+1/2,k+1/2 =" f¢+1/2,k+1/2' Then, a new variable ¢ = 27pur is introduced
and is discretized as g; 1 /2 1 = " Gy /2,%- On the left hand side of the momentum equation
the nonlinear convective terms are again discretized introducing the operator F/'BZ +1/2,k- At the

right hand side of Eq. (3.40) the pressure gradient is discretized using the -method and the viscous
term is integrated by parts, which yields

LIS ant1 mn LIS
343 ") —Fqli1, 2kt snt0 _ onto
ST dr - B AL 2rrd” dr - Piy1 =P
At Az
Ti+%,k7% T11+%,k—%
r rin Tl
+2mul¢ (z+ k+2)¢ (Ti+%,k+%) Frivdwrd
r r fr 0
— o' (r]. z+ i )¢ (r1+1 k— )'f7i+%,k—%
n n—=
Titd ok "itdetl
aqsr P anto 6¢>7' r
- [ et - whr- fr )
n+ rn
Tkl i+l
(3.41)
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3.2 Staggered semi-implicit DG scheme applied to the 2D, model

The viscous flux on the staggered control volumes in 7 direction is obtained by considering the
smooth parts and the jump terms arising in the radial velocity profile of u as follows:

rm roq
1,+2 k+1 l+§,k+1
T n+6 _ r Ou,
/ VL e PURE B
1 7 1
z+§,k z+§,k
1+1 k+2 Tz‘+%,k+1
z/:’“ roa™t? 4 w’”r—ad’r dr-ant?
i+1k or i+l k1
rnt
L+1 ket
n ri.n T anto T n— ~ 140
Frie el ? (ri+%,k+%)(¢ (z+;,k+2) Gt~ ) z+;,k~>'
(3.42)
Now, introducing the following tensors,
1
Mz = [ e @e" (s
0 (3.43)

1 1
Ay = (i [en@u-oderr, o [ e @),

1
RS, = cpT(l)goT(%) - / Q) T (€~ )i,

(3.44)
Ll = ¢ (0" (3) + / Te+ ),
the integrated momentum equation in Eq. (3.41) is rewritten in the compact matrix vector form
§"tl —Faqii1g nt0  nio
Vi [as L R N P IET C Y caic By S
At itg.k itg.k Ax itgk (3.45)
n+9 n+6

+Rﬁf er k:Jrl_Lr fT'LJrI k7,

Also the viscous flux defined in Eq. (3.42) and used in (3.45) above can be compactly written as

,,.n+0 _ (M )7 . + _anto e L ant0
Frivinry Arn F st Bt e " s g1 %1 )0 G49
2 2 2 2 2 2
1+2,k+2
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

where FF 1 ,and F , are tensors that are computed via the following expressions
7’+§1k+§ 7«+§7k+§
+ _ n n n
Fi+%,k+% - (Twr%,kFLl trivieprFret Ti+%,k+1FL3) ’
(3.47)

- — n n n
Fotnes = (TH%,kFRl FrivgeeiFR2T Tz‘+%,k+1FR3> ’

based on the following universal matrices

3 T 1
Fp, = /O o2 E) oy,

o
Fia = ¢"(5)¢" (1), (3.48)
3 OpT (e + 1
FL3:/ ()22 (;f 2) e,

1 T(e 1
Fry = / 2 2) (1 oy,

2 o

Frz = —¢"(5)¢"(0), (3.49)
1 opT (e — 1

Fro= |, «p’“(&)%&da.

In order to have a relation between the degrees of freedom of ¢ with those of u, we use again
standard Ly projection. Hence, the expression ¢ = 27w pru is multiplied by the test function ¢”
and integrated in r direction

Ty ked e
/ ¢T P dr - qj:;k = 2mp, 1 / @ rdr - u":%Ik (3.50)
TR R
that yields
ME - q" " =2mp",  MF, ey (3.51)

= . u
i+ 5k R RS T FU

where M", 11k is a matrix defined as:
3

1 1
M=y [ e ©@T OO0t Ty [T O O
(3.52)
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3.2 Staggered semi-implicit DG scheme applied to the 2D, model

The substitution of Eq. (3.46) into the integrated momentum equation (3.45) gives the following
expression

—1
1
T N e
~n+1 r ~n+1
—0 At - +MEAr 1, -G
pH_lA Tt i+ d k1 itgk Tt lk
7 3kts

—1
RL-(ME)~!.FC M)t F+ T L ME
+02At< ne pary T OME” l,c;)'(M k) ME g

Arn Arn
i+d.ktd i+%,k—%

—1
LMY FLy ey (M) M

n+1 _ mon
q =M Faip g A1y

2
—0?At A

pr AT L1
1+§ 1+§,k—7

At - .
SATL L A AT L MO S ETNICE) (fo EARTEWEEIES S fT:LJr%,k-,f%)
~ (3.53)
where G”, ., accounts for all the known terms at time t™. Eq. (3.53) written forallk = 1, ..., N,.
2
forms the linear system

At
D . QU =G"  —0—Ar" 1(p*,“rl —pth). (3.54)
2 ~itd ~it+d Ax ~ i+3

In Eq. (3.54) DfL , is a non-symmetric block three-diagonal matrix with block size (P" 4 1) x
+3

(P" + 1), while Q"+1 G” and Ar™  are column vectors of size Ny (P" +1):

~itd 3 +% ~ity
~n+1 G n
qi+%11 it1,1 Ari-&—%,lAri‘F%,l
—| gt no_ | én no_| A, A
Q=1 a'" G" = 1 Art = L1 kBTl e
~itl i+5,k i+l itk ~ it it5,k U3
5 n Ar? Ar,
9it+1,N, Gi+%,NT i+1,N T i 5Ny
(3.55)
The unknown vector Q11 is isolated and the discrete momentum equations becomes
~itl
At
1 -1 n -1 1 1
Q=D "-G" -6 —[D Arl, (p?jl -pih (3.56)
~i+% 7,+§ X 1+
where [D 1 G] = (D" ) ! G” and [D~1 Ar} =MD" ;)71 Ar"  are
1+ 1 + z+ ~ H— 1

computed using the Thomas algorlthm extended to block three- d1agonal systems. In this way, the
exact solution of the system is reached with linear cost in IV, and it is possible to avoid the use
of iterative algorithms like GMRES, which could become inefficient for ill-conditioned problems.

Finally, the degrees of freedom for the total mass flow Q = |, OR 27 pur dr can be computed by the

73



3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

scalar product

Q'fi=4¢ @, (3.57)
2 ~irl ~igd
where Aq is the following column vector
~itd
Aqi+%,1Ari+%,1
e 1
Aq. 1= | Adupdrige | owin Aggy, = [¢T©d G5
~g4 = ok
2 0
Aq Ar

i+3,Nr =ik g, Ny

3.2.5 DG scheme for the 2D,,. model - Momentum equation - Part B

In the previous section, the momentum equation (3.32b) has been integrated using ¢* = 1 so
that a classical finite difference approach has been adopted for the discretization of the pressure
gradient. In the previous situation the cells that belong to the longitudinal mesh were characterized
by a single degree of freedom located in the cell barycentre. Now, there are P* 4 1 degrees of
freedom in every longitudinal control volume and the integration of Eq. (3.32b) is carried out using
an arbitrary polynomial degree for the basis function ¢®. In a first stage, the integration is done
only in time and in r direction. This operation yields the following semi-discrete method

prQnt1l_gn Atarn P (3.59)

b
~ Oz

where we have dropped the spatial subscripts since the axial coordinate x is still continuous. Now,
it is possible to integrate Eq. (3.59) in x direction

Tt Ti41
)
/ o <D?+1Qn+1> dr = / HT <G*f | —AtAr 8‘”) dz, (3.60)
2~ipl ~its ~ itg 0T

which can be rearranged as

A — N
Qn+l _ [])—1(;]1__"_l
it ’ (3.61)
At —1 i A " nt1 1A n1 '
=0, (M) -(Rp[D™HAX], 4 P — LD A ),
where the contribution of the explicit terms is collected in the operator a" L
~itd
G" =FqQ" (1-0) At (RXAr; 1 -p", —LXAr;, 1 - p") (3.62)
Ni+%7 ~ i+% Am P z+§ pz+1 P z+§ pz . e
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3.2 Staggered semi-implicit DG scheme applied to the 2D, model

In Eq. (3.61) [D/*\lG} in_,_; and [Dﬁr] 'i“+l are matrices composed by P* + 1 column vectors
2 2

of length N, (P" + 1), whose components are computed for each of the P* + 1 axial degrees of
freedom using the block Thomas algorithm in radial direction according to the method described
in the previous sub section. Then, it is possible to compute the total mass flow using the tensor
product in Eq. (3.57) applied for all the P® + 1 degrees of freedom in the cell €2, 1

~ _ n
QZL% = [AqD_lG}i+%
(3.63)

n

At -1 71 ~n41 T A ~n+1
_QE(M:) -(R;[AqD 1Ar}i+%-p?_‘_1 —L;[AqD 1Ar]i+%~p? ).

In the last equation [AqT:)__\l G] ::rl and [Aqﬁ_\lAr} ::rl are vectors of size P® + 1. For exam-

2 2
n
it gl
Casting Eq. (3.63) into the discrete integral continuity equation of Eq. (3.39) gives the following
final system for the discrete pressure:

ple the [-th component is given by the scalar product [Aqﬁ*\1 G] j_‘_; L= Aq;:_ 1 l[D*/l\Gr]
2 2

M3 - pAB;T)

2 At? R . (M%)~ LR*[AqD-TArl" nt1
RN a Mg)” RilAq r]H-%'piH
A2 ki T
- eZ—AIZ L - (MX) 1~Lp[AqD—1Ar]k% Pt

At2 _ — _ — n .
+0° (R; - (M) LE[AqD T A, ) + LY - (M) 14R;[AqD*1Ar]H%> prt =
3 At . 5
Mz pAGD) - (- 050 (RY-Q, - 13- Q1)
At

—_ 02 (Rx. (M*)"1.[AqD-1
05 (Ry- ) [AaD 1G]

fr1 - L3 (M2 AGDTIG] ).
Eq. yields a mildly nonlinear system of the same form of Eq. (3.25) that can be solved with the
same Newton-type method of Casulli et al. Finally, when the pressure is known, the P* + 1 column

vectors Qn+1 are computed from Eq. (3.61).
~itl

When the longitudinal velocity field w is known, it is possible to calculate the radial velocity w
from the continuity equation (Eq. (3.32a)). The radial velocity w is needed for the discretization of
the nonlinear convective terms, which is again performed with an explicit RKDG scheme based on
the third order TVD Runge-Kutta method, as for the 1D model, but now using the two-dimensional
x — r grid.

When the nonlinear convective terms can be neglected, one can simply set quk = @Z 1, and the
scheme becomes unconditionally stable; in this case the time step size At has to be chosen properly
dependent on the physical problem and small enough to reduce reasonably the numerical viscosity
due to the low order time discretization. Moreover, when P¥ = P" = 0 the scheme reduces to the
finite volume method investigated in [56, 91] and presented in the previous chapter. In addition, if
P" = 0and N, = 1 one gets the high order DG scheme for the 1D model explained previously in
section 3.1.
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

3.3 Numerical tests

In the following, the new semi-implicit staggered DG schemes for compressible flows in compliant
tubes are validated by comparing the obtained numerical results against different reference solutions
available in the literature.

3.3.1 Steady flow in an elastic pipe and humerical convergence
study

In the first test considered, see also [34, 56], the flow regime is steady, the fluid is incompressible
the wall displacement is governed by the Laplace law and the convective terms w4 w— are
neglected. Consequently, the mass flow @ within the tube is constant and the speed of sound of the
fluid tends to infinity so that the density becomes constant and equal to pg. We stress that this very
low Mach number regime close to the incompressible limit is very difficult to simulate for many
compressible flow solvers. Under the above assumptions, the analytical solution for the radius in &
direction reads

40MQ

R(z) = ¢ R (3.65)
Poﬂﬁ
while the axial velocity is computed as
2Q 2 2

u(x,r) = ———[R(x)* — r°]. 3.66
(5:1) = iy R@)? =77 (3.66)

Moreover, with the known radius from (3.65), the analytical solution for the pressure is given by
p(z) = po — B[R(z) — Ro], (3.67)

and the mean cross sectional velocity is U(z) = Q/[pomR(x)?]. Numerically, this solution is
obtained after a transient period starting from an initial condition at ¢ = 0 when the pressure and
the radius are constant, p(xz,t = 0) = po and R(z,t = 0) = Rp, and the velocity fields is
u(z,r,t = 0) = 0. For this test, the geometrical and physical parameters are set as follows:
L = 1m, Ry = 0.025 m Qo = 0.001875 kg3/s, pop = 1 kg/m® and u = 1073 Pa:s. To
model a nearly incompressible fluid, the speed of sound is set to co = 10® m/s, while the stiffness
parameter of the tube is set to 3 = 2500, as in [34]. The simulations are carried out until a final time
of t. = 25 s so that a steady state solution has been reached. We use Ny = 50 steps, characterized
by a constant time step size equal to At = t./N; = 0.5 s setting § = 1. For the 1D model, the
polynomial degree is P = 5 and the cells of the main grid are N, = 10. Then, for the 2 Dz, model
the polynomial degrees of the basis functions are chosen as P* = P" = 5. The main longitudinal
grid is composed of N = 10 cells while the main radial grid has 7 rings (/N = 7). The results
are exposed in Fig. 3.2, which shows an excellent agreement between the numerical data and the
exact solution. Moreover, for this smooth problem, for which the analytical solution is known, we
also compute the numerical convergence rates shown in tables Tab. 3.1 and Tab. 3.2 with respect to
the Lo norms defined as

3 3
. = (/ (Pn fpez)dedr) e, = (/ (up fuez)dedr) . (3.68)
Q Q

For both schemes, i.e. the one applied to the 1D model and to the 2D, model, it is possible to
state that the order of accuracy for the velocity is P, while the order of convergence for the pressure
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3.3 Numerical tests

is P for odd polynomial degrees and P + 1 for even polynomial degrees. This behavior for the
pressure convergence has also been observed in the spectral semi-implicit DG schemes developed
in [70] for the incompressible Navier-Stokes equations. Further theoretical analysis on this subject
will be carried out in the future.
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0.2 04 0
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o Fim]
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0. I X 4
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Figure 3.2: Steady flow in an elastic pipe. From top left to bottom right: exact solution
(—) and numerical data for pressure, radius and mean velocity computed
using the the semi-implicit staggered DG scheme for the 1D model (1J) and
for the 2Dxr model (<). The radial velocity profiles in the last figure can be
computed only using the 2D, model and are shown for the inlet of the pipe
(A) and the outlet of the pipe (V).
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

Ny efz GEQ sz O[Lj2
100 5.8460E-2  1.5546E-2 - -
200 2.9397E-2  7.8068E-3 0.99 0.99
400 1.4718E-2  3.9075E-3 0.99 0.99
600 9.8148E-3  2.6054E-3 0.99 0.99
200 2.4600E-5 1.9169E-4 - -
400 3.0497E-6  3.7170E-5 3.01 2.36
600 8.9226E-7  1.3915E-5 3.03 242
800 3.7302E-7 6.8856E-6 3.03 2.44
50 1.5697E-3  3.8997E-4 - -
100  2.0179E-4  5.2540E-5 295 2.89
200 2.3720E-5 5.9964E-6 3.08 3.13
400 2.7655E-6  6.2585E-7 3.10 3.26
50  3.9505E-5 8.0151E-5 - -
100 1.8913E-6  6.3574E-6 438 3.65
200  6.8897E-8  3.9150E-7 4.77 4.02
400  2.2076E-9  2.0622E-8 4.96 4.24
25 8.8336E-4  1.2298E-4 - -
50  5.0042E-5 8.0968E-6 4.14 3.92
100 1.8626E-6  3.5388E-7 4.77 4.51
200 5.4435E-8 1.1597E-8 496 493
100  2.4623E-8  4.1609E-8 - -
125 5.8918E-9  1.1804E-8 6.40 5.64
150  1.7979E-9  4.1150E-9 650 5.78
175 7.1047E-10 1.6638E-9 6.02 5.87

o= == ET T IRV, JEY, Y [ O O Ny FVCRNUCRNSCRE IS IR R ORI ) [N )

Table 3.1: Numerical convergence rates computed with respect to the Lo error norms of
pressure and velocity for the semi-implicit staggered DG scheme applied to
the 1D model.

3.3.2 Womersley profile

For this test case, an exact solution for three-dimensional axially symmetric, incompressible un-
steady flows in a rigid pipe is available and was first found by Womersley in [161]. Imposing at
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P"=P" N, =N, €1, et Or, Of,
100 5.1619E-2  5.9548E-4

200 2.5974E-2  2.9779E-4 099 0.9
400 1.7337E-2  1.9840E-4  0.99  1.00
600 1.3009E-3  1.4874E-4  0.99  1.00
100 1.8383E-4  3.0765E-5

150 5.6960E-5  1.2410E-5 2.88 223
200 24373E-5  6.3846E-6 295 231
250 1.2522E-5 3.7781E-6 298 2.35
50 4.0088E-4  4.3406E-6

100 1.6740E-4  1.8264E-6  3.03  3.00
200 8.4235E-5  9.1593E-7  3.07 3.09
400 47891E-5  5.1923E-7  3.09 3.14
50 3.8172E-5  2.7036E-6

100 6.7817E-6  6.2631E-7 426 3.6
200 1.8560E-6 ~ 2.0892E-7  4.50 3.81
400 6.5690E-7  8.6600E-8  4.65 3.94
25 4.1763E-5  2.8536E-7

50 6.2875E-6  4.6914E-8  4.66 445
100 1.5348E-6  1.2154E-8  4.90 4.69
200 49979E-7  4.1209E-9 502 4.84
100 1.5287E-6  5.3068E-8

125 14321E-7  64976E-9 583 5.17
150 24135E-8  1.3418E-9  6.18 548
175 5.7749E-9  3.7840E-10 640 5.67

—

o= = - R IR RV V.1 I N N O UC R VOO UCRNUCY ORI S O [N

Table 3.2: Numerical convergence rates computed with respect to the Lo error norms of
pressure and velocity for the staggered semi-implicit DG scheme applied to
the 2D, model.

the inlet of the pipe an oscillating pressure gradient characterized by an amplitude A,, and by an
angular frequency w = 27 f

DPin (t) =% (pout + LA/weth) = pout + LAw COS(Wt)a (3.69)

79



3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

with ¢ denoting the real part of the complex number, then the exact solution for the velocity reads

773/2 )
() = R ( Ay L1 = L0GTWO), ) (3.70)
jw Jo(53/2Wo)

In Eq. (3.70) Jo is the zero-th order complex Bessel function, j = /—1 is the imaginary unit
and Wo = R+/pw/p is the Womersley number. Here we only use the 2D, model for two
simulations characterized by different Womersley regimes. Both numerical experiments share the
following numerical and physical parameters: pg = 1000 kg/m3, Ry = 4-10~3 m, N,, = 10 and
P% = 5. The stiffness parameter of the pipe is set to 5 = 1020 and the sound speed of the fluid
is set to cg = 107, as in [56]. Moreover, for this unsteady test, it is crucial to impose § = 0.52
in order to improve time accuracy compared to a simple backward Euler scheme and consequently
to have a good matching with the reference solution. Furthermore, in both cases the time step At
is equal to T\, /100 where Ty, is the wave period equal to f~1. In the first simulation (Test A),
the frequency f is equal to 200 Hz and the viscosity p is 10~ ! Pa-s. Here, the polynomial degree
in radial direction P" is 5 and the tube is divided into N;- = 7 rings of constant thickness. From
Fig. 3.3 (left) it is possible to see that the agreement between the numerical data and the analytical
solution is perfect.

In the second case (Test B), a very high Womersley regime is considered, increasing the wave
frequency to f = 2000 Hz and reducing the dynamic viscosity to u = 1073 Pa-s. To make the
problem more challenging, we reduce the number of layers to N,» = 3, but the polynomial degree
in radial direction is increased to P” = 10. Moreover, since the boundary layer on the wall is very
thin, two rings are used to fit the part of the domain close to tube wall bounded between 0.9 Rg
and Rg. Fig. 3.3 (right) shows that also in this case the fitting between numerical and analytical
solution is very good.

3.3.3 Impedance matrix

This test regards the comparison of the numerical solutions against an analytic solution derived
in the frequency domain valid for weakly compressible laminar flows and which has first been
presented in [105]. The system of equations (3.32) is simplified neglecting the radial velocity w
and the convective terms of the momentum equations. Then one can assume periodic laminar flow
in a situation such that the friction effects given by the frequency are higher than those of quasi-
steady flow conditions. Using the Laplace transform one obtains the following expression for a
hydraulic system composed of a pipe of length L and radius R

_ I cosh(v(s)L) 1 _
[p1(8)} — 7(s) [Q1(s)} A ey ZL(S)sinh((-y((sgL))] |:Q1(S)

5 - ) - cosh(vy(s)L ).

