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Abstract

The interest in the simulation of fluid-structure interaction (FSI) phenomena has increased signif-
icantly over the years. Despite the constant growth in available computing resources, the demand
for more robust and efficient computational methods does not cease.

This thesis proposes novel schemes for the solution of FSI problems with weakly compressible
flows. Special attention is devoted to the spatial discretization of the fluid problem by means of
the hybridizable discontinuous GALERKIN (HDG) method and to the coupling of the fluid field
with the structural one, discretized by means of the continuous GALERKIN (CG) method.

The first part of the thesis presents a weakly compressible formulation of the NAVIER—
STOKES equations for viscous flows interacting with nonlinear elastic solid bodies in a CG
framework. An analytical study reveals the beneficial effect of the introduction of a weak com-
pressibility against potential instabilities caused by the artificial added mass effect. Two classical
FSI benchmarks highlight the enhanced robustness and the improved efficiency in terms of com-
putational time of the proposed approach compared to a fully incompressible solver.

Two HDG formulations are then derived for the solution of the fluid equations, the first fea-
turing the velocity and the pressure as primal variables, while the latter solving for the density
and the momentum. The adoption of the VOIGT notation to strongly enforce the symmetry of
the stress tensor allows the use of an equal-order approximation for all the variables and im-
proves the computational efficiency of the HDG method, by reducing the stored quantities and
the size of the local problems. Optimal and superoptimal convergence rates are achieved on
weakly compressible POISEUILLE and TAYLOR-COUETTE flows, for which analytical so-
lutions are available in literature. Spatial and temporal convergence studies on a problem with
manufactured solution finally show the capability of the method to preserve the expected con-
vergence rates, even with arbitrarily deforming domains.

Next, a novel strategy to couple HDG and CG discretizations by means of NITSCHE’s method
is proposed. Its key feature is the minimal intrusiveness in terms of computer implementation
with regards to existing finite elements libraries, achieved by exploiting the definition of the
numerical flux and the trace of the solution on the mesh faces to impose the transmission con-
ditions. The proposed approach is tested for the solution of thermal and linear elastic problems
featuring multiple materials with compressible and nearly incompressible behaviors.

The final part of the thesis exploits the achievements of the previous chapters to present two
FSI formulations coupling weakly compressible flow problems solved by means of the HDG
method and nonlinear structural problems solved by means of the CG method. The first formu-
lation revisits the partitioned DIRICHLET-NEUMANN scheme in the context of hybrid HDG-
CG discretizations, while the second formulation exploits NITSCHE’s method to monolithically
solve the coupled problem. The spatial and temporal convergence properties are assessed on
a problem with manufactured solution and several benchmarks confirm the advantages of the
proposed formulations in terms of robustness and efficiency, as well as their capability to solve
problems of engineering interest.
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Zusammenfassung

Das Interesse an Simulationen von Fluid-Struktur-Interaktion (FSI) ist in den letzten Jahren stark
angestiegen. Trotz einer stetigen Zunahme der verfiigbaren Rechenleistung besteht weiterhin
ein Bedarf an leistungsfihigeren numerischen Methoden zur Bearbeitung solcher komplexen
Problemstellungen.

Diese Dissertation schlidgt neue Ansidtze zur Losung von FSI-Problemen fiir schwach-
kompressible Stromungen vor. Der besondere Fokus liegt hierbei auf der rdumlichen
Diskretisierung des Fluidfeldes mittels der hybridisierten diskontinuierlichen GALERKIN
(HDG) Methode und auf der Kopplung von Fluid- und Strukturfeld. Das Strukturfeld ist hierbei
mit der kontinuierlichen GALERKIN (CG) Methode diskretisiert.

Der erste Teil dieser Arbeit prisentiert eine schwach-kompressible Formulierung der
NAVIER-STOKES Gleichungen fiir viskose Stromungen in Interaktion mit nichtlinear-
elastischen Festkorpern auf Basis eines CG Ansatzes. Eine analytische Studie zeigt zunichst die
Vorteile der eingefiihrten schwachen Kompressibilitit in Bezug auf die Vorbeugung potenzieller
Instabilititen durch den sogenannten Effekt der virtuellen Masse. Die verbesserte Robustheit
und Recheneffizienz des neuen Losungsansatzes, in Gegeniiberstellung zu einem kompressiblen
Loser, wird anhand zweier etablierten Benchmark-Probleme dargelegt.

AnschlieBend werden zwei HDG Formulierungen zur Losung der Fluidgleichungen
hergeleitet. Die erste Formulierung beinhaltet hierbei die Geschwindigkeits- und Druck-
Primérvariablen und die zweite Formulierung 16st nach der Dichte und nach dem Impuls. Die
Verwendung der VOIGT-Notation stellt die Symmetrie des Spannungstensors sicher und
ermOglicht Approximationen der Losungsfelder unter Verwendung gleich hoher Polynomgrade.
Dieses Vorgehen steigert die Effizienz des HDG Ansatzes durch eine Reduktion der zu speich-
ernden Variablen und der Grof3e der lokalen Probleme. Optimale und superoptimale Konvergenz-
raten werden fiir schwach-kompressible POISEUILLE- und TAYLOR-COUETTE-Strémungen
erreicht, fiir welche Referenzlosungen in der Literatur existieren. Rdumliche und zeitliche Kon-
vergenzstudien fiir eine Problemstellung mit konstruierter Losung bestitigen die erwarteten Kon-
vergenzraten, auch fiir willkiirlich deformierte Gebiete.

In einem néchsten Schritt wird ein auf der NITSCHE-Methode basierender Ansatz zur Kop-
plung der HDG- und CG-Diskretisierung vorgeschlagen. Hauptmerkmal ist die verringerte
Notwendigkeit zur Anderung von bestehenden Implementierungen in Bezug auf Finite-Elemente
Bibliotheken. Diese wird durch Ausnutzung der Definition des numerischen Flusses und der
Spur der Losung auf den Netzflichen erreicht, um Ubertragungsbedingungen sicherzustellen.
Das beschriebene Vorgehen wird fiir die Losung von thermischen und linear-elastischen Proble-
men, fiir Materialien mit kompressiblen und nahe-inkompressiblen Eigenschaften, vorgestellt.

Der abschlieBende Teil dieser Arbeit nutzt die Ergebnisse der vorherigen Kapitel und stellt
zwei FSI Formulierungen vor. Diese behandeln schwach-kompressible Stromungen unter
Nutzung der HDG Methode und nichtlineare Strukturprobleme mittels der CG Methode.
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Zusammenfassung

Die erste Formulierung greift auf ein partitioniertes DIRICHLET-NEUMANN Schema im Kon-
text einer hybriden HDG-CG Diskretisierung zuriick, wihrend der zweite Ansatz die NITSCHE-
Methode zur monolithischen Losung des gekoppelten Problems verwendet. Rdumliche und
zeitliche Konvergenzeigenschaften werden anhand einer Problemstellung mit konstruierter
Losung bewertet. Mehrere Vergleichsprobleme bestétigen die Vorteile der vorgeschlagenen For-
mulierungen hinsichtlich Robustheit und Effizienz sowie ihrer Fihigkeit tatsdchliche Ingenieurs-
fragestellungen beantworten zu konnen.
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1 Introduction

Fluid-structure interaction (FSI) denotes the multiphysics coupling of fluid flows and deformable
structures. In a typical FSI scenario, a fluid exerts stresses on a solid body which undergoes a
deformation that can lead to a substantial modification of the flow itself, establishing a relation
of mutual influence.

Fluid-structure interaction phenomena occur frequently, both in nature and in the industrial
world. A classical occurrence in nature is represented by the interaction of the blood flow in the
human circulatory system, which has attracted the interest of scientists for decades [13, 14, 39,
64, 157]. In particular, the understanding of aneurysm in arteries constitutes an active area of
research [15, 44, 110, 156], as well as the comprehension of the pumping motion of the human
heart [105, 161, 165]. FSI is also omnipresent in a vast range on engineering applications. In civil
engineering, the design of dams [2, 172], lock gates [128] and storage tanks [101, 143] needs
to carefully take into account FSI phenomena involving the interaction of the solid structure
with water during a seismic event. Moreover, the underestimation of wind loading on large span
bridges can lead to disastrous failures, like the notorious collapse of the Tacoma Narrows bridge
in 1940 [99]. FSI also plays a major role in the prevention of the rupture of components suscep-
tible to fatigue, like aircraft wings [87] and turbine blades [16, 80, 170]. In the naval sector then,
FSI simulations are often performed to improve the hydrodynamic behavior of marine propellers
[113, 139, 171] against cavitation erosion and the consequent performance decay and to accu-
rately design yacht sails [47, 129, 158]. Finally, a promising application of FSI in the aerospace
industry is the manufacturing of effective and reliable parachute systems for safe landing on the
Martian soil [81].

Although the simulation of fluid-structure interaction problems has been under investigation
for decades, there is still much room for improvement in terms of development of robust, efficient
and scalable numerical methods. Some related issues are addressed in this thesis, with special
emphasis on the devising of appropriate spatial discretization and coupling techniques for the
simulation of FSI problems involving weakly compressible flows and nonlinear elastic structures
undergoing large deformations.

1.1 Background

The numerical techniques developed for the solution of fluid-structure interaction problems can
be catalogued based on many different features, for instance, with respect to the fluid compress-
ibility, the spatial discretization, the kinematical description and the solution scheme. A brief
literature review of these key aspects in the context of FSI is given in the following.



1 Introduction

Fluid compressibility

The characteristics of the fluid and the structure involved in FSI problems can be disparate. In
aerodynamics, the coupling may involve a light compressible fluid and a stiff structure like an air-
craft wing [49], or it may involve a light incompressible fluid and an extremely flexible structure
such as a parachute [153, 155]. In hemodynamics instead, incompressible fluids and deformable
structures with similar densities are usually coupled [133]. Among many other features, the flow
compressibility plays a crucial role on the construction of the FSI solver.

Compressibility effects primarily arise from the variation of the fluid density, which in gen-
eral depends on pressure and temperature. The MACH number, defined as the ratio of the fluid
velocity and the speed of sound, describes the influence of compressibility on a flow field. Al-
though in the real world every fluid exhibits a certain level of compressibility, it is a common
practice to consider a flow incompressible when the MACH number is smaller than 0.3, as ex-
plained in the book of ANDERSON [5]. In the incompressible regime, the speed of sound is
much larger than the fluid velocity and fast pressure waves lead to a rapid pressure equalization.
The flow is consequently defined incompressible, since no density variations due to compression
can take place. On the one hand, fluid-structure interaction problems with incompressible flows
are widely solved in both academia and industry and the works of TUREK and HRON [159],
KUTTLER efal. [93] and BURMAN and FERNANDEZ [21] represent just some representative
applications. On the other hand, fluid-structure interaction scenarios featuring fully compress-
ible flows have been successfully considered for the simulation of air-blast loading of structures
by KAMBOUCHEV et al. [88], explosions in vessels by SORIA and CASADEI [147], steam
explosions in nuclear power plants by CASADEI et al. [23] and the dynamic collapse of cylin-
drical shells submerged in water by FARHAT et al. [51].

In addition, a weakly compressible behavior of the fluid flow is sometimes considered. In the
context of smoothed particle hydrodynamics techniques, linearised equations of state relating
the fluid density and pressure are commonly introduced in order to avoid the complexity of the
implicit computation of pressure in meshless methods. The results obtained with the numerical
simulation of the deformation of an elastic plate under the effect of a rapidly varying fluid flow
using a weakly compressible model have been validated by ANTOCI ez al. [6] against suitable
laboratory experiments. VICCIONE et al. [163] also considered weakly compressible fluids to
simulate a two-dimensional flow impacting onto a rigid vertical wall, by means of a so-called
weakly compressible smoothed particle hydrodynamics technique. The same authors moreover
studied in [162] the influence of compressibility in terms of accuracy and efficiency on a current
generated by a three-dimensional dam break over a rectangular channel. Weakly compressible
fluids have also been considered by DE ROSIS et al. [42], who solved FSI problems by cou-
pling the lattice BOLTZMANN and the finite element methods and by MITSUME et al. [107],
who simulated a dam break problem with an elastic obstacle by coupling the moving particle
simulation and the finite element methods.

The beneficial effects of the introduction of a weak compressibility in the flow field for the
simulation of coupled problems in terms of accuracy, robustness and efficiency have been ex-
amined by LA SPINA et al. [95] in the context of finite element methods. The present work
builds upon these findings and systematically makes use of a weakly compressible model for the
simulation of fluid-structure interaction problems.
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Spatial discretization

A fundamental distinction among the techniques employed to solve fluid-structure interaction
problems is based on the spatial discretization strategies adopted. The discretization can be con-
sidered the process of transferring continuous mathematical operators into discrete counterparts,
making them suitable for numerical evaluation and implementation on digital computers.

Among many other techniques developed so far, the finite element method (FEM) is one of
the most successful spatial discretization approaches for the solution of the partial differential
equations (PDEs) underlying many physical phenomena, including fluid-structure interaction.
The classical FEM is also known as continuous GALERKIN (CG) method and its development
is usually credited to GALERKIN, although its first formulation can be attributed to RITZ. As
opposed to primitive discretization techniques, the CG method possesses useful properties like
geometric flexibility and high-order accuracy. Moreover, the standard continuous GALERKIN
method provides computationally efficient discretizations with a very limited number of degrees
of freedom (DOFs) for the solution of a wide variety of physical problems. For an overview
on CG methods, the interested reader is referred to the textbooks of STRANG and FIX [152],
HUGHES [82] and LARSON and BENGZON [100]. The theoretical foundation of the finite
element method is also outlined in the book of ZIENKIEWICZ et al. [173], while its application
for the solution of fluid and structural problems can be found in [175] and [174], respectively.

In 1973, REED and HILL [134] introduced the discontinuous GALERKIN method (DG)
for the solution of steady-state neutron transport problems. The DG method works over a trial
space of functions that are only piecewise continuous and the information among neighbour el-
ements is exchanged through the numerical fluxes, defined on their respective boundaries. An
overview of the evolution of DG methods since their introduction can be found in the article of
COCKBURN et al. [33]. The interest in DG methods has increased over the last decades in the
computational fluid dynamics community and the works of PERSSON et al. [132], KRANK et
al. [89] and FEHN et al. [52] constitute some representative applications. The distinctive prop-
erties of DG methods are the intrinsic stabilization of the convection terms in conservation laws,
the ability to construct high-order discretizations on unstructured meshes and the flexibility in
performing polynomial adaptivity, in addition to the standard mesh size adaptivity. Despite their
beneficial features, DG methods are often criticised because of their high computational cost,
given by the duplication of the DOFs at the element interfaces and the inability to apply static
condensation techniques to reduce the final problem size.

More recently, hybridizable discontinuous GALERKIN methods (HDG) have gained a lot of
attention owing to their reduced computational cost with respect to classical matrix-based DG
approaches, thanks to the reduced number of global DOF:s in the associated linear systems, espe-
cially for high-degree polynomial approximations. The HDG method is a mixed method, since
it treats the solution derivatives as independent unknowns, defining the so-called mixed variable,
and it introduces a hybrid variable on the mesh skeleton, allowing the possibility to perform
a static condensation to reduce the problem size. In addition, the possibility to obtain a super-
convergent solution through an efficient element-by-element postprocessing allows to obtain an
improved approximation of the solution and to drive efficient degree adaptive procedures, as
shown by GIORGIANI et al. [68, 69] and SEVILLA and HUERTA [141].

The HDG method has been mostly developed by COCKBURN, NGUYEN and PERAIRE
who applied it persistently for the solution of a great variety of physical problems. COCKBURN
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and GOPALAKRISHNAN [28] derived new hybridization techniques for linear second order
elliptic problems in the context of DG methods, paving the way for the development of the
HDG method. The name hybridizable discontinuous GALERKIN has been first introduced by
COCKBURN et al. [36], who highlighted the efficiency features of the method, given by the
fact that the only globally coupled DOFs are those approximating the solution on the boundaries
of the elements. They moreover pointed out that, for symmetric second order elliptic problems,
the HDG method provides sparse, symmetric and positive definite matrices, making the solution
of this kind of problems particularly efficient. Given the promising features of the newly derived
method, a number of HDG strategies has been later proposed for the solution of several physical
problems. A brief overview of the relevant works regarding HDG methods for fluid and structural
problems, as well as for fluid-structure interaction problems, is given in the following.

Regarding flow problems, COCKBURN and GOPALAKRISHNAN [29] developed the first
HDG method for the STOKES problem and proposed four different hybridization strategies, dif-
fering by the choice of the globally coupled unknowns. NGUYEN et al. [120] then proposed a
velocity-pressure-gradient formulation for the STOKES equations, considering the trace of the
velocity on the faces and the mean of the pressure on the elements as global variables. They
moreover applied an augmented LAGRANGEan method to further reduce the globally coupled
unknowns to the numerical trace of the velocity only. Three different HDG formulations for
the solution of the STOKES problem have been compared by COCKBURN et al. [37], namely
velocity-pressure-gradient, velocity-pressure-stress and velocity-pressure-vorticity. The authors
concluded that the velocity-pressure-gradient formulation provides the best approximation, for
similar computational complexity. An alternative velocity-vorticity formulation of the STOKES
equations in a three-dimensional space has been studied by COCKBURN and CUI [27], who
moreover showed how to hybridize the method to avoid the construction of the divergence-free
velocity spaces and recover an approximation for the pressure. Then, COCKBURN and SHI [31]
provided sufficient conditions for the superconvergence of the velocity field and they later offered
in [32] an overview on HDG methods for STOKES flow, by discussing the existing formulations
and describing how to systematically construct superconvergent methods. Afterwards, GATICA
and SEQUEIRA [60] performed a priori and a posteriori error analysis of an augmented HDG
method for a class of nonlinear STOKES models arising in quasi-NEWTONian fluids. More re-
cently, GIACOMINI et al. [67] proposed a superconvergent HDG method for the approximation
of the CAUCHY formulation of the STOKES equation using the same degree of polynomials for
the mixed and the primal variables. Making use of the VOIGT notation to strongly enforce the
symmetry of the stress tensor, the authors remedied the suboptimal behavior of classical HDG
methods for formulations involving the symmetric part of the gradient of the primal variable and
obtained a gain in computational efficiency, given the reduced size of the local problems and the
reduced quantity of stored information.

The preliminary work on the STOKES problem opened the possibility to solve the complete
NAVIER-STOKES equations for both compressible and incompressible flows. PERAIRE et
al. [130] presented the first HDG method for the compressible EULER and NAVIER-STOKES
equations. As numerical examples, the authors considered an inviscid flow over an airfoil, a
COUETTE flow on a square domain and a laminar flow over an airfoil. Optimal convergence
rates were obtained for the conserved quantities as well as the viscous stresses and the heat
fluxes, but no superconvergence property was reported. The compressible HDG method has been
then extended by MORO et al. [112] to deal with relevant problems in aeronautics, by applying
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shock capturing strategies and including a SPALART-ALLMARAS turbulence model, suitable
for high-order computations. Later, FERNANDEZ et al. [55] presented a HDG method for im-
plicit large-eddy simulation of transitional turbulent flows. The approach proved to be high-order
accurate and highly competitive in terms of computational cost at high REYNOLDS numbers.
NGUYEN et al. [121] presented the first application of the HDG method for the solution of the
incompressible NAVIER-STOKES equations instead. The formulation considered the velocity
gradient, the pressure and the velocity in the local problems and the trace of the velocity and the
mean of the pressure on the element boundaries as globally coupled variables. In an extensive
set of two-dimensional steady and unsteady numerical examples, the authors showed optimal
convergence of the local variables and superconvergence of the exactly divergence-free postpro-
cessed velocity field. A space-time HDG method has been instead proposed by RHEBERGEN
and COCKBURN [135] to deal with deforming domains. The authors observed irregular rates
of convergence for the pressure when using the same polynomial approximation in space and
in time and they restored the optimal convergence by taking a polynomial approximation in
time one degree higher than in space. Later, GIORGIANI ez al. [69] proposed an adaptive
degree technique for the solution of the incompressible NAVIER—-STOKES equations, driven
by a posteriori error estimator of the velocity, based on the superconvergence features of the
HDG method. Both steady and unsteady examples in two dimensions showed the effective-
ness and the efficiency of the technique, given the local elemental nature of the error estimator.
CESMELIOGLU et al. [26] then provided an analysis of a HDG method for the steady incom-
pressible NAVIER-STOKES equations and they proved, under the assumption of a small source
term, the well posedness of the problem and the superconvergence properties of the method. To
the best of the author’s knowledge, no HDG formulation has been proposed so far for the simula-
tion of fluid flows in the weakly compressible regime and this work presents the first approaches
to tackle this kind of problems.

Regarding structural problems, SOON et al. [146] proposed the first HDG method for linear
elasticity. The formulation provided symmetric and definite positive stiffness matrices and ex-
hibited optimal convergence for the displacement and the stress and superconvergence for the
postprocessed displacement field, for polynomial degrees of approximation greater or equal than
two. Moreover, the authors showed numerical evidence of the locking-free behavior of the HDG
method and its good performance in the presence of singularities. CELIKER ez al. [25] then pre-
sented a new class of HDG methods for TIMOSHENKO beams, featuring the displacement and
the bending moment at the element boundaries as globally coupled DOFs. The method provided
optimal convergence rates with respect to the displacement, the rotation, the bending moment
and the shear force. Later, a displacement gradient-velocity-pressure HDG formulation for lin-
ear elastodynamics has been introduced by NGUYEN et al. [122] for compressible and nearly
incompressible solids. The authors obtained optimal convergence for the primal and mixed vari-
ables and superconvergence for the postprocessed displacement and velocity fields. Moreover,
the HDG method produced more accurate approximations than the standard CG method for the
same number of global DOFs. Similar to what done for the STOKES problem, COCKBURN and
SHI [30] provided a systematic way of devising superconvergent HDG methods for linear elas-
ticity based on weak stress symmetry formulations. The relevant HDG formulations derived for
both fluid and structural mechanics have been summarized by NGUYEN and PERAIRE [117],
who moreover presented novel formulations for nonlinear elastostatics and elastodynamics for
the simulations of elastic bodies undergoing large deformation. FU et al. [59] then provided
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a first a priori error analysis of the HDG formulation for linear elasticity and acknowledged a
loss of superconvergence for some types of meshes and some values of the polynomial degree
of approximation. A superconvergent HDG method for linear elasticity, capable of using the
same degree of approximation for both the primal and mixed variables, has been introduced by
SEVILLA et al. [142]. Exploiting the VOIGT notation for second-order symmetric tensors, the
approach produced optimal convergence of the stress and superconvergence of the displacement
field, even for low-order polynomial approximations. More recently, TERRANA et al. [154]
simulated both thin and thick nonlinear elastic structures by means of a novel three-field HDG
formulation, featuring the material position vector, the deformation gradient and the first PIOLA-
KIRCHHOFF stress tensor as independent variables. Various shell problems showed optimal
convergence for the displacement field and an improved accuracy after the postprocessing.