P (s) Qa(s) ~Zu() Gy 192
where s = jw is the Laplace parameter, j2 = —1, p(x, s) and Q(z, s) are the complex pressure
and the complex volume flow rate. The indices 1 and 2 indicate the quantities at the inlet and at
the outlet of the tube, respectively. Consequently, p1 = p(0, s), p2 = p(L, s) and Q1 = Q(0, s)
and Q2 = Q(L, s). Z(s) is the impedance matrix and its elements are expressed in terms of the
hyperbolic sinus and cosinus functions. Moreover, Z7, is a transfer coefficient that reads

, (3.71)
Z0(8) mt |

Jo(R* VE 1
Z1(s) = Zo JOER*;, with ZO:TQP and E’:Em, (3.72)
1 ™ B
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Figure 3.3: Womersley profiles for Test A (left) and Test B (right). Analytical solution
(—) and numerical data from the 2D, model after 25 (v),50 (<) and 75
(A) timesteps for the axial velocity u.

where Z is the frictionless case of Zy, and E’ is the modified total bulk modulus of the system
that takes into account also the wall elasticity. Here, E is the Young modulus of the wall material
and E is the bulk modulus of the fluid, commonly defined as £ = pocg; 7 is a wave propagation
parameter that is essentially a function of the speed of sound and of the complex radius R*:

_ s | _Jo(r) . w_ . [s
y(s)_COM @ Mt B =0/IR (3.73)

The elements of the impedance matrix are computed starting from a numerical simulation in the
time domain where a frequency is fixed and an oscillatory pressure gradient is imposed, exactly
like in the Womersley test. The complex quantities p and () are given applying the fast Fourier
transformation to the time signals of the numerical pressure and mass flow rates taken at the inlet
and at the outlet of the tube. Moreover, the impedance matrix is symmetric and consequently the
elements z11 and z12 of the impedance matrix can be computed as follows [105]:

P1(5)Q1(s) _ D1(s)Q2(s)
Qi(s) — Q5(s)’ Q1(s) — Q3(s)
At first, the impedance matrix for a test fluid has been computed for a pipe assumed to be rigid.
Here, the length of the tube is L = 1 m, the radius Rgp = 4 mm. The reference density is
po = 998.2 kg/m3, the speed of sound is equal to co = 1400 m/s and the dynamic viscosity is
1 = 1072 Pa-s. Then, the elastic case is investigated. The physical and geometrical parameters
are the same considered for the previous case except for the viscosity p that now is equal to 101
Pa-s and the elasticity parameters. We set Eo, = 1010 Pa and the wall parameter W in Eq. (3.4)

z11(s) = and z12(s) = (3.74)
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3 Staggered SI DG for axially symmetric viscous compressible flows in elastic tubes

is computed as follows
(%)2(1 +vw) = (1= 2vy)

Froo 2
(ge) -1

W =2

) (3.75)

where h,, = 1 mm is the wall thickness and v,, = 0.5 is the Poisson ratio of the wall material. For
more details about the physical meaning of the impedance matrix see [91, 105]. In both simulations,
the DG scheme for the 1D model has been applied using 100 cells (IN; = 100), with a polynomial
degree P = 5, while for the DG scheme applied to the 2D, model the number of elements are
N, = 100 and N, = 20 and the polynomial degrees usd are P* = 5 and P" = 4. The results
for the elements z11 and z12 of the impedance matrix for rigid and elastic pipe are exposed in Fig.
3.4 and in Fig. 3.5, respectively. In all the plots the agreement between numerical and analytical
solution is very good.

3.3.4 Blasius boundary layer

Here, we use the semi-implicit staggered DG scheme in order to investigate the boundary layer
effects for laminar high Reynolds number flows. The Blasius boundary layer solution [12, 121] is
defined by the ODE

M rr =0, (3.76)
with the boundary conditions

f(0) =0, f’(O) =0, lim f’(n) =1 with n=(Ro—7)4/ U;.O, 3.77)
7—00 2vx

where 7 is the Blasius similarity coordinate and U is the undisturbed velocity (see [128]). The
solution of Eq. (3.76) is found using the shooting method and the velocity profile is equal to
u(@,y) = Use f' ().

In this test, the role of the non-linear convective terms is crucial. The test is carried out using
a straight rigid tube of radius Ry = 0.1 m and of length L = 1 m. The initial condition for
the pressure is p(z,0) = po = 0 Pa and for the velocity is u(z,r,0) = Up = 1 m/s. The
fluid is assumed to be almost incompressible (co = 10%) and consequently the density tends to be
constant and equal to pg = 1 kg/m3. The dynamic viscosity is set to 4 = 10~ Pa-s, although in
this Reynolds number regime the flow would not be laminar any more. The domain is discretized
with 250 cells in longitudinal direction and by 100 rings in the radial direction (/V; = 250 and
N, = 100). At the inlet of the pipe the velocity is imposed equal to u(0,t) = Uy while at
the outlet the pressure is p(L,t) = po. The parameter 6 can be set equal to 1, since we are
interested in obtaining a steady solution. The polynomial degree of the basis functions in 7 direction
is P" = 2. We decided to use P* = 0, since the most important physical effects are due to the
derivatives in radial direction. Numerically, a transient phase occurs, then for this set of parameters
a steady state regime is achieved at ¢ = 2.5 s. The radial velocity profiles are taken at x = 0.75
m. Moreover, since it is known that with a constant pipe radius and a rigid wall the inner core
of the fluid accelerates (due to mass conservation and the so-called displacement thickness of the
boundary layer), the comparison against the reference solution is done by setting the velocity Uso to
the numerical velocity obtained in the fluid core at » = 0. The plot in Fig. 3.6 shows an excellent
fitting between numerical data and the Blasius solution. Consequently, we can state that in our
approach also the radial velocity w and the non-linear convective terms are computed properly.
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3.3 Numerical tests
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Figure 3.4: Absolute value and phase of the elements z1; and z12 of the impedance
matrix for a fluid in a rigid pipe - Reference solution (—) and numerical
data using the semi-implicit staggered DG scheme applied to the 1D model
(OJ) and to the 2D, model ().
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Figure 3.5: Absolute value and phase of the elements z1; and z12 of the impedance
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matrix for a fluid in an elastic pipe - Reference solution (—) and numerical
data using the semi-implicit staggered DG scheme applied to the 1D model
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3.4 Conclusions on staggered semi-implicit DG schemes for pipe flow
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Figure 3.6: Blasius boundary layer. Reference solution (—) and numerical results
using the staggered SIDG scheme applied to the 2D, model (1J).

3.4 Conclusions on staggered semi-implicit DG schemes for
pipe flow

We have developed and implemented a new semi-implicit staggered Discontinuous Galerkin scheme
for two mathematical models that describe weakly compressible flows in elastic tubes. In particular,
we have discretized a cross-sectionally averaged 1D model and a 2D, model. Both can be de-
rived from the three-dimensional compressible Navier-Stokes equations assuming axial symmetry
and hydrostatic flow, i.e. constant pressure within each cross section. The proposed semi-implicit
DG finite element approach allows to reach arbitrary high order of accuracy in space, while up to
second order of accuracy is achieved in time using the #-method. Both schemes are characterized
by a mild CFL condition and consequently the time step At depends only on the fluid velocity and
not on the sound speed. In addition, when the non-linear convective terms can be neglected, the nu-
merical methods are unconditionally stable. The pressure is efficiently computed solving a mildly
non-linear system which is observed to be symmetric and in general well-conditioned. Then, the
velocity field can be readily updated by using the discrete momentum equations.

The novel family of numerical methods has been compared against several analytical solutions for
steady and unsteady test problems. We have observed an excellent agreement in all the benchmark
problems that have been simulated.
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4 A posteriori sub-cell finite volume limiting
of staggered SIDG schemes for the shallow
water equations

The high order staggered semi-implicit DG schemes introduced at the end of the previous chapter
were still without any sort of nonlinear limiter. And according to Godunov’s theorem, any unlim-
ited high order scheme inevitably produces spurious oscillations in the vicinity of discontinuities
and strong gradients. In this chapter we therefore propose a novel family of a posteriori sub-cell
finite volume limiters for spatially high order accurate semi-implicit discontinuous Galerkin (DG)
schemes on staggered Cartesian grids for the solution of the shallow water equations expressed in
conservative form in one and two space dimensions. To the best of our knowledge, this is the first
time that an a posteriori subcell FV limiting strategy is applied to semi-implicit DG schemes on
staggered grids. All previous subcell FV limiters for DG methods were limited to the explicit case
so far.

We first start with a description of the unlimited arbitrary high order accurate staggered semi-
implicit DG scheme. In this method, the continuity equation and the momentum equations are
integrated using a discontinuous finite element strategy on staggered control volumes, where the
discrete free surface elevation is defined on the main grid and the discrete momentum is defined
on edge-based staggered dual control volumes. As usual, in the semi-implicit approach pressure
terms are discretized implicitly, while the nonlinear convective terms are discretized explicitly. In-
serting the momentum equations into the discrete continuity equation leads to a well conditioned
block penta-diagonal linear system for the free surface elevation which can be efficiently solved
with modern iterative methods.

In this chapter, we therefore propose to extend the successful family of a posteriori subcell finite
volume limiters recently introduced by Dumbser et al. (2014) for explicit DG schemes also to
semi-implicit time discretizations. At time ¢" the unlimited DG scheme is run in order to produce
a so-called candidate solution for time t"+1. Then, the cells characterized by a non-admissible
candidate solution are found by using physical and numerical detection criteria based on the posi-
tivity of the solution, the absence of floating point errors and the use of a relaxed discrete maximum
principle (DMP) according to the MOOD strategy of Clain, Loubére and Diot (2013). In all the
cells that are flagged as troubled control volumes a more robust semi-implicit finite volume (FV)
method is then applied on a sub-grid composed of 2P + 1 cells, where P denotes the polynomial
degree used for approximating the discrete solution within the DG scheme. Then, after having
identified the troubled cells, the linear system for the new free surface elevation is assembled and
solved again, where unlimited cells use the high order semi-implicit DG scheme and limited cells
are evolved via the more robust finite volume method. Finally, from the subcell finite volume av-
erages a higher order DG polynomial is reconstructed and then the scheme proceeds with the next
time step.

We apply the new semi-implicit staggered DG method with a posteriori subcell FV limiter to clas-
sical benchmarks such as Riemann problems in 1D and circular dam-break problems in 2D with
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

shock waves, showing that the new subcell finite volume limiter is able to resolve shocks accurately
without producing spurious oscillations. Moreover, if the solution is smooth, the detector does not
find any troubled cells, as expected; consequently, the limiter is not activated and the method cor-
responds to the unlimited staggered semi-implicit DG scheme. In addition, we carry out numerical
tests which show that the new scheme is well-balanced and able to deal with wet and dry fronts.

4.1 Sub-cell finite volume limiting of staggered semi-implicit
DG schemes in 1D

In this section we present our new numerical scheme in the one-dimensional setting, applied to the
well-known shallow water equations. We first recall the governing equations and the unlimited high
order semi-implicit DG scheme [54] as well as the semi-implicit finite volume method [27, 99, 134],
which is then used as subcell FV limiter of the high order DG scheme. Subsequently we describe
the a posteriori limiter, focusing on the detection criteria and the MOOD algorithm. Moreover,
several matrices and tensors will be introduced during the derivation of the schemes, which are
explicitly given for some polynomial degrees P in the appendix A.1.

4.1.1 Governing equations of the 1D model

The frictionless shallow water equations form a hyperbolic system that consists of the continuity
equation and the momentum equation in z direction. They read

877 oUu

=0,
ot o ox @1
oU [ uU w91 '
ot ' oz or

where x and ¢ denote the spatial and the temporal coordinates, 7(x, y) is the position of free sur-
face, h(x) is the bottom topography which is considered fixed in time, H (x,t) = h(z)+n(x,t) is
the water depth, u(z, t) is the velocity field, U(z, t) = u(x,t)H(z, t) is the volumetric discharge
and g is the gravity constant. The computational domain is denoted by Q = [zL, zRr].

4.1.2 Unlimited staggered semi-implicit DG scheme for the 1D
shallow water equations

The computational domain €2, is composed of two overlapping grids (see Fig. 4.1). The first is the

so-called main grid which contains N, equally spaced elements of length Az = NL = IRN 2L,

a cell that belongs to this grid is denoted by T; = [z,_1,=, +1 ]. The dual mesh has N +1
2
elements; the edges of the generic control volume T} , 1 = [zz, CE1+1} are the barycenters of two

consecutive cells of the main grid. Hence, on this grid there are N, — 1 equally spaced elements
of length Az, and the length of the two cells at the left and at the right boundary is Ax /2.

According to the finite element approach, the numerical solution is projected onto piecewise poly-
nomials of degree P. For this purpose, we introduce a set of basis functions (&) defined on the
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Figure 4.1: Staggered grids for the one-dimensional DG scheme. Main grid used for the
free surface (top) and dual mesh for the velocity (bottom).

reference element [0, 1]. Here we use a nodal basis given by the Lagrange interpolation polyno-
mials passing through the Gauss-Legendre quadrature points. In the physical control volumes the
basis functions ¢;(z) on the main grid and the basis functions t; (x) on the dual grid are generated
from ; (&) as follows

o1(z) = () with z=uxz; + Az, and

hi@) = @€) with z=z, 1 +EAz,  0<E<T “-2)
The free surface elevation is a quantity located on the main grid
P41
ni(zt) = > (@) (t) == (@) - A (2), (4.3)
=1
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

while U, v and H are defined on the staggered dual mesh:
P41

Zwl 1+1 l() _¢(E)UZ+%(t),
u Jr%(x’t) = ¢($) 'u¢+%( )s
H, oy (o) = (@) - B, ().

The continuity equation is multiplied by the test functions ¢ and is integrated in space over the
control volume of the main grid 77:

(44)

acH_l
on  oU
— 4+ —)dx =0. 4.5
[ oG+ 5o s
zi,l
2
Integration by parts then yields
Titd Titd
/ & nd:v+q,’7(:r DUy 1) = $lz,_1)U(z,_1) = 9 e —0. @6
it+5 =5 =5 Ox

x .
1—— z—%

The spatial derivative is discretized in time by using the #-method where 6 is an implicitness pa-
rameter taken in the range 0.5 < 6 < 1. This time integration corresponds to the implicit Euler
method when 6 = 1 and to a second order Crank-Nicolson type method when 8 = 0.5 [32, 109].
In this last case the method is not monotone for arbitrary time step size At and may generate oscil-
lations near discontinuities. In addition, the monotonicity violation for # = 0.5 can be justified by
Godunov’s theorem [78], which states that linear monotone schemes can be at most of order one.
For this reason the 6-method is formulated so that the implicitness parameter 6 can assume different
values in each control volume. More details for the choice of the parameter € are given in the next
subsections. Consequently, we obtain the following compact matrix-vector notation for the discrete
continuity equation:

At A"+‘9-+l An+9,’71
~nt+1l An DG | T3 _ 1DG oy
M - (7! DR, RO, L0, ,7)=0. @.7)
n+9i+% . it
j— . n M 1 1
where U i+ =(1 6i+% )Ui+% + 6i+% Ui-&-% . Similarly, we multiply the momentum

equation by the test functions v and integrate over the control volume T, 11 of the dual mesh
2

Ti4+1

ou  ouU on

— 4+ H—)dx =0. 4.8
/w(atJraerg o4 “8)

The resulting discrete momentum equation reads in compact matrix-vector notation (see [54])

41 i DG nt+o n+;
M- (O] - FU ) + g3 (RS- AT

itl IS R i+l
Beafipn P oLUC-H[R, T P)=0 (49
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P . P . . . . . . .
where FU ; lisan explicit discretization of the nonlinear convective term that will be explained
n+6

i
later and where 7),

=(1- 0i+% A+ 9i+%ﬁf+1. The choice of the parameter ¢, , 1
for time integration in eq. (4.9) will be clarified in the subsection 4.1.3 . We cast all the explicit
terms into a new quantity GZL ; computed as follows

2

(";n

ey At ~1 (DG DG
fy = FULy —g - (1-0 C(RYC AT AT — LYy A7), (4.10)

1M
so that the final form of the momentum equation reads

At N

+1 — DG ~nt1 DG # +1

UZ"+é —G?_’_2 gA 91+§M - (Ry H:‘ 177;7+1 — Ly H" Y. (411

Note that the numerical discretization of eq. (4.11) formally never achieves second order of ac-

curacy in time since the water depth H, 11 is taken at time level t™. However, in general this
2

approximation gives satisfactory results for simulations in practical applications; for more details
see [32] . Substituting the expression of U;fll given by eq. (4.11) into eq. (4.7) yields the follow-
2

ing linear block three-diagonal system

At?
An+1
M - +9A2

2 lL‘l])GMfl (RDG Hn —~n+1_LDG H'n, -n+1)
i1
2

|:02 1 RDGM (Rll)lG . H—Ln 1 ﬁ:::_ll _ LDG Hn ~n+1)

or more compactly
DG | ~+1 DG | ~+1 DG an+1

L; T+ C T4+ R ZL+1 _b” (4.13)
where E?G, C?G, 'RiDG are the lower diagonal, central and upper diagonal blocks and B? is the
known term at the right hand side computed as follows

7 N At DG DG

b?:M‘"f*?(QHQR G" —0,_ L Gl%)

At (4.14)
DG | 1) DG | 1}

- E((l —HH%)RJ ~Ul_"+% —(1 —‘917%)13 Uln,%)
The linear system (5.28) can be solved by the Thomas algorithm properly adapted for block three-
diagonal systems. Once the new free surface elevation is known, it is possible to compute the

degrees of freedom of U” using Eq. (4.11) and of the water depth H . However, since the
+3

degrees of freedom of H are defined on the staggered dual grid, while the free surface elevation 7
is defined on the main grid, the following interpolation based on L2 projection is used:
Hi g =h o +M 1 (MO + M iga). (4.15)

k3

Now the procedure for the computation of the operator F'U is explained. It is easier to discretize
this term on the main grid, hence the velocity and the volumetric discharge have to be projected on
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

the main grid using the same approach used in eq. (4.15), i.e.
U; :M—l-(MBG.UF% +M%G-Ui+%). (4.16)

To obtain a stable discretization, a classical explicit TVD Runge Kutta discontinuous Galerkin
scheme (RKDG) on the collocated grid is applied, i.e.

kb =07+ Ly (an,0"),
~ 3 .~ 1. 1 -
2_ 2rn Bl - ~n 7.1
k2= 207+ 1R+ Ly (a7 R, 4.17)
#75" _ len | 2720 2 an 2
FUi73Ui+3ki+3Lh(u ,k),

where the operator Ly, (u, U) for cell T; reads

A N
Ly wU) = =M (0, — @O0,y —K- ). (4.18)

Here, fz = @;U; and f; 41 is a numerical flux at the cell interface given by the Rusanov method
2
as

1 1
1+ - g\t + - +
fi+% =5 (ui+%Ui+% +ui+%Ui+%> 5 max (2|ui+%|,2|ui+%|> (UZ+1 Ui-o—%) ,

(4.19)

where uj: 1 and Ui denote the boundary-extrapolated values on the left and right of the inter-
2 2

face z, 41 respectively. Finally, the degrees of freedom FU. i+1 are projected back to the dual

mesh with the same procedure used in eq. (4.15). The maximum admissible time step At is given
by the usual CFL condition for RKDG schemes, which in this case reads At < CFLWM
with CFL < (2P +1) . Note that this time step restriction is based only on the fluid velocity and
not on the surface wave speed \/gH. Moreover, the scheme becomes unconditionally stable if one
chooses an explicit Eulerian-Lagragian DG scheme for the convective terms or if the nonlinear con-
vective terms can be neglected, hence simply setting FUZ 1= U . For more details about

the mathematical properties of high-order staggered semi-implicit schemes see [70, 138, 139, 140]
while for the stability analysis of Runge-Kutta TVD methods see [13, 82, 109].

4.1.3 A sub-cell formulation for the semi-implicit finite volume
method for the 1D shallow water equations

In the following we consider the sub-cell formulation of the semi-implicit finite volume method
[27, 99, 134]. Also here the computational domain €2, is composed of two overlapping meshes
according to the staggered philosophy. Considering the element 7; introduced in the previous
section, for a positive integer P, we use 2P 4 1 piecewise constant subcell averages in order to
represent the FV data on 2P + 1 sub-cells T; ; of length Az = Az /(2P +1) (see Fig.4.2). Asa
consequence we have that T; = UsT; s with s = 1, .., (2P + 1). For example, in the case P = 2
the sub-cell degrees of freedom in the cell T are denoted by 73; = [7:,1, 7i,2, 74,3, 4,4, 74,5 -
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Figure 4.2: Staggered grids for the sub-cell finite volume scheme in one dimension in
the case P = 2 (INs = 5). Main grid used for the free surface (top) and
staggered dual mesh for the velocity (bottom).

Also for this case the free surface 7 is located on the main grid and the quantities U, u, H are
considered on the control volumes of the dual grid. The semi-implicit discrete continuity equation
with the adaptive §-method reads

n+l _ gn At ey o rv il
7, + — Az (R Ui+% — L. UF% )=0, (4.20)
while the discrete momentum equation takes the form
- At '"+9i+l 'n+9i+l
(OFH = UL ) + o B (RY gy 72 =L =00 @2

Here FU" i+3 accounts for the contribution of the nonlinear convective terms and the matrices RFY

and LFY approximate the spatial derivative in z-direction. Note that in the equations above we use

Az and not Az, which makes appear a factor of Ny = 2P + 1 in the matrices RFY and LFV.

For clarity, we give an example for the approximation of AzdU/0x with P = 2and 6, , 1 = 1:
2

RFV . Un+1 LFV Un+1

i1
2
n+tl _ pFmtl pntd n+41 n+1 n+1 n+1 n+1 nt1 nt1
5(U17§,4 U 24,U17%,5 szi4U +3.1 szé,s Uz+72 Uz+11U 3.3 U1+12)
(422)
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Similarly to the pure DG case, all explicit terms are collected in C:'nj'll as
L)

y - At - _ _
G = FU 3 g7 (=0, HY - RV, LV o) (423)
and finally we get
. y At -
+1 _ FV  =n+1 FV =n+1
U =Gy —9x, Ot HY - (RY =LY, (4.24)

From eq. (4.24) it is possible to observe that steady lake at rest solutions are exactly preserved also
if the bathymetry is not constant; thus we can state that the sub-cell formulation of the semi-implicit
finite volume method is well-balanced by construction.

Inserting eq. (4.24) into eq. (4.20) yields the following linear block three-diagonal system

At? - N
sn+1 2 FV n FV  =n+1 n FV  =n+1
R v {GH-%R (g RV ALY

_1-
i—3 =35

—62 LY. (71’.” RYp ™ — Ay vLFV-ﬁ?_ﬁl)} =b;, (4.25)
or more compactly
oy eartt eyt 4 REY g =By, (4.26)
where ’H? 1= diag(H i"i 1) and 5? is the right hand side vector that contains the information at
2
time t™
pn =n At FV  A~An FV  An
b =0 — — (0, R -G, -0, L -G ;)
Az i+3 T3 =3
4.27)
((1— 9i+%)RFV . U;;% -(1- ei_%)LFV : U;;%).

it
At
Az

Here, it is easy to verify that the time integration of the momentum equation, done using the pa-

rameter 9i+l , allows to keep the symmetry of the linear system in eq. (4.25). System (4.26) can
2

be solved either by the Thomas algorithm for block systems or by an iterative conjugate gradient

method with a proper matrix-free formulation. Later on, the momentum equation (4.20) is applied

in order to update the quantity Iv]_yr'll. The water depth is computed by averaging the free surface
Ty

from the main grid to the dual mesh as
% i FV = FV |
H, 1 =h 1 + ML -7 + MR - 7lig1)- (4.28)
Also in this case we compute the nonlinear convective terms on the main grid using the explicit
finite volume discretization

~ - At
n.o_ n o _ n _
FU’L’,S - Ui,s Ax( i,s-&-% fi,s—%)’ (429)
where the numerical flux f; s 1 s again computed using a classical Rusanov method. Before this,
’ 2

we need to project u and U from the staggered grid to the main grid. For example U; is computed
as

Ui=My - U,_y + Mg U, 1). (4.30)
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Finally, FUZ it is given by averaging back FU; onto the staggered mesh using (4.28). The
2
stability condition of the scheme is given by the maximum time step admissible for the explicit

computation of the nonlinear convective terms, which in this case is At < CFLﬁ% with

CFL < 1. Note that for # = 1 the monotonicity in time of this finite volume method is ensured
[75, 78].

4.1.4 MOOD algorithm and detection criteria - 1D case

The limiting strategy adopted here is similar to the one proposed in [14, 59, 64] for the explicit
case and is based on the MOOD paradigm introduced in [39, 47, 48, 107]. At each time step the
numerical scheme is composed of two levels. In the first level, the unlimited DG scheme presented
in section 4.1.2 is used to produce a so-called candidate solution Q*"+1 = (p*n+l *ntl)
at time t"+1. Then, the troubled zones are identified using physical and numerical admissibility
criteria. In troubled cells, the more robust staggered semi-implicit finite volume subcell scheme
introduced in the previous section 4.1.3 is used, while those cells which are not troubled are run
with the unlimited DG method. Therefore, in the second level of the algorithm, which starts again
from a valid solution at time ¢", a mixed scheme is employed, with the more robust subcell finite
volume method in troubled cells and the unlimited DG method in the other ones. For this purpose,
the linear system for the free surface has to be assembled and solved again. In the case where no
troubled cells have been detected after the first level of the algorithm, the scheme directly proceeds
with the next time step without activating the finite volume subcell limiter and without having to
come back to time ¢™ in the second level.

4.1.4.1 Data representation, projection and reconstruction

If g denotes the set of degrees of freedom used for the piecewise polynomial data representation
of a generic quantity g of the numerical solution given by the DG scheme in cell 75 at time t™, then
the set of piecewise constant cell averages in the subcells T} s is denoted by g;*. Supposing that the
coefficients tj? , are known, then qgf o is computed using the following L2 projection

1
|Ti,5

s

dis = 7 / ¢u(z)dz 47, VT;s €15, 4.31)
T,

which defines the projection operator P so that §;' = P - §!*. On the contrary, we can gather
back the piecewise constant sub-cell averages qf’ o into the coefficients g} " of a high order DG
polynomial by solving again (4.31), but which now leads to an over-determined problem, since that
there are 2P+ 1 equations for /N 41 unknowns. In order to solve the problem, we use a constrained
least-squares approach (see [57, 97]), where the linear constraint is integral conservation on the big
cell T; (see [64]), i.e.

> O ITislars = / ¢1(z)dz G7;. 4.32)
j T

This last procedure can also be expressed in a matrix-vector notation as §;* = W - g;*, with
W - P = I, where T denotes the identity matrix. For a schematic representation of the projection
and reconstruction process, see Figure 4.3. Moreover, as we will see later, in some cases we also
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need to reconstruct a polynomial using only the P + 1 piecewise constant sub-cell data at the left
part, TiL = Uf:ll T;,s (see 4.4), or the right, TZR = Uzi;}rl T;,s (see 4.5). So we introduce
two additional operators W, and Wg that are computed using (4.31) only on the left and right
half of cell 75, but without any least squares procedure, since now the number of equations is equal
to the number of unknowns.

4.1.4.2 Detection criteria

Here we describe the physical and numerical admissibility criteria that are applied to all quantities
on the main grid. For those quantities which are located on the staggered dual grid, we use the
algorithm given in eq. (4.15) to project them also onto the main grid. Once the candidate solution
given by the unlimited staggered DG scheme has been obtained, we first require that the numerical
solution must satisfy some physical admissibility criteria (PAD). For the shallow water equations
we require that the water depth H is non-negative, hence checking if

a5 > 0. (433)

Then, according to [14, 59, 64], for the numerical admissibility criteria (NAD) we use a relaxed
version of the discrete maximum principle (DMP) for a generic quantity g as

. AN k41 ~n

vgjnenvi(qj,l)% <g¢; < v%aefji(q]',l)"!‘éy (4.34)
where V; = {T;_1,T;, T;+1} is the set of neighbour cells of T3, which will become the set of
Voronoi neighbours in the two-dimensional case. In our implementation we check the DMP on the
discrete free surface elevation and the discharge. Moreover, numerical experiments have shown that
it may be useful to project the numerical quantities from the main grid to the dual mesh and then
project them back onto the main grid. In this way additional non-physical oscillations are created
near discontinuities, which allows an easier detection of troubled cells. In particular, this method
also allows a robust detection of troubled cells in the discrete representation of the initial condition.
In equation (4.34), J is a tolerance that allows some small overshoots and thus slightly relaxes the
discrete maximum principle. It is computed as follows:

n . n

& = max([do, 6(#}&54 (@71) A, (@3], (4.35)
where &p is a parameter taken in the interval [10™%,1073] and typically e = 5 - 1074, If a cell
does not pass one of these a posteriori detection criteria applied to the candidate solution at time
t"+1 it is flagged as troubled, which means that the solution will be recomputed in this cell using
the finite volume scheme presented in Section 4.1.3. A cell T; is flagged as troubled by setting an
indicator parameter 3; = 1, while untroubled cells are flagged with 3; = 0.
In order to extend the troubled cell indicator properly to the dual mesh, if the cell 75 is troubled
then we also flag both dual control volumes T} _ 1 and T} +3 as troubled, consequently setting
B;_1 = land g, L1 = 1, see Figure 4.6 for a schematic representation of the data in this case.
Moreover, in the first MOOD iteration the parameter & = 0 is chosen as a constant value 0 p
in all the cells of the dual grid and 6 p is chosen very close to but larger than 1/2 in order to reduce
the numerical viscosity as much as possible. In the second MOOD step, the value of the parameter
0 is changed to & = 1 in the troubled cells, where the subcell finite volume method is used. Note
that, if these zones are properly detected, the monotonicity of the global method is assured.
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Figure 4.3: Projection and reconstruction operators - Operators P and W
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Figure 4.4: Projection and reconstruction operators - Operator YW,
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

Figure 4.5: Projection and reconstruction operators - Operator YWr

4.1.5 Sub-cell limiting of the semi-implicit DG scheme for the 1D
shallow water equations

We start from the discretization of the continuity equation and for the general algorithm including
the limiter we have to consider four cases. The first one is a non-troubled cell on the main grid,
Bi = 0, and the corresponding cells on the dual grid are not limited, i.e. 3, 1 = fBH-l = 0. This
’ T2
case corresponds to the pure DG scheme exposed in subsection 4.1.2. On the other hand, there is
the opposite situation when all control volumes T3, T, _ 1, T, 41 are occupied by troubled cells.
2 2
Consequently, the discrete continuity equation is the one presented in eq. (4.20). Finally, if T;
is not troubled then still one of the neighbour elements on the dual mesh can be troubled and the
other not. Consequently, we distinguish the two possible cases for 8; = 0 when 3, _1 = 0 and
ﬁi+l = 1 (see Fig. 4.7) and the other one when 8, _1 = 1 and ﬁi+l = 0 (see Fig. 4.8). These
2 2 2

two situations are governed respectively by eq. (4.36) and by eq. (4.37) below:

ntl_ pn RS-0 )
M- (% L)t =0 with LY =LY . wg

(4.36)

At
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Bi-1 =0 Bi=1 Bi+1 =0
Ti—3/2 Ti—1/2 Tit1/2 Ti43/2 x
51'73/2 =0 ﬁi71/2 =1 /Bi+1/2 =1 ﬁi+3/2 =0
Xi—2 Ti—1 T Tit1 Tit2 T

Figure 4.6: Staggered grids for the semi-implicit staggered DG scheme with sub-cell
limiter active in cell 7;. Main grid used for the free surface (top) and stag-
gered dual mesh for the velocity (bottom). If a cell 7; on the main grid is
flagged as troubled, then also the two overlapping staggered velocity control
volumes T}, 1 are flagged as troubled. The data representation in troubled
cells is changed from high order polynomials to piecewise constant subcell
averages.

1  n+0,
2 _1bG. o °
J i—

[N

ﬁ’(l+1 n RLim . U
( 2

=

M =0 with R}™=R}%-W,.

4.37)

Note that the structure of these two equations is very similar to the one of the discrete continuity
equation in the pure DG case, eq. (4.11). In particular, looking at Fig. 4.7, the operator W,

reconstructs the polynomial data using the first P + 1 sub-cell finite volume data of the cell T, L1
2

Az

A similar consideration is valid for Fig. 4.8, where YWg builds the polynomial information based
on the last P + 1 sub-cell finite volume data of the cell 7, _ 1 .
2

Also for the general case of the momentum equation there are four possible combinations. The
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

Tq

Ti—1/2 Tiy1/2

Figure 4.7: Control volumes for the continuity equation for the staggered semi-implicit
DG scheme in the limited case using P = 2,ie. Ny = 2P 4+ 1 = 5. DG
method used in 75 and T}, _ 1 finite volumes in T} 1

first one is the pure DG case where the discrete momentum equation reduces to eq. (4.11). On the
contrary, when 3; = ;11,2 = Bi4+1 = 1 the sub-cell finite volume scheme is locally applied in

all cells, hence the degrees of freedom of UZ L1 are given by eq. (4.24). The interesting cases are
when T}, 1 is limited and only one of the control volumes T; and Tj 41 is a troubled cell. Hence,
2

when 8; = 0 and ;41 = 1 (see Fig. 4.9) the numerical expression of the discrete momentum
equation reads

n+1 t Lim ity ey g : Lim FV

U+1 _FUH-l ? H—l ‘(Ry M1 —-L""-n, ) with Ry™=R"-P,
(4.38)

and when 3; = 1 and ;1 = 0 (see Fig. 4.10) we get

4l A n FV n+9’i Lim AT 2 Lim FV

Ui+ FUZ+1 I, HZ+2 (R34 —-La™n; ) with Ly" =L"".P.
(4.39)

. n+91,+l n+0i+l
Note that, in eq. (4.38), the product RL™ - M1 ° = RFV. ;.1 ° represents the multi-
n+6. 1

+

plication of the matrix RFY with the vector of the finite volume degrees of freedom i1 =
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T

Ti—1/2 Tiy1/2

Figure 4.8: Control volumes for the continuity equation for the staggered semi-implicit
DG scheme in the limited case using P = 2,i.e. Ng = 2P +1 = 5. DG

method used in T; and 7, il ; finite volumes in T, _ 1

n+0’i 1
P, +1 2 obtained from projection of the DG degrees of freedom onto the set of piecewise con-
. nt0,, 1
stant subcell averages. The same consideration is valid also for the product LLm . 7, pE -
n+0’i 1
LFV. 7, *2 in eq. (4.39). Hence, equations (4.38) and (4.39) can be seen as special cases of
eq. (4. 24) and thus the C-property is valid also in the limited case.

Again, combining the continuity equation with the momentum equation yields the following block
three-diagonal system, where the generic degrees of freedom of the free surface are now denoted
by the symbol ﬁ”+ representing either finite volume data or DG data, depending on the limiter
flag ;.

Eli_lm . ﬁ;_n:rll 4 cg_lm . ﬁ;_rLJrl 4 R%lm ﬁ;rlJrl — b”:L (4.40)

The solution can be efficiently obtained by the Thomas algorithm for block three-diagonal systems.

For the sake of clarity, we split the block C;“im into two contributions:
Li 0,Lim x,Lim
cm=c +C; , (441)
where C{"™™ is the mass matrix M if cell 4 is not limited or the identity matrix I if it is limited, i.e.
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Ti+1

Tit1/2

Figure 4.9: Control volumes for the momentum equation for the staggered semi-implicit
DG scheme in the limited case using P = 2 (Ns = 5). DG in 7;; FV in
Ti+1 and in TH%

C?,Lim _ {M if B;=0, 4.42)

I if B =1

Then, depending on the distribution of the limiter flag 3, the blocks [,';im, Cf’hm and ’RI;"" are
computed as follows

LJDG .M~1. LBG . ]:IZ" 1 if Bi—1=p0;=0,
~ 75 .
pum_ A2 LYV . LYY it i =Fi=1, 443
T TIN5 ) LY, Lum if Bic1=1,8=0 e
. vi*g u i—1 y M )
Lym-H o LY if Bi-1=0,8 =1,
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Tit1/2

Figure 4.10: Control volumes for the momentum equation for the staggered semi-
implicit DG scheme in the limited case using P = 2 (IN; = 5). DG in
T;+1; FVin T; and in TH%

2 DG . nf—1.RDG . fyn 2 DG . n\f—1.1DG . Ffn
07 yLfS-M7RES MY 467 RPS.MU.LRS Ay,
if B = 52‘71 = B’H’% =0,
gl_z_lLFv ,7‘_L' 1 'RFV+0?+1RFV'#’{Z 1LY
2 17— — 2 rLJ’_ 5

2
2 .
cmlin _ gAt2 it Bi=8_1=811=1
k3 ~ . -~ .
AT | g2\ LPG. ML RRC AP, 62 REMHT - LET
2 2

.l_§ Z+%
if B :51'7% :0’514% =1,
2 pLim.g" . RLim . g2
02 L™ H ) - RE™ 402,

if B :ﬁz+% :07[-}7;,% =1,

DG | -1 .7DG . fyn
RYG-M-1LYO AT,

[N

(4.44)
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L
Rilm =9

At?

Ax?

RPG. M~ RIS H"+
) RFY -’i:t:-:_% RFY 2
i+3 | RFY 4'1:;% . RLim

RLim ~7'¢?+% -RFY

Bit1 =Bi =0,
Bit1=Bi=1,
Bit1=1,8; =0,
Bi+1 =0,8; =1.

(4.45)

Note that the first cases correspond to the pure DG method, the second cases to the sub-cell finite
volume method and the other two cases are those for the limited situations. Also for the term on the

right hand side it is convenient to write the two parts as follows

with

and with

At

bz,n _ =

Az

52” :E?’"—i—l;f’n (4.46)
zon _ [ M-q} if B; =0,
AR G s @
DG _ DG . An
Ouyy RO Gy =0, TGy
+(1-6,, )RDG o, —(l—ei,;)L?G-Ui"l)
2 -2
if 6z:ﬁi 6+1 _0
(0, 1 R™Y G" 1 — 0, S e 1)
+H(1 -6, )RFV Ufl —(1—9 1LY U]LE)
if 51-:51__77,81._‘_;:1,
6, yRUm.Gn | g ,LDG.Gn (49
(i+% 3 i+‘17 i—1H) 1_%)
+H((1 =0, )R- Ul"+1 (1-0,_ LT )
if Bi:ﬁi—i 05+1—1
n _ Lim | A
(GH—%R’J Gi+§ Aez—%L GF%) L
(10, JRPS-O7 = (1—0,_ L™ T )

if ﬂi:,@+1—0ﬂ 1—1

‘When the degrees of freedom of the free surface are known, the variable U n+1 is easily computed

using the discrete momentum equations (4.11), (4. 24) (4.38) or (4.39), dependlng on 3. Then, the
algorithm for the extrapolation of the water depth H ZL++11 on the dual grid reads as follows
2

104

hHl + M1 (MPO - 75 + MBS - 7i41)
h+1 +(ML "71+M “Mit1)
h2+%+(MF “Pfji + MR - li41)

A

i+%+(M]]:_‘V'ﬁi+M}R/'7)'ﬁi+1)

if

Biv1 =Bi=Piy1 =0,
Biv1 =Bi=Piv1 =1,
Biv1 =Biy1=1pi =0,
Bivr =Bi=1Pit1=0.
(4.49)



4.1 Sub-cell finite volume limiting of staggered semi-implicit DG schemes in 1D

Finally, we compute the nonlinear contribution of the convective terms FU ; and also in the limited
case it is evaluated on the main grid. First, in order to project the discharge U, Lion the primal
2

grid we use the following procedure

M*1~V(MEG-UZ._%,+V1\/I%G~UZ.+%) it Bi=8_1=F1=0,

& = M?:vl.UF%Jr{v[g 'Ui+% ) ?f ﬁi:ﬁF%:BH%:l,
M ~(MEG-U¢_%+MDRG~WL~ H%) if Bizﬁi_%:O,BH%:l,
M—l-(MEG-WR-UL-,%JrM%G-UH%) if 51»:5”% =0,,Bi7%=1,
(4.50)

which is applied also to the velocity ﬁH_ 1 in order to get w;. Then, if a cell is not troubled, 5; = 0,

we use the explicit upwind algorithm used for the pure DG scheme explained at the end of section
4.1.2. Note that this explicit DG method is applied only in the first stage of the MOOD algorithm,
while in the second part the nonlinear convective terms are recomputed only for the troubled cells
using the classical explicit upwind finite volume method on the sub-grid shown in section 4.1.3.
Note that this approach is essentially the one-dimensional case of the sub-cell limiting of the DG
scheme proposed for the first time in [64]. Moreover, it is easy to check that due to the choice
Ns = 2P + 1 the CFL stability condition on the maximum admissible time step size At for the
explicit DG scheme and for the explicit subgrid finite volume scheme are the same.

4.1.6 A high-resolution wetting and drying algorithm for high
order staggered semi-implicit DG in 1D

In this subsection, we use the numerical method introduced before in order to solve problems that
include wet-dry fronts. The key idea is to activate the sub-cell limiter in the partially wet re-
gions where the pure DG method would generated negative water depths. The wetting and drying
approach that we follow is the strategy introduced by Casulli in [28]. At first, in the continuity
equation of system (4.1), the time derivative of the free surface elevation is replaced by the time

derivative of the water depth

0H oU
+ _ = 0, 4.51
ot oz @51
since the bottom topography does not change in time. The new continuity equation is numerically

approximated as follows
_ o _ o Y
A —Hay) | Ao
At Az

where the spatial derivative is discretized in the same way shown in section 4.1.5, while in the
discrete time derivative now we have the nonlinear term

=0, (4.52)

i M -H(m) if Bi=0
H(7;) = . . ’ (4.53)
@ ={ it 8 =1
In particular, for the degrees of freedom in the cells where the limiter is not activated we use
H(71,45) = max[0, by 3 + 7;.4] (4.54)
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

while in the sub-cells of the limited control volumes we use the subgrid approach of Casulli and
Stelling [35]. Hence, for every sub control volume 7 (7; ) is given by

ﬂ(ﬁi,s)::x /H(z,n)dm, with  H(z,n) = max[0, h(z) + 7]. (4.55)

Finally, we get a mildly non-linear system that reads
7_2(~n+1) + £L1m . ~:’Lj1 C:L ,Lim ﬁzl+1 Rle 3 ~:Ln::»11 — r’ft(ﬁ:z) + Ef,n. (456)
It can be rewritten in the more compact form

HHY +Tam T = pn (4.57)

and is solved using the Newton method of Brugnano and Casulli [20, 21]. For this purpose, in
the case when the unlimited DG method is used in the wet cells T is not an M-matrix, which is a
necessary condition for the convergence of the Newton method. Consequently, at the first MOOD
step the Newton method is stopped after the first iteration.

Moreover, the detector is activated also in those cells where the water depth is bounded between 0
and Hp ., in order to enforce the stability of the detector. In addition, in order to avoid NaN values
the velocity w is computed from U and H as

_ UH
T H24¢’

where € is a small number typically chosen between 1019 and 10~5 in order to avoid division by
Zero.

(4.58)

4.2 Sub-cell finite volume limiting of staggered semi-implicit
DG schemes in 2D

The core of this section is the extension of the limiter to two space dimensions and its application
to the shallow water equations. We briefly recall the unlimited semi-implicit DG method in 2D
[54], we expose the 2D semi-implicit sub-cell finite volume method and finally we describe the
combined method including the limiter. Also here, we refer to the second appendix (section A.2)
for the details of the computation of the matrices and tensors that will be introduced.

4.2.1 Governing equations of the 2D model

‘We consider the two-dimensional shallow water equations in conservative variables without friction
terms. The system is composed of the continuity equation and the momentum equations in x and y
direction and reads

on oU oV
+—+—=0,
ot ox oy
ou ouU  ovU on
— 4+ — H— =0, 4.59
ot * ox + dy to ox (4-59)
ov.  ouV = oV on
— 4+ — H— =0
ot T on Ty T9Mg, 7Y
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4.2 Sub-cell finite volume limiting of staggered semi-implicit DG schemes in 2D

where the spatial coordinates are  and y and ¢ is the time; n(z, y, t) is the elevation of the free
surface, h(x, y) is the bottom which is assumed fixed in time, H(z,y,t) = n(z,y,t) + h(z,y)
is the total water depth, u(x, y, t) and v(z, y, t) are the depth-averaged velocities respectively in
and y direction, while the depth-averaged momentum in x and y direction is defined as U = Hu
and V' = Hwv. The computational domain is Qzy = [z1,zR] X [yL, YR].

4.2.2 Unlimited staggered semi-implicit DG method for the 2D
shallow water equations

The main grid for the discretization of €2, is composed of N x IV, elements and a generic control

volume is denoted by T; ; = [miil,:rpr;] X [yj,; ,jjJrl] (see Fig. 4.11). Likewise, two
2 2 2 2
staggered grids are introduced, see Fig. 4.12, and their control volumes are denoted as T}, , 1 =
ok

[331', x“] X [y]'—%’jj-F%] and Ti,j+% = [:r._l s x1+%] X [yj,jj+1] for the x and y direction,
respectively.

r--—-—-——r—m—m—----- .

| |

| |

I 7,541 |

| |

|
Ni—1,j )i Tit+1,5

|

| |

| Nij—1 !

| |

| |

! S R |

Figure 4.11: Computational grids for the 2D semi-implicit staggered DG scheme. Main
grid for n

107



4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

F———-- |====- T—=——-- 1
I IV | I
| | T2 |
I F===="7 I
I | : I
I I
i r"%" | ! I
I : I : | : I
7
:U‘fg,:;] "--r- | z‘+§,.j:
I | | | | I
[ I Il _ )
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I | I
| e |
I Lo, I
I | I

Figure 4.12: Computational grids for the 2D semi-implicit staggered DG scheme. Stag-
gered dual meshes for U and V'

In order to develop the semi-implicit DG scheme on staggered meshes we need the following sets
of basis functions of degree P

o(z,y) = (&) with z=x;+Ax y=y;+vAy 0<&E~v<1
Pz, y) =p(&) with z==z, 1 +EAz y=y;+~7Ay 0<&y <1
i+l (4.60)

w(z,y) =@(y) with z=z;+EAx y:yﬂé-ﬁ-’yAy 0<gy<1

Similar to the 1D case, the free surface is located on the main grid and is represented within element
T;,; as follows

ni,5 (%, 4, t") = d(z,y) - 755 (4.61)
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4.2 Sub-cell finite volume limiting of staggered semi-implicit DG schemes in 2D

Then, the quantities that are defined on the staggered control volume 7', i+l are

Ui+% ](x7y7tn) = ’t,b(w, y) : UTL l’jv

Hipy j(@yt") =v(@y) -H\ (4.62)
Ui+%’j(m,y,tn):¢(m,y)- +%,j’

while the quantities on the dual volumes 7T, g+l are

V;‘yj+%(x:y7 tn) - w(w7 y) V ]+ 1>

Hi,]'.t,.% (z,y,t") = w(z,y) - H!