The first reported work regarding the application of the HDG method in the context of fluid-
structure interaction is attributed to SHELDON et al. [144]. The authors systematically dis-
cretized all the subproblems by means of the HDG method, namely the fluid field governed
by the incompressible NAVIER-STOKES equations, the structural field governed by the equa-
tions of nonlinear elastodynamics and the mesh motion solved with a linear elastic model. The
convergence properties of the single components have been examined through the method of
manufactured solutions and the complete FSI model has been tested against the benchmark by
TUREK and HRON [159]. SHELDON et al. [145] later presented an improved formulation
in terms of computational efficiency, by abolishing the previous two-hybrid-field formulation
for the structural problem and keeping only the trace of the velocity as globally coupled vari-
able. Moreover, only linear polynomial approximations were considered for the mesh problems,
independently of the polynomial approximation of the fluid and the structure. These changes
approximately halved the number of the global DOFs for high-order FSI computations.

The coupling of HDG and CG methods can be of particular interest in the context of multi-
physics and multimaterial problems in which different regions of the computational domain fea-
ture distinct physical properties, for which specific discretizations need to be devised. The first
attempt to couple HDG and CG discretizations has been performed by PAIPURI ez al. [127] in
the context of conjugate heat transfer problems. Such an approach requires the introduction of
an appropriate projection operator to enforce the transmission conditions in the HDG local prob-
lems. The consequent coupling of local and global DOFs of the HDG problem with the ones of
the CG discretization makes the implementation of this strategy in existing FEM libraries rather
intrusive. More recently, LA SPINA et al. [96] proposed a hybrid coupling of HDG and CG
discretizations based on NITSCHE’s method, exploiting the definition of the numerical flux and
the trace of the solution on the mesh faces to impose the transmission conditions between the
subdomains. Such a strategy does not affect the core structure of HDG and CG discretizations,
being therefore minimally-intrusive and suitable to be integrated in existing codes.

With regards to the spatial discretization, the contribution of this thesis consists in the deriva-
tion of two HDG formulations for the simulation of weakly compressible flows and in the devel-
opment of a novel minimally-intrusive technique for the coupling of HDG and CG discretiza-
tions. The aforementioned HDG-CG coupling can be found at LA SPINA ef al. [96] in the
context of thermal and linear elastic problems, while its application for the solution of FSI prob-
lems can be found at LA SPINA et al. [97], as well as one of the two HDG formulations for the
fluid field.
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Kinematical description

An important aspect in the simulation of multiphysics problems is the choice of an appro-
priate kinematical description. Three different types of description of motion are commonly
adopted in continuum mechanics, namely the LAGRANGEan, the EULERian and the arbitrary
LAGRANGEan-EULERian (ALE) description.

With the LAGRANGEan description, the nodes of the mesh follow the associated material
particles during the motion. This approach is usually used in structural mechanics with large dis-
placements and deformations and it is particularly useful in the treatment of history-dependent
constitutive models for materials with elasto-plastic and visco-plastic behavior and it moreover
facilitates the tracking of free surfaces and interfaces between different materials. The main
drawback of this algorithm is its inability to follow large distortions of the computational do-
main without recourse to frequent remeshing operations. A further distinction can be made be-
tween the total LAGRANGEan and the updated LAGRANGEan approach. In the first case the
discrete equations are formulated with respect to the initial configuration, while in the second
case the static and kinematic variables are computed with respect to the current configuration.
LAGRANGE.an algorithms are omnipresent in solid mechanics, but some notable early applica-
tions concern vehicle crash tests by AMBROSIO and PEREIRA [3] and metal forming opera-
tions by JUNG-HO and NOBORU [86].

With the EULERIian description, the individual material particles are not directly tracked and
the quantities of interest, such as the velocity and the pressure, are described as fields within a
control volume. This approach is usually used in pure flow problems and it is particularly useful
for the simulation of turbulent flows, in which large distortions in the fluid motion occur. The
main disadvantage of this strategy is the difficulty to deal with free surfaces and interfaces be-
tween different materials or different media, as it happens in fluid-structure interaction problems.

Arbitrary LAGRANGEan-EULERian methods aim to alleviate the major drawbacks expe-
rienced by traditional LAGRANGEan and EULERian formulations when dealing with mobile
and deforming boundaries. By combining the advantages of the classical kinematical descrip-
tions, ALE algorithms consider a computational mesh which can move with a velocity inde-
pendent of the velocity of the material particles. In particular, the mesh inside the domain is
deformed attempting to deliver minimally distorted elements, while on the interface it moves
along with the materials to precisely track their relative movements. The ALE description has
been usually applied to describe fluid problems on deforming domains, as done by BRAESS
and WRIGGERS [17], SOULI and ZOLESIO [148] and NITHIARASU [123] for the simula-
tion of free surface flows and, among many others, by SOULI et al. [149], WALL et al. [168]
and HRON and TUREK [79] in the context of FSI problems. Moreover, the ALE descrip-
tion has been also adopted in solid mechanics by RODRIGUEZ-FERRAN et al. [136] for
hyper-elasto-plasticity, by GHOSH and KIKUCHI [66] for elastic-visco-plastic solids and by
MOVAHHEDY et al. [114] for the modelling of the orthogonal metal cutting process. A com-
prehensive overview on ALE methods for fluid dynamics, structural mechanics and coupled
problems, as well as the numerical implementation details, can be found at DONEA et al. [46].

Regarding the kinematical description of motion, in this thesis the total LAGRANGEan ap-
proach is adopted for the structural field, the EULERian description for simple fluid simulations
and the ALE method to deal with flows on deformable domains.
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Solution scheme

Two different solution schemes can be adopted for the numerical solution of fluid-structure inter-
action problems, namely partitioned and monolithic schemes. Each approach comes along with
specific advantages and drawbacks that are briefly discussed in following.

Partitioned schemes solve one subproblem at a time and the interface information is exchanged
between the fluid and the structure at each single-field solution. The exchange of the interface
state is performed only once per time step in the so-called loosely-coupled staggered approaches,
while the solution of the flow and structural problems are repeated within one time step un-
til a convergence criterion is satisfied in the strongly-coupled staggered approaches. Partitioned
schemes allow the use of well-established and optimised single-field solvers and this is of partic-
ular interest when widely used commercial codes need to be included in the coupling algorithm.
However, these techniques may suffer stability and convergence issues, especially related to the
artificial added mass effect. This phenomenon has been analyzed by CAUSIN et al. [24] and
FORSTER et al. [58] in the context of incompressible flows and the instability has been shown
to be relaxed for compressible fluids by VAN BRUMMELEN [160], by means of an analysis
based on the particular setting of a two-dimensional panel-model problem. In a more general
setting, LA SPINA et al. [95] analytically demonstrated how the introduction of a weak com-
pressibility in the flow field alleviates the constraints of the instability condition of the artificial
added mass effect, thanks to the reduction of the maximal eigenvalue of the so-called added mass
operator.

The exchange of the information on the interface between the fluid and the structure is of-
ten based on a DIRICHLET-NEUMANN scheme, in which the fluid field is considered as the
DIRICHLET partition with prescribed interface velocities, while the structural field is consid-
ered as the NEUMANN partition loaded with interface tractions. Different variants of this ap-
proach have been used, for instance, by GERBEAU and VIDRASCU [63], by MICHLER et
al. [106] and by KUTTLER and WALL [91, 92]. A reverse approach, namely the NEUMANN-—
DIRICHLET scheme, has been instead proposed by KUTTLER et al. [93] as a possible remedy
for the so-called incompressibility dilemma, referring to the treatment of FSI problems with fully
enclosed fluids. Despite the possibility to solve a number of academic examples, the method usu-
ally fails to solve real world problems, because the response of stiff structures to varying interface
displacements is too sensitive for any numerical approach to find the equilibrium. Alternative
methods to transfer the information among the subproblems rely on the so-called ROBIN trans-
mission conditions and have been adopted by NOBILE and VERGARA [126], by BADIA et
al. [10, 12], by GERARDO-GIORDA et al. [62] and by FERNANDEZ et al. [54].

Remarkable examples of loosely-coupled schemes can be found in the work of FARHAT et
al. [50], who proposed two different schemes with provable second order accuracy in time. The
astonishing computational efficiency and numerical stability of these carefully designed schemes
have been shown with regards to the simulation of the aeroelastic response of a complete F-16
configuration to a gravity excitation. Later, FARHAT et al. [51] presented two loosely-coupled
staggered schemes, namely explicit-explicit and implicit-explicit ones, for highly nonlinear com-
pressible fluid-structure interaction problems. They validated the results with the simulation of
the dynamic collapse of a cylindrical shell submerged in water and they showed that subiteration-
free integrators can be designed to achieve high numerical stability and robustness, as long as
the fluid can be justifiably modelled as a compressible medium.
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As already pointed out, strongly-coupled schemes iterate the solution of the subproblems
in each time step until some convergence criterion is satisfied, usually measured in terms of
the difference between the interface displacement in two consecutive iterations. MATTHIES
and STEINDOREF [102] introduced a strongly-coupled partitioned scheme based on a block-
NEWTON method, by approximating the derivatives with the iterative solvers for the subsys-
tems. Later, WALL ef al. [169] proposed a strong coupling approach to treat FSI problems with
free surfaces, useful to simulate typical scenarios in offshore engineering and naval architecture.
An alternative technique for strongly-coupled FSI problems with partitioned solvers has been
presented by VIERENDEELS et al. [164], who approximated the JACOBIan from reduced or-
der models built up during the coupling iterations. A review on strongly-coupled algorithms has
been given by DEGROOTE [43], which special emphasis on the techniques required when us-
ing at least one of the solvers as a black box. Finally, the work of KUTTLER and WALL [91]
focused on strong coupling schemes based on the DIRICHLET-NEUMANN partitioning and
discussed and compared different methods for the relaxation of the fixed-point FSI solver. Af-
ter considering several alternatives, the authors concluded that the dynamic relaxation based on
AITKEN’s method is at the same time extremely simple to implement and astonishingly efficient
in terms of computational time saved. A systematic comparison and classification of partitioned
schemes for FSI can be found in the thesis of KUTTLER [90].

As opposed to partitioned algorithms, monolithic schemes simultaneously solve the fluid and
the structural equations within one system of nonlinear equations. On the one hand, the devel-
opment of such approaches demands more effort since it requires an ad hoc implementation,
in the sense that already existing and well-established single-field solvers cannot be directly
employed. Moreover, the adoption of efficient preconditioners is needed when solving compu-
tationally demanding problems. On the other hand, monolithic schemes often outperform par-
titioned strategies in terms of computational cost and robustness. MAYR et al. [104] proposed
a monolithic approach capable to allow an independent choice of the time integration method
for the fluid and the structure, tailored to the needs of the single field. The authors moreover
increased the performance of the strategy by adopting specific predictors for the subproblems.
More recently, SHELDON et al. [144, 145] developed monolithic schemes for the solution of
FSI problems by means of the HDG method. The development of suitable preconditioners has
been then addressed by several authors. Among them, HEIL [76] derived efficient precondition-
ers from block-triangular approximations of the JACOBIan matrix, allowing a rapid iterative
solution of the linear systems arising from the applications of NEWTON’s method. BADIA et
al. [11] then analyzed different modular and non-modular preconditioners for FSI problems
with pronounced added mass effect and acknowledged the non-modular ILUT preconditioner to
achieve great efficiency. Later, GEE et al. [61] proposed two efficient preconditioners for the
solution of the monolithic system of equations, by applying algebraic multigrid techniques. In
conclusion, a fair comparison between partitioned and monolithic FSI schemes can be found in
the works of HEIL et al. [77] and KUTTLER er al. [94]

In the present thesis, a strongly-coupled scheme based on the DIRICHLET-NEUMANN par-
titioning is revisited for hybrid HDG-CG discretizations and its potential instabilities are re-
solved with the introduction of a weak compressibility in the flow field. Moreover, a novel
fluid-structure interaction monolithic scheme based on NITSCHE’s method is presented. Both
the partitioned and the monolithic schemes can be found in the recent work by LA SPINA et
al. [97].



1 Introduction

1.2 Goals

The main objective of this thesis is providing robust and efficient spatial discretization techniques
for the simulation of weakly compressible fluid flows interacting with nonlinear elastic structures
undergoing large deformations.

In order to relax the potential instabilities of the artificial added mass effect, causing the failure
of FSI simulations involving fluid and structures with similar densities, a weakly compressible
model needs to be derived and tested for the flow field. On the one hand, an analytical analysis
shall firmly corroborate the beneficial effects of the introduction of a weak compressibility in
the fluid for this multiphysics problem. On the other hand, the capability of the model to provide
robust and efficient FSI algorithms and to ensure at the same time accurate solutions needs to be
assessed on widely used benchmarks.

The most appropriate spatial discretization method shall be employed for each field. While
the standard continuous GALERKIN method provides computationally efficient discretizations
with a very limited number of degrees of freedom for the solution of structural problems, an
alternative discretization method is preferable for the fluid field to tackle a number of intrinsic
issues. Among them, the CG method typically lacks stability when convective effects dominate,
requiring the use of special stabilization techniques to properly treat high REYNOLDS number
flows. Moreover, an appropriate combination of interpolation spaces for the solution variables
needs to be selected to treat the saddle-point nature of the fluid problem in the incompress-
ible limit, unless additional stabilization strategies are adopted. The hybridizable discontinu-
ous GALERKIN method, by combining robustness of discontinuous GALERKIN approaches in
convection-dominated flows with higher-order accuracy and efficient implementations, consti-
tutes a promising option for the discretization of the fluid problem. Therefore, novel HDG for-
mulations need to be derived, implemented and tested for the simulation of flows in the weakly
compressible regime.

Given the hybrid nature of the discretization strategy employed in the subdomains, a suitable
technique is required for the imposition of the coupling conditions on the interface. A method for
coupling HDG and CG discretizations, enforcing the transmission conditions in the HDG local
problems, is already available in literature. However, the resulting coupling of local and global
degrees of freedom between the two discretizations makes the implementation of this strategy
in existing finite element libraries rather intrusive and inefficient. A novel coupling strategy,
preserving the core structure of HDG and CG matrices, shall therefore be developed. This goal
can be achieved by solely relying on the CG unknown and on the HDG hybrid variable defined
on the mesh faces, to impose the transmission conditions between the subdomains on a global
level. Such a strategy needs to be derived and its convergence properties tested first on simple
physical phenomena, like thermal and linear elastic problems.

After addressing these key challenges, robust and efficient HDG-CG formulations for the
simulation of weakly compressible fluid-structure interaction problems shall be at hand. A par-
titioned DIRICHLET-NEUMANN scheme can be revisited in the context of hybrid discretiza-
tions, while a monolithic scheme can be formulated by extending the novel HDG-CG coupling
strategy to the solution of FSI problems. The spatial and temporal convergence features of the
proposed schemes shall then be investigated and compared on a problem with manufactured
solution. The application of such strategies in two- and three-dimensional benchmarks shall pro-
duce reliable solutions and exhibit enhanced robustness and efficiency properties.

10



1.3 Outline

1.3 Outline

The remainder of the thesis is organized as follows. In Chapter 2, the governing equations of
weakly compressible flows and nonlinear elastic structures are first introduced in Sections 2.1
and 2.2, respectively. The interface conditions and the partitioned algorithm for the solution of
the coupled problem are then presented in Section 2.3. The added mass operator, which plays
a crucial role on the stability of the numerical scheme, is first recalled with regards to incom-
pressible flows in Section 2.4, while a novel analytical derivation of the same operator in the
context of weakly compressible flows is performed in Section 2.5. A comparison of the two op-
erators and a brief discussion follows in Section 2.6. Finally, the role of the compressibility for
FSI solvers in terms of robustness, accuracy and computational efficiency is examined on two
classical benchmarks in Section 2.7.

Chapter 3 is devoted to the discretization of the fluid problem by means of the HDG method.
The governing equations are briefly recalled in Section 3.1 and the adopted VOIGT notation
is introduced in Section 3.2. Then, a first scheme featuring the velocity and the pressure as
primal variables is formulated in Section 3.3 for simple steady-state flows using the EULERian
description of motion. A second density-momentum formulation is derived instead in Section 3.4
for general unsteady flows with the arbitrary LAGRANGEan-EULERian description of motion
to deal with deforming domains. In Section 3.5, a weakly compressible POISEUILLE flow,
equipped with analytical solution, is employed for the assessment of the convergence properties
and for a comparison of the proposed HDG formulations. A second example considers instead
a weakly compressible TAYLOR—-COUETTE flow in three dimensions, while a last example,
exercising all the terms in the fluid partial differential equations, is then presented to verify the
capability of the chosen method to preserve the expected spatial and temporal convergence rates
on both fixed and moving computational meshes.

The coupling of HDG and CG discretization is addressed in Chapter 4. First, simple thermal
problems are considered in Section 4.1. More precisely, the single HDG and CG formulations
are introduced in Sections 4.1.1 and 4.1.2, respectively, whereas an approach already existing in
literature is recalled in Section 4.1.3 and its disadvantages in terms of computer implementation
are discussed. A novel hybrid coupling of HDG and CG discretizations based on NITSCHE’s
method is proposed in Section 4.1.4 in the context of thermal problems and in Section 4.2 for
the solution of elastic problems involving compressible and nearly incompressible materials. A
comparison of the two approaches and the properties of the proposed method are presented in
Section 4.3 on an extensive set of two- and three-dimensional numerical examples.

The techniques developed and presented in Chapters 2, 3 and 4 are then employed to formulate
novel robust and efficient schemes for the solution of FSI problems in Chapter 5. The problem
statement is recalled in Section 5.1, whereas a hybrid partitioned DIRICHLET-NEUMANN
scheme is presented in Section 5.2 and a monolithic NITSCHE-based scheme is proposed in
Section 5.3. The spatial and temporal convergence properties of the proposed approaches are
analyzed in the first numerical example of Section 5.4. The remaining examples then apply the
FSI strategies for the solution of two- and three-dimensional benchmarks and highlight their
enhanced robustness and efficiency features.

Finally, the conclusions of this work are drawn in Chapter 6. In particular, a summary of
the achievements is outlined in Section 6.1, whereas an outlook for potential future research is
offered in Section 6.2.
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2 Role of compressibility for FSI
solvers

This chapter introduces the equations governing the flow of incompressible and weakly com-
pressible fluids and the motion of nonlinear elastic structures undergoing large deformations,
upon which the content of this thesis is built.

More precisely, the flow of viscous fluid substances is described by the NAVIER-STOKES
equations. Although the first appropriate description of the dynamic behavior of fluids is at-
tributed to NEWTON, the mathematical equations of inviscid flows were subsequently derived
in the 18" century by BERNOULLI and EULER. The governing equations of viscous flows
used nowadays were instead independently formulated by the French engineer NAVIER and the
British physicist and mathematician STOKES at the beginning of the 19" century. The first type
of flow considered here is treated with the incompressible version of the NAVIER-STOKES
equations, whereas the weakly compressible flow is modelled with the isentropic limit of the
fully compressible NAVIER-STOKES equations under isothermal conditions.

The deformation of the structure obeys to the laws of nonlinear elastodynamics. A large num-
ber of great scientists devoted themselves in the past centuries to the development of the mod-
ern theory of elasticity. GALILEI and HOOKE built the mathematical foundations of such the-
ory in the 17" century, whereas fundamental contributions were later brought by COULOMB,
YOUNG, POISSON, CAUCHY, LAME and ST. VENANT, among many others. Here, the solid
body is assumed to have a hyperelastic behavior, hence accounting for geometrical and poten-
tially material nonlinearities.

In the second part of the chapter, the partitioned algorithm by KUTTLER and WALL [91]
adopted for the coupling of the fluid and the structural subproblems is outlined. As anticipated
in the introduction, partitioned schemes suffer the instability of the artificial added mass effect.
While this phenomenon has been well understood in the context of incompressible flows with
the works by CAUSIN et al. [24] and FORSTER et al. [58], the analysis and the numerical
examples presented here highlight fundamental differences that make the adoption of the weakly
compressible assumption a favourable approach when using partitioned schemes for the solution
of FSI problems characterized by a strong coupling between the fluid and the structural field.

Sections 2.1 and 2.2 introduce the governing equations of fluid flows and nonlinear structural
problems, respectively, as well as the associated weak forms in a CG framework. The coupling
strategy of the single fields is then exposed in Section 2.3. It follows an analytical study on the
role of compressibility in fluid-structure interaction problems with respect to the artificial added
mass effect. In particular, the added mass operator for incompressible flows is first recalled in
Section 2.4, while the same operator is derived in the context of weakly compressible flows
in Section 2.5. The two operators are then compared in Section 2.6. The analytical findings
are finally numerically tested on two benchmarks in Section 2.7. The content of this chapter is
mainly based on the work of LA SPINA et al. [95].

13



2 Role of compressibility for FSI solvers

2.1 Fluid problem

In this section, the governing equations of fluid flows with incompressible and weakly compress-
ible behaviors are exposed together with the associated finite element discretization in a classical
CG framework.

Let (2x € R"s¢ be an open bounded domain, with n.4 denoting the number of spatial dimen-
sions, and let the boundary 92+ be partitioned into a DIRICHLET portion I'2 and a NEUMANN
portion 'Y such that 9Qr = M2 UTY and T2 NTY = (. The flow of an incompressible
fluid within a deformable region €2+ in the time span (¢;,¢;) can be described by the NAVIER—
STOKES equations with the arbitrary LAGRANGEan-EULERian description of motion

(/)fag—tf +prVvurer — V05 (Vur,pr) = prbr inQF x (ti,1y),
V.-vr=0 in QF x (t;,t5),
vr=v%  inQr x (), 2.1
vF = v} on 2 x (ti, tr),
\ or (Vur,pr)ng =ty  onT% X (t;,tf).