Y (4.63)

/Ui,j+% (Zv yvtn) = w(m7 y) ' ﬁh]‘;’,% .

First we multiply the continuity equation by the vector of test functions ¢ and integrate over a
control volume 75 ; on the main grid

/<z> on 8—U+2—V)d dy = 0. (464

After integration by parts we get the following semi-implicit discretization

n+6. . n+6.

At N i+l ~ i—Lj
4+l o DG 3 DG 3
NG A+ ] e o
At yDG n+9i,j+% yDG n+91‘,j—% (465)
TRy BT VT T D=

where the 6-method has been applied to spatial derivatives. Later on, also the momentum equations
in z and y directions are multiplied by the test functions 1) and w and are integrated over the
control volumes T, 1 +1 and T, g+is respectively,

/ ¢(8U 8uU 8vU+ H(? Ydzdy = 0, 4.66)
oy oz
oV ouV oV on
Z - H dxdy = 4.67
/w(6t+81+8+ a):)cyO @.67)

Tiiv}
obtaining the following formulation
At

Ut =GU; G

o -1, x,DG  £yn ~n—41 x,DG  Fyn ~n+41
i+1,j 5.0 7 In, i+t (R% Hi —Ly Hi Mg )

G it1,5
(4.68)
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At N
n+1 =0 y,DG | n ~n+1l _ 1y,DG, n ~n+l
V7J+2 =GV, ity gAye’“'lM (RYTH 1741 La HZJ+1 ),
(4 69)
where GUZ +1 ; and GV Gt contain the nonlinear convective terms and the known terms at

time t™

GUi+%,j :FUH%»J_QEO_QH%,]) -1 (RXDG 777.+1,]_LXDG H'n ﬁﬁ])?
(4.70)
aovy 1 =FV". 1,gﬁ(1,9_ OMTL(RYPC.AT  pr. —LYDO. Hn ).
iit3 Bits YAy L3t i g5 hItl gtz hI
(4 71)
Substituting V"‘H] and V”J‘:ll into the discrete continuity equation (4.65) yields the block penta-
2

diagonal system

z,DG an-+1 y,DG ~n+1 DG  a~n+1 z,DG an-+1 y,DG ~n+1
VSt M GHL 17:1],1+C nZ"J +R; M TR 77?;+1 = bfj, 4.72)
which in practice we observe to be symmetric and positive-definite. Consequently, the unknown
degrees of freedom of the free surface can be efficiently obtained via a matrix-free conjugate gradi-
ent method. Then, eq. (4.68) and eq. (4.69) provide the momentum updates, while the water depth
H on the dual meshes is computed as

ﬁi+%,j =h,;, ;T M~ (MEPC A+ MEPY i), (4.73)
H, i+l T h; g+ +MT (MY A+ MBS ). (4.74)

The nonlinear convective terms are discretized again on the main grid by an explicit two-dimensional
RKDG scheme. Consequently, we define the following nonlinear operators used inside the Runge-
Kutta time discretization

At
LE(U’U’U’V)LJ‘:_M 1(/ dFy, - ndS—/V¢ Fydzdy), 4.75)
oT; 5 T;,5
At
Li(u,v,U,V)i,f—MAyM‘l(/ ¢Fv~nds—/v¢-dexdy), (4.76)

oTs,j Ti,j

where Fy, = [uU,vU] and Fy = [uV,vV] are the physical fluxes. In equations (4.75) and (4.76)
and UZ” i and VZ”J have been computed on the main grid using

Ui,j —M-L. (ME,DG ) Ui : o+ Mx ,DG 01-&-2 ,]) @.77)
"}:L,j - M- (My,DG 01]_7 + M}’,DG "};]+ ) (4.78)
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4.2 Sub-cell finite volume limiting of staggered semi-implicit DG schemes in 2D

and FU Z ; and FV Z ; are projected back to the dual grid using the relations (4.73) and (4.74).
The time step At is given by the CFL condition for explicit DG schemes based on the maximum
absolute values of the convective speeds in the domain |umax| and |vmax| with CFL < 1,

CFL 2|umax| n 2|vmax|

At = (
(2P +1) Ax Ay

Y7L (4.79)

4.2.3 Sub-cell formulation for the finite volume method for the 2D
shallow water equations

Now we expose the semi-implicit sub-cell finite volume scheme for the 2D case. It is the natural two
dimensional extension of the method proposed in sub-section 4.1.3. The computational grids and

the control volumes T5 ;, T’ +15 and 7T} j41 are the same introduced in the previous sub-section
2 ’ 2

(see Figs. 4.13,4.14, 4.15 and 4.16). For a given integer P, a sub-grid composed of (2P +1)? finite
volume sub-elements of size Azs = Az/(2P + 1) and Ays = Ay/(2P + 1) is introduced (see
Fig. 4.14). The degrees of freedom are allocated into a one dimensional vector of length (2P +1)?2
ordered using the following relation s = i1 + (i2 — 1)(2P 4+ 1) with 1 < 41,42 < 2P + 1 and
1 < s < (2P + 1)2, see again Fig. 4.14.

A semi-implicit discretization of the continuity equation on the main grid reads

At 0, 1 0, 1
ntl BV y - Y
772;— _nzfj"'E(Rx’ .Ui+lj 27 % 'Uiflj 29)
2 L
At - n+97‘,,_7~+l i n+ei,j_l (4.80)
+A7(Ryv ‘/; i1 2 1yt .v . 2):07
Y J+g ij—1

and the discretized momentum equations on the dual meshes read

- - At -
Un+11 — GU?+%,j _ 970 H"™ %’j . (Rx,FV ~n+1 Lx,FV . ﬁ:j-l)’ (4.81)

i+3.5 A t3d it it
v ~ At -
n+l __ n _ n . y,FV  ~n+1 _ yy,FV ~n+l
Vi,j+% =GV gAy‘gi,j+%H¢,j+% (R Mg+~ L iy ) (482)

yr 11 7 n . ..
where GU ;. 1 and GVI-’ j+1 38 usual contain the explicit terms

GU" = FU

L r'y FV ~ FV -
i+3. 1=, 3 JHT 1 - (RETa =L a5), (4.83)

n A
v ’

S < n At FV - FV -
GVigry = FVigey =97, (1= 005 HT 4 (RYT5A 4 —LVT005). (484)

The block penta-diagonal system for the two-dimensional sub-cell finite volume reads

xz,FV -n+1 y,FV -n+1 FV ~n+1 xz,FV -n+1 y,FV -n+1 _ in
Lig Mty HEG Mgty F R TR = bl (485)
obtained again after inserting the discrete momentum equations (4.81) and (4.82) into the continuity

equation (4.80). The sub-cell averages of the water depth H inside the cells T} +15 and T j+1
27 ’ 2
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Figure 4.13: Main grid and stencil for the 2D semi-implicit sub-cell finite volume

scheme.

are computed as follows

. - EV . FV o
Hy gy =hipy;+ ML i+ Mg i),
- - FV . FV o

i+ =Pt (M%’ “Tig MR i)

After projecting I'JH; j and VZ j+1on the main grid via
27 ? 2
7 _ x,FV x,FV =
Ui; = Mg - Ui—%,j +Mg - Uur%,j)v

V. . — Y:FV 17 Y.FV y
Vij =My, 'Ui,j—% + My "/;j’j+%)7

(4.86)

4.87)

(4.88)

(4.89)

it is possible to update the non linear convective terms U, i,5 and ‘V/;, ; using a standard explicit finite
volume method and a Rusanov flux at the cell interfaces. For this scheme, the CFL condition yields
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MNi.j,7 1i,5,8 1i,5,9
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Mi,j,1 7i,j,2 74,5,3

ii=1lis=1|i1=2ir=1]i1=3,ia=1

Figure 4.14: Ordering of the subcell degrees of freedom within one cell for the 2D semi-
implicit sub-cell finite volume scheme

the following expression for At

(4.90)

o= (sl A )

Azxs Ays

4.2.4 MOOD algorithm and detection criteria - 2D case

The extension to the 2D case of the the considerations made in Section 4.1.4 is straightforward, i.e.
the MOOD paradigm is based on the same approach of Section 4.1.4. Also in the 2D case we need
to compute properly the projection and reconstruction matrices P*¥ and YW*¥ so that for a generic
quantity ¢ we have q;fj = P*Y. ‘flffj, q‘(f’j = Wrv . (jﬁj. In addition, we introduce also the
operators W7, Wg, Wi and le{ that reconstruct the DG polynomial from the piecewise constant
data in the subdomains Qi Q% Q% and QZI’2 of a control volume T3 ;, see Figures 4.17 and 4.18.
We use the same detection criteria as in the 1D case, i.e. the positivity of the total water depth as
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

Figure 4.15: Staggered mesh in x direction for the 2D semi-implicit sub-cell finite vol-
ume scheme

well as the relaxed discrete maximum principle:

"1 >0, and

. T ~k,n—41
min -6 <qg’ <  max
i,j,m VTkJevi’j(qk,l,m) =q

M
i,7,m — VTk,l%Vi,j (Qk,l,m)+67
(4.91)
with Vs ; = {Ti—1,j-1,Ts,5—1, Tiv1,5—1,Ti—1,5, Ts,j, Toa1,5, Ti—1,j41, Ti j+1, Tit1,5+1 )
the set of Voronoi neighbours of T ;. The relaxation parameter J is computed in analogy to the 1D
case. As detection quantities ¢ in the DMP we use 7 as well as U and V. If a cell does not satisfy
all the admissibility criteria in eq. (4.91), it is flagged as troubled cell by assigning a limiter status
Bi,; = 1, while for all cells which do not need the limiting we set 3; ; = 0. Next, we need to limit
properly also the corresponding cells of the staggered dual grids. For example, if the cell 75 ; is
marked as troubled zone with j3;, 4 = 1, then also the four overlapping dual cells TZ. n % g % e
Ti,j_‘_% and Ti’j_% need to be limited by setting 524-%,3' =1, Bi_%’j =1, ﬁi,j_‘_% = 1 and
Bm; 1= 1. Furthermore, according to the methodology adopted in the one dimensional case in
section 4.1.4, in the first MOOD step the implicitness parameter 6 can be chosen between 0.5 and
1. Typically we chose € p = 0.55 in the entire domain in order to reduce the numerical viscosity

introduced by the time integration. However, at the second MOOD stage 6 is modified and imposed
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Figure 4.16: Staggered mesh in y direction for the 2D semi-implicit sub-cell finite vol-
ume scheme

equal to = 1 in the troubled cells, in order to avoid the generation of non-physical oscillations,
while it is kept at @ = 0 in all the unlimited cells.

4.2.5 Sub-cell limiting of the semi-implicit DG scheme for the 2D
shallow water equations

For the continuity equation discretized in the limited case we consider the case where T;; ; is unlim-
ited (8;,; = 0), but one of its edge neighbours is limited. We write the discrete continuity equation
as follows

~n—+1 ~n ~Ant0; ~n+0; ;
n,: —n,; AU, . AV, .

M ( K2V 7 n 5] ,] —0. (4.92)
At Az Ay
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[0,1] [1,1]
oz f |
[0,0] [1,0]

Figure 4.17: Subcell finite volumes in two space dimensions. Reference domains Q27
and Q% for the reconstructions

. ~n40; ;
We distinguish two cases for AUin ]+ B

. n+6. 1 . n+6. 1,5
x,Lim 7 i+5.0 1 x,DG £y -3 . _ _
A07l+ei,j _ R‘] Ui+l,]' L'] U _%aj it IBi_"%’j - 1”87;_%’-7' =0
b N x,DG Y n+§i+% J x,Lim 7 n+6i—% d .

RPC. i1 Lo 1, if ’Bi+%,j:07/8i—%,j:1'

(4.93)

The first case happens when the cell T;; 1 ; is troubled and consequently 3;11,; = BiJrl ;= 1;

2>

on the contrary the other situation is when the control volume T;_1 ; is a troubled cell. Here we
have introduced the two new operators R;°M™ = RXPC . W{ and Lebm = Lj"DG - WE.

. . ~n+0; ;
Similarly, there are two possible cases for AV;Hr 7

»J
X n+6. . 1 n+0. 1
y,Lim v bty DG v =g —

o nt6; s Ry ‘/z,j+% —-L ‘/i,'fé if Bijr1=108;_1=0,
AVig " Yayoe ot cyiim o o1

. ’ —-Ly - ’ if 3. . = o =1.

R; Vi,j+% J %7,7% ’Bw+% 0’6m7%
(4.94)
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[0,1] [1,1]

[0,0] [1,0]

Figure 4.18: Subcell finite volumes in two space dimensions. Reference domains 2¥
and Q% for the reconstructions

In equation (4.94) the matrices RJy’L‘m =Ry DG WY and L}"le = LJy’DG - WY, are used in
order to properly combine the data representation of the sub-cell finite volume scheme with the one
of the semi-implicit DG method. If neither the cell T7; ; is limited nor its four edge neighbours then
the continuity equation is given by eq. (4.65) of the pure DG scheme, while if T ; is limited we
use the continuity equation (4.80) of the sub-cell finite volume scheme.

Similar to the one dimensional case, for the momentum equation in « direction for the limited case
we consider when Ti+%,j is limited (BHl = 1) and also one of the two cells T 1,; and 715 ;

is limited while the other is a non-troubled DG cell. Consequently, if 3, 11, = Bi,; = 1and
3
Bit1,; =0, U™t} reads as follows
’ i+5,J

- . At - . n+9_+i . "+9»+L .
n+l n _ n 3 x,Lim | T2y x,FV  ~ 1Ty
O = FUL =g n BT (R A Lo g, )

with RU™ = ROFV . pry
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and for BiJr%J. = Bit1,5 =1land §8; ; =0, 0;:21 p is computed as
3

- - At - n+9.+l . i "+0'+l .
n+l _ n _ n . x,FV  ~ T3 _ rx,Lim o o]
Or = UL o HT (R Lybm ), )
with LXH™ = LoV . pry,

(4.96)

For the momentum equation in y direction, we can essentially repeat the same procedure. When
T',j+% and T} ; are limited and 7% ;41 is not (Bi,j+% = Bi,j =1, Bi,j+1 = 0) we have

k3

vl _ pyn oAt gn (R S0y _LYFV. BT
gty =0 bits T IAy iy e g iss )
with RYUM = RY:FV. pay,

(4.97)
while for the other limited case ﬂi, i+l = Bi,j+1 = 1l and B; ; = 0 the momentum equation in
y-direction reads

n+6. . 1 n+6. . 1
‘;;njtrl% = F'VZH_% — g%ﬁ2j+% C(RYFY. ﬁi,j+;,'7+§ Lyl A m+§)

with LYUm = LYFV. pry,
(4.98)

The linear system for the final two dimensional algorithm, which includes the pure unlimited DG
case as well as the sub-cell finite volume limiter, is given by inserting the discrete momentum
equations into the discrete continuity equations and formally reads
x,Lim _~n+1 y,Lim_~n41 Lim ~n-+1 z,Lim ~n-+1 y,Lim ~nd+1 _ in
Loy M L Myt G ey AR T R o = by, (499)
where 7); ; is interpreted as the set of the degrees of freedom of the DG method if 3; ; = O or as
the set of sub-cell averages inside the control volume 75 ; if 8; ; = 1,1i.e.

~ i if Bi; =0
iy = B 10 g =0, (4.100)
My i Bi; =1
Furthermore, numerical experiments have shown that the system appears to be symmetric and posi-
tive definite, hence it is possible to obtain the solution of the free surface using a matrix-free conju-
gate gradient method. However, we stress that we do not have a rigorous mathematical proof of this
property yet and further theoretical investigations are still necessary. For a better understanding, it
easier to write C{“‘J’“ as the sum of three contributions
Lim __ »0,Lim x,Lim y,Lim
Cig =Gy G +C (4.101)
As in the 1D case, C?’J].“im is the element mass matrix if 7% ; is unlimited or the identity matrix if
T;,; is limited, i.e.
i M if i =20
coHm = it fi; =0, (4.102)
©J I if ,81"]' =1.

118



4.2 Sub-cell finite volume limiting of staggered semi-implicit DG schemes in 2D

The other contributions Cf’j]“lm and Cf";‘lm are computed considering four different combinations
; ,

x,Lim __

%)

y,Lim __

3y

At?

gAIQ

At?

g Ay?

i—5,] i—35,7
DG - DG 73
+9i2+ljR3( SMTLLLY -Hl_”+lj
20 2
f8;_1,;= ﬁiﬁéﬁj =0,
922 jo,FV . Hi_l = Rx,FV
-1, ,
2 x,FV 4y Y
+0i+%d_R ’HH%J
6, _1;=81;=1
62 , LY M-UREPCHT (4.103)
922 x,Lim T Lx,Li2m
+i+ljRJ "M 1  tu
2’ i+ 5,9
fB8i1;=0841;=1
92 . ,Lj(yle ) ﬁ@,l . Ricl,le
=357 2]
x,DG — x,DG &
+02, RFETT-MULLETYHE
PR 2
i1, =08_1,;=1
efj LLYPY MIRYPG H;j N
WJ T g WJ T g
+02 L RYPO.MTLYYC-HE
)T o LITo
5 5-1=FBijr1 =0
02 Ly,FV 7_[7 1 Ry,FV
Li— 5 )
+62 L RYFVLHE LYY
)T ’ 2
Oy S = b (4.104)
ef LY ML RY H!
WJ T WJ T3
2 y,Lim 4y y,Lim
+91’ +;RJ %i,j-ﬁ-% -Ly
lfﬁzj 1 Q,,BZJ+%=1,
0? 7LL3"le HZLJ7% Rﬂ,le
’ 2
,DG -1 y.DG  frn
62 Ry ML -H
+ Gty Y v hit+g

ifﬁi,ﬁ-% =0, Bm'—% =1
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T le ﬁy ,Lim Rz,Lim d Ry,I_Jm

The expressions for the blocks E i are
DG _ DG 7 .
L% M~ Ly HE, i B =85 =0,
Dr,Lim _ At2 9 LxFV. H?f%yj . Lx,FlV if ﬁi—l,j = 57.',]' =1,
Ax? i—5.d | LoV . 'H;L%’j LM if  Bi—1,;=1,68,;=0,
L R if  Bi-1,;=0,8i;=1,
(4.105)
LPC ML A i =B =0,
rm .
cyt JLim _ Ar? 62 LYY "Hi,jf% (LYY if Bij—1=0;=1,
= .1 ~ i .
E Ay? hi—s | WYVl Lyt it Bij-1=1,Bi;=0,
| AL TMPIETS R it Bij—1=0,8;; =1,
(4.106)
REPC MU Ry POAY i Bipay =iy =0,
~ 2‘ .
oLim A2 02 RV HE RV if  Biy1; =B =1,
;s = —g9——=-UV. 1 . i )
& Az? i3 | REFY wa y Rﬁ’“m i Biy1,;=1,8i,;=0,
R 7:LZ+ -R*FY if  Bit1,;=0,8i5=1,
(4.107)
RYPO-M-URYPCHT 0 Bija =Py =0,
Ty
yLim _ o At? 02 RYVLH 0 RYTY it Bijer=0i5=1
" Ay h7ts | RV Hi iy RYH" if  Bij+1=1,B;=0,
Ry RYTY it Bij+1=0,8; =1
(4.108)
Also the right hand side terms is split in three contributions for simplicity
7 __70,n Fr,n 7Y,n
by, = by — b7 — by (4.109)
where
gon = § MeAi; i Big =0, (4.110)
“J ;. it Bij;=1, ’
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7xT,Mn
2,7

By
2%}

At
Az

Ay

(001 RIPC-GUL Y 5 =0,y (LI -GULy )+
57 27 2
DG DG
(=041 RS U[L+1 (=0 Loy )
o Bi;v7’] - EH%J -0 V7
(03, RV -GUL Y — ei—%,jo’ GU_1 )+
— x,FV | n _ _ xFV n
((1 0i+%7j)R’ Ui+%,j @ )L Uz—g,j)
ifﬁi,j:ﬁ,, =81, =1,
0 R"ZL“" v 0, . L .GU (@.11)
( 'L+7 7 7,+7 g Ji—x ] 7,75,])—"
L DG~
(1= z+§,j)Rx im Ul"+ .= (1 — ei—%,j)L? UZ"_%)
if6i;=0_1;=08,1,;=1
0, R"ZDG2 GU; Z J@ et qut
( 'L+7 Ni H‘ i*% 171 ])+
x,DG 3 xle
(=g REP 0%, 0 0y )

1fﬁ1‘] = ﬁi+%,j = 0’51'—%,]' = 1,

,DG n ,DG Ay
(Gm.Jr%Rf 'GVi,j+§ GwiéLJy -GV, _%)
DG ,DG
(=0, DRIV, = (=0, )L Vlnjil)
lfﬁi’j :ﬁ J_E ﬁ +1 70
(o, +1RyFV GV”+1 —0,; LGV )
+(( l]+ RV V?ﬁ-l - 79i,j—%)Ly7Fv an—l)

if Bij =B ;- 2,12671-&-2 1,

(9U+1RyL‘m GV =0, 110GV 1)
(=0, JRYIT V= (10, L. Vi)
ifBiy =81 =08 ;.1 =1,
(9”+1Ry’DG szﬁz 9”_1LY’L'"“.G'V2J.7%)
(1=, 1Ry V;ﬂjﬁ — (=6, Lyt ‘7[1%)
if Big =B 413 =08 ;-1 =1
(4.112)
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Once the new free surface elevation is known from the solution of (4.99), the momentum can be
updated and the new water depth H needs to be computed on the dual meshes via

- DG = DG =
hi+%,j +M-t. (M)Ii “Mi,j + M)I; “Mit1,5)
if ;11 ;= Pij = Pi+1,; =0,
FL Mx,FV ~ Mx,FV ~ .

i+ 1. +( L "M + My “Tit1,5)

if i1, ="Fii=hFit1; =1,

H ..=1. B . (4.113)
N b1+ (ME™ P 5+ MR - i)
ifBiy1 ;= Bivry =185 =0,
hivist (ME™ - g+ MR - PV i)
if Biy1,;="Fii=1LBi+1; =0,
z - DG = DG =
Ry + MO T M)
if B; j1 1 = Bij = Bij+1 =0,
i FV - FV -
Bijor+ (ML 7+ MET i 1)
- ifB, ., 1 =P3; =08+ =1,
H1=¢ = Btz ’zjy _ VRV (4.114)
AR By jpr + ML PP i + MR - i jit1)
if B; j 1 = Bij+1=1,Bi; =0,
7 FV - FV ~
By jor+ (MLl + MR Py jyn)
if6; j+1 = Pij =1 Bij4+1 =0
The projection of the momentum U and V' in x and y direction onto the main grid reads
- DG 77 ,DG
M- (M} i1 + Mg Uit y)
i feg =By g = Birg s =0
My U1+ Mg U
~ itBi;=08_1,;=08,1,=1
Uij = ,ZIJ 08" = e x,DG . (4.115)
M .(ML Uz—%,j-i_MR W UH-%,J')
#Beg = Fig ;= 0By g, =1,
M- (MEPE W Ty MR T )
if6i;=0i11,;=06_1,;,=1
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ML (M0 ~i’j_% +MYD0 ‘Z’,j-&-%)
if Bij =B 5-1 =B 541 =0,
MYV ‘71',1‘7% g ~m+%

V= P s Z P = . (4.116)
Mo T MR w7 )
ifBij=8;-1=08;,1=1
M-1L. (Mi,DG SWgRY - f/i,j—% + M%'{,DG . Vi,j-;-%)
if ;5 = 6133#% =0, ﬁi,jfé =1.