The variables v# and pr represent the unknown velocity and pressure fields, pr is a constant
fluid density and br a prescribed body force. Moreover, o+ denotes the CAUCHY stress tensor
that, for NEWTONian viscous flows, is linearly related to the strain rate tensor

1
&5 (Vr) = Vur = o (Vur + (Vor)'), 2.2)
by means of the relationship

or (Vvur,pr) =2urer (Vur) —prl,.., (2.3)

with pr being the dynamic viscosity and I,,_, the n.q X ngq identity tensor. The term cr is
referred to as ALE convective velocity and represents the velocity of the fluid relative to the
moving background mesh according to

Cr=Ur —ar. (24)

The mesh velocity a r is computed as the time derivative of the mesh displacement d
ar=—. (2.5)

The incompressible fluid problem (2.1) is finally completed with suitable initial and bound-
ary conditions. In particular, an initial divergence free velocity field v} is imposed in the fluid
domain 27, whereas a given velocity v2 and an external traction tY are prescribed on the
DIRICHLET portion T'2 and on the NEUMANN portion 'Y of the boundary with outward-

pointing normal vector n r, respectively.
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2.1 Fluid problem

An isothermal weakly compressible fluid flow is governed by the isentropic limit of the com-
pressible NAVIER-STOKES equations given by

dprv
Pgt T v (prvr @vzr) — V (prvr)ar — V -ox (Vur,pr) = prbr,
0 2.6
%_{'V'(p}'U}')—Vp]:-a]::O, (2.6)

pr = pr (pr)-

The first equation is referred to as momentum equation and ensures the balance of the linear
momentum in accordance with NEWTON’s second law of motion [115], whereas the second
equation is denoted continuity equation and states the conservation of mass. The third equation
represents an equation of state relating the fluid pressure with the density, which is no longer
assumed constant. Since no temperature changes are taken into account, the energy equation is
decoupled from the other equations and its conservation is automatically ensured through the
equation of state. The linear relationship

pr=p" +er (pr—p5") 2.7

is used throughout this thesis, with €  being a (small) compressibility coefficient and p5=* denot-
ing the reference density computed at the reference pressure p3*. Alternative and more sophisti-
cated equations of state can however be adopted, possibly requiring the evaluation of additional
parameters. Equation (2.7) is not explicitly written in the following analysis in order to keep the
formulation as general as possible. Since the fluid velocity does not constitute a solenoidal field
in the weakly compressible regime, i.e. V - vr # 0, the CAUCHY stress in (2.6) takes the more
general form

or (Vur,pr) =2urer (Vur) + Ar (V- vr) L, — prla, (2.8)
with A\ » being the so-called second coefficient of viscosity, whose value can be extrapolated by
means of the widely accepted STOKES hypothesis [151]

2

gﬁb]-“i‘)\]:zo. (29)

The strong form of the weakly compressible flow problem with the ALE description of motion
in the primitive variables velocity and pressure is then given by

( ov
pF (PF) 8_tf + pr (pr) Vurer

=V 2urVivr + As (V vz L, — prlo] = pr (pF) br  in Qr x (L, 1y),
0 0 0
pr (pr) Opr + pr (pr) Vp

opr Ot Opr 7o
+pr(pr) V- -vr =0 in Qz X (t;,t5), (2.10)
vr = V% in Qr x (t;),
pr =¥ in Qr x (t;),
vr = v? on 2 x (t;,t),
pr =p? on ['2 x (t;,t),
L 2urVivr + A (V-vr) L, — prl, |nF =t¥ on I'F x (t;,tf),
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2 Role of compressibility for FSI solvers

where the momentum equation is rearranged by assuming the mass conservation to be exactly
fulfilled. With this algebraic manipulation, the problem (2.10) constitutes a straightforward ex-
tension of the incompressible counterpart (2.1) and only the inclusion of a relatively small num-
ber of terms is required to simulate the effect of a weak flow compressibility. Moreover, as
opposed to the incompressible model, in which the pressure appears solely under the gradient
operator and acts as a LAGRANGE multiplier of the incompressibility constraint, here the pres-
sure assumes a clear physical meaning and directly affects the fluid density through the equation
of state (2.7). This physical model allows to impose a function p”2 on the DIRICHLET portion
of the boundary and requires the specification of the initial field p% to evolve in time.

The weak form of the weakly compressible flow problem is obtained by multiplying the gov-
erning equations by suitable weighting functions and integrating over the computational do-
main. After integration by parts of the stress term and by exploiting the boundary conditions, the
weak form of the CG approximation of problem (2.10) reads: given (v%, p%) in Qz x (¢;), find
(vr, pr) € VH(QF)]™ x V*(Qr) such that

v dd
<w7 pr (pF) a—tf> + <w7pf (p7) Vur (’Uf - d—f))
Qr ar

+ (Vw, 2u7Vovr + Ar (V- vF) Lo, = prlas)q, — (W, p7 (07) bF)a, (211

el
v

dd
+ ; (Vw <’U_7: — d_t]:> ) Tsupc Ru (’UJ-‘apJ-')) o = <w7t¥>1“¥ >
(w, aﬂf_@ﬂ%) + (w, Opr(Pr) g, . (v; _ dd_f))
8p; 815 Qr Gp; dt QF
ngl (2.11b)
+ (w, pr (pr) V - Uf)ﬂf + Z (Vw, TospcRu ('UJ-‘apJ-'))QjT =0,

e=1

for all (w,w) € [VIQr)]"= x VE(Qz). The precise definition of the finite element spaces for
the test functions and the solution variables is given in Appendix A.

The last terms in the left hand sides provide a remedy for the deficiency of the continuous
GALERKIN approach, arising in convection-dominated flows and in the vicinity of the incom-
pressible limit. More precisely, the streamline-upwind PETROV-GALERKIN (SUPG) term in-
troduced by BROOKS and HUGHES [19] in the momentum equation stabilizes the formulation
at high REYNOLDS number flows, whereas the pressure-stabilizing PETROV-GALERKIN
(PSPG) term introduced by HUGHES er al. [83] in the continuity equation allows the use of
equal-order interpolations for velocity and pressure. The corresponding stabilization parame-
ters are denoted with 7sypc and 7ospe, While Ry, refers to the residual of the momentum equa-
tion. A detailed analysis on these parameters can be found in the textbooks by DONEA and
HUERTA [45] and by ZIENKIEWICZ et al. [175] or in the thesis of WALL [166]. It is worth
highlighting that the introduced stabilization terms are weighted residuals and therefore ensure
the consistency of the CG formulation.

Only the weak form of the weakly compressible flow problem is reported here, for the sake of
brevity. However, the incompressible counterpart is fully recovered by considering a vanishing
compressibility, i.e. dpx(pr)/OpFr = ex = 0, and by neglecting the term Az (V - vx) 1L, _,.
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2.2 Structure problem

2.2 Structure problem

Analogously to the fluid field, the structural domain is denoted with Q25 € R"s¢ and its bound-
ary 0Qs is partitioned into a DIRICHLET portion I'Y and a NEUMANN portion T'Y such that
00s =TEUTY and 'Y NT'Y = 0. The total LAGRANGEan approach is adopted to describe
the structural motion, hence all the quantities and mathematical operators are referred to the un-
deformed configuration. However, no special notation is introduced to distinguish the operators
associated to either the material or the spatial coordinates for the sake of readability. The strong
form of a nonlinear elastodynamic problem can then be written as

( d2’U,3 .
Ps A2 — V- Ps(Vugs) = psbs in s X (L, 1y),
us =uy  in Qs x (t;),
d
ais _ 4wl in Qs X (&), (2.12)
dt
us—ul  onT2 x (1))
\ Ps (Vus)ns Itfgv on Fg X (ti ty).

The first equation states the dynamic equilibrium of inertial, internal and external forces, whereas
the following ones impose the initial and the boundary conditions. The variable ugs represents
the unknown displacement field, whereas pg is a constant solid density and bs a prescribed body
force per unit undeformed volume.

The internal forces are expressed in terms of the first PIOLA-KIRCHHOFF stress tensor Ps
that, for hyperelastic materials, is computed as

s (Fs)
Ps (Vug) = ———, 2.13
s (Vus) OF« (2.13)

with Fs being the deformation gradient and 15 the strain energy density function. The former is
directly related to the displacement gradient through the expression

Fs =Vus+1 (2.14)

Nggo

while the latter is defined as

usEs : E3+%S tr (Es)) ST. VENANT-KIRCHHOFF,
Vs (Fs) = s As ) (2.15)
> [tr (FSFs) —2In(|Fs|) — nsd}+7 [In (| Fs|)]” Neo-HOOKE,

for the two popular material models adopted in this thesis.

The ST. VENANT-KIRCHHOFF is the simplest hyperelastic material model and represents
an extension of the linear elastic model to the geometrically nonlinear regime. In fact, the
GREEN-LAGRANGE strain tensor Es is computed as

1
ES (V’U,S) =

3 (FSFs—1,.)
1
2

(2.16)

(Vus + (Vus)” +(Vus)” Vus) .
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2 Role of compressibility for FSI solvers

and stems from the infinitesimal strain tensor
1 T
es (Vus) = 5 <Vus 4 (Vus) ) : 2.17)

with the inclusion of the second order terms to account for geometrical nonlinearities. The Neo-
HOOKEan model considers instead a nonlinear stress-strain relationship and is suited for the
behavior of plastic and rubber-like solids undergoing large deformations.

The LAME parameters 15 and As can the be evaluated from the YOUNG modulus Es and
the POISSON ratio vs of the material through the relations

Es N vsEs
2(1+vs)’ ST (L+uws)(1—2vs)

s = (2.18)

The coefficient s is strictly positive and coincides with the shear modulus, thus describing
material’s response to shear stress. The parameter \s is closely related to the bulk modulus

2
Ks = g/is + s, (2.19)

which describes the material response to a uniform hydrostatic pressure and therefore provides
a direct measure of the solid compressibility.

For convenience, fluid-structure interaction problems are solved in this thesis considering
solely compressible solids, for which the POISSON ratio is bounded in the interval 0 < vg <
0.5, hence resulting in a finite value of the bulk modulus, i.e. Ks < oo. It is well-known that
low-order displacement-based CG formulations fail to provide locking-free approximations for
(nearly) incompressible materials, for which vs — 0.5. A number of possible remedies, dis-
cussed in Chapter 4, have been proposed in the literature to circumvent this issue. A novel
strategy involving a hybrid HDG-CG discretization is proposed in Section 4.2 to solve elastic
problems featuring multiple materials with compressible and nearly incompressible behaviors.

Owing to the presence of the second temporal derivative, the structural problem (2.12) requires
not only an initial displacement field u%, but also an initial velocity u%. Finally, the DIRICHLET
and NEUMANN boundary conditions are expressed in terms of displacements u% imposed on
I'2 and tractions ¢ imposed on 'Y, respectively. The outward-pointing unit normal vector to
the structural boundary is denoted with ns.

Analogously to the fluid field, the weak form of the CG approximation of the structural prob-
lem (2.12) is obtained by multiplying the governing equation by an appropriate test function,
integrating over the computational domain and performing an integration by parts of the term
under the divergence operator. It thus reads: given (u%, u2) in Qg X (¢;), find us € [V"(Qs)]"=
such that

d2uS
(’U,pg a2 )Q + (V’U, PS (V’U,S))QS = (’U, prS)QS + <’U,tg>ré\, s (220)
S

for all v € [VI(Qs)]"=.
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2.3 Fluid-structure coupling

2.3 Fluid-structure coupling

Figure 2.1: Degrees of freedom of the CG-CG discretization

Let the whole domain 2 be split into two non-overlapping subdomains 2r and €2s such that
Q = Qr U Qg, with interface I'! = Qr N Qg. The fluid subdomain is divided into n$ disjoint

elements as

1,‘lel

3
Or =% QENQL=0 for e#f, 2.21)
e=1

while the structural subdomain is divided into ngl elements as

nel

S
Qs =% QsnQf=0 for e#f. (2.22)
e=1

Figure 2.1 depicts the degrees of freedom of the discretization, for a polynomial degree of
approximation k£ = 1 in the whole domain. More precisely, the blue circles denote the CG DOFs
of the fluid problem corresponding to the velocity v and the pressure p z, collected in the vector
Vr= [v F P ;} " for simplicity, whereas the red circles refer to the CG DOFs of the structural
problem, corresponding to the displacement ug. Finally, the DOFs in cyan refer to the fluid mesh
displacement ur in the ALE framework.

It is worth mentioning that the deformation of the fluid computational mesh is evaluated as a
function of the structural displacement at the interface, by means of a unique ALE mapping .
The grid motion strategy is an artificial problem, hence not affecting the physics of the coupled
problem, and its sole purpose is to generate a proper mesh for the solution of the fluid problem.
With this regard, several techniques have been proposed in the last decades and they are not
discussed here, because of secondary importance for the purposes of this thesis. However, a
comprehensive literature survey on this topic can be found at DONEA et al. [46].

In order to couple the fluid problem, whose weak form has been derived Section 2.1, and the
structural problem, whose weak form has been presented in Section 2.2, the following kinematic
and dynamic continuity conditions have be enforced at the fluid-structure interface
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2 Role of compressibility for FSI solvers

d
vr — % =0 onl' x (t;t;),

tr (V'U]—‘,p]-‘) +ts (V’U,g) =0 onI' x (ti,tf).

The first equality denotes the no-slip condition, prohibiting a fluid flow across the interface and
a relative tangential movement of the fluid and the structure at the same location. The second
relation enforces then the equilibrium of the fluid and the structural forces at the interface and
directly follows from NEWTON’s third law of motion [115].

The coupling of the fluid and the structural solvers is performed by means of the partitioned
DIRICHLET-NEUMANN scheme outlined by KUTTLER and WALL [91]. In the following,
the terms K and f denote the left hand side matrices and right hand side vectors, respectively,
arising from the discretization of the associated weak forms, whereas the symbol A stands for
the assembly operator of the elemental contributions. Moreover, owing to the nonlinear nature
of the governing equations, the single-field problems are linearised and solved in terms solution
increments (indicated with J) by means of the NEWTON-RAPHSON method until convergence.
Assuming all the quantities referred to the time step n+ 1 and denoting by 7 the coupling iteration
count, the matrix form of the coupling algorithm can be schematized as:

(2.23)

1. Start with a predicted interface structural displacement [ug] .
2. Update the fluid mesh by means of the ALE mapping [d%]| = ¢ ([uk]).

3. Compute the fluid solution [V}] by solving the problem

Krs] [3V] =[] 2.24)
with
ol - Al b 1= Afwl ) e

and [V2(uj)] being strongly imposed as a DIRICHLET condition on the interface.

4. Compute a new structural solution [1’1?1} by solving the problem

[Kss] [0us™] = [fs] + [£ (V%)) (2.26)
with
Keo] = 4{[&46}, 5 - A{m} )

and [fév (V})] denoting the NEUMANN coupling vector on the interface.

5. Check the convergence of the interface displacement residual || [r5™']|| < n with

[ = [u5] — [uk]. (2.28)

Continue with next time step if the algorithm is converged, otherwise return to step 2 with

[ugﬂ] — it [ﬁ?-l] i (1 _ wi+1) [u};] , (2.29)

where the relaxation parameter is either kept constant or updated by means of AITKEN’s
A? method

Wt = = ] ([ - 5] /1] - [ (2.30)
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2.4 Incompressible added mass operator

The artificial added mass effect is a well-known phenomenon in the fluid-structure interaction
community. It is particular evident in the context of loosely-coupled partitioned schemes and it
imposes a lower bound on the time step size to allow stable computations. The resulting instabil-
ity is defined artificial added mass effect since the fluid forces acting on the structural interface
contain an artificial and incorrect contribution, acting as an extra mass on the structural interface
degrees of freedom. This phenomenon has been first investigated by CAUSIN et al. [24] on a
simplified model problem in the context of incompressible flows. Although the model problem
considered therein represents an extreme simplification of real world applications, it is nonethe-
less able to realistically predict the stability and the convergence properties of the FSI solver.
Later, FORSTER et al. [58] offered a general discrete representation of the added mass opera-
tor and derived different instability conditions for various temporal discretization schemes.

By adopting a classical DIRICHLET-NEUMANN coupling scheme and discretizing the gov-
erning equations by means of finite elements in a CG framework, the coupling force vector can
be expressed in terms of the interface acceleration as

f, = mrMvy, (2.31)

with mz denoting a characteristic fluid mass and v; being the aforementioned interface ac-
celeration. M is the artificial added mass operator, which can be interpreted as a geometrical
operator mapping a dimensionless interface acceleration onto an also dimensionless interface
force. Henceforth, the subscripts ®; and ©: are adopted to refer to the interior and the inter-
face degrees of freedom, respectively. By only considering the relevant features and neglecting
secondary effects, such as the motion of the fluid domain and all nonlinearities, and assuming
a regular mesh as well as a lumped mass matrix approximation, the added mass operator for
incompressible flows derived by FORSTER et al. [58] can be written as

M —T;; +2G; (GTG,) 7' @7, (2.32)
with G denoting the discrete gradient operator and its transpose G* being the discrete diver-
gence operator. The first term in (2.32) represents the forces required to accelerate the fluid
masses adjacent to the interface, whereas the second term yields forces generated by the effect
of incompressibility.

2.5 Weakly compressible added mass operator

As opposed to fluid-structure interaction problems involving incompressible flows, which are
heavily affected by the artificial added mass effect, compressible flows are much less influenced
by this detrimental phenomenon and related instabilities have rarely been reported in literature
(for example by JAIMAN et al. [85]). Moreover, it is often claimed that no artificial added mass
effect arises even when driving a (weakly) compressible flow solver close to the incompress-
ible limit, i.e. at low MACH number. A first analysis conducted by VAN BRUMMELEN [160]
on a simple two-dimensional model problem highlighted the beneficial role of compressibil-
ity, whereas a later study by LA SPINA et al. [95] derived an expression of the discrete weakly
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2 Role of compressibility for FSI solvers

compressible added mass operator in a more general setting and supported the analytical findings
with numerical examples in both two and three dimensions. As anticipated in the introduction of
this chapter, the analysis presented here is mainly based on the publication just mentioned.

In order to derive the added mass operator for weakly compressible flows, it turns out to be
useful to rewrite the fluid governing equations by means of material time derivatives as

D
P =V 20V + A(V - 0) L. — pl, ] = pb,
Dt
(2.33)
@% +oV-v=0
Op Dt P -

where the subscript © r is omitted for the sake of simplicity. Equations (2.33) are equipped with
a suitable equation of state relating density and pressure changes. If the simple linear relation
(2.7) is considered, the partial derivative of the density with respect to the pressure simply stems
from the compressibility coefficient, i.e. dp/dp = ¢.

Some assumptions and simplifications can be introduced to further simplify the analysis, while
preserving the relevant features. First, external loads are omitted without loss of generality. It
is then acknowledged that the artificial added mass effect is independent of the nonlinearities
of the system, as well as of the fluid mesh movement. Moreover, viscous terms have a much
lower impact than mass terms for small time step sizes, for which the artificial added mass
manifests, and they can therefore be reasonably neglected. No structural damping is considered,
as done throughout this thesis. Finally, density variations in time are small in the vicinity of the
incompressible limit and it is therefore justified to linearise the system with respect to the fluid
density, that is subsequently updated by means of the equation of state. Given these assumptions,
the governing equations (2.33) can be rewritten as

Dv
P22 L wp =0,
Dt (2.34)
Dp ’
0=2L L v .v=o,
pe VY

where a compressibility factor § = £/p has been introduced.
Upon the finite element discretization, the discrete system of equations reads

2.35
oM, p — G'v =0, (2-33)

{ Mv + Gp = 0,
with M denoting the standard fluid mass matrix, whereas M, is a mass matrix associated to the
pressure degrees of freedom. Moreover, G and G” are the aforementioned discrete gradient and
divergence operators, respectively, while the vectors v and p represent the unknown velocity and
pressure DOFs. Finally, the over-set dots represent the material time derivatives, according to the
LAGRANGE.an description adopted in (2.34). It is worth pointing out that the ongoing analysis
is performed in a CG framework, but the findings are independent of the particular discretization
technique adopted. As a matter of fact, the trends arising in the numerical examples in Section 2.7
are also observed in the FSI problems in Section 5.4, where the HDG method is instead adopted
to discretize the fluid equations.
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2.5 Weakly compressible added mass operator

For a general time discretization scheme, the velocity and the pressure at the time step n + 1
can be written as
vV = o, Atv + Vv,
L (2.36)
P = 0 Alp + P,

with v and p denoting the time derivatives at the same time, while v and p refer to a linear
combination of values and time derivatives computed in the previous time steps. The time step
level is not explicitly indicated in order to not overload the notation. The parameters «, and
o, depend then on the specific time integrator adopted. More precisely, for implicit integrators
o, # 0 and o, # 0, while explicit methods exhibit o, = o, = 0.

By considering both the spatial and the temporal discretization in (2.35) and (2.36), the fully
discretized problem

Mv + a, AtGp + Gp = 0, 037
OM,p — a, AtG'v — G'v =0, '
leads to the linear system
M apAtG| v |-Gp
e v INE P @

In order to derive the discrete added mass operator for weakly compressible flows, it is conve-
nient to split the velocity degrees of freedom belonging to the interface from the remaining ones.
The system (2.38) is therefore rewritten as

M;; M, apAtGi Vi -G;p
Mli MII OépAtGI VI - _Glp + fI N (2.39)
—a, AtGT —a , AtGT M, p Glv

with f; being the interface force vector to be passed to the structural solver. Solving the system
(2.39) in terms of the interior acceleration v; and the time derivative of the pressure p and
replacing back their expressions in the system allows to obtain the following definition of the
coupling vector

-1
f; = | (MM /G: — Gy) (LtQMp + G’{Mi—jGi) (GIM{/M;; - G)

a, A

O Ol

—~ MMM, + M| vy
[ 9 -1 1
— (M MG — Gy) (mMp + GiTM;fGi) GT&V Y (2.40)
0 -1
+ | (M MG — Gy) (mMp + G’-fM;fGi) GTM[!G;

—M:;M{/G; + G:| p.
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2 Role of compressibility for FSI solvers

The first contribution shows the dependency of the interface force on the interface acceleration
and the term in square brackets can therefore be interpreted as a mass. The second and the
third contributions depend on the history of velocity and pressure, respectively. Assuming a
regular mesh and employing a lumped mass matrix, the off-diagonal terms M ; ; and M ; vanish,
whereas the mass attributed to an internal node is twice the mass of an interface node which has
half the support of the former, i.e. M;; = 2m#zI;; and M;; = mzI;;. The lumped version of
the coupling force vector can therefore be written as

2mz0 -1 )
fI, lump — 2m]:GI (WFA#MP + GTGI) G? + m;IH] Vi
vQp
[ 2m;«9 T - T 1 _
2 ——M . Gy 241
+ |2mrGq (avapAt2 » +GiG ) G Y v (2.41)
: 2m;9 !
e (27 i ate,) are, - allp.
G’I (anpAt2 o) +Gl Gl) Gl Gl GI p

Two limit cases are worth analysing: the incompressible limit and the time step size limit.

In the incompressible limit the flow compressibility vanishes, i.e. § — 0 (and therefore ¢ —
0), corresponding to an infinite speed of sound. In such a case, the pressure mass matrix M,
does not offer any contribution and the force vector reduces to

lim i, 1o = |mrTs + 2mpGr (GTG) ™ G| ¥ (2.42)
0—0

This expression is obtained by recalling that the flow velocity is divergence-free in all time steps
in the incompressible limit, thus

lim G"v = 0. (2.43)
0—0
It is therefore clear that the incompressible added mass operator (2.32) is fully recovered from a
weakly compressible approach for a vanishing compressibility coefficient.

However, as long as even a small compressibility is taken into account, i.e. # > 0 (and there-
fore ¢ > 0), the full definition of the force vector (2.41) needs to be considered. To derive the
expression of the added mass operator for weakly compressible flows, the vanishing time step
size limit is analyzed. In such a circumstance, the force vector simplifies to

Al}:r—{lo fI, lump — mrlirvy. (2.44)

This expression is obtained by considering that

Aliglo P = p = const, (2.45)

according to (2.36). Hence, the added mass operator for weakly compressible flows results in

weomnp — III' (246)

lump
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2.6 Discussion

2.6 Discussion

A loosely-coupled FSI scheme has been proven by FORSTER et al. [58] to be unconditionally
unstable if

M7 rnax [eig (M)] > Cipges (2.47)
ms

with mz and mg denoting a characteristic fluid and structural mass, respectively, and C'; 4.
being a constant coefficient dependent on the specific time integration method adopted. Unfortu-
nately, this coefficient turns out to be smaller for higher temporal accuracy. The inequality (2.47)
allows to establish fundamental differences regarding the robustness of fluid-structure interaction
solvers involving incompressible and weakly compressible flows.
Replacing the incompressible added mass operator (2.32) in (2.47), the instability condition
reads
mr . T -1 7
o max leig (Tex +2G: (GTG1) T GY) | > Cuer. (2.48)
It is therefore clear that partitioned schemes with incompressible flows can be safely adopted
only in the case that the fluid is much lighter than the structure and if the maximal eigenvalue
of the added mass operator is not much larger than unity. However, the incompressible contri-
bution 2G (GiTG i)_l GT can be rather large and, in the case of a fluid entirely enclosed by
DIRICHLET boundaries (except of course the fluid-structure interface), its maximal eigenvalue
tends to infinity.
Replacing instead the weakly compressible added mass operator (2.46) in (2.47), the instabil-
ity condition reduces to

M7 max [eig (Ir1)] = 2L > Ot e (2.49)
mes mgs

Consequently, also the weakly compressible model exhibits a mass ratio for which the scheme
gets unconditionally unstable. However, the condition (2.49) is much more permissive than the
incompressible counterpart (2.48), explaining why artificial added mass effects are rarely ob-
served in simulations involving (weakly) compressible flows. Moreover, from the analysis in
Section 2.5 it is clear that if the limit mass ratio in (2.49) is not reached by a particular problem,
then time step size reduction will eventually stabilize the partitioned scheme. It is therefore ob-
vious why potential stability issues in the weakly compressible case can frequently be handled
in the standard way, i.e. by time step size reduction. Such simple approach has been shown by
FORSTER et al. [58] not to work in the incompressible case.

The present analysis rigorously refers to loosely-coupled partitioned schemes, however analo-
gous considerations apply to the convergence of strongly-coupled partitioned schemes, in which
the exchange of the interface information is repeated within a time step until a convergence cri-
terion is met. In fact, although it is sometimes claimed that the added mass related instability can
be always overcome by subiterating over the single fields to converge to the solution of the cor-
responding monolithic system, VAN BRUMMELEN [160] pointed out how the artificial added
mass effect directly affects the stability and the convergence of the subiteration process. The
artificial added mass operator defines indeed an upper bound for the contraction number of the
problem and if this value is greater than one, the iterative procedure will inevitably fail. The find-
ings of the present analysis are thus confirmed in the following numerical examples by using a
strongly-coupled partitioned scheme and examining the number of coupling iterations required,
as well as the values of the relaxation parameter (when a dynamic relaxation is adopted).
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2 Role of compressibility for FSI solvers

2.7 Numerical examples

The numerical examples presented here aim to experimentally investigate the influence of the
flow compressibility for FSI solvers in terms of accuracy, robustness and efficiency. The first
example is a popular two-dimensional benchmark that allows to perform a series of tests with
increasing difficulty for the coupling algorithm, by simply varying the structural density. The
performance of the weakly compressible formulation is then assessed considering both a fixed
and a dynamic relaxation of the fixed-point FSI solver. The second example is a widely used
three-dimensional benchmark that mimics hemodynamic conditions and highlights the artificial
added mass phenomenon. Special emphasis is devoted to the efficiency of the proposed formula-
tion considering different compressibility levels and time step sizes. The simulations associated
with the presented numerical examples have been performed with the parallel multiphysics re-
search code BACI [167].

2.7.1 Lid-driven cavity with flexible bottom

The first numerical example is a two-dimensional lid-driven cavity with flexible bottom. It
was introduced by WALL [166] as a modification of the well-known lid-driven cavity used in
fluid dynamics and it has been used for several numerical studies by MOK and WALL [109],
KUTTLER ez al. [91], FORSTER et al. [58] and MAYR ef al. [104], among others. The goal
of this example is to investigate the role of compressibility for FSI solvers in a simple setting
with an increasing difficulty for the coupling algorithm. In fact, the structural configuration is set
up in such a way that its main resistance against the fluid forces stems from its density, which
can be easily varied.

The fluid domain is a unit square, while the structure on the bottom has a thickness of 0.002 m
and is clamped (u5 = 0) on its left and right edges. On the top side of the cavity, an oscillatory
velocity is prescribed according to

v2 (z,1,t) =1 — cos (2rt/t) m/s, 5 50

vff)y(x,l,t):Om/s, (230
with period £ = 5 s, whereas no-slip boundary conditions (v2 = 0) are applied on the left
and right sides. Two unconstrained nodes are considered at each side of the cavity, to allow free
inflow and outflow of the fluid. The geometry and the boundary conditions of the problem are
sketched in Figure 2.2.

The fluid is first assumed incompressible with density pr = 1 kg/m? and dynamic viscosity
pur = 0.01 kg/(m - s). Then, the weakly compressible formulation is adopted taking the same
viscosity and a reference density p5** = 1 kg/m?, evaluated at the reference pressure p5=f =
N/m?. Three different compressibility coefficients are considered, i.e. ez = [0.001,0.01,0.1]
s2/m?. The structure is modelled as a ST. VENANT-KIRCHHOFF material with YOUNG’s
modulus Es = 250 N/m? and POISSON’s ratio vs = 0. Three structural densities are con-
sidered, i.e. ps = [5000, 500, 50] kg/m?>, producing an increasing difficulty for the partitioned
algorithm.

The fluid mesh consists of 32 x 32 linear stabilized quadrilateral elements, while the structure
is discretized with 32 linear quadrilateral elements. The computational mesh is shown in Fig-
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Figure 2.2: Geometry and boundary conditions for lid-driven cavity with flexible bottom
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Figure 2.3: Computational mesh for lid-driven cavity with flexible bottom

27



2 Role of compressibility for FSI solvers

2.0

1.5

1.0

0.5

0.0

Figure 2.4: Solution of fluid velocity for lid-driven cavity with flexible bottom

ure 2.3, with a magnification factor of 10 on the structural thickness for a better visualization.
The time span analyzed is ¢ € (0, 15) s and the time step size is taken as At = 0.1 s. It is worth
recalling that the spatial discretization is performed with the CG method for both subdomains,
whereas the first order backward differentiation formula (BDF1) is used for the evolution in time.
Two relaxation techniques are considered in this example:

1. constant relaxation,
2. dynamic relaxation by means of AITKEN’s A% method.

For the first case the relaxation parameter is chosen as w = 0.825 by a trial and error approach,
while the convergence tolerance for the coupling iterations is set as = 107 for both cases.

The fluid velocity field obtained with e = 0.01 s?/m? and ps = 500 kg/m? is exemplarily
depicted in Figure 2.4 on the deformed domain at time ¢ = 7.5 s, in which the prescribed velocity
reaches a maximum. In Figure 2.5, the vertical displacement over time of the top center point of
the membrane is plotted for the three structural densities considered. In all the configurations,
the weakly compressible model produces physical results very similar to the incompressible
counterparts, with only minimal differences.

The average number of coupling iterations (evaluated over all time steps) required to meet the
convergence criterion for constant relaxation is summarized in Table 2.1. On the one hand, for
the most challenging scenario, i.e. ps = 50 kg/m?, neither the weakly compressible formula-
tion nor the incompressible formulation is able to converge, as also reported by KUTTLER et
al. [91]. On the other hand, for the intermediate structural density, the average number of cou-
pling iterations drastically drops from 12.2 with the incompressible formulation to 2.7 with the
weakly compressible formulation with ez = 0.1 s*/m?, saving about 78% of iterations. No
appreciable differences are observed instead when the fluid-structure coupling is very weak.
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2 Role of compressibility for FSI solvers

As opposed to the first case, the coupling algorithm is always able to convergence when the
relaxation parameter is dynamically updated via AITKEN’s A% method. The average number
of coupling iterations and the average relaxation parameter computed over all time steps are
reported in Table 2.2. A general trend can be observed: the weakly compressible formulation
accelerates the convergence of the iterative scheme that resolves the fluid-structure coupling and
the higher the compressibility, the more iterations can be saved. Moreover, the advantages are
more accentuated in the most challenging cases. In fact, by comparing the data associated to the
incompressible and the most compressible case, the saving of coupling iterations is about 33%
and 48% for ps = 5000 kg/m? and ps = 50 kg/m?, respectively. The reduction of coupling iter-
ations comes along with a systematic increase of the relaxation parameter. Comparing again the
incompressible formulation and the weakly compressible one with ez = 0.1 s?/m?, the average
relaxation parameter increases by 71% for ps = 50 kg/m3, by 35% for ps = 500 kg/m? and by
just 5% for ps = 5000 kg/m?>. Figure 2.6 then shows the evolution of the mean relaxation pa-
rameter, evaluated over the coupling iterations within each time step in order to homogeneously
compare the results. From the plots it can be observed that the relaxation parameter exhibits at
the same time a higher value and a minor oscillating behavior when decreasing the strength of
the FSI coupling. In the limit case, when e = 0.1 s?/m? and ps = 5000 kg/m3, the relaxation
parameter remains constant and equal to w = 1 during the entire simulation (Figure 2.6(a)).
Given the improved robustness and efficiency features of AITKEN’s A2 method, this relaxation
strategy will be henceforth applied for the solution of FSI problems with partitioned schemes.

ps = 5000 kg/m? ps = 500 kg/m3 ps = 50 kg/m3

w lavg w lavg w lavg
Incompressible 0.825 2.2 0.825 12.2 0.825 -
er =0.001 s?/m? | 0.825 2.2 0.825 9.3 0.825 -
er =0.01s2/m? 0.825 2.3 0.825 3.7 0.825 -
er =0.15%/m? 0.825 2.4 0.825 2.7 0.825 -

Table 2.1: Relaxation parameter and coupling iterations for lid-driven cavity with flexible bottom
via constant relaxation

ps = 5000 kg/m? ps = 500 kg/m? ps = 50 kg/m3

Wavg tavg Wavg lavg Wavg lavg

Incompressible 0.95 1.5 0.67 2.9 0.30 7.7
er = 0.001 s?/m? 0.96 1.5 0.69 3.0 0.31 7.6
er = 0.01 s*/m? 0.97 1.3 0.78 2.9 0.35 6.5
er =0.15%/m? 1.00 1.0 0.91 1.9 0.51 4.0

Table 2.2: Relaxation parameter and coupling iterations for lid-driven cavity with flexible bottom
via dynamic relaxation
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Figure 2.6: Plot of relaxation parameter for lid-driven cavity with flexible bottom
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2.7.2 Pressure wave in flexible tube

The second numerical example simulates a three-dimensional pressure wave in a flexible tube.
It was originally proposed by NOBILE [125] and FORMAGGIA et al. [57] and it has been
later used by GERBEAU and VIDRASCU [63], by FERNANDEZ and MOUBACHIR [53] and
by MAYR ef al. [104], among others. This fluid-structure interaction problem arises from the
modelling of blood flow in large arteries and constitutes a classical benchmark in hemodynamics.
The main feature is represented by the similar fluid and structural densities, i.e. pr/ps =~ 1,
producing therefore a challenging scenario with respect to the artificial added mass effect, as
explained in Section 2.6.

The fluid domain is constituted by a straight cylinder of radius 0.5 cm and length 5 cm and
it is surrounded by a solid tube with a thickness of 0.1 c¢m. The fluid, initially at rest, is loaded
with the surface traction

t¥ (0,y,2,t) =1.3332- 10" g/(cm - ),
t3,(0,y,2,1) =0g/(cm - s%), (2.51)
tgz (0,y,2,t) =0g/(cm - 32),

for the duration of 3 - 1072 s, imposed as a NEUMANN boundary condition at the inlet. The

structure is clamped at both ends (u% = 0). The geometry and the boundary conditions of the
problem are depicted in Figure 2.7.

Y Y
0.1 cm
tr =ty > 1.0 em . 3
$0.1cm
5cem

Figure 2.7: Geometry and boundary conditions for pressure wave in flexible tube

To compare the accuracy and the performance of the weakly compressible formulation against
the incompressible one, the fluid is first considered incompressible with density pr = 1 g/cm?
and dynamic viscosity pur = 0.03 g/(cm - s) and the weakly compressible model is then em-
ployed with the same viscosity and a reference density p3* = 1 cm/m?, evaluated at the ref-
erence pressure p5f = 0 g/(cm - s?). Three different orders of magnitude are considered for
the compressibility coefficient, i.e. ¢z = [1077, 1075, 107°] s?/cm?. These parameters are in the
range where the solution starts to globally alter the physical behavior compared to the incom-
pressible formulation for this particular example. The constitutive behavior of the structure is
described by a ST. VENANT-KIRCHHOFF material with YOUNG’s modulus Es = 3 - 10°

g/(cm - s%), POISSON’s ratio vs = 0.3 and density ps = 1.2 g/cm?.
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Figure 2.8: Computational mesh for pressure wave in flexible tube

The fluid domain is discretized with 2480 linear stabilized hexahedral elements, while the
structural mesh consists of 1600 linear hexahedral elements, with 2 elements over the thickness.
The computational mesh adopted for this example is depicted in Figure 2.8. The fluid and struc-
tural meshes are denoted in blue and red, respectively, whereas the interface is shown in black.
The time interval analyzed is ¢ € (0,0.015) s and, in order to investigate the role the time step
size on the efficiency of the coupling scheme, the time span is divided into a progressively in-
creasing number of steps, i.e. At = 0.015/[10, 30, ..., 150] s. The time integration is performed
with BDF1 and the convergence tolerance considered for the coupling iterations is = 1077,
Given the enhanced efficiency of dynamic relaxation techniques observed in the previous exam-
ple, AITKEN’s A? method is adopted here to accelerate the fixed-point FSI solver.

As a consequence of the boundary conditions, a pressure wave travels along the axis of the
tube. In Figure 2.9 the pressure field is shown for the different compressibility levels considered
at two time instants corresponding to 1/3 and 2/3 of the total time span, i.e. t = 0.005 s and
t = 0.010 s. The deformation of the fluid domain is magnified by a factor of 10 for a better vi-
sualization. Moreover, the temporal evolution of the fluid pressure at the center of the tube (with
coordinates (2.5, 0, 0) ¢m) and of the structural radial displacement at the point (2.5, 0.6, 0) cm is
depicted in Figure 2.10. The data associated to Figures 2.9 and 2.10 refer to the solution obtained
with the smallest time step size considered, i.e. At = 10~ 5. As expected, the weakly compress-
ible formulation slightly changes the dynamics of the problem and this change is proportional
to the compressibility considered. For this setting, it is clear that the flow compressibility in-
duces a decrease in the pressure wave speed and, as a consequence, the peaks of the curves in
Figure 2.10 progressively shift to the right. The results obtained with ez = 1077 s?/cm? and
er = 107% s? /em? still accurately reproduce the global physical behavior of the system with
engineering accuracy, whereas the mismatch with the incompressible reference becomes exces-
sive for larger compressibility coefficients. It also worth pointing out that an acceptably accurate
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Figure 2.9: Solution of fluid pressure for pressure wave in flexible tube
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Figure 2.10: Plot of fluid pressure and structural displacement for pressure wave in flexible tube

solution is obtained when at least 100 steps are considered for the discretization of the time span
considered here.

The average value of the relaxation parameter and the average number of coupling iterations
required to meet the convergence tolerance are reported in Table 2.3, for the various compress-
ibility levels and time step sizes considered. As observed in the previous example, the relaxation
parameter increases and at the same time the number of coupling iterations decreases, when in-
creasing the flow compressibility. Additionally, these changes are more accentuated for smaller
time step sizes. For instance, comparing the incompressible and the most compressible case, the
average relaxation parameter increases by a factor of 2.4 for the largest time step size and by a
factor of 8.0 for the smallest time step size considered. Analogously, up to 72% of coupling iter-
ations are saved when dividing the time span in 10 steps, while the saving reaches a maximum of
96% when considering 150 steps. Moreover, while in the incompressible case the average num-
ber of coupling iterations does not decrease when decreasing the time step size, by adopting the
weakly compressible formulation the coupling iterations systematically decrease for sufficiently
small time step sizes, as expected from the findings discussed in Section 2.6.

The remarkable speedup offered by the weakly compressible formulation can be deduced from
Table 2.4, in which the CPU time ¢, spent is reported for all the compressibility coefficients and
the time step sizes considered as ratio of the CPU time spent by the incompressible FSI solver
tégﬁ. One the one hand, the computational time required to solve the problem is approximately
the same in the incompressible and weakly compressible case when just a few time steps are
considered. On the other hand, the computational time saved increases dramatically for small
time step sizes. For instance, with At = 10~ s, the weakly compressible model requires only
26%, 19% and 17% of the computational time spent by the incompressible model, for ez =
1077 s*/em?, ex = 107° s%/em? and e = 107° s?/em?, respectively. The data in Table 2.4
therefore highlight how the increase of the computational cost of the fluid solver due to the weak
compressibility has only a marginal effect compared to the decrease of the computational time
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2 Role of compressibility for FSI solvers

induced by the reduction of the number of coupling iterations. The evolution over the time steps
of the mean relaxation parameter, the maximum number of coupling iterations and the CPU time
spent with At = 10~* s is detailed in Figure 2.11.

Overall, the value of the compressibility coefficient plays an important role in the accuracy
and efficiency of the FSI problem. It can qualitatively be stated that € » has to be sufficiently large
to accurately reproduce the physical behavior of the system but, at the same time, it should be
chosen as small as possible to benefit from the advantages of the weakly compressible formula-
tion. The numerical experiments presented here suggest that a good trade-off between accuracy
and speedup can be achieved when the maximum relative variation in the fluid density is between

1073 and 1072
At=1t;/10s | At=1;/30s | At=1;/50s | At=1t;/70s
Wavg | lavg | Wavg | lavg | Wavg | favg | Wavg | ‘lavg
Incompressible 0.37 14.3 0.16 24.2 0.13 25.8 0.11 26.1
er=10""s*/em? | 0.51 10.1 0.29 14.9 0.29 12.0 0.33 9.1
er =10"%s*/em? | 0.61 8.2 0.57 6.6 0.63 4.4 0.66 3.3
er=107°s*/em* | 0.87 4.0 0.83 3.1 0.82 24 0.83 2.0
At=1;/90s | At =1t;/110s | At =1t;/130s | At =1;/150s
Wavg | lavg | Wavg | f%avg | Wavg | favg | Wavg | lavg
Incompressible 0.11 254 0.11 26.5 0.11 27.3 0.11 27.8
er=10""s2/em? | 0.37 7.1 0.40 5.6 0.44 4.3 0.46 3.4
er =107%s*/em? | 0.68 2.8 0.69 2.3 0.69 2.0 0.71 1.7
er =107 s*/em? | 0.84 1.7 0.85 1.3 0.86 1.0 0.88 1.0

Table 2.3: Relaxation parameter and coupling iterations for pressure wave in flexible tube

At=1t;/10s | At=1t;/30s | At=1t;/50s | At=1t;/70s
tCPU/t}:;S tch/tégﬁ tcpu/tégi tch/tégs
Incompressible 100% 100% 100% 100%
er = 1077 52 /em? 116% 79% 57% 44%
er = 1075 s?/em? 87% 43% 30% 26%
er = 1075 s*/em? 59% 26% 22% 20%
At=1;/90s | At =t;/110s | At =t;/130s | At = t;/150 s
teou/teps tepu/teps teou/tepn teou/teps
Incompressible 100% 100% 100% 100%
er=10""s*/cm? 39% 34% 29% 26%
er =1075s%/cm? 24% 22% 20% 19%
er = 1075 s%/em? 19% 19% 16% 17%

Table 2.4: CPU time for pressure wave in flexible tube
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2.7 Numerical examples
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Figure 2.11: Plot of relaxation parameter, coupling iterations and CPU time for pressure wave in
flexible tube
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3 HDG formulations for weakly
compressible flows

This chapter is devoted to the discretization of the equations governing the behavior of weakly
compressible flows by means of the HDG method. The derivation of suitable spatial discretiza-
tion strategies for the solution of fluid problems constitutes a fundamental ingredient towards the
design of robust and efficient coupled algorithms for the simulation of fluid-structure interaction
problems, that is the objective of this thesis.

As already anticipated in the introduction, a variety of HDG formulations have been pro-
posed in literature for solving flow problems in both the incompressible and the compressible
regime. For the incompressible regime, the velocity and pressure fields constitute the preferred
choice as primal unknowns in the interior of the elements. The trace of the velocity on the
mesh skeleton and the mean value of the pressure over either the interior or the boundary of
the elements are usually selected as global variables. Alternative options, featuring different
combinations of vorticity, velocity, pressure and harmonic velocity potentials have been investi-
gated by COCKBURN and GOPALAKRISHNAN [29]. To obtain a first-order problem, several
choices have been adopted for the definition of the mixed variable. The velocity gradient has been
adopted, among others, by NGUYEN ez al. [120, 121], RHEBERGEN and COCKBURN [135],
GIORGIANI et al. [69] and SHELDON er al. [144, 145], whereas alternative formulations in-
volving either the vorticity or the stress tensor have been analyzed by COCKBURN et al. [37].
For the fully compressible regime instead, the conserved quantities (namely, density, momentum
and energy) are commonly taken as primal variables, their trace representation as hybrid vari-
ables and their gradient as mixed variables, as done for instance by PERAIRE ef al. [130] and
FERNANDEZ et al. [55]. The aforementioned formulations have been mainly developed for the
solution of pure flow problems on fixed domains and a few applications dealing with deforming
domains can be found in the works of RHEBERGEN and COCKBURN [135] and SHELDON et
al. [144, 145]. Here, two original and computationally efficient HDG formulations are presented
for the simulation of weakly compressible flows. Such formulations feature a scaled strain rate
tensor in VOIGT notation as mixed variable following GIACOMINI et al. [67] and consider
either the velocity and the pressure or the density and the momentum as primal variables and the
corresponding trace representation as hybrid variables, whereas the postprocessing is performed
in terms of the flow velocity in both cases. The second formulation is moreover designed to deal
with deforming meshes, to be easily embedded in FSI solvers.