With the momentum averaged on the main grid it is possible to compute the nonlinear convective
terms of the shallow water system. In the first MOOD step they are evaluated with the RKDG
method shown in sub-section 4.2.2 while during the second MOOD step the convective terms are
recomputed with the explicit finite volume method, see the end of section 4.2.3, but only in the
control volumes flagged as troubled cells. Finally, is it easy to see that the stability conditions in
eq. (4.79) and in eq. (4.90) are equivalent so the time step At for the limited case does not change
with respect the one of the unlimited semi-implicit DG scheme. This completes the description of
the two-dimensional algorithm.

4.3 Numerical tests for the one-dimensional model

In the following, the new staggered semi-implicit DG schemes with a posteriori subcell finite vol-
ume limiting are validated by comparing the numerical results against different reference solutions
available in literature. In order to show the benefits of the new limiter, we present numerical results
obtained with and without using the limiter. In all cases presented here, the initial condition has not
been smoothed out, unlike in [54]. For the sake of clarity, we recall that when we explicitly write
the value of the implicitness parameter 6 p¢ this is referred to the zones where the limiter is not
activated, while in the limited cells we always impose & = 1 for the subcell finite volume limiter.
Note also that during the first MOOD step 8 = 0 is constant in the entire domain.

4.3.1 Well-balanced property for the 1D case

We simulate the numerical test proposed in [106] in order to check numerically the well-balanced
property (or C-property) of the limited DG scheme. We recall that a well-balanced method pre-
serves exactly steady state solutions of the type n = const and u = 0 even for a not-flat bottom
topography, see [10, 80, 81, 83, 106]. The semi-implicit DG method is well balanced by construc-
tion, see [54] for details. Then, for the semi-implicit sub-cell finite volume scheme it is easy to see
from eq. (4.24) that if the free surface is constant and the discharge was initially zero then it re-
mains zero. This property is valid also for the combined DG-FV scheme. In order to verify the well
balancing of the scheme also numerically, we introduce a computational domain Q;, = [—2, 2] and
the bottom topography is a smooth profile given as follows

h(z) = {0.25(cos(107r(z —15)+1) if 14<z<16 @117

0 otherwise.
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

First, we impose a flat free surface n = 1 and zero initial velocity and we run a simulation up to
the final time ¢+ = 0.1 using N, = 100, P = 5, §pg = 0.55 and Aty = 10~3. Moreover,
since for a smooth problem the MOOD approach would not detect any troubled cells and since we
want to verify the well-balanced property of the scheme with active subcell FV limiter, the limiter is
randomly activated in each time step in some of the control volumes. At the end of the simulation,
we observe that the free surface is still flat and in Table 4.1 we expose the results for the Lo and Lo
norms referred to the quantity 7 computed using different machine precisions. In all the cases the
errors have the same magnitudes of the machine tolerance, confirming the well-balanced property
of the numerical method. Similar results are also obtained for the fluid velocity wu.

Case L Lo
Single precision 2.2245-107° 8.7232-107°
Double precision ~ 1.6088-10"*%  6.2094 - 10713
Quadruple precision  4.4248 - 1073'  1.7787.1073°

Table 4.1: Numerical validation of the well-balanced property for the semi-implicit stag-
gered DG scheme in 1D with sub-cell FV limiter. Lo, and L2 norms for
with P = 5 at time ¢ = 0.1 for different machine precisions.

Now we impose a discontinuous perturbation in the free surface elevation of the following form

if 11<z<1.
n(%o){l—&-s if 11<z<12 @118)

1 otherwise,

and we consider other two test cases: for the first one we set e = 0.2 while for the second one
€ = 1073, For both simulations we use N = 250 and a polynomial degree of the basis functions
of P = 5. The final time of the simulations is ¢ = 0.2, with a time step size of Atg = 4 - 104
and Opg = 0.55. The results are shown in Figs. 4.19 and 4.20. For this test a reference solution
is produced using a robust explicit second order TVD finite volume scheme with a well balanced
Osher Riemann solver [63]. It is possible to see a good agreement between the reference solution
and the numerical one given by the limited DG scheme. The a posteriori limiter is active only in
the first time steps of the simulation, while there are no troubled cells detected at the final time.
However, the limiting in the first time steps is necessary, since the unlimited DG scheme produces
visible spurious oscillations in the regions close to the discontinuities in the free surface profile, but
also in the central region where the reference solution is smooth. We attribute this behaviour to the
fact that the unlimited DG scheme is not viscous enough for cleaning the Gibbs phenomenon that
is caused by the discontinuities in the initial condition. We emphasize again that in the limited DG
scheme, the limiter acts only in the first time steps of the simulations, but successfully avoids the
generation and propagation of unphysical oscillations.
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Reference
a SIDG Lim P5
L — — — - SIDGP5
14|
112f
[ I
1f J
_ 1o8f
E |
S 106
o [

u [m/s]

-0.2

-0.3

—— Reference
o SIDG Lim P5
— — — - SIDGP5

Figure 4.19: Reference solutions and numerical solutions for the LeVeque test with € =

0.2att =0.2.
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Figure 4.20: Reference solutions and numerical solutions for the LeVeque test with € =

1072 att = 0.2.
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4.3.2 One-dimensional Riemann problems

Now we expose the numerical numerical results for a set of Riemann problems. The Riemann
problem is a typical benchmark in the context of hyperbolic PDE and it consists in a discontinuous
initial condition of the state vector Q = [n, u, h] of the type,

JQu if z<0
Q(x,O){QR it 2> 0, (4.119)

i.e. two piecewise constant states, separated by a discontinuity. The number of cells N used to
discretize the computational domain Q, = [z, x g] is chosen so that Az = 0.1333 and the poly-
nomial degree is chosen as P = 5. For all the simulations the parameters are Atg = 5 - 10~% and
0pa = 0.55. We consider eight different initial conditions (see Table 4.2) and the exact solution
is given by the Riemann solver of Toro [147] in the case of flat bottom and the one of of Bernetti et
al. [11] when the bottom is discontinuous.

The results of RP1 are exposed in Fig. 4.21 and the test consists in a shock wave that travels to the
right and a rarefaction wave that moves to the left. The numerical solution fits the exact one very
well and the troubled cells are located around the shock wave, as expected, while the plateau and
the rarefaction wave are properly resolved by the unlimited DG scheme. It is also interesting to
note that it was impossible to run this test case without any limiting of the semi-implicit staggered
DG scheme, because at a certain point the spurious oscillations produce negative water depth and
then the simulation crashes.

In the test RP2 two flows collide and the they generate two shocks that travel in opposite direction.
From Fig. 4.22 we observe that the troubled cells are detected in a perfectly symmetric way and the
staggered semi-implicit DG scheme with a posteriori subcell FV limiter reproduces properly the
exact solution, activating the semi-implicit finite volume solver only in the troubled zones around
the shock waves. On the contrary, the pure unlimited DG scheme produces evident Gibbs phenom-
ena that are not acceptable.

The test cases RP3, RP4 and RP5 are taken from [54]. At the final time of the simulation the
semi-implicit DG scheme with a posteriori subcell FV limiter gives a very good match with the
exact solution and troubled cells are not detected. However, it is possible that advancing in time
some troubled cells are detected and thus evolved by the more robust finite volume method for a
few time steps, especially in the regions characterized by the presence of shock waves. In general,
this behaviour happens using a rather high polynomial degree and a parameter 6 that tends to 0.5.
Moreover, the unlimited semi-implicit DG scheme produces solutions characterized by unphysical
oscillations close to the discontinuities and even in the flat zones of the Riemann problem.

The Riemann problems RP6 (from [54]) and RP7 (from [11]) are characterized by a discontinuity
in the bottom topography. Also in these cases the agreement with the reference solution is good
for the DG scheme with subcell limiter, while the unlimited DG scheme crashes in the last two test
problems.

In the last two configurations we consider Riemann problems which have been solved by using the
new algorithm for wetting and drying presented in subsection 4.1.6. RP8 is a classical dam break
problem over dry bed while in RP9 the initial state is a discontinuity in the velocity profile that pro-
duces two rarefactions and a dry region in the middle of the channel. In both cases the agreement
with the reference solutions is very good and these results are shown in figures 4.28 and 4.29. In
conclusion, the semi-implicit staggered DG scheme with sub-cell FV limiter is in good agreement
with the reference solution even in the presence of discontinuities. Furthermore, it significantly
improves the quality of the numerical results with respect to the unlimited case.
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4.3 Numerical tests for the one-dimensional model
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Figure 4.21: Reference solutions and numerical solutions for the Riemann problem RP1
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Figure 4.23: Reference solutions and numerical solutions for the Riemann problem RP3
att = 1.0.
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Figure 4.24: Reference solutions and numerical solutions for the Riemann problem RP4
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Figure 4.27: Reference solutions and numerical solutions for the Riemann problem RP7
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4.3 Numerical tests for the one-dimensional model

Case nL ur hr NR UR hr Tr TR Nz tend
RP1 3.0 0.0 0.0 1.0 0.0 0.0 -5.0 +5.0 75 1.0
RP2 1.0 2.0 0.0 1.0 -2.0 0.0 -5.0 +5.0 75 1.0
RP3 1.5 -1.0 00 1.0 +20 0.0 -10.0 +10.0 150 1.0
RP4 20 -05 00 1.0 +0.5 0.0 -100 +10.0 150 1.0
RP5 1.1 0.5 0.0 1.0 -025 00 -100 +10.0 150 1.0
RP6 1.0 00 -02 05 0.0 0.0 -100 +10.0 150 1.0
RP7 26 25 00 4.8 10.1  -0.2 -10.0 +20.0 225 1.0
RPS 1.0 0.0 0.0 0.0 0.0 0.0 -5.0 +5.0 50 0.75
RP9 005 -3.0 00 005 +3.0 0.0 -5.0 +5.0 50 0.7

Table 4.2: Riemann problems for semi-implicit DG on staggered grid with sub-cell lim-
iter - Left and right states for n,u and h, left and right boundaries zr, and zr,
number of control volume N.., A, and final time of the simulations tenq.
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Figure 4.29: Reference solutions and numerical solutions for the Riemann problem RP9

att = 0.7.
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

4.3.3 Trans-critical flow over a bump

For this 1D test case, the bottom geometry is given by the following function, which describes a
smooth obstacle centred in x = 0

(4.120)

hiz) = —0.25(cos(10m(z — 1)) +1) if —01<z<0.1
" )0 otherwise

and a constant initial state is imposed for the free surface and for the velocity: n = 1 and v =

0.3,/g. The computational domain is Qz = [zr,zgr] = [—2.5,2.5] and is covered by 300
cells setting P = 7. The implicitness parameter is set to §pg = 1 because at the final time
of the simulation t.,q = 0.5 the free surface profile is in a steady regime in the region over

the bump. The maximum time step is Atg = 5 - 10~*. We expose the steady state profile
in the domain [—1, +1] and we report the numerical solution for 1, u, H and the Froude number
Fr = u/+/gH. The results in Fig. 4.30 show an excellent agreement between the numerical results
obtained with the staggered semi-implicit DG scheme with subcell FV limiter and the reference
solution, which has been again obtained with a second order TVD finite volume scheme using
the path-conservative Osher-type Riemann solver presented in [63]. Over the bump we observe a
supercritical flow characterized by a very high Froude number. Moreover, we underline that for
this set of numerical parameters, the discontinuity and the hydraulic jump are contained in the same
troubled cell. Also for this case we observed that without limiter the simulation does not reach the
final time.

4.3.4 Oscillating lake in a parabolic bowl

In this last 1D benchmark problem we consider a periodic flow with wetting and drying front
in a channel with parabolic bottom profile. The computational domain is Q, = [zL,zR] =
[=2L,2L], where L = 2500 is the characteristic length of the problem. The bottom is prescribed
as h(z) = —DoL~'x? and the analytical solutions for the free-surface and for the velocity are
([113, 144])

24Dg /.. Ay L <ay<
(@, t) = ?)OJFQ 73 (z 5) if Acos(wt) — L <z < Acos(wt) + L, @.121)
F2a?  otherwise,
— i —L<z<
(,8) = { Aw cos(fut) if Acos(wt) — L <z < Acos(wt)+ L, @.122)
0 otherwise,

where Do = 10 is the maximum equilibrium depth, A = 0.5L denotes the amplitude of the
oscillation and w = 4/2gDg L~2 is the angular frequency. For this simulation we use N; = 100
with a polynomial degree P = 5 and § pg = 0.6. The numerical data for the free surface 7 and
for the discharge Q) = U = wH are compared against the exact solution in figures 4.31,4.32,4.33
and 4.34 at time 7/4, 7/2, 73/4 and 7 respectively, with 7 = 27 /w. One can observe that in these
figures the agreement between numerical and analytical solution is excellent.
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4.4 Numerical tests for the two-dimensional model
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Figure 4.30: Reference solution and numerical solution for the trans-critical flow over a
bump at £ = 1.0.

4.4 Numerical tests for the two-dimensional model

4.4.1 Well-balanced property for the 2D case

Here we verify the C-property of the semi-implicit staggered DG scheme with subcell FV limiter
also for the 2D case. For this purpose, a smooth bottom profile is defined as

h(z,y) = —0.8¢~5(2=0:9)*=50(y—0.5) (4.123)
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4.4 Numerical tests for the two-dimensional model
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

First, a flat free surface n(z,y,0) = 1 is imposed at time ¢ = 0 and the velocity is initially set
to zero. The computational domain Qg = [0, 2] X [0, 1] is paved with 80 x 40 cells in  and y
direction, respectively. The polynomial degree is P = 5, Atg = 1073, §pg = 0.55 and the final
time is ¢ = 0.1. Similarly to the 1D case, the limiter status flag 5 is randomly assigned a value of
either 0 or 1. As in the 1D case, the error measured in different norms is very close to the chosen
machine precision, see Table 4.4.1.

Case Loo Lo
Single precision 6.7949 - 10~° 7.4372-1077
Double precision 3.4972-107'%  3.7973-107'6
Quadruple precision  4.4970 - 1073!  4.9041 - 103!

Table 4.3: Numerical validation of the well-balanced property for the semi-implicit stag-
gered DG scheme with subcell FV limiter in 2D. L and L> norms for  with
P =5 attime ¢t = 0.1 for different machine precisions.

For the last test, the following discontinuous free-surface profile is assigned as initial condition

1 it 0.05<z<0.1
n(w,y,O){ te if 006525015 (4.124)

1 otherwise.
We use N; = 120 and N, = 40 with P = 5 on the domain Q4 = [—1,2] X [0,1]. The
implicitness parameter is set to pg = 0.55 and Atg = 10~3. In Fig. 4.35 we show the color
contours of the free surface elevation 7 at different output times. We observe that the limiter is
activated only during the first time steps of the simulation and then the simulation produces smooth
outputs, similar to those presented in [106, 136].

4.4.2 Circular dambreak

Finally, we consider two circular dambreak problems of the following form

Qin if r<rc

4.125
Qout if > ¢ )

Q(z,y,0) = {

where 7 = \/z2 + y2 and Q is the vector of state defined as Q = [h,u,v, h]. In the first case
the bottom geometry is a flat surface and the inner and outer states are given by Qi = [3,0,0, 0]
and Qout = [1, 0,0, 0] with . = 2. The computational domain is Qz, = [—5,+5] X [—5, +5]
and we use N = N, = 100 with Aty = 1073, 0pg = 0.55 and ten,q = 0.2. For the
second test an additional discontinuity is introduced in order to create a jump in the bottom, setting
Qin = [2,0,0,-0.2] and Qout = [1,0,0,0] with r. = 1. The computational domain is
Quy = [-2,42] x [—2,+2] and also in this case N, = N, = 100 with Aty = 1073,
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4.4 Numerical tests for the two-dimensional model

Figure 4.35: Numerical validation of the well-balanced property for the 2D case. Nu-
merical solution of the free surface elevation n at times ¢t = 0.12, ¢ = 0.24,
t = 0.36 and ¢ = 0.48 from top left to bottom right.

0pc = 0.55 and t.p,q = 0.2. In both test cases we set the polynomial degree to P = 5. In the top
rows of Figs. 4.36 and 4.37 we present the numerical results for the free surface elevation as well as
the colour maps of the troubled zones highlighted by the red cells, while unlimited cells are plotted
in blue. The results show that the FV limiter is properly activated at shocks and discontinuities only.
In the bottom rows of Figs. 4.36 and 4.37 we compare the numerical results for  and u against the
reference solution that was computed by solving an equivalent 1D problem in radial direction with
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4 A posteriori sub-cell FV limiting of staggered SIDG for SWE

geometric source terms using a second order TVD finite volume scheme on a very fine grid, see
[147] for details. In both cases the results are satisfactory and the semi-implicit DG scheme with a
posteriori subcell FV limiter produces only some small dispersive oscillations.

Reference Reference
o SIDG Lim P4 o SI DG Lim P4

u [m/s]

r[m]

Figure 4.36: Circular dam break problem with flat bottom. Contour plot of the free sur-
face (Top left) and map of the troubled cells coloured in red (Top right); 1D
cut along the x axis comparing the reference solution with the numerical
solution for the free surface n (Bottom left) and for the velocity u (Bottom
right).
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Reference Reference
o SIDG Lim P4 o SI DG Lim P4

u [m/s]

obav v ) '

Figure 4.37: Circular dam break problem with discontinuous bottom. Contour plot of
the free surface (Top left) and map of the troubled cells coloured in red (Top
right); 1D cut along the = axis comparing the reference solution with the
numerical solution for the free surface n (Bottom left) and for the velocity
u (Bottom right).
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4.5 Conclusions about the new subcell finite volume limiter
for staggered semi-implicit DG schemes applied to the
shallow water equations

In this PhD thesis we have extended the a posteriori sub-cell finite volume limiter method intro-
duced in [14, 59, 64] for explicit DG schemes on collocated grids to semi-implicit discontinuous
Galerkin methods on staggered meshes. The new limiter has been applied to the solution of the
shallow water equations in one and two space dimensions. To our knowledge, this is the first time
that the a posteriori subcell FV limiting strategy has been applied to semi-implicit DG schemes on
staggered grids. This novel family of methods is based on the high order MOOD paradigm intro-
duced in [39, 47, 48, 107] in the finite volume context. First, the unlimited semi-implicit staggered
DG scheme presented in [54] is applied in order to get the candidate solution at time t™+1, which
is obtained by solving a linear (or mildly nonlinear) system of equations for the free surface eleva-
tion. In the next step, troubled cells which are characterized by a non-admissible solution are found
thanks to physical and numerical admissibility criteria. In control volumes marked as troubled cells,
then a more robust semi-implicit staggered finite volume scheme is applied and, consequently, the
linear (or mildly nonlinear) system for the free surface elevation has to be solved again, this time
involving the unlimited DG cells and the finite volume sub-cells.

Several test problems have been solved and they confirm that the new method works well and is
able to suppress spurious oscillations near flow discontinuities. In particular, a sequence of Rie-
mann problems has been solved, demonstrating a significant improvement in the quality of the final
results compared to the unlimited DG scheme. In fact, only very few unphysical oscillations are
produced because the limiter is able to stabilize the DG scheme in a nonlinear (data-dependent)
manner, activating the subcell finite volume method only in those zones where the detector finds
troubled cells. Via numerical experiments we have also shown that the new scheme is able to deal
with wet and dry fronts properly, thanks to the nonlinear wetting and drying algorithm of Casulli
[28] used within the a posteriori subcell finite volume limiter.
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5 A posteriori sub-cell finite volume limiting
of staggered SIDG schemes for the
compressible Euler equations

In this chapter we propose a novel semi-implicit Discontinuous Galerkin (DG) scheme on staggered
meshes with a posteriori sub-cell finite volume limiting for the one and two dimensional Euler
equations of compressible gas dynamics, extending the strategy that was outlined in the previous
chapter for the shallow water equations. We follow the strategy adopted by Dumbser and Casulli
in 2016 where the Euler equations have been solved by using a semi-implicit finite volume method
based on the flux-vector splitting proposed by Toro and Vazquez-Cendoén [152]. In particular, the
non-linear convective terms are discretized explicitly and then the pressure is discretized implicitly
and it is obtained by solving a linear system. As consequence, the time step is given by a mild CFL
condition based only on the fluid velocity and not based on the sound speed, which makes this new
method also suitable for simulations in the low Mach number regime.