After recalling the governing equations for weakly compressible flows in fixed and moving
domains in Section 3.1 and introducing the VOIGT notation in Section 3.2, the two HDG formu-
lations are proposed. In particular, the velocity-pressure formulation is presented in Section 3.3
and the density-momentum formulation is presented in Section 3.4. Finally, the convergence
properties are experimentally assessed in Section 3.5. The content of this chapter is partially
based on the work of LA SPINA et al. [97].
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3 HDG formulations for weakly compressible flows

3.1 Problem statement

Let ) € R be an open bounded domain, with ng4 denoting the number of spatial dimensions,
and let the boundary 952 be partitioned into a DIRICHLET portion I'” and a NEUMANN portion
'V such that 9Q = TP UTY and '’ N TV = (). The flow of a weakly compressible fluid within
a fixed region (2 in the time span (¢;, ;) is described by the equations

%+V-(pv) =0 inQx (tty),

p=pp) inQx (L ty),

equipped with suitable initial and boundary conditions, whose expression depends on the spe-
cific formulation adopted. As opposed to the previous chapter where multiple physics were taken
into account, no subscript is used here to refer to the fluid quantities. It is worth recalling that the
unknown quantities v, p, p, pv refer to velocity, pressure, density and momentum, respectively,
whereas o denotes the CAUCHY stress tensor and b an applied body force. The first two equa-
tions in (3.1) express the conservation of the mass and the momentum, respectively, while the
third equation defines a dependence between fluid pressure and density ensuring the conservation
of energy. The linear relationship (2.7) is adopted and recalled here for completeness

p — pref + c (p _ pref) , (3.2)

with p*°* denoting the reference density evaluated at the reference pressure p** and ¢ being a
(small) constant isothermal compressibility coefficient.

In order to derive the arbitrary LAGRANGEan-EULERian description of the flow, the ALE
convective velocity, defined as the velocity of the fluid relative to the moving background mesh
(whose velocity is indicated here with a), is introduced

c=v—a. 3.3)

Using the ALE time derivative (i.e. the time derivative with respect to the reference configura-
tion), the governing equations of the fluid problem under analysis on a deforming domain ()
can be written as

%+pV-a+V-(pc):O in Q (t) x (t;,t5),
O oV @tV (o) -V o (Vo) =pb Q) (). CF

p=p(p) inQ(t)x (t;1f).

It is worth highlighting that no specific notation is adopted here to distinguish the quantities
associated to the EULERian and the ALE description of motion to not overload the notation. It
is therefore implicitly assumed that the mathematical operators in (3.1) are computed on a fixed
computational mesh, whereas the counterparts in (3.4) are computed with respect to a potentially
deforming mesh.

40



3.2 VOIGT notation

3.2 VOIGT notation

The VOIGT notation is a well-known strategy in mathematics and its main idea consists in
replacing symmetric tensors with equivalent vectors of reduced size. This is achieved by rear-
ranging the diagonal and off-diagonal components of a nyq4 X nsq tensor into a vector of size
mgy X 1, with mgy = ngq(ngq + 1)/2 denoting the number of non-redundant components.

According to the arrangement adopted by FISH and BELYTSCHKO [56], the VOIGT opera-
tor V in two and three dimensions can be defined as

\% ({%‘ %yD — [00r Oy Omy)” in 2D,

Ozy Oyy
Oz Ozy Ogz (3.5)
T .
\Y% Owy Oyy Oyz = [Um Oyy Ozz Ogy Og Uyz} in 3D.
Ozz Oyz Oz

An inverse operator V™! that, given a m,4 x 1 vector in VOIGT notation, returns the associated
full ngq X ngq symmetric tensor can analogously be defined as

1 T Oz Oay )
A% ([am Oyy ny} ) = in 2D,
Ozy  Oyy
Oze Ozy Ogz (3.6)
-1 T .
A% <[0m Oyy Oz Ogy Ogz O'yz] ) = |0y 0y 0y 1n3D.

Oxz Oyz Ozz

This operator allows, for instance, to perform the pull-back operation to transform the CAUCHY
stress into the first PIOLA-KIRCHHOFF stress. Its role will be exploited in Section 5.2 in the
context of fluid-structure interaction problems solved by means of the partitioned DIRICHLET-
NEUMANN coupling, but its definition is reported here for consistency.

For a NEWTONian fluid, the CAUCHY stress in equation (3.4) is related to the strain rate
tensor

1
e(Vv)=Viv = 5 <V’U + (V'U)T) , (3.7)
according to the stress-strain rate relationship
o (Vv,p) =2ue (Vv) + Atr (e (Vo)) 1, —pl._, (3.8)

with ¢ and A\ denoting the fluid dynamic viscosity and the second coefficient of viscosity, re-
spectively. The stored vectors in VOIGT notation reduce to

T .
Opy O o in 2D,
oy — [ vy y} . (3.9)
[Um Oyy 02z Ogy Ogz O'yz} in 3D,
and .
€yz € 2, in 2D,
£y = [ vy y} T (310)
[cow €y €22 264y 264, 2] in3D,
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3 HDG formulations for weakly compressible flows

with 2e,,, 2¢,. and 2¢,, denoting the off-diagonal terms of the strain rate tensor according to
the engineering notation. The strain rate vector can therefore be computed as

ey = Vg, (3.11)

with V5 being a my4 X ngq operator, accounting for the symmetric part of the gradient and whose
definition is

;

[0/0x 0 9/oy]"

| 0 0d/0y 0/0x

Vs=91T0/0x 0 0 9oy 9/9= 0 " (3.12)
0 o9/dy 0 09/ox 0 9/0z in 3D.

0 0 9/0z 0 9/ox 9/dy

in 2D,

\ L

As opposed to the strain rate tensor, the so-called vorticity tensor corresponds to the skew-
symmetric part of the velocity gradient according to

1
w(Vv) =V = 5 (VU — (V’U)T> : (3.13)
The associated quantity in VOIGT notation can be computed as
Wy — va, (3.14)

with V; being a g4 X ngq operator defined as

[—0/0y  0/0x] in 2D,
_ 0 —0/0z  0/0y
V= 3.15
! 9/0= 0  —0/0x| in3D, ©.15)
—d/0y  0/0x 0

with g4 = mgq — nsq denoting the number of redundant tensor components. The constitutive
law (3.8) can then be expressed in matrix form as

Oy = DEV - Ep, (3.16)
with D denoting the my4 X mgyq material matrix
([2p+ A 0
A 2u+ X 0 in 2D,
7

(3.17)
in 3D,

OO T®" OO O
O OO0 o O
T OO0 0O O
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3.2 VOIGT notation

and E representing the equivalent form of the identity matrix, rewritten in VOIGT notation as a
mey X 1 vector as

{[1 10" in 2D,
E= (3.18)

[1 1100 0" in3D.

Moreover, the normal projection of the stress can be computed by premultiplying o, by N7
with N being the m4 X ngs4q matrix

( 0 T
M ”y} in 2D,
0 ny ng
N=9Tn, 0 0 ny n, 0 T (3.19)

0 n, 0 n, 0 n, in 3D,
0 0 n, 0 ng ny,

\

whereas the tangential projection of the velocity, for instance, can be retrieved by premultiplying
v by the g4 X ngq matrix T with

[—ny nz} in 2D,

T = 0 —n.  my| (3.20)
n, 0 —ng| in3D.

Given the main concepts of the VOIGT notation and the associated definition of the differen-
tial operators and the geometrical projections, the governing equations of the fluid problem (3.4)
can be rewritten, together with the initial and the boundary conditions, as

%+pv-a+v-(pc)=0 inQ(t) x (ti, ty),
Jpv T .
W‘i‘[)’UV'CL‘FV'(D’U@C) —Vsoy(Vsv,p)=pb  inQ(t) x (1),
p=p(p) nQt)x{,t;), G201
(v,p) = (V%,p°) =0 or  (p,pv)—(p%,pv°) =0  inQ(t)x (t),
(v,p)= (V" pP) =0 or (p,pv)—(p", pv”) =0  onT” (1) x (ti,ty),
\ N'oy (Vsv,p) =tV on TN (¢) x (t;,t5)

The pairs (v°,p°) and (p°, pv") define the initial conditions for the fluid unknowns, while the
quantities (v?, p?) and (p?, pv®) and ¢V denote the DIRICHLET and the NEUMANN bound-
ary data applied on I'” and 'V, respectively. The exact expression of these conditions depends
on the formulation adopted. In the following sections, two HDG formulations are presented in
detail for the solution of flow problems, the first featuring the velocity and the pressure and the
second featuring the density and the momentum field as primal unknowns.
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3 HDG formulations for weakly compressible flows

3.3 Velocity-pressure formulation

8

3

1:1

-]

Figure 3.1: Degrees of freedom of the HDG discretization for velocity-pressure formulation

The first HDG formulation proposed for the solution of weakly compressible flows features
the fluid velocity and pressure as primal independent variables. On the one hand, it can be con-
sidered the HDG counterpart of the CG formulation presented in Chapter 2 in the context of
fluid-structure interaction problems. On the other hand, it consists of the extension of the work
of GIACOMINI et al. [67] to accommodate a weak compressibility. To the best of the author’s
knowledge, no such formulation has been proposed in the literature so far. For the sake of sim-
plicity, the velocity-pressure formulation is presented and its numerical properties analyzed only
with respect to steady-state and non-convective flows on fixed domains, such that the only source
of nonlinearity stems from the compressibility of the fluid.

The broken computational domain is defined by partitioning the fluid domain 2 in n®* disjoint
subdomains €2¢ such that

1,‘lel

O=Jo, N/ =0 for e#f. (3.22)

e=1

The internal interface is then constituted by the union of the internal element boundaries as

I'= [U o0

e=1

\ 9. (3.23)

Henceforth, with the term mesh skeleton is indicated instead the union of the internal interface
just defined and the NEUMANN portion of the boundary, i.e. ¥ = ' UT¥,

The degrees of freedom of a typical HDG discretization are sketched in Figure 3.1 for a
polynomial degree of approximation & = 2. The local DOFs, constituted by the so-called mixed
and primal variables, are depicted with the circles, whereas the global DOFs, constituted by the
hybrid variables defined on the mesh skeleton, are denoted with the squares.
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3.3 Velocity-pressure formulation

The second-order problem (3.21) can be rewritten as a system of first-order equations over the
broken computational domain as

( L+D'"’Vsu=0 in Q°,
VI (DY2L+Ep) =p(p)b in Q"

V- (pp)v) = in %,
v=20v" on 90 NTP,
p=yp” on 9Q° N TP,
V=17 on 0Q2° \ P,
p=p on 9Q° \ T'?, (3.24)

~N"(D'?L +Ep) =t  on0Q°NI",
[ven] = onl,
[pn] = onT,
Hmﬂ =0 onl,
\ Hmﬂ =0 onl".

The variable L is the mixed variable and physically represents the strain rate vector in VOIGT
notation as in (3.11), scaled by the quantity —D'/2, with D being the material matrix defined in
(3.17). This scaling allows to retrieve the symmetry of the STOKES problem in the incompress-
ible formulation presented by GIACOMINI et al. [67] and it is kept here for consistency. The
same consideration holds, for instance, in the context of linear elastic problems, as demonstrated
in the antecedent work by SEVILLA et al. [142]. The variables v and p in (3.24) define the
solution of the velocity and the pressure within the elements §2¢ and are in the following referred
to as primal variables. Finally, the quantities © and p represent the trace of the velocity and the
pressure on the mesh skeleton > and are referred to as hybrid variables. It is worth highlighting
that, owing to the specific choice of the unknowns, the fluid density does not constitute an inde-
pendent variable, but it is computed as a function of the pressure level according to the equation
of state (3.2).

The first set of equations in problem (3.24) represents the local problems that allow to compute
the elemental variables in terms of the unknown traces. The last equations constitute the trans-
mission conditions and define the global problem to effectively compute the hybrid variables.
More precisely, the conditions enforce the continuity of the primal variables and the equilibrium
of the normal fluxes across the internal interface I'. Given the discontinuous nature of the HDG
approximation, the jump operator [®] sums values from two adjacent elements Q¢ and €2/ and
reads

[©] = &° + &/, (3.25)

according to the definition introduced by MONTLAUR ef al. [111]. On the one hand, the conti-
nuity of the solution is automatically satisfied due to the boundary conditions v = v and p = p
imposed in the local problems together with the unique definition of the hybrid variables © and
p on each face of the mesh skeleton. On the other hand, the equilibrium of the flux across the
internal interface is taken into account by introducing the following definition of the numerical
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3 HDG formulations for weakly compressible flows

normal fluxes

N NT (DY2L + Ep®) + 7, (v —vP) ondQ°NT?,
N7 (D'2L + Ep) = T( p”) + 7 (v=-v7) . (3.262)
N (DL + Ep) + 7, (v — D) on 90°\ T'?,
S Yol n+ —pP) ondQeNTP,
pp)v-n= p@ ) v (pA »’) o (3.26b)
p(P)0-n+7,(p—D) on 0Q°\ I'”.

The terms 7, and 7, are stabilization parameters for the momentum and the continuity equa-
tion, respectively. The crucial role played by the stabilization with respect to the stability, the
accuracy and the convergence properties of HDG methods has been investigated for instance
by COCKBURN et al. [35-37] and NGUYEN et al. [118, 119, 121]. Dimensional analysis
provides a practical choice for the stabilization parameters
7 1
To = Cy R Ty = C’p|v’, (3.27)

with [ being a representative length scale of the problem under analysis and C,, and C,, being
suitable positive scaling factors.

Exploiting the definition of the numerical normal fluxes (3.26) and after integration by parts,
the weak form the HDG local problems reads: given (v”,p”) on I'? and (0, p) on 3, find
(L,v,p) € Wh(Qe)]mse x Wh(Q)]7se x Wh(Q€) fore = 1,...,n°" such that

— (W,L),. + (Vng/QW,v)QE =

3.28a
<NTD1/2W, ,UD>QQ€OFD + <NTD1/2W7 ,{)>BQ€\FD ’ ( )
(w, Vg (D1/2L + Ep))Qe + (W, 7V) goe — (W, p () b)ge = (3.28b)
<w>TUUD>aQemFD +{w, 70)poero
— (Vw, p(p)V)ge + (W, TpP) 50 =
(Vw,p(p) v)ge + (W, D) g (3.28¢)

— <’U], P (pD) UD n — TppD>aQemFD - <'U], P (ﬁ) v-n— Tpﬁ>8QE\FD ’

for all (W, w,w) € W'(Qe)]"e x [WH(Qe)]7=e x Wh(Q°). It is worth noting that the local
boundary conditions, imposing either the DIRICHLET data on 9Q°¢ N I'? or the trace of the
solution on 90¢ \ T'?, are applied in a weak sense in each equation in (3.28). Moreover, the pa-
rameters 7, and 7, defined in (3.27) ensure dimensional consistency. It is also worth anticipating
that the local problems (3.28) are used to substitute the respective variables in the global problem
(3.29) to obtain a final system involving only the traces of the solution.

The HDG global problem is obtained by replacing the definitions (3.26) in the transmission
conditions (3.24) across the mesh skeleton and by embedding the NEUMANN boundary condi-
tion. Hence, its weak form reads: find (0, p) € PV ()] x W" (%) such that

nel nel

=Y (@ N" (DL +Ep) + 7 (v = 0))ygupp = D (0,8 ) s (3.299)
e=1 e=1
D (@7 (0= P)ogerpr = 0, (3.29b)

e=1
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3.3 Velocity-pressure formulation

for all (w, 1) € V" (E)]™= x W"(X). It is worth noting that the term p(p)® - nn does not appear
in the global problem, since its value is uniquely defined across adjacent elements, owing to the
unique definition of the hybrid variables on each face of the mesh skeleton.

The linear system associated with the discretization of the local problems (3.28) by means of a
isoparametric formulation with equal interpolation for the local variables possesses the following
structure

Ky, K, O oL fr, K;; O 5%
K,;, K,, Ky, ovl =1|f,| — Ky, O [ 513} , (3.30)
0 va Kpp . 5p . fp . Kp@ Kpﬁ . €
for e = 1,...,n®!. Owing to the dimensions of the local unknowns, i.e. the mixed variable

and the primal variables, the solution of this system implies for each element the inversion of
a matrix of size (mgq + ngg + 1)n®", with n°" denoting the number of element nodes in ¢,
function of the polynomial degree of approximation k. It is worth highlighting that the adop-
tion of the VOIGT notation allows to reduce the size of the systems (3.30), since only the mgq4
non-redundant components of the (scaled) strain rate tensor are stored, instead of n 4 X ngq, as
done in most HDG formulations published in literature. This strategy therefore produces a gain
in computational efficiency, owing to a reduced size of the local problems and the quantity of
stored information. However, the elemental nature of the problems (3.30) allows to easily solve
them in parallel, whereas most of the computational time is spent for the solution of the global
problem presented below, when direct solvers are used. Moreover, the adoption of the VOIGT
notation ensures the optimal convergence of order £ + 1 of the mixed variable, as opposed to
the suboptimal behavior exhibited by classical HDG formulations involving the symmetric part
of the gradient of the primal variable. Such a detrimental loss of convergence has been experi-
enced by the same author before the implementation of the strong imposition of the symmetry
of the stress tensor, which followed the publication of the works by SEVILLA et al. [142] and
GIACOMINI et al. [67].

Analogously to what has been done for the local problems, the discretization of the global
problem (3.29) produces a system of the form

nel 5L nel
K., K 0} {K@ﬁ K] {50} H
ov| + P ~ = . (3.31)
; |: O O Kf,p e 5p O Kﬁﬁ o (Sp o ez:; fﬁ

The expressions of the matrices and vectors just presented are detailed in Appendix C. As usual
in HDG methods, the final global system is obtained by replacing the solution of the local prob-
lems (3.30) in the global problem (3.31) and, for this velocity-pressure formulation (denoted by
the subscript ®y_p), it reads

[Kie] [6V] = [fo-e]. (3.32)
with

K. K] K, o
[KV—P] - A { [va/]e - [K\A/L K\A/VL {Kéi K‘L/‘;] {KLY} }’ (3.33)

} , (3.34)

nel K K -1 f
[fv—P] = A { [ff/}e B [K\A/L K‘A/V]e {K\I;]; K‘I;‘V/} {fé} e
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3 HDG formulations for weakly compressible flows

where the fluid velocity and pressure DOFs have been grouped in the variable V = [V p] " for
the sake of brevity.

It is worth highlighting that the problem under analysis features a nonlinear behavior, owing to
the weak flow compressibility. As a consequence, the matrices K stem from the linearization of
the problem with respect to the unknown variables, whereas the vectors f represent the residuals
(scaled by a factor —1) of the weak forms in (3.28) and (3.29). Thus, in the philosophy of the
NEWTON-RAPHSON method, the system (3.32) is assembled and solved in a succession of
iterations until a convergence criterion is fulfilled, expressed either in terms of the norm of the
residuals or in terms of the norm of the solution increments.

As shown in the numerical examples in Section 3.5, this velocity-pressure formulation suc-
ceeds to provide optimal convergence of order £ + 1 for the scaled strain rate, the velocity and
the pressure field. However, a key feature of the HDG method is to exploit the accuracy of the
mixed variable to construct an enhanced approximation of the solution, converging in a superop-
timal fashion, i.e. converging with order k 4 2. More precisely, a postprocessed velocity field v*
is sought in the richer space [W!(Q¢)]"=, whose definition is given in Appendix A. The weak
form of the postprocessing procedure thus reads: given (L, v) in Q¢, v on I'” and © on ¥, find
v* € WHQ9)]P= fore = 1,...,n°! such that

— (Vsw*, D'?Ve*) = (Vsw*, L), (3.352)
(ur, ") e = (Ur, V) e » (3.35b)
(uz, Vi )ge = (ug, To”), . (3.35¢)

+ <uR; T1}>6Q6\FD D

for all (w*, ur, ug) € [Wh(Q)]se x [U(Qe)]7s¢ x [U"(2¢)]%. The first equation in (3.35)
directly follows from the definition of the mixed variable in (3.24) and represents a least-squares
fit to the accurate variable L. The last two equations are introduced to remove the underdeter-
mination of the problem by constraining the rigid motions, consisting of n.4 translations and
dgq rotations. From a physical point of view, the first condition enforces the average value of the
postprocessed velocity v* to equal the average value of the velocity field v already computed.
Then, the left hand side of the second condition represents the mean vorticity in the interior of
element (2°, whereas its right hand side denotes the circulation of the flow around the element
boundary 0€2°. It is worth pointing out that the postprocessing problem in (3.35) is formally
identical to the one proposed by GIACOMINI et al. [67] for incompressible flows. However,
the material matrix D defined in (3.17) includes the second coefficient of viscosity A, whose role
cannot be neglected for the computation of the CAUCHY stress in (3.8), since the velocity field
is not divergence-free in the (weakly) compressible regime.

It is worth emphasizing that the postprocessing procedure (3.35), introduced here for steady-
state problems, can also be adopted for unsteady flows without modifications. In that case, the
postprocessing problem does not have to be solved at all time levels, but only at the time steps
where a more accurate solution is desired. Although not addressed in this thesis, it is then worth
reminding that the mismatch between the primal and the postprocessed solution can provide a re-
liable and inexpensive error estimator that can be further exploited to drive efficient degree adap-
tive procedures, as shown by GIORGIANI et al. [68, 69] and SEVILLA and HUERTA [141].
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3.4 Density-momentum formulation

3.4 Density-momentum formulation

Figure 3.2: Degrees of freedom of the HDG discretization for density-momentum formulation

The second HDG formulation presented for the solution of weakly compressible flows con-
siders the fluid density and momentum as primal independent variables. As opposed to the first
strategy in Section 3.3, the formulation presented here deals with unsteady flows and tackles
all the nonlinearities, represented by the convection and the weak compressibility. Moreover,
potentially deforming domains are considered by means of the ALE description of motion.

The time-varying computational domain (¢) under analysis is partitioned in n®* disjoint
elements €2¢(¢) such that

nel

Qy=Jo W, @un () =0 for e#f (3.36)

e=1

while the deforming internal interface is given by

T(t) = UaQe )]\ o). (3.37)

Figure 3.2 depicts the degrees of freedom of this HDG formulation for a degree k = 2. The
local DOFs represented by the blue circles are constituted here by the scaled strain rate tensor, the
density and the momentum in the interior of the elements, whereas the global DOFs denoted with
the blue squares stem from the trace of the density and the momentum on the mesh skeleton. The
small circles in cyan refer to the displacement of the ALE mesh. The displacement is imposed
by means of user-defined functions in the numerical examples of this chapter. In the context of
fluid-structure interaction, instead, the deformation of the fluid mesh is determined by a suitable
mapping as a function of the interface structural displacement, as done in Chapters 2 and 5.
It is worth pointing out that a lower polynomial degree £ can be adopted for the geometrical
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3 HDG formulations for weakly compressible flows

representation of the ALE mesh compared to the degree of approximation of the HDG unknowns,
as long as the same set of quadrature points is selected for the integration of the terms presented
in the following.

The strong form of the density-momentum formulation of the complete weakly compressible
flow problem (3.21) is

( L+D'2Vu=0  inQ°(t) x (t;,t5),
0 .
8—§+pV«a+V~(pC)=O in Q° (£) x (&, tf),
0
a;zu+va~a+V'(pv®c)
+VI (DY’ L+Ep(p)) =pb  inQ°(t) x (t;,ty),
p=p"  inQ°(t) x (t),
pv=pv’ inQ°(t) x (t),
p=p" ondN (t)NTP () x (t;,tf),
pv=pv” ondQ (t)NIY(t) x (tity), (338
p=p  ondQ (H)\T? (1) x (i ty),
pv=po  ond0°(t) \ TV () x (ti, 1),
~NT (DY?’L+Ep(p)) =tV ondQ () NIN () x (i, ts),

[pn] = onI'(t) x (¢;,ty),

[pr@n] =0 on T (t) X (t;,ty),

[pc 7] = on T (t) X (t;,tf),

[[(pv@c) nﬂ =0 on T (t) x (t;,ty),

[[NT (D'2L + Ep (p))ﬂ =0 onT () x (tit;).

The mixed variable L preserves the definition in Section 3.3 and stems from the VOIGT repre-
sentation of the scaled strain rate tensor. The primal variables are the density p and the momen-
tum pv, whereas p and pv are the corresponding trace variables defined on the mesh skeleton
N(t)=T@#)uTN ().

The initial and the DIRICHLET boundary conditions are imposed in the local problems and
they are consistently expressed in terms of the density and the momentum field. In this formula-
tion, the velocity and the pressure are not independent variables. The former is computed as the
ratio of the momentum and the density, whereas the latter is evaluated from the equation of state
(3.2). Moreover, the velocity of the computational mesh a, which is independent of the veloc-
ity of the material particles, is computed as the time derivative of the mesh displacement d. As
usual in HDG methods, the NEUMANN boundary condition and the transmission conditions are
imposed in the global problem and they stem from the last equations in (3.38). The continuity
of the primal variables is automatically fulfilled, due to the local boundary conditions and the
unique definition of the hybrid variables on each face. Moreover, it is worth highlighting that
no continuity of the mesh velocity needs to be enforced, since its approximation is continuous
by construction over the whole computational domain, as shown in Figure 3.2. The numerical
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3.4 Density-momentum formulation

normal fluxes of the terms under the divergence operator are defined as

pc-m =
{ (pv” —pPa) -n+1,(p—p") ondQ°(t)NITP (¢), (3.39a)
(pv —pa) -n+1,(p—p) on 90° (1) \ I'" (t),
(pv@e)n =
{PUD ® <p:—D — a)} n+75, (pv — pv”) ondQ° (t) NTP (1), (3.39b)
. (pv ¢ — e D
{m,@ ( - —a)} nts (po—pB)  ond9r (H)\TP (1),
N (D'L + Ep(p)) =
{NT (DV2L +Ep (p")) + 7% (pv — pv”) on 90 () NP (1), (3.39¢)
N (D'2L + Ep (p)) + 4 (pv — po on 90 (1) \ TP (¢).

The stabilization parameters 7,, 7, and Tgu account for the compressibility, the convection and
the diffusion, respectively, and their magnitude can be estimated through the relations
1 d da_H

m, T;U = C;u "Ul . Tpv = vaprefl’ (340)

7, =C,

with [ being a representative length scale and C,, C7, and C’gv denoting suitable positive scaling
factors. Without loss of generality, a unique parameter 7, = 7,,, + Tgv is henceforth considered
for the stabilization of the momentum equation.

Special attention is devoted to the imposition of appropriate boundary conditions. More pre-
cisely, four types of physical boundary conditions are considered in the numerical examples in
Section 3.5 for pure flow problems and in Section 5.4 for fluid-structure interaction problems,
namely:

e Inflow condition: the momentum profile, corresponding to the mass flow rate per unit
volume, is imposed via the DIRICHLET boundary condition pv = pv”.

e Outflow condition: the density evaluated at the given pressure level p” is imposed via
the DIRICHLET boundary condition p = pP = p(pP), whereas the momentum is ex-
trapolated. Alternatively, a stress-free condition can be considered via the homogeneous
NEUMANN boundary condition on =t = 0.

e No-slip condition: each momentum component is forced to be zero via the homogeneous
DIRICHLET boundary condition pv = pv? = 0. In case of a boundary moving at a
given speed v”, as it happens in FSI problems, only the density needs to be computed by
considering the DIRICHLET boundary condition pv = pv?.

e Free-slip condition: only the normal component of the momentum is forced to be zero
via the DIRICHLET boundary condition pv - n = pv? - n = 0, while the tangential
component remains unconstrained.
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3 HDG formulations for weakly compressible flows

Rigorously, the DIRICHLET portion of the boundary I'” should be split into two partitions I'?
and Fg’u, given the possibility to impose boundary conditions on either the density or the momen-
tum in distinct regions. However, a unique definition of such boundary is adopted throughout this
thesis for the sake of readability.

Following the same rationale of Section 3.3 and expliciting all the unknowns involved, the
weak form of the HDG local problems reads: given (p°, pv°) in Q¢(t) x (t;), (p”, pv?) on
I'P(t) and (p, pv) on (1), find (L, p, pv) € [WH(Q%)]™== x WH(Qe(t)) x [Wh(Qe(t))]"= for
e =1,...,n° such that

pv
- (W, L)Qe(t) + (V’ng/2.‘J/‘7 —) =
P /o)

D —~
<NTD1/2W, p”—D> + <NTD1/2W, @> ,
P a0 (H)NT'D (¢) P/ aqe)\r2(t)
8p) ( dd) < dd
w, — + | w, pV - — — | Vw, pv — p— + (W, Tpp) soerpy =
( Ot ) geqry dt J e e e prioat
dd
— <w, (va — de—) ‘n— TppD> (3.41b)
t 89 ()N D (t)
. .dd .
—\ W pv_pa "N = TP >
99°(1)\IP (1)

dd dd
O S R AT )
0t ) g dt ), podt) ) o

°(t)
+ (’LU, Vg (Dl/zL + Ep (p)))ﬂe(t) + <’LU, TpUW)@QE(t) - (’LU, pb)Qe(t) =

D dd 341c
(e (5 - ) ) o
P dt 89 ()0 (1)
— pv  dd —
(o lme (T )] )

09 (t)\I'P (t)
for all (W, w,w) € W"(QE(t))]™ x WH(QE(t)) x [Wh(Qe(t))]=e.
The weak form of the HDG global problem reads: find (p, pv) € Wh(X(t)) x [Wh((t))]7=e
such that

(3.41a)

nel

Z <ﬁ), Tp (P - ﬁ))age(t)\pD(t) =0, (3.4221)
e=1

—> (0, N"(DY2L + Ep(p)) + 7 (pV = PO)) pe 100y =
po (3.42b)

Z <IuAJ’ tN>8Qe(t)ﬂFN(t) >
e=1

—~

for all (1, W) € WH(E(t)) x [WH(S(t))]m=.
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3.4 Density-momentum formulation

After linearization and discretization of the local problems by means of a isoparametric for-
mulation, the increments of the local variables can be computed as function of the increments of
the global variables within each NEWTON iteration through the solution of the linear system

Kin Kz, Kiw oL fr, K, Ko 5p
0 K, K, op| =1, — |K,; Ky {5\7\/} , (3.43)
KwL Kwp wa e ow e fw e Kwﬁ wa e ¢
fore =1,...,n°', with w denoting the discrete momentum and W its trace representation. The
discretization of the global problem leads to the matrix problem
nel 5L I,1el
0 Kz 0 Kpp 0| op| | _ f;

It is worth noting that the discretized problems (3.43) and (3.44) feature the same size of their
counterparts in the velocity-pressure formulation presented in Section 3.3 and they differ in the
physical meaning of the chosen unknowns and in the definition of the matrices and vectors,
detailed in Appendix C. The global system of this density-momentum formulation (denoted by
the subscript ®p_y) resulting from the replacement of the local problems (3.43) in the global
problem (3.44) can then be written as

K] |60 = [fomu] (3.45)

with

K K| ' [K,p
Ko = A{[Kﬁah—[KﬁL Kol 160 1] [&7) } 3.46)

e=1

and

nel

R S I

e=1

where the fluid density and momentum DOFs have been grouped in the variable U = [p W} g
for the sake of brevity.

The same postprocessing procedure of Section 3.3, with the right hand side velocity substi-
tuted by the ratio of the momentum and the density, allows to compute a superconvergent veloc-
ity field v*. Its weak form reads: given (L, 0, pv) in Q¢(t), (p?, pv?) on T'P(t) and (p, pv) on

(), find v* € WHQe(t))] fore = 1,...,n®! such that
— (Vsw", DY2Vsv") (. ) = (Vsw", L)g.(y, (3.48a)
(uT,v*)Qe(t) - (uT, P ) (3.48b)
a0
(uR, Vw'v Qe(t == > (3.48C)
a0e (1)L (t)

+

’u'Ra

2

>dQe( \I'P (1)
for all (w*, wr, uz) € [WHh(Q(t))]7se x [UM(Qe(t))]= x [U"(Qe(t))]%=e.

53



3 HDG formulations for weakly compressible flows

3.5 Numerical examples

The numerical studies aim to assess the convergence properties of the proposed HDG formu-
lations for weakly compressible flow problems. The first and the second numerical examples
consider weakly compressible POISEUILLE and TAYLOR-COUETTE flows, respectively, for
which analytical solutions are available in literature, offering the possibility to assess the con-
vergence properties of the proposed formulations on physically meaningful settings. The last
example is a purely artificial problem, whose solution is obtained through the method of man-
ufactured solutions. Spatial and temporal convergence studies are carried out on both fixed and
moving meshes, in order to verify the capability of the chosen method to solve fluid prob-
lems on deformable domains, which is crucial in the context of multiphysics problems. The
HDG velocity-pressure formulation has been solely implemented in MATLAB, whereas the HDG
density-momentum formulation has been implemented not only in MATLAB, but also in the re-
search code BACT [167], to deal with larger problems in both two and three dimensions.

3.5.1 Weakly compressible POISEUILLE flow

The first numerical example considers a steady-state isothermal POISEUILLE flow of a weakly
compressible NEWTONian fluid in a straight channel. This configuration is simulated by ne-
glecting the time derivatives and the convective terms in the governing equations. HOUSIADAS
and GEORGIOU [78] derived an analytical solution by representing the primary flow variables
as asymptotic expansions of the compressibility coefficient, which is assumed to be a small pa-
rameter, and perturbing them with respect to that coefficient. The solution is then found up to
the first order in €. The authors considered also a pressure-dependent viscosity, but this feature is
neglected here because unimportant in this context. The goal of this example is to investigate the
convergence properties of the HDG formulations for weakly compressible flows and to assess
their robustness with respect to the compressibility level on a simple and physically meaningful
setting.
The analytical solution in terms of velocity and pressure reads

e =301 ()]

3 -9 - ()]
vy (x,y) =0, (3.49)
L
uwLU ( :p)

_ . ref _
pey) =p = +3 0 (1 -

2772 L\? 2 2
S ONEHREON)E
2 pref R? R L R
with L and R denoting the length and the half-height of the channel, respectively, and U repre-

senting the mean velocity at the outflow. No body force is present in this pressure-driven flow,
while a (small) residual of order O (£2) is added in the right hand side of the continuity equation

2TPPU° Ly g 2 pt
- 4prefR8 (R -y ) 6R (L_{E) T ref

\

Re (v,y)

[9(L — 2)* — R? + 7] 5} e”. (3.50)
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Figure 3.3: Computational mesh for weakly compressible POISEUILLE flow

(b) Pressure

——c*=0.01|]
——c*=0.1
——c*=1

(c) Density

(d) Momentum

Figure 3.4: Plot of velocity, pressure, density and momentum for weakly compressible
POISEUILLE flow
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3 HDG formulations for weakly compressible flows

Clearly, the classical incompressible POISEUILLE flow in a channel is fully recovered when
the compressibility coefficient vanishes

inc 3 A%
v (2, y) = 0, (3.51)
wLU 1 _Z
R? ( - Z) '
In the incompressible limit, the axial velocity assumes a simple parabolic profile in y-direction
and it remains constant and equal to 1.5U along the x-axis. The pressure field varies linearly
along the channel at reaches its reference value at the exit.

The computational domain is the rectangle 2 = (0, L) x (=R, R) with L =10 m and R =1
m. The analytical solution is derived by HOUSIADAS and GEORGIOU [78] applying no-slip
and no-penetration boundary conditions along the walls at y = £ R, considering a zero pressure
value at the exit corners and enforcing a unit dimensionless mass flow rate at the outflow. In the
following experiments however, solely DIRICHLET boundary conditions, corresponding to the
restriction of the analytical solution (3.49) to the domain boundary, are imposed on ' = 9.

The mean velocity at the channel exit is considered as U = 1 m/s, whereas the fluid viscosity
is taken as u = 1 kg/(m - s) and the reference density as p*** = 1 kg/m?, evaluated at the

pinc (l’, y) — pref + 3

reference pressure p*°* = 0 N/m?. A dimensionless compressibility coefficient can be defined
as
o _ o MLU
= m& (352)

To investigate the role of the compressibility level on the convergence of the HDG formula-
tions, three different orders of magnitude are considered for the dimensionless compressibility
coefficient, i.e. ¢* = [0.01,0.1, 1].

The evolution of the analytical primal variables along the horizontal axis is plotted in Fig-
ure 3.4 for the compressibility levels analyzed. The z-component of the velocity (Figure 3.4(a))
varies linearly and reaches by construction the value 1.5 m/s at the outflow, corresponding to
the mean velocity U = 1 m/s. Regarding the pressure (Figure 3.4(b)), it decreases quadratically
along the axis down to its reference value p*** = 0 N/m? at the exit corners. Moreover, the
average pressure drop required to drive the flow decreases with the compressibility. In fact, the
fluid pressure approaches the value of 30 N/m? at the inflow as * — 0, while it drops to about
15 N/m? for e* = 1. The density is then equal to its reference value p**f = 1 kg/m? at the exit
corners and its variation along the channel obviously increases with the flow compressibility
(Figure 3.4(c)). Finally, the axial momentum (Figure 3.4(d)) is nearly constant for sufficiently
small compressibility coefficients. Clearly, the solution (3.49) has a physical meaning if the mass
flow rate at the inflow is positive, hence €* = 1 constitutes an upper limit of validity for the so-
lution itself in terms of the compressibility coefficient. Although this last case lacks physical
meaningfulness, the performance of the HDG formulations is investigated for this extreme case
too.

The meshes used for the spatial convergence studies are obtained by splitting a regular 2" x 2"
Cartesian grid, with r denoting the level of mesh refinement, into a total of 2 - 22" triangles,
giving element sizes of h = L/2". Figure 3.3 displays the first three meshes, contracted in the
x-direction for compactness.
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Figure 3.5: Solution of velocity and pressure for weakly compressible POISEUILLE flow via
velocity-pressure formulation
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Figure 3.6: Solution of velocity and postprocessed velocity for weakly compressible
POISEUILLE flow via velocity-pressure formulation
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Figure 3.7: Spatial convergence study for weakly compressible POISEUILLE flow via
velocity-pressure formulation with ¢* = 0.01

Two formulations are considered in the following:

1. HDG velocity-pressure formulation according to Section 3.3,

2. HDG density-momentum formulation according to Section 3.4.

The stabilization parameters adopted for the velocity-pressure formulation are computed ac-
cording to (3.27), choosing | = R as representative length scale and |v| = U as characteristic
velocity and considering C, = 10 and C,, = 10 as scaling factors, obtaining therefore 7, = 10
and 7, = 10. The polynomial degrees of approximation used in the spatial convergence studies
are k = [1, 2], whereas the levels of mesh refinement considered are r = [2,3, ..., 6]. It is worth
noting that the analytical solution in terms of velocity and pressure (3.49) belongs to the space of
cubic polynomials P? (€2), hence the analytical solution is fully recovered up to machine preci-
sion for any £ > 3. The solution of the velocity and the pressure obtained with » = 5 and k = 2
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Figure 3.8: Spatial convergence study for weakly compressible POISEUILLE flow via
velocity-pressure formulation with ¢* = 0.1

is displayed in Figure 3.5 for the various dimensionless compressibility coefficients considered.
The velocity field is almost indistinguishable from the classical incompressible POISEUILLE
flow when £* = 0.01, whereas a variation in the magnitude along the horizontal axis is appre-
ciable for €* > 0.1. In the limit case of ¢* = 1, the velocity field is completely unphysical and
its value along the horizontal axis ranges from 0 m/s at the inflow to 1.5 m/s at the outflow.
Regarding the pressure field, the variation along the channel is almost linear for ¢* = 0.01 and
the quadratic behavior can be appreciated for higher dimensionless compressibility coefficients.
The improvement of the approximation of the velocity field given by the local HDG postprocess-
ing (3.35) is exemplarily shown in Figure 3.6 for the intermediate dimensionless compressibility
coefficients (¢* = 0.1) for a relatively coarse solution, i.e. 7 = 3 and k£ = 1. It can be observed
how the discontinuities across the element boundaries, more evident close to the horizontal axis
in Figure 3.6(a), are smoother with the quadratic representation of the postprocessed velocity in
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Figure 3.9: Spatial convergence study for weakly compressible POISEUILLE flow via
velocity-pressure formulation with €* = 1

Figure 3.6(b). The convergence of the absolute error measured in the £2 norm as a function of
the characteristic element size h is reported in Figures 3.7, 3.8 and 3.9 for ¢* = (.01, 0.1 and 1,
respectively. Optimal convergence rates with order k£ + 1 are obtained for the primal variables
v and p for all the compressibility levels. The mixed variable L also convergences in an opti-
mal fashion, thanks to the adoption of the VOIGT notation. As a matter of fact, a suboptimal
behavior is observed for the mixed variable when its symmetry is satisfied only in a weak sense.
Moreover, the optimal convergence of the mixed and the primal variables allows to construct a
velocity field v* superconverging with order k£ + 2, through the inexpensive local postprocess-
ing in (3.35). It is worth noting that the velocity and the pressure errors decrease by orders of
magnitude for £ > 2 and k > 1, respectively, when approaching the incompressible limit, since
vire € P2(Q) and pinc € PL(Q).

60



3.5 Numerical examples

1.50
1.40
1.30
1.20
1.10
1.00

(a) Density with ¢* = 0.01 (b) Density with ¢* = 0.1

1.50 1.50
1.40 1.40
1.30 1.30
1.20 1.20
1.10 1.10
1.00 1.00

(c) Density with e* =1

e w0 ——— 1.50
1.25 1.25 1.25
1.00 1.00 1.00
0.75 0.75 0.75
0.50 0.50 0.50
0.25 0.25 0.25
A 0.00 I 0.00 0.00
(d) Momentum with e* = 0.01 (e) Momentum with ¢* = 0.1 (f) Momentum with e* =1

Figure 3.10: Solution of density and momentum for weakly compressible POISEUILLE flow via

density-momentum formulation
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Figure 3.11: Solution of velocity and postprocessed velocity for weakly compressible

POISEUILLE flow via density-momentum formulation
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Figure 3.12: Spatial convergence study for weakly compressible POISEUILLE flow via
density-momentum formulation with ¢* = 0.01

The stabilization parameters adopted for the density-momentum formulation are computed
according to (3.40), considering C), = 10/3 and C’gv = 1 as scaling factors. It is worth high-
lighting that no stabilization of the convective part is needed, since no convection is taken into
account in a POISEUILLE flow. This choice returns the stabilization parameters 7, = 100/&*
and 7, = 1 for the density and the momentum, respectively. Variable ranges of polynomial de-
grees for the different compressibility coefficients are considered, in order to clearly visualize the
convergence rates in the asymptotic regime by avoiding the errors to reach the machine precision
for excessively coarse meshes. In fact, the solution belongs to the space of quadratic polynomials
P? (Q) in the incompressible limit when * — 0 (equation (3.51)). On the contrary, the pressure
in (3.49) belongs to P? (2) for every e* > 0 and so does the density, according to the equation
of state (3.2). The velocity in (3.49) belongs to P3 (2) instead, hence the momentum belongs to
P5 (), since it is computed as the product of the density and the velocity. As a consequence,

62



3.5 Numerical examples

0 T T T T T T 0
2| e,,.,—ﬁr—————e—"”*r””’o | 2| -
/\ =" —

S 4l | S 4| Q/q/e/e/e .
=) = G o " ]
N -6 =)
= = -8; /e/ -
o 8r —— L, k=1|] %0 -10 =9 ——p, k=1
o ]

- 10! —e— L, k=2]] - 19 _— —&—p, k=2
—— L, k:3 h I ! —— 0, k:3
-12 . . . . : : -14 . . . . : :
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.8
loglo(h) loglo(h)
(a) Scaled strain rate (b) Density
0 : . . . . ; 0
-2+ O/ﬁ/e/e/e 1 -2
="

logio(||E|z2(0))
&

logio(||E|z2(0))
&

-8t _ —— pv, k=1 | -8t
10! —&— pv, k=2 || 10!
—— pv, k=3
B )] SR - a2l
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 -0.6 -0.4 -0.2 0.0 0.2 04 0.6 0.8
loglo(h) loglo(h)
(c) Momentum (d) Postprocessed velocity

Figure 3.13: Spatial convergence study for weakly compressible POISEUILLE flow via
density-momentum formulation with ¢* = 0.1

the analytical solution is fully recovered up to machine precision for any k£ > 5, regardless of the
compressibility coefficient. Therefore, the polynomial degrees of approximation used in the spa-
tial convergence studies are k = [1, 2] fore* = 0.01, k = [1,2,3] fore* = 0.1 and k = [1, 2, 3, 4]
for ¢* = 1. The first five levels of mesh refinement are considered, i.e. r = [1,2,...,5|. The
solution of the density and the momentum obtained with » = 5 and k£ = 2 is displayed in
Figure 3.10 for the various dimensionless compressibility coefficients considered. The density
variation with respect to the reference value is about 1% for ¢* = 0.01, 10% for ¢* = 0.1 and
50% for €* = 1, in which the maximum value of the density reaches 1.5 kg/m?®. The momen-
tum field is almost indistinguishable from the velocity field in Figure 3.5 for £* = 0.01, since
the density is nearly constant. Similarly to what observed for the velocity-pressure formulation,
the momentum field lacks physical meaningfulness for ¢* = 1. The velocity, obtained as the
ratio of the momentum and the density, and the postprocessed velocity constructed by means
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Figure 3.14: Spatial convergence study for weakly compressible POISEUILLE flow via
density-momentum formulation with * = 1

of the local postprocessing (3.48) are compared in Figure 3.11 with the same settings adopted
for the velocity-pressure formulation. The improvement of the solution is more remarkable than
in the velocity-pressure formulation and the postprocessed velocity in Figure 3.11(b) computed
on a coarse mesh is almost indistinguishable from the accurate velocity field in Figure 3.5(b).
The convergence plots are shown in Figures 3.12, 3.13 and 3.14 for ¢* = 0.01, 0.1 and 1, re-
spectively. As expected, the primal variables p and pv and the mixed variable L convergence
optimally with order k + 1, whereas the postprocessed velocity v* converges in a superoptimal
fashion with order £ + 2. Analogously to the velocity-pressure formulation, the density and the
momentum errors decrease by several orders of magnitude as ¢* — 0 for £ > 0 and k > 2,
respectively, since p*" = pref € PO (Q) and pvitc = prefoinc € P?(Q). Overall, both HDG
formulations provide high-order accurate solutions and robust results with respect to the flow
compressibility.
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3.5.2 Weakly compressible TAYLOR-COUETTE flow

The second numerical example considers a weakly compressible TAYLOR—-COUETTE flow. Its
analytical solution has been derived by ROJAS FREDINI and LIMACHE [137] and adopted by
the same authors to compare different smoothed particle hydrodynamics techniques. The goal of
this example is to assess the convergence properties of the HDG density-momentum formulation
in a three-dimensional setting.