In addition, in order to deal with shock waves or strong discontinuities, the scheme includes the
a posteriori sub-cell finite volume limiting technique. This strategy was proposed by Dumbser et
al. in 2014 for explicit DG schemes and it based on the MOOD algorithm of Clain, Loubere and
Diot. This approach was extended to semi-implicit DG scheme on staggered meshes for the shallow
water equations in Chapter 4. In particular, first, at time ¢ the unlimited DG scheme produces a
so-called candidate solution for the time level ¢ 1. Later on, the control volumes with a non-
admissible candidate solution are identified by using physical and numerical detection criteria in
order to check the positivity of the solution, the absence of floating point errors and the respect of
a relaxed discrete maximum principle (DMP). Then a robust, stable in the sense of Godunov, first
order semi-implicit finite volume (FV) method is applied on a sub-grid composed of 2P + 1 cells,
where P denotes the polynomial approximation degree used in the DG scheme. Successively, the
nonlinear convective terms are updated by the explicit subcell finite volume scheme, while the linear
system for the new pressure is reassembled and solved again, using the DG method in unlimited
cells and the subcell FV method in troubled cells. Finally, in all troubled cells the higher order DG
polynomials are reconstructed again from the piecewise constant subcell finite volume averages and
the scheme proceeds with the next time step.

‘We validate this novel family of methods and we carry out some classical numerical benchmarks
of gas dynamics. Great attention is dedicated to 1D and 2D Riemann problems and we show that
for these test cases the scheme works well in the presence of shock waves and it does not produce
non-physical oscillations.
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5 A posteriori sub-cell FV limiting of staggered SIDG for the Euler equations

5.1 Staggered semi-implicit DG schemes with a posteriori
sub-cell finite volume limiting for the Euler equations in
1D

In this section we introduce the novel staggered semi-implicit DG schemes with a posteriori sub-
cell finite volume limiting for the 1D Euler equations. For the sake of simplicity, we first derive
the unlimited semi-implicit 1D DG scheme in 5.1.2; then in 5.1.3 we discuss a semi-implicit FV
method with a proper subcell formulation. Later on, we recall the MOOD algorithm and we con-
clude in 5.1.5 with the general scheme that combines the two methods previously mentioned. In
the following, several universal tensors will be introduced and for clarity we report them apart in
Appendix A.3.

5.1.1 Governing equations of the 1D model

The Euler equations of gas dynamics in one space dimension are a well-known system of hyperbolic
PDEs and read as follows:

9p  Olpu) _
ot ox ’
O(pu) 9 2
— = 5.1
o +ax(pu +p) =0, 5.1
9(pE)

0

ot T g (wlpE+D) =0

The equations (5.1) state the principles of mass, momentum and total energy conservation. The
spatial and the temporal coordinates are x and ¢ and the computational domain is denoted by 2, =
[zL, zRr] in the following. Furthermore, p(z, t) is the fluid density, u(x, t) is the velocity, p(x, t)
is the pressure and F(z,t) is the specific total energy. Additionally, we have E = e + k, where
e is the specific internal energy and k = %uQ is the specific kinetic energy. We introduce another
quantity called specific enthalpy h = e + p/p and consequently we rewrite the flux of the energy
equation as the sum of two different contributions u(pE + p) = upk + hpu, see [55, 152]. In
order to close the system we use the equation of state (EOS) for an ideal gas, which reads

_r
(y="Dp
Here, v = ¢p/cy is the ratio of specific heats, which typically lies in the range 1 < v < 3. Here
we will consider this quantity as a constant and equal to v = 1.4, which is the adiabatic index of a
diatomic gas and thus a reasonable value for air at moderate pressures and temperatures.
The system in eq. (5.1) can be written in more compact matrix-vector notation as
9Q , OF(Q)
ot ox

where Q = [p, pu, pE]7 is the vector of conserved variables and F = [pu, pu? +p, u(pE+p)|T
is the physical flux vector. In quasi-linear form the above system reads
oQ 0Q

Bt +A(Q) oz

e =e(p.p) = 52)

=0, (5.3)

}T

0, (5.4)
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5.1 Staggered SIDG with limiter for the 1D Euler equation

where A(Q) = 0F(Q)/0Q is the Jacobian matrix of the system. For the Euler equations, A (Q)
has three real eigenvalues: Ay = u — a, A2 = u and A3 = u + a, where a is the sound speed.
For an ideal gas the sound speed is equal to a = /~p/p. Moreover, the matrix A has a complete
set of linearly independent eigenvectors, hence the system is hyperbolic. For a thorough discussion
of the Euler equations of gas dynamics and numerical methods for their discretization, the reader
is referred to the textbook of Toro [148]. Following the flux vector splitting proposed by Toro and
Viazquez-Cendoén in [152] and the ideas outlined in [55, 66], the PDE system (5.3) can now be
rewritten as
c p
9Q | 9FUQ) | OFNQ)
ot oz oz

with the nonlinear convective flux F¢(Q) = [pu, pu?, upk]” that does not contain any pressure
terms, and the pressure flux FP(Q) = [0, p, hpu] . Following [55] and [66], we will discretize
F¢ explicitly and FP implicitly. In [152] it was shown that the Jacobian of the convective flux
Ac(Q) = 0F¢(Q)/0Q has the eigenvalues A{ = 0 and A§ 5 = wu, ie. the CFL condition on
the explicit part of the scheme will depend only on the bulk flow veloc1ty v and not on the sound
speed a. For this reason, the method presented here can also be used for the simulation of low Mach
number flows.

(5.5)

5.1.2 Unlimited staggered semi-implicit DG scheme for the 1D
Euler equations

We consider a computational domain 2 = [z, zr] composed of two overlapping grids (see Fig.

5.1). The first one is called main grid, which contains N cells characterized by a constant length
Axr = NLE = %, while the second grid is called dual mesh and it has N; + 1 elements.
On this last grid there are N, — 1 equally spaced elements of size Az, while the length of the
cells on the left and on the right boundary is only Az/2. A generic element of the main grid is

denoted by T;; = [z, _1,, 41 |, whereas a control volume on the staggered grid is indicated as
2 2
T, 41 = [zi, zi41] and its edges are the barycenters of two consecutive cells of the main grid. In
2

order to represent our numerical solution via piecewise polynomials of degree P, we use a set of
basis functions (&) defined on the reference element [0, 1]. In particular, we choose a nodal basis
given by the Lagrange interpolation polynomials passing through the Gauss-Legendre quadrature
points of the reference element [0, 1]. This basis is by construction orthogonal. For any physical
control volume we generate the basis functions ¢;(x) on the main grid and the basis functions
¥ () on the dual grid from ¢; (&) as

o1(z) = pi(§) with z=uxz; + Az, and

hi@) = @€) with z=z, 1 +EAz,  0<E<L >-6)

Then, a quantity located on the main grid, for example the pressure, is approximated as follows

P+1

Z(ﬁz )Dii(t) := (@) - Pi(t), (5.7)
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Ti—1 T; Tit1 T

Figure 5.1: Staggered grids for the one-dimensional DG scheme. Main grid used for the
free surface (top) and dual mesh for the velocity (bottom).

while for variables that are defined on the staggered dual mesh, such as the fluid velocity, we have

P+1

u¢+%(zvt) = Z wl(m)ﬁi+%’l(t) = P(x) 'ﬁ¢+%(t) (5.8
=1

where P and @ are the degrees of freedom for the pressure and for the velocity, respectively. Fol-
lowing the ideas of semi-implicit methods, see e.g. [55], the Euler equations can be split into a
convective sub-system, which contains the non linear terms and into a linear pressure subsystem.

5.1.2.1 Explicit discretization of the nonlinear convective terms
In the numerical scheme proposed in this chapter, the convective subsystem

0Q | IOF4(Q) _
ot ow =0 9

is integrated using an explicit Runge-Kutta discontinuous Galerkin (RKDG) scheme on the main
grid, based on a third order TVD Runge-Kutta method [82]. For this purpose, we define the discrete
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5.1 Staggered SIDG with limiter for the 1D Euler equation

solution for the vector Q within an element 75 as

Qi(t) = o1 () Qi (1), (5.10)
where we assume the Einstein summation convention over repeated indices. Multiplication of eq.
(5.9) with a test function ¢, integration over the primary control volume 7’; with subsequent in-
tegration by parts and introduction of a numerical flux lead to the following semi-discrete method

aQ; )
/m(:c) Q d$+¢k(xi+%)Ff+% — ¢z, _1)FS | — it} F°(Q;)dx = 0. (5.11)
T;

ot 27 'y Ox
T;
The numerical fluxes F¢ L1 at the cell interfaces x, 1 are given by a local Lax-Friedrichs (Ru-
K2 b 2

sanov) Riemann solver

1 1
c — c + c — _ 1t + O-—
wry =g (T (ehy) (@) - pe (R - ey e

where Qi , are the boundary extrapolated values at the element interfaces from the right and left,
itd
2

respectively. Since in this explicit part of the scheme we only consider the convective subsystem,
the maximal signal speed smax is given by the eigenvalues A€ of the convective flux F€, i.e.

c + c - — + -
A (QH%) ’ ,max |\ (QH%) D = max (|ui+%|, \uz+%|> .
(5.13)
After integration with a third order TVD Runge-Kutta scheme [82] the degrees of freedom of the

conservative variables of the convective subsystem at the new time are denoted by Q* and read as
follows!:

Smax = max (max

Ri=Qr s am, (@),
ko = %Q” + iﬁl + iAtLh (E1> , (5.14)
Q= é@n + §E2 + gAtLh (EQ) .

In eq. (5.14) the spatial discretization operator Ly, (Q") is defined for each element 7 as

L, (@) =- LM (pFe 0)F°¢ ' ¢ -F¢), (5.15
()], =M (R, —eOF:, - [ SO0 F) L 619

with the element mass matrix on the reference element given by
1 1
M= [ ppds = [ pupde (5.16)
0 0

and the vector of degrees of freedom of the convective flux simply defined as IA?; = F¢ (QZ),
since we use an orthogonal nodal basis.

!when the index 7 is omitted in the vector of degrees of freedom we intend the entire set of all degrees of freedom
of all elements
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5 A posteriori sub-cell FV limiting of staggered SIDG for the Euler equations

5.1.2.2 Derivation of the semi-implicit staggered DG scheme in 1D

We first discretize the total energy equation obtained after the flux splitting procedure (5.5). We
multiply the total energy equation by the vector of test functions ¢ and we integrate over a control
volume of the main grid T7;:

zi+%

/ @ (8815 (pe + pk) + 2(,oku + hpu)) dx = 0. (5.17)

i—

[N

In the time derivative, the term of the total energy term at "1 is divided considering the contribu-
tion of the specific internal energy and the one of the kinetic energy; in addition we make use of the
term pE; that has been obtained after the explicit discretization of the nonlinear convective terms
discussed before. Then, we integrate the spatial derivative by parts in space and, in order to achieve
second order of accuracy in time, we use the so-called 8-method. This leads to

B
pe; " +pk, —pE,
dz | - L
/ o0 ~
n+0i+1 A7L+91
+ &( )"/’(zz+%)'¢( Z+%) h,L-Jr% P’U'Z.+%
n An—‘—@ 1 n+6. 1
_ . 2 — T2
¢(xz_%)'¢v(azl_%)'¢(xl_%) hi—% P'Uri_%
x 1
it
3¢ n+917% An+6i7% 8¢) n+ z+% An+6‘i+%
| [ Gowwds | Ay | [ PPy | R e
x+ 1 i
ity
=0,
(5.18)
n+9i+l
where ;’)TLH_l =010, )pu ird +0, i1 pu 1 Land 0.5 < @ < 1 is an implicitness pa-
2

rameter. When 6 = 1 the scheme is the implicit Euler scheme which is first order accurate in time;
when 8 = 0.5 we have the second-order Crank-Nicolson time discretization [32]. According to the
Godunov theorem [78], in this last case the method is not monotone and can generate unphysical
oscillations in the vicinity of strong discontinuities. As in the previous Chapter 4, in the framework
of sub-cell FV limiters for semi-implicit DG schemes we therefore want to vary the parameter 6
in the domain and this is done assigning different values of 6 on the dual mesh. Eq (5.18) can be
rewritten in the compact matrix-vector form
1 0. 1 . 1
M- (An+1 +pk _ pE )+ 4 At (RDG h i1 +§@v+1!+§ —LDG. iLi “2pu , 2)=0.
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n+9i+% mn+9i+%
P i+3

n+9i 1

2. Moving the quantities of eq. (5.19) at time ¢™ to the right hand

where RRC - h is the product of a rank 3 tensor RRC with the degrees of

. n+9i+l
freedlomh. , 2pu. ,
i+3 it3

side yields

n41
M. PE
o

i+3

— At ~ _ o~
+ M- kn+1 + I(O . RBG . hn+lpun+1 ) LDG h’n+1p ':7,+1)

K3 = iy 1 3
z T2 ~iplt iy ~i-1

— AL S
M - pE,; — A—x((l -0, )RDG hl+1 pu;l% —(1- 92._%)1}30 . h;i%pu;g%)
(5.20)

where we expressed the internal energy density pe as function of p using the ideal gas equation of

state. In addition, the meaning of the symbol under-tilde will be clarified later. The momentum

equation is multiplied by the test function ) and it is integrated over a control volume 7T} 41 that
2

belongs to the dual grid

Tig1 Opu 8pu2) /zi+1 Op
der = — dz. 21
/z. w( ot " on )@ L Y ©21)

i i

We carry out the integration of (5.21) following the same procedure used in [54, 90, 92, 140]. The
nonlinear convective terms have already been discretized explicitly, leading to ﬁz\z,: L1 while the
2

pressure gradient is approximated by splitting it into a smooth contribution and a jump term across
the interfaces of the primary grid, which are located in the interior of the dual mesh. This yields

i —~n+1 o
Tit1 pu?:% - pu:+%
dx . -_— =
| v -
T4
n nto, 1 _ nto -1
P( i+ ) ¢(5’31+ 1) Py ¢(xl+%) p; (5.22)
o
i+l z;
2 0 4o +1 0,y
/ Yot | P / widx Py
7+ 2
and the more compact matrix-tensor formulation of the same equation reads as follows:
At nto 1 RN
M- (P" - pu7,+1 ) + Az <RDG Piyr - LBG Py =0 (5.23)

Later on, we introduce the term G? , that collects the convective terms of the momentum equation
2

and the discrete pressure gradient at the time level ¢™

~ At
G —pur, -2t
Pl ™ Az

1 (1—9i+%)M—1-(RgG Pl — LY p7), (5.24)
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5 A posteriori sub-cell FV limiting of staggered SIDG for the Euler equations

so that the final semi-implicit momentum equation reads

_ At - . R
pulfl =Gl = 0 MU (RSP LSBT 529)
Later, we will insert the discrete momentum equation (5.25) into the discrete total energy equation
(5.20). However, the enthalpy h is a function of the pressure, and in order to avoid a strongly non-
linear system in p we adopt an iterative Picard technique. Hence, the symbol under-tilde means that
a variable is evaluated at the previous Picard iteration. In the following we will use the superscript
 as the iteration index of the Picard process. For the sake of clarity we rewrite eq. (5.20) as

AZL+1”P+1 At DG n+1 " ~n+1,r+1 DG LT 141
M. =g+ 5 O g RS Ay Al T -0,y LS ATy pulT ) =
—n+1,r
M- (pE; —pk; ")
At ((1_9 )RDG hn s —(1—6 )LDG~iln u” )
T a7 3P ~ptel Ay
(5.26)
The discrete momentum equation (5.25) becomes
At
s tir+l ~n+1,r+1 41,741
pur T = Gy = 0 M (RS PITT S LpC T 5.2)

Therefore, after inserting (5.27) into (5.26) one gets a discrete wave equation for the unknown
pressure p” 171 at the next Picard iteration, which can be solved by using a Thomas algorithm
for linear block three-diagonal systems, and which reads

‘C?G 3 ﬁzljll,r+1 CDG An+1 r+1 + RDG ,.'anl ,r+1 8: (528)

Here, B: is the known right hand side term

Bz M- (pE; —pk; )

n+1,r ~ 4 ~n+1,7 4

(91+1RDG iy pu s =0, LR puy 1) (5.29)

DG
75((1791. 1)Re h+1pu+17(170.

i—

DG | o
PLEC R pul ).

2

The block matrices E?G, C?G and RIBG read

At? .
£D6 = —A—IQQ{%LD%"+1 "M LR, (5.30)
1 At?
CPO= M+ 0 ROATTMUILY + T 293 L YO MTRYC,
-
(5.31)
At? +1,
DG DG ™ T —1p DG
RYO = — 507 ROAT M IRYS (5.32)
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5.1 Staggered SIDG with limiter for the 1D Euler equation

For every Picard iteration, once the pressure is known, the momentum update is done using eq.
(5.27). Subsequently, also the enthalpy h?:ll "+ has to be computed and, in order to get a quantity
from the main grid to the dual one and back, we use the following averaging operator based on Lo
projection:

By =M (MPO-pi + MR pip). (5:33)
In addition, since in eq. (5.29) the kinetic energy is needed on the main grid, we first compute the
degrees of freedom of the velocity as ﬁ?_:ll’""+1 = ﬁﬁ::"ll Ly ﬁ::rll and then we apply the Lo
2 2 2
averaging operator from the dual to the main grid

@; =M1 '(MEG'{":'—% +M%G'ﬁi+%)' (5.34)
Numerical experiments indicate that only very few Picard iterations, typically 2 or 3, are enough to
obtain a good solution. Finally, at the end of the Picard loop the update of the total energy is carried

out and from eq. (5.19) we get
n+0.

—nt+l  —=x  At_ pg g tlirl o1 pg g tlio1 i—3
E T =pE, - —M"' - (RX.4 2 2 _LDG.f 2 2y,
pPL; pL; Az ( e i+% puiJr% e i*% pui7% )

(5.35)

For this semi-implicit DG scheme, the maximum time step is given by the usual CFL condition of
the RKDG scheme which reads

A
At < CFL—=Y _ with CFL < (2P +1)~L. (5.36)
m

ax(|ul)
Note that this is the stability condition due to the explicit discretization of the nonlinear convective
terms and which is based only on the fluid velocity. Due to the implicit treatment of the pressure
terms, the speed of sound does not influence the choice of At. Consequently, this method becomes
suitable for the numerical simulation of low Mach number flows. However, due to its conservative
formulation, the method is also able to deal with shock waves, as shown later. For other types of
semi-implicit DG schemes on staggered meshes, the reader is referred to [54, 70, 71, 92, 137, 139,
140]. In addition, the scheme derived here represents the natural extension to arbitrary order of
accuracy in space of the semi-implicit 1D finite volume method introduced in [55].

5.1.3 A sub-cell formulation for the semi-implicit finite volume
method for the 1D Euler equations

In this subsection we introduce a sub-cell formulation of the semi-implicit finite volume method
for the 1D Euler equations. In particular, this approach was adopted in Chapter 4 for the shallow
water equations, but other similar methods have been proposed also in [27, 90, 99, 134]. The
computational domain is Q; = [z, xr] and, similarly to the method in subsection 5.1.2, we
consider two staggered meshes. For an element 7; of the main grid, given a positive integer P,
there are 2P + 1 piecewise constant sub-cell averages that represent the FV data on 2P + 1 sub-
cells T; ¢ characterized by length Az = Az /(2P +1). Consequently we have that T; = UsT; s
with s = 1,.., (2P + 1). Hence, for P = 2, p; = [P; 1,D; 2, Ps,3, Di,4; ;5] denotes the set of
sub-cell data in the cell T;. For a schematic representation of these grids see Fig.5.2" The quantities
assigned to main grid and to the dual grid are the same discussed in the previous section 5.1.2. For
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Di—1 p;

>
Ll
Ti—3/2 Ti—1/2 Tit1/2 Tit3/2 &
7u_ 1 —_
Pl 1 Py L
>
Ti—1 Zq Ti+1 x

Figure 5.2: Staggered grids for the sub-cell finite volume scheme in one dimension in
the case P = 2 (Ns = 5). Main grid used for the free surface (top) and
staggered dual mesh for the velocity (bottom).

the convective sub-system, the explicit finite volume update on a collocated grid at the subcell level
is given by

At

Q. =Q;, - P 1 —Fi ), (5.37)
Ts

i,5+ % 8= 5

where we used again the Rusanov method in order to evaluate the numerical fluxes Ff splc
O

We start with the semi-implicit approximation of the momentum equation. Using the adaptive
6-method, the discretization reads as follows

1 n+o,, 1
2 LY. p, 2)=0 (5.38)

At n+0 i+

—n+1 * FV = i

Py ~ P ¥ (R P

where piu.j;Jr , is the contribution of the explicit discretization of the nonlinear convective term; in
2

addition, the tensors RFY and LFY (see Appendix A.3.2) approximate the derivative in 2-direction.
For the sake of clarity, we give the approximation of the pressure gradient Azdp/dz with P = 2
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and 91&:% =1:
FV —n+1 FV  —ntl _
R Py L P 1
—n—+1 —-n+1 —n+41l _ n+1 —n—+1 —'n.+1 —n+1 —n+1 —n+1 —n+1
S(PIL  m P aPi 1 s TP L P L TP 9P o TP P s TP )
(5.39)

The semi-implicit sub-cell finite volume discretization of the total energy equation takes the form

1 141, At FV n+1 "5 , FV "+1 "5 ,
= —n+1,r At FV 37— FV 77—
= (pEi — pk; > Ao ((1—0 1)R ~hpui+% —(I—GF%)L -hpui_%).