The analytical solution in terms of velocity and pressure in cylindrical coordinates reads

v (1r,0,2) =0,
vg (1,0, 2) = C1— + Cyr,
3.53
v, (r,0,z) =0, ( )
p<7,79’ Z) _ pref + pref {66/2[012(1/1”%—1/7“ )+4C1CQ 1H(T/7“1)+02(T’ —7"1)] _ 1}
\ €
where the coefficients C'; and C, are given by
_ 2.2 2 _ 2
0y = Lz e Gy = 22— (3.54)

The parameters r; and 5 denote the inner and outer radius of the rotating coaxial cylinders, re-
spectively, whereas w; and w- refer to the corresponding angular velocities. No body force nor ar-
tificial residuals are added, since the provided solution exactly satisfies the governing equations.
Moreover, as opposed to the previous example, both the weak compressibility and the convec-
tion are included in this flow configuration. The classical incompressible TAYLOR-COUETTE
flow is recovered by taking the limit of (3.53) as the compressibility coefficient approaches zero

(0" (r,0,2) =

01— + CQT
(3.55)

1nc

(
v (1,0, 2) =
vite (r,0, 2) =
(r,0,2) =

r, 0,z

ref pIEf 2 ]‘
Pt C? +4C,Cy In
2 7“1 72

)+C%r—ﬁﬂ.
Interestingly, the compressibility level does not change the velocity field but it only affects the
pressure profile. Moreover, the solutions (3.53) and (3.55) are not influenced by the viscosity.

The computational domain (2 is represented by a hollow cylinder with height H = 4, inner
radius r; = 1 and outer radius 7, = 2. The inner wall is considered fixed with w; = 0, while
the outer wall rotates with angular velocity wy = 1/2. For the general case w; # ws considered
here, the tangential velocity varies along the radial distance in a nonlinear fashion, whereas in
the co-rotating case w; = w- the variation is linear and the flow assumes a rigid-like motion.
DIRICHLET boundary conditions, corresponding to the analytical solution (3.53), are imposed
on I'P = 9. More precisely, the Cartesian components of the given solution are imposed and
their values are computed through standard coordinate system transformations.

In the following simulations, the viscosity is ;4 = 1 and the reference density p**f = 1,
evaluated at the reference pressure p*©f = 0, with a compressibility coefficient ¢ = 0.1.

\ 1
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Figure 3.15: Computational mesh for weakly compressible TAYLOR—-COUETTE flow
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Figure 3.16: Solution of velocity for weakly compressible TAYLOR-COUETTE flow

Structured meshes are considered for the convergence study, by splitting the volume into a
total number of 2373 geometrically linear hexahedral elements, with 7 referring to the level of
mesh refinement, obtaining a characteristic element size of h = (ry — r1)/2". The first three
levels of mesh refinement are shown in Figure 3.15. The polynomial degrees of approximation
are k = [1, 2], whereas the mesh levels are r = [1,2,...,5] fork = land r = [1,2,...,4] for
k = 2, for a maximum number of global DOFs close to 13000000. The stabilization parameters
are considered constant and equal to 7, = 100 and 7, = 10.

Figure 3.16 displays the velocity field computed with » = 3 and £ = 1. Its magnitude ranges
from O on the inner wall to 1 on the outer wall, whereas the weak compressibility induces a
maximum density variation of about 2%. Finally, Figure 3.17 shows the optimal convergence
of the fluid unknowns in the £? norm, confirming the capability of the proposed formulation to
accurately solve also three-dimensional problems.
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3.5.3 Fluid problem with manufactured solution

This numerical example considers a two-dimensional weakly compressible flow with analytical
solution. The solution is generated through the method of manufactured solutions and it is built
in such a way that all the terms included in the fluid partial differential equations (3.38) are
exercised, including the time-dependent terms. Moreover, this solution tackles all nonlinearities,
1.e. the convection and the weak compressibility. The main goal of this example is to assess the
spatial and temporal convergence properties of the HDG density-momentum formulation in a
general setting and to make sure that the deformation of the fluid mesh, according to the ALE
representation of the motion, does not deteriorate the convergence rates of the fluid unknowns.
The analytical solution in terms of velocity and pressure reads

(v, (x,y,t) = sin (72 sin (7y) sin (7t)

~ goret [4sin (7x) sin (7y) cos (7t)
pre

+ (sin (272) + 27z cos (2my)) sin® ()] €,
vy (z,y,t) = cos (mx) cos (my) sin (7t) (3.56)
_|_

YT [4 cos (mx) cos (my) cos (7t)
pre

— (sin (27y) 4 27y cos (2mz)) sin® (nt)] e,
p(x,y,t) = mcos (rz)sin (my) sin (7t) .

\
It is obtained by adding to the divergence-free velocity field in

v (z,y,t) = sin (7z) sin (7y) sin (7t)
v, (x,y,t) = cos (mx) cos (my) sin (nt) , (3.57)

p

N (g, y,t) = mwcos (mx) sin (7y) sin (7t) ,

specific O () terms, such that the residual of the continuity equation in (3.38) is of order O (£?)
3
Re (x,y,t) = {8 - sin(mz) sin(7y) sin(t)
pre

)
(

- [4 si‘n(ﬂx) sin(my) cos(mt) + (sin(27z) + 27 cos(27y)) sin®(wt)]

+

YT cos(mx) cos(my) sin(t)
pre

) )
- [4 cos(mz) cos(my) cos(mt) — (sin(2my) + 2wy cos(2mx)) sin®(nt)
pref

(3.58)

ref

(p**" — m cos(mx) sin(my) sin(nt))

- [cos(mz) sin(my) cos(mt) + (cos®(wz) + cos®(my) — 1) sin’(t)] } g2,
Of course, if ¢ = 0, the incompressible solution (3.57) is recovered and the residual (3.58)
vanishes. In order to cancel out any imbalance, a proper body force is then added in the right

hand side of the momentum equation in (3.38). The computation of this term is technical and the
symbolic toolbox of MATLAB is used for this purpose.
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Figure 3.18: Computational mesh for fluid problem with manufactured solution

The domain is the unit square 2 = (0,1) x (0,1) and the initial conditions in 2 x (0) and
the boundary conditions imposed on ' = 92 are computed from the analytical solution (3.56).
In particular, the density is evaluated from the equation of state (3.2) using the expression of
the pressure in (3.56), while the momentum field is obtained as the product of the density just
derived and the velocity field in (3.56).

The reference density is taken as p** = 1, evaluated at the reference pressure p*** = 0,
whereas the viscosity is chosen as ;¢ = 0.1. The variation in the compressibility level is unim-
portant for the present numerical experiment and therefore a unique compressibility coefficient
e = 0.1 is considered in the convergence studies.

Uniform meshes of triangular elements are considered for the domain by splitting a regular
2" x 2" Cartesian grid into a total of 2 - 22" triangles, giving element sizes of 4 = 1/2". The time
span under analysis is ¢ € (0,0.5) instead. The stabilization parameters for the density and the
momentum are considered constant on all faces and equal to 7, = 100 and 7, = 1, respectively.
In order to validated the HDG formulation in the ALE form, two scenarios are considered:

1. the problem is solved on a fixed mesh,

2. the problem is solved on a moving mesh, whose displacement is prescribed according to

d, (z,y,t) = 1sin (2mx) [1 — cos (2my)] [1 — cos (27t)] d,
H (3.59)

dy (z,y,t) = }l [1 — cos (2mx)] sin (2my) [1 — cos (27t)] d,

with d = 1/8. The third level of refinement of the fixed and the moving mesh at ¢ = 0.5 is shown
in Figure 3.18.
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Figure 3.19: Solution of density and momentum for fluid problem with manufactured solution
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The polynomial degrees considered for both the approximation of the fluid unknowns and
the mesh displacement are k£ = [1, 3, 5], whereas the integration in time is performed with the
fourth order backward differentiation formula (BDF4). The level of mesh refinement considered
isr=1[1,2,...,6| fork = 1,r = [1,2,...,5] for k = 3and r = [1,2,...,4] for k = 5.
This choice guarantees the achievement of the asymptotic regime in the spatial convergence.
In order to keep the temporal error sufficiently small compared to the one associated to the
spatial discretization, the time step sizes considered are At = [27°,277 279 for k = [1, 3, 5],
respectively. The approximations of the density and the momentum fields obtained with & = 1
(top) and k£ = 3 (bottom) on the third level of mesh refinement for the fixed mesh (left) and
the moving mesh (right) are shown in Figure 3.19. For the compressibility level considered, the
maximum variation of the density from the reference value is about £30%. On the one hand,
the improvement of the approximation of the solution when increasing the polynomial degree is
clearly observed by comparing the solutions obtained with £ = 1 and £ = 3. On the other hand,
no differences can be captured by comparing the plots on the left with the plots on the right for
a sufficiently accurate solution, confirming the correct implementation of the ALE framework.
The convergence of the error at the final simulation time in the £? norm as a function of the
characteristic element size h for the mixed and the primal variables is reported in Figure 3.20
for the first case (left) and the second case (right). As expected, the errors in the second case are
systematically larger than the corresponding ones in the first case, since they are evaluated on
distorted meshes. In particular, the errors differs by about 0.5, 1 and 2 orders of magnitude for
the finest meshes used for £ equal to 1, 3 and 5, respectively. However, the optimal convergence
rate of k£ 4 1 is nicely preserved in both cases. The capability of the method to retain the optimal
convergence on moving meshes is a crucial feature in order to accurately solve fluid-structure
interaction problems.

The temporal convergence studies are performed by discretizing the time span in a progres-
sively increasing number of intervals. The time step sizes At = [1/4,1/8,...,1/256] are there-
fore considered and the backward differentiation formulas are adopted, with the order BDFo
ranging from 1 to 4. It is worth pointing out that, since no adaptive time stepping procedure has
been implemented, the BDF schemes with BDFo > 2 are initialized by providing the analytical
solution at the times ¢ = —nAt with n = [1,2,..., BDFo — 1]. Of course this is not possible
for general problems, since analytical solutions are usually not available. The spatial discretiza-
tion error is kept negligible compared to the temporal one, by choosing sufficiently fine meshes
(r = [3,4,5,6] for BDFo = [1, 2, 3, 4], respectively) with a polynomial degree of approximation
k = 5. The £? error of the mixed and the primal variables is shown in Figure 3.21 for the fixed
mesh (left) and the moving mesh (right). Despite some differences in the error evolution, the
theoretical convergence rates are observed for the two cases considered.

In conclusion, the proposed HDG density-momentum formulation accurately simulates fluid
flows on arbitrary deforming domains with high-order accuracy and it will be henceforth em-
ployed for the solution of fluid-structure interaction problems with weakly compressible fluids.
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Figure 3.20: Spatial convergence study for fluid problem with manufactured solution

72



3.5 Numerical examples

logio (|| Ellz2(0)) 10g10(|| E||2(0)

logio(||E||z2(0))

0
21
41
6l —— L, BDF1 ||
—&— L, BDF2
8 —— L, BDF3|.
‘ —+— L, BDF4
-10 | . I
-2.5 -2.0 -1.5 -1.0 -0.5
lOglO (At)
(a) Scaled strain rate on fixed mesh
0
21
41
6l —e— p, BDF1 ||
—a— p, BDF2
8 —o—p, BDF3 ||
—+— p, BDF4
-10 . . I
-2.5 -2.0 -1.5 -1.0 -0.5
logio(At)
(c) Density on fixed mesh
0
21
=5
41
{IQ.O
6l —e— pv, BDF1 ||
= —a— pv, BDF2
-8t o —— pv, BDF3 ||
: — pv, BDF4
-10 : : :
-2.5 -2.0 -1.5 -1.0 -0.5
1Og10(At)

(e) Momentum on fixed mesh

loglo(HEHﬁ?(Q)) lOg10(||EH£2(Q))

logio(||E||z2(0))

41
6l —— L, BDF1 ||
_ —=— L, BDF2
I —— L, BDF3|.
L, BDF4
-10 | . I
-2.5 -2.0 -1.5 -1.0 -0.5
logio(At)
(b) Scaled strain rate on moving mesh
0
21

4}
6l —— p, BDF1 ||
—=— p, BDF2
8lw” ——p, BDF3 ||
—— p, BDF4
-10 . | .
-2.5 -2.0 -1.5 -1.0 -0.5
logio(At)
(d) Density on moving mesh
0

41

6 —e— pv, BDF1 ||
—=— pv, BDF2

8lx = —— pv, BDF3 ||
—+— pv, BDF4

-10 : ' '
-2.5 -2.0 -1.5 -1.0 -0.5
logio(At)

(f) Momentum on moving mesh

Figure 3.21: Temporal convergence study for fluid problem with manufactured solution
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4 Coupling of HDG and CG
discretizations

This chapter addresses the coupling of HDG and CG discretizations. Given the hybrid nature of
the discretization, non-trivial strategies need to be devised. The design of efficient techniques for
the coupling of HDG and CG methods constitutes a fundamental step towards the development
of robust and efficient formulations for the simulation of fluid-structure interaction problems,
which is the ultimate goal of this thesis. Given the complex nature of the equations governing
weakly compressible fluid flows interacting with nonlinear elastic structures, the development
of coupling strategies in the context of steady, linear and single-physics problems has been con-
sidered a fundamental checkpoint. On the one hand, POISSON’s equation constitutes a classical
prototype of linear elliptic PDEs and, owing to its computationally inexpensive nature, serves as
a benchmark for the test of many numerical methods. On the other hand, the equations of linear
elasticity allow to solve many problems of engineering interest. Moreover, the CG discretiza-
tion of such equations simply stems from the linearised version of the equations adopted for the
solid field in Chapter 2, whereas their HDG discretization presents several similarities with the
formulation adopted for the simulation of weakly compressible flows in Chapter 3.

As already anticipated in the introduction, the CG method provides computationally efficient
discretizations for moderate accuracy requirements, whereas the HDG method provides a flex-
ible framework to construct high-order discretizations capable of efficiently exploiting parallel
computing architectures and to devise adaptive strategies for nonuniform polynomial degree
approximations. The coupling of such strategies is of special interest in the context of elastic
problems featuring multiple materials with compressible and nearly incompressible behaviors,
for which low-order displacement-based CG formulations fail to provide locking-free approxi-
mations. To remedy this issue, several approaches have been proposed such as mixed formula-
tions by ARNOLD et al. [8], STENBERG [150] and ARNOLD and WINTHER [7], equilib-
rium formulations by DE ALMEIDA and MAUNDER [41] and the use of the nonconforming
CROUZEIX-RAVIART element by CROUZEIX and RAVIART [40]. Moreover, the adoption
of DG strategies has proven to be effective for the solution of (nearly) incompressible elastic-
ity by HANSBO and LARSON [75], COCKBURN et al. [34] and BRAMWELL et al. [18],
among others. Here, reliable solutions are obtained by adopting a HDG approximation in the
nearly incompressible region, restricting the CG solver in the compressible part and coupling
the two discretizations by means of NITSCHE’s method.

The coupling of HDG and CG discretizations is performed in Section 4.1 for the solution of
steady thermal problems with two distinct strategies. The proposed NITSCHE-based coupling
is used for the solution of elasticity problems involving compressible and nearly incompressible
materials in Section 4.2. The convergence properties and the advantages of the proposed coupling
are assessed in the numerical examples in Section 4.3. The content of this chapter is mainly based
on the work of LA SPINA et al. [96].
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4 Coupling of HDG and CG discretizations

4.1 HDG-CG coupling for thermal problems

The coupling of HDG and CG discretizations is first presented in the context of thermal prob-
lems. The steady-state distribution of the temperature field 7" in a homogeneous medium (2,
characterized by a thermal conductivity « and subjected to the heat source s, is described by the
POISSON equation
-V .- (kVT)=s inQ,
T=T" onTP, 4.1)
kVT -n=fY onTV.

The terms 7'” and ¥ denote the temperature and the thermal flux enforced on the DIRICHLET
portion I'? and on the NEUMANN portion I'V of the domain boundary 92, respectively.
POISSON’s equation is a second-order scalar elliptic partial differential equation and constitutes
one of the most important equations in mathematics and engineering. Depending on the physical
attributes of the variables involved, it can also be applied in other fields such as fluid dynamics,
electromagnetism and astronomy. Both the HDG and CG approximation of the heat equation is
presented in the following, together with two alternative HDG-CG coupling strategies.

4.1.1 HDG approximation

The HDG computational domain €y is assumed to be partitioned in n¢? . disjoint subdomains

25, such that
Nipe

Qupg = U Qe ipe N QgDG =0 for e#f. 4.2)
e=1

Moreover, the union of the internal element boundaries constitutes the internal interface, i.e.

el
Nppe

FHDG - U anIDG \aQHDg, (43)

e=1

and the union of the internal interface with the boundary faces belonging to I'}Y, . constitutes the
mesh skeleton, on which the hybrid variable is defined.
The strong form of the HDG problem is obtained by rewriting (4.1) over the broken computa-
tional domain as .
( Qunc + \/EVTHDG =0 m QEDG,
V. (\/EqHDG) =S in QEDG,
Tire =T"  on O gpe N FHDDG’

Tupe = THDG on 8Q§IDG \ FHDDG’ 4.4)
_\/EqHDG . nHDG = fN on 8Q§DG ﬂ FI]-;[DG’
[[THDGnHDG]] =0 on 'ypg,

L [[\/EqHDG : nHDG]] =0 on ['ype.

The variable gup; denotes the mixed variable, that allows to reduce the second-order problem
to a system of first-order equations, whereas Typ 1s the hybrid variable, representing the trace
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4.1 HDG-CG coupling for thermal problems

of the solution on the mesh skeleton. The last two equations in (4.4) are the transmission con-
ditions, ensuring the continuity of the solution and the equilibrium of the normal flux across the
interface ['yp. As already pointed out for the HDG formulations for weakly compressible flows
in Chapter 3, the continuity of the solution is fulfilled in a weak sense by the uniqueness of the
hybrid variable along the interface between two adjacent elements. An appropriate definition of
the trace of the numerical normal flux is needed to handle the second condition. For pure HDG
problems, it is considered

VEGunc * T + T (THDG - TD) on 9 N FHDDG,
VEQunc - Mape + T <THDG — THDG) on 095, \ FHDG,

\/EQHDG *Nygpg = 4.5)

with 7 being a stabilization parameter, playing a crucial role on the stability and the conver-
gence of the method. According to COCKBURN ef al. [36], the optimal convergence of the
HDG method for the POISSON equation is ensured by computing the stabilization parameter

according to
K

Tr = CTT, (4.6)
with Cp being a positive constant scaling factor and / denoting a representative length scale.
The weak form of the HDG approximation is then obtained by performing a single integra-
tion by parts on the mixed variable equation and a double integration by parts on the primal
variable equation and exploiting the definition (4.5), as explained in the tutorial by SEVILLA
and HUERTA [140]. The resulting local problem provides the expression of (qupc, Thpc) as a
f}mction of the unknown hybrid variable THDG and its weak form reads: given 7" on FD e and
Thne on Type UTH ., find (qunc, Thns) € WV (Q0)]7=0 x WH(Q,.) fore = 1,...,nSk, such
that

— ('UJ, qHDG)QEDG + (V . (\/E'UJ),THDG)QE
<\/_'w Nupg, 1 >aQ€ Arp. T <\/_w nHDG7THDG>

HDG HDG

(w7 V. (\/EqHDG))Qe + (w, TTTHDG>3Q8 = (w, S)Qe

HDG

(4.7a)

9
8965\

(4.7b)

HDG HDG

+<w TTT >8Qe AL + <UJ TTTHDG> b’
e\

for all (w,w) € [WHQ8 )] x WhQ¢,.). The weak form of the global problem returns the
solution of the hybrid variable and reads: find T}, € Wh (Pupe U T ) such that

nHDG nHDG

~ a _ N
_ Z <w, VEQuns - Mans + T (THDG - THDG) >8QSDG\FI%G Z (w, f >8QEDG0FII{\]§G , (4.3

for all &) € W"(Dype UTRL).
The discretization of the weak form of the local problem in (4.7) by means of a isoparametric
formulation for the mixed, primal and hybrid variables produces a linear system of the form

K1 Ky Qupc f, K3 =
= — , 4.9
{K% K22L [T] [f2 7 K Toeel. (+3)
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4 Coupling of HDG and CG discretizations

fore = 1,...,n¢l.. The subscripts ®;, ®, and ®3 refer to the unknowns qupg, Thpe and THDg,

respectively. The expressions of the matrices and vectors are detailed in Appendix C. Analo-
gously, the resulting system for the global problem is given by

(s ), 3] el el =X m @
e=1 € e=1

Replacing the solution of the local problem (4.9) in the global problem (4.10), the linear system
which is actually solved in the computation can be written as

[KHDG:| [THDG] = [fHDG] ) (4.11)
with
nipg K K 1 K
[Kepe] = é{[KggL— (KT K3, [KiT; KZ] {K;j} (4.122)
NEps K K —1 ¢
[fioc] = ‘A{[fg]e_ (K, Ki), [Ki K;j [fj} (4.12b)

It is worth highlighting that the HDG stiffness matrix Kyp¢ preserves the symmetry of the orig-
inal POISSON problem (4.1), as shown for instance by SEVILLA and HUERTA [140].