(5.40)

Inserting eq. (5.38) into eq. (5.40) yields a linear three-diagonal system which at each Picard level
reads

ﬁFV _ﬁnJrl,TJrl + CFV .ﬁn+1,r+1 'RFV —n+1,7+1 ET (5.41)

i i—1 i i Pit1 - Yo ’

which can be solved either by a Thomas algorithm or by an iterative conjugate gradient method. In
each Picard iteration the enthalpy, which is defined on the staggered mesh, has to be updated and
one can use the following FV average in order to interpolate the pressure from the main grid to the
dual mesh

Py =ML P+ My Bipy): (5.42)
Similarly, the kinetic energy is discretized on the main grid. So, in order to get the degrees of
freedom of the velocity w;, the projection from the dual grid to main one reads

w; = (MY Ty + MYy Ty 1), (5.43)
For the matrices introduced in equations (5.42) and (5.43), see appendix A.3.2. Finally, the total
energy update reads

- . At +9i 1 _ n+46.
pE?-H =pE,; — S(RFYV. hpu tz v, hpu

1
T2y, 5.44
A i+ i1 ) (5.44)

In this case, the CFL condition of the scheme is given by the stability condition for the computation
of the explicit nonlinear convective terms:

Az .
At < CFL————— with CFL < 1. (5.45)
max(|u|)

We remind that here we introduced an alternative data representation for the FV method which is
necessary in order to combine the DG and FV schemes on staggered meshes for the a posteriori
limiting strategy introduced in the next section. For the method discussed in this subsection, the
solution algorithm is the same adopted for the 1D pure DG scheme in Section 5.1.2. For a better
understanding of this particular semi-implicit FV method see [55, 90] or subsection 4.1.3 in Chapter
4.
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5 A posteriori sub-cell FV limiting of staggered SIDG for the Euler equations

5.1.4 MOOD algorithm and detection criteria - 1D case

In this method, we adopt the same limiting strategy adopted in Chapter 4 for staggered SIDG applied
to the shallow water equations. Similarly to the a posteriori sub-cell limiter for explicit DG schemes
exposed in [14, 59, 64], the starting point is the MOOD paradigm [39, 47, 48, 107]: at each time
step the algorithm is composed of two stages. In the first one, the unlimited DG scheme presented in
section 5.1.2 generates a so-called candidate solution Q"1 = (p>nt1l pyontl ppo.ntl)T
at time t* 1. Here, we use the circle symbol as apex for the candidate solution, in order to avoid
confusion with the discretization of the nonlinear convective terms, which in this section are de-
noted by the star symbol. Then, the troubled zones are detected using physical and numerical
admissibility criteria. In the cells flagged as troubled zone, the more robust staggered semi-implicit
finite volume subcell scheme introduced in the previous section 5.1.3 is used, while we use the
unlimited DG method in those control volumes which are not troubled. Afterwards, in the second
part of the procedure, a valid solution at time ¢™ is recovered and then the update is carried out by
a mixed scheme, which uses the more robust subcell finite volume method in troubled cells and the
unlimited DG method in the other ones. To do this, the linear system for the pressure is reassem-
bled and solved again, using the subcell FV method in troubled cells, and the unlimited DG scheme
everywhere else. Moreover, if troubled cells have not been individuated after the first level of the
algorithm, the scheme directly advances to the next time level.

5.1.4.1 Data representation, projection and reconstruction

For a generic variable g of the approximated solution given by the DG scheme in the cell 7} at time
t™, the degrees of freedom used for the piecewise polynomial data representation are denoted by
G;*. Similarly g;* denote the piecewise constant cell averages in the subcells T s. These subcell
averages @, are computed from §;* using the following L2 projection

1
ITi,s

—n
qi,s -

/ ¢>l(x)dx<j;fl, VT; s € T5, (5.46)
T;,s

and consequently we introduce the projection operator P so that gj* = P - §;".

Then, one can gather back the piecewise constant sub-cell averages EZS into the degrees of freedom
(jgl of a high order DG polynomial by solving again (5.46). However, this procedure leads to an
over-determined system because there are 2P 4 1 equations for P 4 1 unknowns. In order to
overcome this problem a constrained least-squares approach (see [57, 97]) is adopted. In particular,
the linear constraint is integral conservation on the big cell T; (see [64]), i.e.

STy, = / oi(x)dz " (5.47)
J T;

This operation is expressed in a tensorial formulation as §;* = W - @', with W - P = T, where
T denotes the identity matrix. For a schematic summary of these projection and reconstruction
procedure, see Figure 5.3. Moreover, in some situations we will need to recover a polynomial from
P + 1 piecewise constant sub-cell data. Here we consider two situations: one is at the left part,
TiL = Uf;rll T;,s (see Figs. 5.4), and the other at the right side, TiR = Ugi;il T;,s (see Fig.
5.5). So we introduce the matrices W, and WWr, that are computed using reconstruction procedure

152



5.1 Staggered SIDG with limiter for the 1D Euler equation

(5.46) only on the left and right part of cell T;. Note that here the least squares procedure is not
necessary because now the number of equations is equal to the number of unknowns.

5.1.4.2 Detection criteria

In this subsection we discuss the physical and numerical admissibility criteria. All the quantities
are analysed on the main grid and those variables which are located on the staggered dual grid are
extrapolated onto the main grid. This operation is done by using the algorithm given in eq. (5.33).
At first, we want that the candidate solution, given numerically by the unlimited staggered DG
scheme, satisfies some physical admissibility criteria (PAD). For the Euler equations we check that
both density and both pressure are non-negative, hence we require

Pt >0 and >0 (5.48)
In addition, similarly to [14, 59, 64], the detector is supplemented by numerical admissibility cri-
teria (NAD) based on a relaxed version of the discrete maximum principle (DMP). For a generic
variable q this criteria read as follows

in (§")—8 <>t < §" )40 5.49
vqri}lenvi(q],z) =4, V%%ﬁ(qj,l)-l- ) (5.49)

where V; = {T;—_1,T;,T;+1} is the set of neighbour cells of T, which is the set of Voronoi
neighbours in the multidimensional case. In equation (5.49) we introduce two tolerances: ¢ is a
relaxation parameter that allows some very small oscillations or numerical noise; it reads

d = max][do, E(vzq:%)\()7(li?*l) — v?}ienvl(é?‘l))] (5.50)

where d is chosen in the interval [1074,10~3] and typically ¢ = 5 - 104, In this algorithm we
check the DMP componentwise for all conserved variables. Moreover, an additional detection of
troubled cells is carried out projecting the numerical quantities from the main grid to the dual mesh
and then project them back onto the main grid. This procedure creates non-physical oscillations
near discontinuities but it leads to a more robust detection of troubled cells, especially for the initial
condition. We furthermore check the presence of NaN (not-a-number) values in the candidate
solution, which are also a clear indicator for a cell to be troubled.

Successively, a cell is flagged as troubled if it does not respect the a posteriori admissibility criteria
applied to the candidate solution @°-™+1. We introduce an indicator parameter 3;. If 3; = 1 is
marked as troubled, the solution at time ™1 will be recomputed using the finite volume scheme
presented in Section 5.1.3. On the contrary, if 3; = 0 in 7} it means that the cell is untroubled.
In addition, if the cell 7T} is flagged as troubled we also mark both dual control volumes T, 1 and

T, L1as troubled control volumes, see Figure 5.6. As consequence, we impose 3,_1 = 1 and
2 2

Bip1 =1

Finalzly, for the sake of clarity we remind that at the first MOOD iteration the implicitness parameter
0 is a constant value O in the whole domain. It is a user-defined parameter that is typically
chosen very close to 1/2 in order to minimize the effects of the numerical viscosity caused by the
time integration. At the second MOOD level, the value of the parameter 6 in the troubled cells of
the dual grid is imposed equal to 1. Consequently, the new numerical solution is given by using a
monotone and robust finite volume method in the troubled cells.
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q

Figure 5.3: Projection and reconstruction operators - Operators P and VW

5.1.5 Sub-cell limiting of the semi-implicit DG scheme for the 1D
Euler equations

Finally, we complete the derivation of the 1D algorithm for the finite volume limiting of the Eu-
ler equations. The computation of the nonlinear convective terms is carried out according to the
MOOD strategy used for explicit high order schemes, see [14, 39, 47, 48, 59, 64, 107]. Hence, at
the first MOOD step all the cells are flagged with 8; = 0 and the first step of the algorithm is done
using the pure unlimited DG algorithm explained in subsection 5.1.2.1. Later on, after the detection
of the troubled control volumes, we use the explicit finite volume update given in 5.1.3 in order to
recompute the solution in the cells marked with 8 = 1 while for the explicit part of the algorithm in
the non-troubled cells we can keep the results of the convective terms obtained in the first MOOD
iteration.

Now, we consider the semi-implicit approximation of the one-dimensional total energy and momen-
tum equations for the complete algorithm. For the general case we distinguish four situations. The
first one is when the control volume T; and the corresponding dual cells T’ 1 /o are not marked as
troubled. In this case 3, _ 1= Bi = B, L1 = 0 and the equations are discretized using the pure

DG method introduced in subsection 5.1.2. The opposite case is when the troubled cell indicator
Bisequalto 1,8, 1 = B; = 6i+l = 1, in all the control volumes T, 1, Ti,TH_l; for this
2 2 2 2
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Figure 5.4: Projection and reconstruction operators - Operator W,

situation, we use the finite volume method discussed in 5.1.3.Then we consider the two situations
where the control volume T is not limited but in one of the corresponding dual control volumes

T,_ 1 data are represented by finite volumes. In these cases the energy equation reads
2

——n41 —x RDG ,ﬁn+9i+% ﬁam_e”% _ Lim ,mn_g“r%
M. (PE: At_pEi ot ”%A ° 5 g (s51)
X
with LL™ = L/26 . wy
for8; =08;4+1 =0p8;—1 =1land
R ntb, 1 n+0,_ 1
;ETH—I _;E* Rlé‘m-hpu_+l 2 —LEG hz‘—l 2p'u,l_1 2
M. (— ~ S+ 2 ~ 2 2 =0 (552

with RL™ = R2%. W,

if B; = 0 Bi—1 = 0 Bi;4+1 = 1. These two approximations are very similar to eq. (5.19), i.e. the
discretization of the energy equation in the pure DG case. In fact, considering the scheme in Figure
5.7, the operator VW, reconstructs the polynomial data using the first P 4- 1 subcell averages of the
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Figure 5.5: Projection and reconstruction operators - Operator Wr

cell T; 41 Similarly Wpx reconstructs the polynomial data from the last P + 1 piecewise constant
2
data of the control volume T _ 1, see Figure 5.52. In addition, in equations (5.51) and (5.51) we
e
e

introduced matricesR BG and that are universal tensors of rank 2, see Appendix A.3.3.

Now we discuss the two limited cases of the discrete momentum equation. Here, we consider the
cases when T, L1 is a troubled cell and only one of the control volumes 7; and 75 is a limited

control volume. Hence the numerical approximation of the momentum equation reads as follows

n+6 n+6

At . i+l
* _ Lim B 2 _ 1FV i
i+3 T Ax R™ Dy L™ p

—n+1 __
;=

il .
pu;’ 2 ) with RLI™=RFV.p
bl

(5.53)

pu

when 3; = 0 and B;4+1 = 1 (see Fig. 5.9)

_ . At ntd 1 ol 1 ) )
pultl =pul - RV, TSI, TR with LgM =LY (5.54)
2

when 8; = 1 and B;4+1 = O (see Fig. 5.10). Note that equation (5.53) and 5.53 can be
seen as particular case of the discrete momentum equation (5.38) for the sub-cell finite volume
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Bi-1 =20 Bi=1 Bi+1 =0
T;—3/2 Ti-1/2 Tiy1/2 Tiy3/2 x
51'73/2 =0 Bic1y2 =1 Biv172 =1 5i+3/2 =0
Ti—2 Ti-1 Ti Tit1 Tit2 T

Figure 5.6: Staggered grids for the semi-implicit staggered DG scheme with sub-cell
limiter active in cell 7;. Main grid used for the free surface (top) and stag-
gered dual mesh for the velocity (bottom). If a cell 7; on the main grid is
flagged as troubled, then also the two overlapping staggered velocity control
volumes T} L are flagged as troubled. The data representation in troubled

cells is changed from high order polynomials to piecewise constant subcell
averages.

-‘—GI 41 n+€i 41
method. In addition, in eq. (5.53), the product R5™ - p, L = =RW . p, L1 s equal

to the mulnphcatlon of the tensor RFY with the vector of piecewise constant subcell averages

n+6. n+6.
Py e =P P, *3 given by the projection of the DG degrees of freedom onto the set of

the subcell finite volume degrees of freedom. This observation is valid also for the tensor product
n+01 41 n+01 41

Lim. p, 2 =LFV.p, 2 ineq. (5.54).
The substitution of the momentum equation into the energy equation yields the three-diagonal linear
system in eq. (5.55).

EI{im . ﬁ?jrll,r+1 + C%im ) ﬁ?+l’T+1 + Rle . ~n_;L1 ,r+1 l;: (5.55)
We denote with the symbol p"+1 the generic degrees of freedom of the pressure which represent
either a DG polynomial or a set of subcell averages depending on the value of the troubled cell
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Ti—1/2 Tiy1/2

Figure 5.7: Control volumes for the energy equation for the staggered semi-implicit DG
scheme in the limited case using P = 2,i.e. Ny = 2P +1 = 5. DG method
used in 75 and T}, 13 finite volumes in T; 1

indicator S3. . . .
In the following, we will give the expressions for the blocks E%‘m, CZ.L““, jo‘m and for the right

hand side term Ei. For clarity, Cifi"‘ is divided in two contributions
C%im — C?’le + C:c,le7 (5.56)
where C’?’Lim is equal to the mass matrix in the DG case or equal to the identity matrix in the FV

situation:

(5.57)

oLim _ JM if B; =0,
C; _{1 if B =1.

The remaining blocks lefim, C?’L'm, EZL““ can be expressed considering four different cases de-
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T

Ti—1/2 Tiy1/2

Figure 5.8: Control volumes for the energy equation for the staggered semi-implicit DG
scheme in the limited case using P = 2,1.e. Ny = 2P +1 = 5. DG method

used in T; and T, 1 ; finite volumes in T} 1
2 2

pending on the value of 3

~n+1 _
LEG'QZ_ .M 1_LIL)lG
T2
. N LFV ~diag(ET_L+11) CLEY
L%lm — _ 92 o

- 2.
Az? i3 ) LEm - diag(R"T]) - LFY
21
LFY -diag(ﬁn+112) - LLjm

~;_ 1
)

if

if

if

if

Bi—1 = Bi =0,

Bi—1=8i =1,

By =16 =0, (5.58)
Bi—1=0,8; =1,
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Ti+1

Tit1/2

Figure 5.9: Control volumes for the momentum equation for the staggered semi-implicit
DG scheme in the limited case using P = 2 (Ns = 5). DG in 7;; FV in
Ti+1 and in TH%

02 RYC- A" Mt LR 402, L LR *1.M-1.RES

11— Nl_% i+ 1+1

it = B, - By =0

91271LFV ~d1ag(lf\7j;l) RV 4 62,2+%RFV : diag(ﬁn:j) CLFV
IS R
LT A2 91_2_%R2G-Ej_+i M~1LEO 462 UM dmg(h":l)-Lgim

ifBi = B;_ l_og+1_1 :

02, L™ - diag (R ”“) RY™ 462, L2C - hHl M~1.RES

2
= e BH% o (5.59)
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Tit1/2

Figure 5.10: Control volumes for the momentum equation for the staggered semi-
implicit DG scheme in the limited case using P = 2 (IN; = 5). DG in
T;+1; FVin T; and in TH%

RO - R M1 RDC if Biy1=p8=0,

~ipl

2
. = 1 on
A2 RFY - diag(h"" ') - RFY i B =Bi=1,
RLim — _ 92 1 ) /\:+ 71 (5.60)
@ Az? itz | RLim ‘diag(lf\wjzl) -RFY if Bip1=1,8 =0,
it
RFY . diag(ﬁ’_”f) - RLm if Bi1=0,06 =1
Nird
Finally the right hand side term reads
in _ 50 g,
b =b," + 57" (5.61)
with
o MeeEL =R i si=o,
byt =90 . i (5.62)
' pE; — pk" " it =1,

7
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and with

~ At

[ S —
* Az

DG n _ DG n+l Ay,
(6,41 R N+1GH_1 6, 1 LP h_EGl_%)

(L= 0, REC-Rr gu? y — (1- 6, LRy
it Bi= B,y =B, =0,

(0, RV -B" Gliy -0, UV R

Ni+% 2 2 ~i_ 1
+((1 - 0i+ 1)RFY. hpu’-i+ 1—(1-0,_ )LFV hpu?f%)
if ﬁ¢=ﬁi7§ ﬁl+1—1

(6,, 1 REm. hn+1Gl+é—0 JLR0-A" tlér )
2

n —~n
G-f%)

7

it

(1= 0, 1 RE™ Ropul, ) — a- 0L heypuy )

if Bi=5_ 1=05'+%=1
DG n+1

(0 1 Re §+1G7+1

(1 -6, §)ReG hZ_%fn\/,H% —(1-9

if /Bi:ﬁi+% :0761'—% =1.

—6,_ L& h"+1 1)

i

2
e

1)

(5.63)
‘We conclude with the algorithms for the interpolation from the main grid to the dual mesh
M1 (MPS.- p; + MBC - pig1) if 5i+% = Bi = Bi+1 =0,
- _ (Miv'ﬁi‘f'MIR/'ﬁprﬂ if 52+% :Bi :Bi+1 = 17
Pivg = MY -P-pi + MR - Piq1) if Bi11=Piv1 =106 =0,
(ML, + MR’ P - piv1) it By =0i=10in1=0
(5.64)
and with the one for the opposite projection from the staggered grid to main one
Mil-(MEG-ﬁi_%+M%G-Ui+%) if ﬁi:ﬁi—%zﬁi-k%:(]?
FV . [T FV 17 : _ _ _
U.: (ML 'Ui—%—’_AMR UH—%) B if Bi*ﬁi_%*ﬁi_‘_%*la
’ M1 (MPC-U,_1 + M- WU, 1) it Bi=p8_1=08,1=1,
L T K T3 it3
M-l (MPS.-wWr U, _ 1+MDG ) it Bi=By1=08_1=1
(5.65)

Note that, due to the choice of 2P + 1 subcell averages, both for the explicit DG scheme and
both for the explicit subgrid finite volume scheme the CFL stability condition gives the same max-
imum admissible time step At. The extension of the present algorithm to two space dimensions is
quite straightforward and follows the ideas outlined in Chapter 4 for the shallow water equations.
Therefore, further details about the 2D case can be omitted here.
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5.2 Numerical tests for the one-dimensional model

In this section we carry out numerical test cases in order to validate the numerical method presented
in section 5.1. The aim of the first test, which is reported in subsection 5.2.1, is to verify the cor-
rectness of the tensors for the pure DG scheme. Then, in subsection 5.2.2 the numerical results are
compared against the analytical solution of the Riemann Problem in order to check the robustness
of the limiter in presence of discontinuities. We remind that in all the benchmarks we do not use
neither artificial viscosity nor smoothing.

5.2.1 Advection of a smooth density wave in 1D

Here, we consider a test in order to check the correct formulation of the pure DG scheme derived
in subsection 5.1.2. As initial condition, in the computational domain Q, = [—1, +1] we impose
a smooth Gaussian profile for the density

5 2

pla,0) = po(1+ ¢ 017 ) (5.66)

with pg = 0.01 and a constant value for the velocity U(z,0) = Up = 2 and for the pressure
p(x,0) = po = 1. Consequently, the density wave is transported and, if we prescribe periodic
boundary conditions, the exact solution at the final time ¢.,, 4 = 1 coincides with the initial condi-
tion. The computational domain is Q, = [—1, 1] and we carry out two simulations: in the first the
grid has 50 cells with a polynomial degree P = 5 while in the second case there are 300 control
volumes with P = 0 that corresponds to a low order finite volume scheme. Note that in both cases
the degrees of freedom are equal to 300. The implicitness parameter 6 is fixed equal to 0.55. The
results are presented in Figure 5.11. It is possible to observe, that for this smooth test the results
obtained using the high order semi-implicit DG scheme are very accurate and they have an excellent
agreement with the analytical solution. On the contrary, for the finite volume case we notice that
the numerical solution for density is very diffused. In addition, in the plots for the velocity and for
the pressure, the numerical noise of the FV method is several orders of magnitude bigger than the
noise produced by the DG scheme with P = 5.

5.2.2 One-dimensional Riemann problems

Here we apply the novel semi-implicit DG scheme to a set of Riemann problems taken from
[55, 140, 148]. These simulations are carried out in order to check the correct propagation of
shock waves and to verify that the new method does not produce spurious or dispersive oscillations
in the vicinity of discontinuities.

The computational domain is 2, = [—0.5,4-0.5] and the initial condition consists in a disconti-
nuity centred in xg,

Vi if z<xg
V(z,0) = . 5.67
(.’17 ) {VR if x> xo, ( )
where V indicates the vector of the primitive variables V. = [p, u, p]. In all the simulations N

is equal to 100 and consequently Az = 0.01 In addition the simulation run up to t = t¢,, 4. The
parameters for the initial condition are listed in Table 5.1 and the results are shown in Figs. 5.12 -
5.18. The exact solution is given by the exact Riemann solver that can be found in the well-known
textbook of Toro [148].
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Figure 5.11: Reference solutions and numerical solutions for the problem at ¢t = 1.
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Case pL UL pL L Uy, pL o tend
RP1 1.0 0.0 1.0 0.125 0.0 0.1 0.0 0.2
RP2 0.445 0.698 3.528 0.5 0.0 0.571 0.0 0.14
RP3 1.0 0.0 1000.0 1.0 0.0 0.01 0.1 0.012
RP4 5.9 19.6 460.9 5.9 -6.2 46.1 0.0 0.035
RP5 1.0 -1.0 0.4 1.0 +1.0 0.4 0.0 0.15
RP6 1.0 +2.0 0.1 1.0 -2.0 0.1 0.0 0.5
RP7 1.0 0.75 1.0 0.125 0.0 0.1 -0.1 0.2

Table 5.1: Riemann problems for semi-implicit DG on staggered grid with sub-cell lim-
iter - Left and right states for p,U and p, xo, number of control volume N,
A, and final time of the simulations teyq.

RP1 (see Fig. 5.12) is known as Sod shock tube [131]. We observe an excellent agreement with
the reference solution and, moreover, the limiter is activated only in the region of the shock wave,
while the rarefaction and the contact waves are solved by using the pure unlimited DG method.
RP2 (see Fig. 5.13) is called Lax problem [103]. Also here we see a very good fitting with the exact
solution of the Riemann problem. The new semi-implicit DG method with sub-cell limiter behaves
very well and the limiter works only on the shock waves.

RP3 and RP4 (see Figures 5.14 and 5.15) are taken from [148]; these test cases involve very strong
shock waves and consequently they are suitable for checking the robustness of the schemes. In RP3
we observe a very small overshoot on the shock wave however in the other parts of the domain the
fitting is very good. Also in RP4 (see Fig. 5.15) the shocks are very well resolved, but we observe
some additional troubled cells, probably because of some numerical noise in the plateau region.
RP5 (see Fig. 5.16) consists of two symmetric rarefactions waves. We notice just a small wiggle
close to the origin, but in the other zones the agreement is very good. Moreover, troubled cells are
detected only in the first part of the simulation because the initial condition is discontinuous.

In RP6 (see Fig. 5.17) two jets collide and a double shock is generated; we observe that the waves
are perfectly symmetric and the troubled cells are optimally detached and solved without any Gibbs
phenomena. The glitch in the density has been observed also in [55]

RP7 (see Fig. 5.18) is a modified Sod problem proposed by Toro in [148] in order to verify the
presence of an entropy glitch inside the left moving rarefaction, which is evident in some entropy-
violating approximate Riemann solvers, such as the one of Roe [125]. Again, the agreement is very
good and we can conclude that the finite volume sub-cell limiter applied to semi-implicit DG is a
very good shock capturing strategy. Moreover, for all these test cases, numerical experiments have
shown that if the limiter is not activated, the simulation stops and it does not arrive at the final time
tend- We attribute this fact to the numerical viscosity of the pure DG method, which so low that it
is not able to smooth out the Gibbs oscillations and the code terminates because NaN values were
produced after the generation of negative densities and pressures.
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Figure 5.12: RP1 - Reference solutions and numerical solutions for p, U and p at teyq
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5.3 Numerical tests for the two-dimensional model

Finally, we carry out the numerical validation of the two-dimensional semi-implicit staggered DG
scheme with a posteriori subcell finite volume limiting. At first we consider two smooth problems.
In particular in subsection 5.3.1 we compute a numerical convergence table of the 2D scheme; then
the test case in 5.3.2 can be seen as a sanity check, analogous to the one of subsection 5.2.1, while in
5.3.3 we perform a benchmark considering the low Mach number regime. We conclude with some
2D Riemann problems in sub-section 5.3.5, where the use of the limiter is fundamental in order to
obtain a clean and accurate solution of the PDEs.

5.3.1 Isentropic vortex

The first two-dimensional test that we consider is the well known isentropic vortex (see [130]). For
the 2D Euler equations, this is a fundamental benchmark because one can check the correctness of
the implementation and compute numerical convergence rates. In addition, shocks and discontinu-
ities are not involved and the boundary conditions are simply periodic. The initial condition for the
density and for the pressure are p(z,y,0) = poo + dp and p(z,y,0) = poo + dp, where dp and
dp read as follows

1 o —1)82
Sp=(1+6T)"-1T -1 sp=>1+ 6T)w11 —1 with 6T = ('ygilﬂel"‘z (5.68)
T
where we introduced the radial coordinate 7 = /(z — 20)2 + (y — yo)2 and 3 is the vortex
strength, here imposed equal to 5. The initial velocity is [U(z,y,0), V(z,y,0)] = [Uss +
du, Voo + dv] where du and v are given as
B 1-r2 B 1=r?
du=——e 2 (y—yo) ov=—e 2 (z—xp). (5.69)
2 2

If the undisturbed velocities Us, and Vi are imposed equal to O the vortex becomes stationary. For
our test, we therefore set Uso, = Vo = 0. In this particular case we compute the Lo error between
the numerical and the exact solutions on a series of successively refined grids, characterized by
square cells in a domain Qg = [—5,+5] X [—5, +5] with N; = N, and z¢p = yo = 0. For
this steady state test the choice of & = 1 is perfectly reasonable, since the problem is stationary.
The results for the errors and for the convergence rates are reported in the following convergence
table and it is possible to state that the semi-implicit DG method on staggered meshes is arbitrary
high order accurate in space. In particular for a given polynomial degree P, we observe that the
convergence rate is equal to P + 1 for the velocity norm (V' = v/u? + v2). For the pressure, we
notice an optimal convergence rate for P even and a sub-optimal convergence order for P odd. We
attribute this behaviour to the choice of the basis functions; more detailed analyses will be carried
out in the future.

Later on, we impose the components of the velocity [Uso, Vo] equal to [1, 1]. The computational
grid is composed of 625 square cells with N, = N, = 25, the degree of the polynomial basis
functions is P = 5 and Q,y = [—5, +5] X [—5, +5]. We impose the implicitness parameter equal
to & = 0.7 and periodic boundary conditions are prescribed at the all the boundaries. Hence, at
the final time ¢.,,q = 10 the vortex is centred again in the initial position at [zo, yo] = [0, 0] and
the exact solution corresponds to the initial condition reported in equations (5.68) and (5.69). In
Fig. 5.19 we report the contour plots for the density and for the pressure where we observe that the
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Nz = Ny 6LP2 6\L/tz O}LDz O\L/tz
100 1.94E-2  3.90E-2 - -
200 9.69E-3 1.71E-2 0.99 1.18
300 6.58E-3 1.10E-2 095 1.09
400 4.99E-3 8.10E-3 095 1.06
100 2.44E-2  3.14E-3 - -
200 1.25E-2 9.83E4 096 1.67
300 8.40E-3 4.64E-4 098 1.85
350 7.21E-3  3.52E4 099 1.77
400 6.32E-3 2.77E-4 099 1.80

50 3.43E-3 1.67E-3 - -

100 6.31E-4 2.76E-4 244 259
150 1.79E-4 9.03E-5 3.10 275
200 7.69E-5 3.88E-5 293 293

N A R R BRWWLW RN~~~ e~~~ 0o ol

25 8.80E-4 2.90E-4 - -

50 1.14E-4 249E-5 296 3.53
75 335E-5 6.36E-6 3.02 3.36
100 1.41E-5 2.51E-6 3.01 323
15 9.82E-4 3.42E-4 - -

30 7.67E-5 2.14E-5 3.67 4.00
45 1.73E-5 3.04E-6 3.66 4.86
60 5.58E-6 1.03E-6 393 375
15 8.39E-4 3.35E-4 - -

30 497E-5 S5.27E-6 407 5098
45 7.02E-6 5.89E-7 4.82 540
60 1.46E-6 2.85E-7 5.44 252

Table 5.2: Shu-Osher vortex - Numerical convergence rates computed with respect to
the Lo error norms of pressure and velocity for the two-dimensional semi-
implicit staggered DG scheme.

numerical solution is symmetric and clean because wiggles are not generated.
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Figure 5.19: Isentropic vortex - Contour plots for the density and the pressure at time
t =10.

5.3.2 Advection of a smooth density bell in 2D

Similarly to the 1D method in section 5.2.1, this test consists in a smooth two dimensional Gaussian
bell moving in a uniform pressure and velocity flow. Hence the initial condition reads as follows

_0.5r2
p(z,y,0) =po(l+e 017) p(z,y,0)=1 u(z,y,0)=2 v(z,9,0)=2. (570

The computational domain is Q4y = [—1,41] X [—1,+1] and t.,,q = 1; consequently impos-
ing periodic boundary conditions the reference solution at the final time coincides with the initial
condition in eq. (5.70). We consider two configurations both with § = 0.55; in the first one the
polynomial degree is P = 5 and N = N, = 50 and for the second case N; = Ny = 300 using
P = 0, which corresponds to the piecewise constant finite volume data. Note that in both situations
the number of degrees of freedom is the same and equal to Ny x Ny x (P +1)2 = 9 x 10%.
The results for the contour plot at time ¢ = 1 are shown in Figure 5.20. Here we observe that for
the high order DG case the solution is centred and symmetric, while we can see that the effects
of the numerical viscosity are relevant in the first order situation. Moreover, in Figure 5.21, we
report a comparison between the analytical and the exact solutions both sliced along the z axis.
Similarly, to the 1D case in subsection 5.2.1 in the FV case the dissipation is very high while the
semi-implicit staggered DG scheme produces a very accurate solution. Consequently, we underline
the importance of the high order approach for the numerical solution of nonlinear hyperbolic partial
differential equations.
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Figure 5.20: Advection of a smooth density bell in 2D - Density for P = 5 (high order
DG) and for P = 0 (first order FV) at time ¢ = 1.

5.3.3 Smooth two-dimensional acoustic wave propagation

We consider another smooth test for the two-dimensional Euler equations. For the pressure the

initial condition is a smooth surface, p(z,y,0) = 1 + e*‘”?', while the density is constant,
p(z,y,0) = 1, and both components of velocity are null, u(z,y,0) = 0, v(z,y,0) = 0. This
simulation is characterized by very low Mach number however the stability condition of the semi-
implicit DG scheme is based on the fluid velocity and consequently this scheme is very efficient
for these kind of acoustic regimes. On the contrary, the same test solved numerically by an explicit
method would be very inefficient; in fact, for this last case the stability condition is based on the
maximum eigenvalues |u|+c and |v|+c.

For this simulation the computational domain is Qzy = [—2,42] X [—2, +2] and we use N =
N, = 25 with a total number of 625 cells using a polynomial degree P equal to 5. Hence, the total
number of degrees of freedom is 22500. The implicitness parameter 6 is chosen equal to 0.55 since
we want to reduce the error in time as much as possible.

In Fig. 5.22 we can observe that the contour graphics for the density and the pressure are perfectly
clean and symmetric. In addition, in Fig. 5.23 we compare the numerical results against a reference
solution obtained running a second order explicit TVD scheme on a very fine mesh. Except for
some numerical viscosity close the to peaks, the agreement is excellent and all the acoustic waves
travel with the proper speed. According to [140], we can state that the semi-implicit staggered DG
scheme is a very suitable numerical method for CFD simulation in the low Mach number regime.
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Figure 5.22: Two-dimensional smooth acoustic wave propagation - Contour plots for
the density and the pressure at time ¢ = 1.

5.3.4 Circular explosion

Here we consider a well known two dimensional Riemann problem characterized by circular sym-
metry. Given a computational domain Qg = [—1,+1] X [—1, +1] the initial condition reads

Vin if r<re

A% = 571
(z,9,0) {Vm e (5.71)

where r = +/z2 + y? is the radial coordinate and V. = [p,u,v,p] is the vector of state in
primitive variables. For this simulation we impose the polynomial degree P equal to 5 and we use
Nz = Ny = 100 with 0pg = 0.55 and t.,,q = 0.2. In Figure 5.24 we see that the density has a
very clean contour plot. In addition we report a map of the troubled cells; most of them are located
in the vicinity of the shock wave and other few control volumes are limited in the zone of the contact
wave. Moreover, we take a cut of the solution along the x axis and we report a comparison against
the reference solution in Figure 5.25. This last data are obtained using a robust second order TVD
scheme (see [157]) on a very fine grid in order to solve an equivalent 1D Euler system of PDEs
with a source term that considers properly the effect of the radial symmetry [148]. It is possible to
observe a very good agreement between the data; furthermore in the numerical solution oscillations
are not present and all the waves are computed with the correct speed of propagation.

5.3.5 Two dimensional Riemann problems

In the last benchmark we consider a class of two dimensional Riemann problems presented in [129]
and further studied in [102]. The computational domain Q4 = [—0.5,40.5] x [—0.5,40.5] is
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Figure 5.24: Circular explosion - Contour plots for the density and map of the troubled
zones (red cell) at time ¢ = 0.2.

discretized using N, = Ny = 50 cells with a polynomial degree P = 5. The initial condition
reads as follows

(p1,u1,v1,p1) if 2>0Ay>0,
(p2,u2,v2,p2) if z<0Ay>0,
(p3,u3,v3,p3) if z<0AYy <O,
(pa,ua,va,ps) if z>0Ay<O0.

(pyu,v,p) = (5.72)

We consider four configurations, the same of the simulations carried out in [55], and the parame-
ters for the initial condition are listed in Table 5.4. From Figures 5.26-5.29 we can state that the
numerical results are in good agreement with the simulations carried out in [55, 102]. In addition,
we observe that most of the troubled control volumes are located on the discontinuities but, prob-
ability due to numerical noise, a few bad cells are also detected in the plateau regions and at the
boundaries. Moreover, since this method is at most second order accurate in time, we observe a rel-
evant numerical viscosity which is clearly higher here than in WENO-based finite volume limiters
of explicit DG schemes, see [64, 163].

5.4 Conclusions about the subcell finite volume limiter for
SIDG schemes applied to the compressible Euler
equations

We proposed a novel family of semi-implicit DG schemes on staggered meshes with a posteriori

sub-cell finite volume limiter applied to the 1D and 2D Euler equations of compressible gasdy-
namics. In particular, we extended the FV method presented in [55] to high order of accuracy.
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Table 5.3: Initial conditions for the two—dimensional Riemann problems.

Configuration C4
p U Vv p
(x >0,y >0) 1.1 0.0 0.0 1.1
(x <0,y >0) | 05065 0.8939 0.0 0.35
(r <0,y <0) 1.1 0.8939  0.8939 1.1
(x >0,y <0) | 0.5065 0.0 0.8939 0.35
Configuration C7
p U |4 P
(zx >0,y >0) | 05197 -0.6259 0.1 0.4
(x <0,y >0) 1.0 0.1 0.1 1.0
(x <0,y <0) 0.8 0.1 0.1 04
(z >0,y <0) | 05197 0.1 -0.6259 0.4
Configuration C8
p Y 4 p
(x >0,y >0) | 05197 0.1 0.1 04
(r <0,y >0) 1.0 -0.6259 0.1 1.0
(x <0,y <0) 0.8 0.1 0.1 1.0
(z >0,y <0) 1.0 0.1 -0.6259 1.0
Configuration C16
p Y Vv p
(x >0,y >0) | 05313 0.1 0.1 0.4
(x <0,y >0) | 1.0222 -0.6179 0.1 1.0
(x <0,y <0) 0.8 0.1 0.1 1.0
(x >0,y <0) 1.0 0.1 0.8276 1.0

Table 5.4: Initial condition for the 2D Riemann problem
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Figure 5.28: Two dimensional Riemann problem RP2D C8 - Contour plots for the den-
sity and map of the troubled zones (red cell) at time ¢ = 0.2.

Figure 5.29: Two dimensional Riemann problem RP2D C16 - Contour plots for the den-
sity and map of the troubled zones (red cell) at time ¢ = 0.2.
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Subsequently, in order to develop a robust shock-capturing strategy, we followed the approach used
in Chapter 4, where the a posteriori subcell finite volume limiter was extended to staggered semi-
implicit schemes for the first time.

Similarly to the other a posteriori sub-cell finite volume limiters for explicit DG schemes on collo-
cated grids developed in [14, 59, 64], this approach is based on the MOOD paradigm introduced in
[39, 47, 48, 107]. Hence, an unlimited semi-implicit staggered DG method is first applied in order
to produce a so-called candidate solution at time t*11. Then, applying physical and numerical ad-
missibility criteria troubled cells characterized by a non-valid solution are detected. Then, a more
robust first order semi-implicit staggered finite volume scheme is applied in the control volumes
flagged as troubled cells. Successively, the linear system for the pressure is solved again involving
the unlimited DG cells and the finite volume sub-cells. The algorithm is concluded with the recon-
struction of the DG polynomial from the piecewise constant subcell averages within the troubled
zones.

Several benchmarks have been carried out in order to confirm that the new schemes behave well
both for the low Mach number regime, due to the implicit treatment of the pressure term, and both
for several kinds of Riemann problem, since that the a posteriori subcell finite volume limiter is
able to stabilize the DG scheme in the presence of shock waves and other flow discontinuities.
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6 Conclusions and Outlook

In this thesis we have investigated several new semi-implicit approaches for the numerical solution
of non-linear systems of partial differential equations governing different phenomena of computa-
tional fluid dynamics (CFD). This class of methods is based on the idea of solving explicitly the
non-linear convective terms of the system and of discretizing implicitly the remaining pressure-
based part of the system.

In the first part of this PhD thesis, we have considered PDE models for weakly compressible vis-
cous fluids in elastic pipes. In Chapter 2 we carried out a detailed comparison of fully explicit and
semi-implicit 1D and 2D finite volume schemes for the simulation of highly unsteady pressurized
laminar flows in flexible pipes. In particular we considered a cross-sectionally averaged 1D and a
2D, model, which can be derived from the three dimensional Navier-Stokes equations under the
assumption of axial symmetry and hydrostatic pressure. Furthermore, great attention was dedicated
to the influence of the frequency dependent friction. We considered the two main families of un-
steady friction models: convolution integral (CI) and instantaneous acceleration (I1A) models. Our
results have clearly shown that CI model are significantly better than IA models in terms of accu-
racy. In addition, for CI models the computation of the time and memory consuming convolution
integral can be circumvented if the unsteady friction term is properly rewritten as a set of additional
Ordinary differential equations for some auxiliary quantities. Moreover, from our simulations it is
evident that, concerning the computational efficiency and the accuracy, semi-implicit finite volume
schemes are significantly superior to explicit finite volume methods in the context of compressible
pipe flow. In Chapter 3 we implemented high order accurate semi-implicit Discontinuous Galerkin
schemes on staggered grids for the 1D and the 2D, pipe flow models. The schemes developed
are characterized by arbitrary high order of accuracy in space and the #-method allows to go up
to second order of accuracy in time. Moreover, due to the implicit treatment of the pressure, for
these schemes the time step At is given by a mild stability condition that is based only on the fluid
velocity and not on the sound speed. In both schemes, the pressure is obtained after the solution
of mildly non-linear systems using the Newton-type algorithm of Brugnano and Casulli [18, 19].
Moreover, since we adopted a staggered grid strategy, we observed that the system is symmetric,
block three-diagonal and well conditioned. Several benchmarks have been carried out in order to
validate the novel schemes. In all cases we observed an excellent agreement between numerical
simulation and reference solution.

Later on we developed a novel a posteriori subcell finite volume limiter for high-order staggered
semi-implicit DG schemes. In particular, in our opinion this tool is fundamental in order to de-
velop further extensions of staggered semi-implicit DG to real world problems. In order to avoid
Gibbs phenomena in high order discontinuous finite elements methods, the a posteriori FV subcell
limiting is a successful strategy, proposed in [59, 64, 163], and based on the MOOD algorithm of
Clain, Loubere and Diot [39, 47, 48, 107]. In this PhD thesis, it was applied for the first time to
semi-implicit staggered DG methods. Considering the shallow water equations (see Chapter 4), we
first use the unlimited semi-implicit DG scheme in order to produce a so-called candidate solution
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at time ¢” 11, Successively, the validity of this solution is analysed using physical and numerical
admissibility criteria. The cells that do not have an admissible solution are marked as troubled.
Then, the linear system is assembled again, considering the unlimited DG in the cells that are not
troubled and using a more robust first order finite volume subcell method in the troubled control
volumes. This kind of limiting is further extended to the Euler equations of compressible gasdy-
namics in Chapter 5. The method is validated for several stringent Riemann problems and other
benchmarks that involve strong discontinuities and shock waves. The scheme works very well in
all these test cases and spurious oscillations are not produced. In addition, the troubled cells are
typically located in the zones close to the discontinuities and, in general, they are not detected for
problems characterized by smooth solutions.

In future work, we will consider the extension of the semi-implicit finite volume and DG method
to more complex nonlinear systems of PDEs, for example the Baer-Nunziato [1] model for com-
pressible multiphase flows as well as the unified first order hyperbolic Godunov-Peshkov-Romenski
(GPR) model of continuum mechanics proposed in [60, 119].

Further developments may also regard the extension and implementation of the novel a posteriori
subcell FV limiter for high order DG schemes for the compressible Navier-Stokes equations, see
[55, 140], and for the MHD equations, see [66]. In addition, we think that also the Richards equa-
tion, see [30, 31], could be solved by the semi-implicit staggered DG scheme, and in this framework
the a posteriori limiter could be used for solutions with very sharp fronts or steep gradients, or in
order to deal with discontinuities in the hydraulic conductivity within the soil.

Finally, in the framework of pipe flow simulations, future advances will concern the implementa-
tion of more complicated equations of state (EOS) in order to model phase transitions as well as
the study of the effects of the full compressibility of the fluid, including the energy equation. Other
improvements will regard the development of elastic models that are governed by PDEs, see [104],
in order the describe properly the phenomena of fluid-structure interaction.
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A Appendices

A.1 Matrices and tensors for staggered semi-implicit
schemes for the 1D shallow water equations

A.1.1 Matrices and tensors for the 1D semi-implicit DG method

M= [ o) A1)
0
K= /1 @' (€)p(€)de (A.2)
0
RYC = o(1)p (%) - /lcp/(f)cp (s - %) dg (A3)
LY = 0(0)¢ (%) +j¢(g)<p (s + %) de (A4)
R = ¢ (%) ¢ (%) (0) + /lcp(s)cp(f)so’ (s - %) e (A5)
Lyl = (%) ® (%) (1) - jcp(&)cp(é)sa’ <£ + %) dg (A.6)
Mp© = jcp(&)cp (é + %) d¢ (A7)
My’ = /1 P& (é - %) de (A8)
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A.1.2 Matrices and tensors for the 1D semi-implicit sub-cell FV
method for P=2

0 0 0 0 0 00 5 -5 0
0 0 0 0 0 00 0 5 =5
RY=]5 0 0 0 of L=]o 0o 0 0 5 (A9)
-5 5 0 0 0 000 0 ©
0 -5 5 0 0 000 0 O
0 0 0 00 0 0 05 05 0
0 0 0 00 00 0 05 05
ME=[05 0o o0 o0 of M=f0o 0 0 o0 05 (A.10)
05 05 0 0 0 00 0 0 0
0 05 05 0 0 00 0 0 0

A.2 Matrices and tensors for staggered semi-implicit
schemes for the 2D shallow water equations

A.2.1 Matrices and tensors for the 2D semi-implicit DG method
11
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A.2 Tensors for the staggered SI schemes for the 2D SWE

1 11
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A.2.2 Matrices and tensors for the 2D semi-implicit sub-cell FV
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A.3 Matrices and tensors for the 1D semi-implicit schemes

for Euler equation

A.3.1 Matrices and tensors for the 1D semi-implicit DG method
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A.3.2 Matrices and tensors for the 1D semi-implicit sub-cell FV

method for P=2 for Euler equation
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A.3 Matrices and tensors for the 1D semi-implicit schemes for Euler equation
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A.3.3 Tensors for the limited 1D semi-implicit DG method for Euler

equation
1
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