4.1.2 CG approximation

The CG computational domain ()¢ is considered partitioned in ng; elements with
ngs

Qe = U Q. Q. NQL=0 for e#f. (4.13)
e=1

The strong form of the governing equations in the CG framework can simply be written by
referring to the appropriate unknown temperature field 7t as

_V N (/QVTCG) =S in QCG»
Tee =T" onTZ, (4.14)
HJVTCG N nCG - fN on FéVG

The weak form of the CG approximation is thus obtained by multiplying the governing equa-
tion in (4.14) with a suitable test function and integrating by parts the term under the divergence
operator. It then reads: find Tt € V"(cc) such that

(Vo, 6V Teg)g,, = (v,8)q.. + (v, fN>FéVG , (4.15)
for all v € V(). Standard finite element discretization gives rise to the symmetric problem
[KCG} [TCG] = [fCG] > (4.16)

with . )
Koo = A K], e = A {8} @1

e=1 e=1

with the subscript ©, referring to the unknown T'.
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4.1 HDG-CG coupling for thermal problems

4.1.3 Local-global coupling

8352

348

Figure 4.1: Degrees of freedom of the HDG-CG discretization for local-global coupling

Let the computational domain € be split into two non-overlapping subdomains €2 and €2¢¢
such that Q = Qupe U Qce, with interface I'Y = Qupe N Qce. Each subdomain is then sub-
divided into a set of disjoints elements, as in (4.2) and (4.13). Only matching meshes (with a
potential nonuniform degree of approximation) are considered in this thesis and n$' denotes in
the following the number of elements adjacent to the interface, belonging either to the HDG
or the CG subdomain. The boundary of the whole domain is split into a DIRICHLET portion
P =70 UTZL. and a NEUMANN portion TV =T UTZ.

The degrees of freedom of the coupled problem are displayed in Figure 4.1, in which the HDG
and CG unknowns are depicted in blue and red, respectively. Moreover, the HDG local DOFs
are represented with circles, whereas the HDG global DOFs are denoted with squares. It is worth
noting that the HDG global DOFs are suppressed on the interface, given the local nature of the
HDG-CG coupling discussed in the following.

The strong form of the coupling strategy is obtained by merging the HDG strong form (4.4)
and the CG strong form (4.14) and considering the additional coupling conditions at the interface

(4.18)

Tupe = Tes onT/,
\/EqHDG ‘Mg = KV 1 - Neg On r’.

The first condition ensures the continuity of the temperature field, while the second enforces the
equilibrium of the normal fluxes across the interface. It is worth reminding that the unit normal
vector takes opposite directions on the interface I'/, i.e. ypg = —nce.

The key point of the presented coupling strategy is the imposition of the first coupling con-
dition as a DIRICHLET boundary condition on the HDG local problem and the enforcement of
the second coupling condition as a NEUMANN boundary condition of the CG problem. A novel
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4 Coupling of HDG and CG discretizations

definition of the numerical normal flux is therefore introduced, namely
\/EqHDG “Myupe + 77 (THDG - TD) on aQEDG N FHDDG’

\/EqHDG *Nyps = \/EqHDG " Nypg + 7T (THDG - THDG) on aQEDG \ FHDDG \ FI, (4.19)
\/EQHDG * TLHDG “I‘ TT (THDG - TCG) OIl aQEDG ﬂ FI.

From a practical point of view, the HDG hybrid variable Tinc is replaced by the CG unknown
Tt at the interface.

The HDG local problems (4.7) are modified according to the new definition (4.19) and they
read: given T2 on I'2. ., Tup on Dy UTY - and Tt on T, find (qupe, Tins) € WV (Q2pe)]" X
Wh(Qe, ) fore = 1,...,nSk, such that

— (w, QHDG>Q§DG + (V : (\/E’w)aTHDG)Q;DG =

D .
<\/E’w “Mgpg, T >3Q§DG0F§EG + <\/Ew " Mypg, THDG>aQSDG\FP%G\FI (4.20a)
+ <\/E’w * Mup; TCG>aQEDGmFI ,
(wa A\ (\/EQHDG>)QEDG + <w; TTTHDG>aQSDG = (w, S)QSDG
D .
—I'_ <w7 TTT >8Q§DG0FHDDG + <w’ TTTHDG>8Q§DG\FHDDG\FI (4.20b)

+ <w7 TTTCG>3Q2DGQFI 5

for all (w,w) € Wh(Q8,.)]7 x Wh(Q¢,.). Tt is clear that, while standard local problems are
performed for the interior HDG elements, a special treatment of the interface elements is needed
to include the coupling conditions. Although this necessity does not represent a critical issue
for the simple MATLAB implementations exploited in this chapter, it may constitute a severe
limitation for large and structured codes like BACT, in which independent and difficult to access
libraries are adopted for the single discretizations.

The HDG global problem remains substantially unchanged, with the only difference that the
global DOFs are removed not only on the DIRICHLET portion of the boundary, but also on the
interface. The definition of the numerical normal flux is added as an external thermal flux acting
on the CG side of the interface. The resulting global problem thus reads: find (THDG, Tec) €

Wh(Taps UTY ) x V(€ce) such that

el
Nhpe

- Z <1f), \/EqHDG * Nypg + 77 (THDG - THDG)> b =
e=1 anDG\FHDG\Fl
N . (4.21a)
A £N
Z <'w, f >aﬂ;DGmrg¥)G ’
e=1
(Vo, HVTCG)QCG - <U7 VEGunG - (=1nce) + 71 (Tipe — TCG)>F1 = (v, S)QCG (4.21b)

+ <U> fN>FéVG >

for all (&, v) € W"(Tupe UTY.) X VE(Qce).
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4.1 HDG-CG coupling for thermal problems

The discretization of the weak forms (4.20) and (4.21) leads to a linear system of the form

KHDG KI THDG _ ngG
{K? KCG] |:TCG:| B [fce} ’ (4.22)
with
N NEps B B ~ —K K - -1 _K -
[Kinc) = é{[K%L— (KT, K3, Ki K;Z K;z} (4.23a)
K. | = N 1 wr |Ku K] o (K]
K] = 4{ - [Kis K3, K, K| _K24_e}’ (4.23b)
i nk e KTUTRL
[Kee] = A{[KML— K Kl KL, K| KZ} (4.23¢)
and
B Nips B B K K -1 £
[fios] = é{[fg]e— (KT, K3, {Ki sz M} (4.242)
< o erq [Kn K] '
[fes] = 4{[&]6— (K, KiJ, {Ki K;j {fj} (4.24b)

The barred terms refer to a modified version of the corresponding terms in the single subprob-
lems introduced in Sections 4.1.1 and 4.1.2 and their expression is also reported in Appendix C.
The invasive nature of this coupling is especially evident from the complicated pattern of the
matrices in (4.23) and the right hand side vectors in (4.24). In particular, the matrices arising
from the discretization of the local problems (with indices 1 and 2) spread outside the HDG
block of the linear system and their communication is required for the computation of K¢ and
f.c, as well as for the off-diagonal block K;.

Overall, this coupling strategy, first introduced by PAIPURI et al. [127] to solve conjugate
heat transfer problems, slightly reduces the number of the globally coupled degrees of freedom
and it does not need additional parameters to enforce the transmission conditions. Moreover, this
strategy possesses optimal convergence properties and superconvergent rates can be obtained for
the HDG solution through classical postprocessing techniques. However, the implementation of
this formulation is rather invasive, especially with respect to monolithic frameworks, and the
required communication of the local HDG matrices in the CG subproblem and on the interface
might compromise the efficiency of parallel implementations.

Nevertheless, a staggered version of this coupling strategy, preserving the core structure of the
single solvers and exchanging the coupling information solely through the right hand side vec-
tors, hence circumventing the major drawbacks of this approach, will be successfully exploited
in Section 5.2 for the solution of fluid-structure interaction problems by means of the popular
DIRICHLET-NEUMANN partitioning.
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4 Coupling of HDG and CG discretizations

4.1.4 NITSCHE-based coupling

83

3

8

Figure 4.2: Degrees of freedom of the HDG-CG discretization for NITSCHE-based coupling

An alternative strategy for the coupling of HDG and CG discretizations is presented in this
section with the purpose of keeping the implementation changes to a minimum in existing single-
field codes. The main idea is to rely solely on the global variables, i.e. the trace of the temperature
T, upc 1n the HDG subdomain and the temperature field 7t in the CG subdomain, to enforce the
transmission conditions. Contrary to the previous strategy, the coupling here takes place only on
a global level, not requiring any change in the HDG local problems.

The definition of the computational domain and its splitting introduced in Section 4.1.3 is con-
sidered here. A sketch of the degrees of freedom is offered in Figure 4.2. It is worth noting that,
as opposed to the local-global coupling, the HDG global DOFs are preserved on the interface,
since they are essential for the exchange of information among the fields. Of course, this results
in a slightly increased number of total DOFs. However, this choice provides a much more flexible
framework for the coupled discretization, allowing an easy treatment of nonuniform polynomial
approximations as well as nonconforming meshes at the interface, although the latter feature is
not explored in this thesis. Moreover, the preservation of the trace on the interface allows for a
straightforward adoption of the HDG discretization in a coupled problem, without the need of
rearranging the degrees of freedom.

The strong form of the NITSCHE-based coupling consists of the strong form of the HDG and
CG subproblems (4.4) and (4.14), together with the following modified version of the coupling
conditions

{ THDG =Tte on FI, (4.25)

T — -
I
\/EqHDG “Mgpe = KV 1 -Neg onI™.
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4.1 HDG-CG coupling for thermal problems

The HDG numerical flux is the same as the single-field formulation and it is recalled here for
completeness

VEQune * ape + T (THDG - TD) on 9 N FHDDG’

N T _ . . (4.26)
e e \/EqHDG * Nypg + 7T (THDG - THDG> on 8QHDG \ FHDDG,
whereas the trace of the CG numerical normal flux on the interface is defined as
NV Toe - Tios = KV Toc - Toog — % <TCG — THDG) onT". 4.27)

where h denotes a characteristic element size of the mesh discretization on I'/ and 7 is a suf-
ficiently large positive parameter, commonly used to enforce coercivity of the discrete bilinear
form in CG discretizations with NITSCHE’s imposition of essential boundary conditions. From
a practical point of view, the definition (4.27) allows the imposition of the flux equilibrium via a
NEUMANN boundary condition in the HDG global problem and it ensures the continuity of the
solution via a weak DIRICHLET boundary condition in the CG problem.

The weak form of the HDG local problems remains unchanged and with the inclusion of
the trace at the interface it now reads: given 77 on T'2 . and Typs on Ty U TN . U T, find
(@une, Tips) € WH(Q8,0)]7e x WH(QE,,) fore = 1,...,nEl_ such that

— (w, %{DG)QgDG + (V : (\/Ew)7THDG>Q§DG =
<\/Ew * Mapg; TD>aQe Arp. T <\/E'w * Nype; THDG>

HDG HDG

(U); V . (\/EqHDG))QEDG + <w7 TTTHDG>8Q§DG = (w7 S)Qe

HDG

(4.28a)

B
0% \Lipe

. (4.28Db)
+ <U}, TTTD>8QI‘?IDGF‘IFD + <'lU, TTTHDG>

9
D
HDG 6QSDG\FHDG

for all (w,w) € [Wh(QEDG)]DSd X Wh(QEDG)-
Exploiting the definition of the CG numerical normal flux in (4.27), the weak form of the
global problem reads: find (Tipg, Tec) € W (Type U T, . UTT) x V*(Qcg) such that

el
Nppe
- § {<wa \/EqHDG * Nupe + 71 <THDG - THDG>> . b
€:1 aS]H]:)G\IjHDG

el
Dppg

_ <’Lf), HVTCG . (_nHDG) - % (TCG - THDG) >8Q€ ﬂFI} = Z <U% fN>BQgDGﬂF}%G ,

(Vo, "QVTCG)QCG - <U7 KV - Mg — % (TCG - THDG) >F1

) (4.29b)
— <HVU “Neg, Lo — THDG>FI = (v, S)ch + <U’ fN>Fé\é ’

for all (@, v) € W"(Typs UTY, . UTT) x V2(Qcs). It is worth noting that the symmetry of the
POISSON problem is preserved for both the HDG and the CG discretization, as well as for the
overall coupled problem.
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4 Coupling of HDG and CG discretizations

An alternative approach for the weak imposition of boundary conditions, not requiring the
introduction of the penalty term to guarantee the stability of the numerical method, has been
presented by BURMAN [20] and relies on a non-symmetric formulation of the discrete equation.
On the one hand, such an approach would avoid the evaluation of the additional parameter +,
which is strongly problem-dependent and not known a priori, which might negatively effect the
condition number of the resulting linear system when an excessively large value is adopted.
On the other hand, however, the convergence rate of the error in the £? norm is proven to be
suboptimal by half an order in h.

The linear system arising from the discretization of the coupled problem has the form

KHDG KI :| |:THDG:| |:fHDG:|
= 4.30
{ KT Keo| |Tee |~ | Eo (4.30)

Even though the structure of the block matrix in (4.30) is formally similar to the one presented
in Section 4.1.3, its construction is extremely different. In fact, the matrices and the vectors
involved in the NITSCHE-based coupling are

el
Nppg

> - K, K] ' [K
[Kipe| = A { [Ksz]e - [Ki; K2T3L [Ki K;z] [K;j } ~ [Kung] , (4.31a)

e=1

(K] = A { (K], } : (4.31b)

e=1

K] = A { [K44L} =~ [Keg] , (4.31c)

e=1
and

el
Nppg

. Ky K| ' [f
[fioe] = A{[fg]e— KT, Ké%]e{Ki K} [fj }E [fioc] - (4322

e=1

[f‘cs} = A { [f4]6 } = [fCG} . (4.32b)
e=1

It can be observed that no changes are required for the computation of the right hand side vec-
tors in (4.32) compared to the ones of the single discretizations in (4.12) and (4.17). Regarding
the left hand side, both KHDG and KCG feature the usual structure of the matrices of the HDG
and CG global problems, respectively, and only a small number of terms arising from the defi-
nition (4.27) have to be included in K33 and K44 The off-diagonal block KI is responsible for
the coupling and it simply stems from the discretization of (10, KV Tts - (—nype) — Yh ™ Teg)
along the interface I'Z. It is worth highlighting that the computation of this block is extremely
simple and it can be performed by looping over the elements adjacent to the interface and, as
opposed to the local coupling strategy in Section 4.1.3, no information related to the local solvers
needs to be transferred. As a consequence, the proposed NITSCHE-based coupling is not only
minimally-intrusive and suitable to be integrated in existing finite element libraries, but, owing
to the reduced amount of data to communicate, it also better preserves the speedup of parallel
implementations.
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4.2 HDG-CG coupling for elastic problems

In this section, the NITSCHE-based coupling of HDG and CG discretizations is exploited for
the solution of structural problems featuring multiple materials with compressible and nearly
incompressible behaviors. In static conditions, the displacement field u of an elastic structure (2
subjected to a volume force f is obtained by the solution of the following problem

—V.o(Vu)=f inQ,
u=u” onTP, (4.33)

O'(Vu)n:tN on TV,

with u” and ¢V denoting an imposed displacement and traction applied on I'” and I'"V, respec-
tively. Then, o is the CAUCHY stress which, in the linear elastic regime, is related to the linear
strain tensor

1
e(Vu) = 5 (Vu + (Vu)T) , (4.34)
according to HOOKE’s law

o (Vu) =2pue (Vu) + Atr (e (Vu)) I (4.35)

The LAME parameters ; and ) can be expressed by the more commonly used YOUNG’s mod-
ulus £ and POISSON’s ratio v through the following relations

E vE
ST 7y Moy (436

Henceforth, the material is assumed to be homogeneous and isotropic in the whole domain ().
Thus, the above mentioned material coefficients depend neither on the spatial coordinates nor on
the direction of the main strains.

Owing to the symmetry of the stress and strain tensors, only their ms4 non-redundant compo-
nents are considered, analogously to what has been done in Chapter 3 for the stress and strain
rate tensors for weakly compressible flows. Thus, the stored vectors in VOIGT notation are

T .
Ozz Oyy Oz in 2D,
= o o O T (4.37)
[O'aca: Oyy Ozz Ogy Ogxz O-yz} in 3D,
and
[59690 Eyy 25wy} ' in 2D,
&v = - (4.38)
[cow €y €22 264y 264, 2] in3D,

with 2e,,, 2¢,. and 2¢,, denoting the off-diagonal terms of the strain tensor according to the
engineering definition. The constitutive law (4.35) can therefore be expressed in matrix form as

Oy = DEV, (4.39)
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with D being the elasticity tensor

([2u+XA A 0
A 2u+ A 0 in 2D,

| 0 0 7

(20 + A A A 0 0 O]

D= A 2u4+X X 000 (4.40)

A A 2u+X 0 0 O .
0 0 0 400 in 3D.
0 0 0 0 p O

(| O 0 0 0 0 pj

It is worth noting that the definition of D is formally identical to the one in (3.17), but with a
different physical interpretation of the variables involved. In fact, while in flow problems p and
A denote the viscosity and the second coefficient of viscosity of the fluid, in elasticity problems
1 and \ refer to the aforementioned LAME parameters and they describe the material resistance
to simple shear and to a change in volume caused by a change in pressure, respectively. As a
matter of fact, in the incompressible limit v — 0.5 and consequently A\ — oo, according to
(4.36). Given these considerations, the linear elastic problem (4.33) can be rewritten as

—Viey (Vsu)=f inQ,
u=u"” onl?, (4.41)
Nloy (Vsu) =t" onI¥,
with the symbols V5 and N denoting the symmetric part of the gradient and the normal operator
in VOIGT notation, already defined (3.12) and (3.19).

The strong form of the HDG approximation of problem (4.41) follows the formulation recently
proposed by SEVILLA et al. [142] and reads

( 1/2 . e
QHDG + DHDGVSUHDG - 0 1mn QHDG’
T1/2 o . e
VD Qune = f in 27,

D e D
Uppg = U on 092, N e,

Uppe = Unp 0N O\ FHDDG’ 4.42)
_NgDGDiI/D%SQHDG =tV on anIDG N F]HVDG’
[[UHDG X nHDG]] =0 on 'ype,
HVNEDGD;/DZG HDG:|:| - 0 on FHDG'
\

Q.1 is the mixed variable representing the strain tensor in VOIGT notation scaled via the matrix

—D;{)QG, whereas uyp; is the hybrid variable representing the trace of the primal solution wype

on the mesh skeleton. As explained for all HDG formulations throughout this thesis, the first

equations in (4.42) represent the local DIRICHLET problems defined in each element €.,
el

with e = 1, ..., ng;., while the last two equations define the transmission conditions imposing

the continuity of the displacement field and the equilibrium of tractions across the interface I'ypc.
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4.2 HDG-CG coupling for elastic problems

The strong form of the CG approximation of problem (4.41) follows a classical displacement-
based formulation, discussed for instance by FISH and BELYTSCHKO [56], and reads

T .
_Vg DceVsucee = f in Qcg,
uce = u” onTlZ,

T N N
NcGDCGVSuCG == t on FCG’

(4.43)

On the one hand, CG methods provide computationally efficient discretizations for the solution
of elasticity problems. On the other hand, however, it is commonly acknowledged that low-order
displacement-based formulations fail to provide locking-free approximations when materials
with nearly incompressible behaviors are involved, as discussed for instance by BABUSKA and
SURI [9]. To remedy this issue, several strategies have been proposed in literature, as briefly
discussed in the introduction of this chapter.

The approach proposed in this thesis consists in the adoption of a hybrid HDG-CG discretiza-
tion. In particular, the computationally cheap CG method is restricted to the compressible re-
gion, whereas the locking-free HDG method is employed in the nearly incompressible region.
Therefore, let the domain €2 be split into two non-overlapping subdomains 2,55 and 2. such
that Q = Qupg U Qcg, with interface I'Y = Qyupg N Qcg. The efficient and minimally-intrusive
NITSCHE-based coupling presented in Section 4.1.4 is exploited to enforce the transmission
conditions

Unpe = Ucg on T,
(4.44)

-
T 1/2 _ T/\V I
NHDGDHDG HDG — NCGDCG sUcg ON I,

A standard definition for the trace of the numerical normal fluxes is considered in the HDG
subdomain according to

1/2

NT /2 A NgDGDH/DGQHDG + Ty (uHDG - UD) on 0925, N FHDDG,

NHDGDHDG HDG — T 1/2 R . b (4_45)
NipeDipeQune + Tu (Uape — Uupe)  on 056 \ Tipe.

An appropriate value for stabilization parameter 7, to ensure the stability and the optimal con-

vergence can be estimated as

7w = Cy (4.46)

l 2
with C), being a positive scaling factor and [ denoting a representative length scale. The trace of
the CG normal stress along the interface is selected as

NT.D..Vstuce = N Deo Vittes — % (tes — Gspe) on T, (4.47)
with h and ~ denoting the characteristic element size and the NITSCHE penalty parameter,
whose crucial role has been discussed in Section 4.1.4.

The HDG local problems are not affected by the hybrid coupling and they allow to compute
the primal variable uyp¢ as a function of only the hybrid variable w;pc. Their weak form thus
reads: given u” on I'} . and type on Typg UTY L U T, find (Qupe, Uaps) € [WH(Q80)]™ X
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Wh(Qe, )] fore = 1,...,nSk, such that

- (W>QHDG>Q€ + (VgDII{éQGWa’U/HDG> =
HDG Q;DG

. 12 b . 12 R (4.48a)

<NHDGDHDGW7 u > + <NHDGDHDGW7 UHDG>

9
8Q§DG0FI%G 8Q§DG\FI€DG

(w;VgDI%ZG HDG> . (w Ttine)poe = (W, fqe
QHD(;) (4.48b)
+ <w Tuth >8§25 nre + <'1.U TuuHDG>8QHDG\F

b
HDG HDG HDG

for all (W, w) € [WH(Q,0)]™ x W ()]

In the philosophy of the proposed HDG-CG coupling strategy, the transmission conditions
(4.44) are solely exploited in the global problem. In particular, owning to the definition (4.47),
the traction equilibrium is enforced in the HDG subproblem as a NEUMANN-type boundary
condition, whereas the continuity of the displacement is weakly imposed in the CG subproblem
as a DIRICHLET-type boundary conditions, by means of NITSCHE’s method. Consequently,
the weak form of the global problem reads: find (@upc, Ucs) € [WH(Tape UTA . UTT)]P= x
[V (Qcg)]™= such that

nHDG

> {<'w NL D2 Quve + 7o (thine — thanc) )

%6\
. (4.492)
A ’7 R HDG X
_ <w, (—NEDG) DesVisues — 7 (Ueg — uHDG)>8Q§DGﬂFI} = Z_; <’LU, tN>aQ§DGmrggG ’
(Vs’U, DCGVsch)QcG - <’U, NgGDcGVsch - % (ch - '&/HDG)>FI (4.49b)

- <N?;GDCGVS’UJ Uce — 'ﬁ'HDG>F] = (v, f .t <’U tN>FN ,

for all (1, v) € V" (Dune UTY, . UTH)]= x [Vh(Qes)]™.

In the HDG subdomain, a displacement field u},. superconverging with order £ + 2 can be
obtained through an inexpensive element-by- element postprocessing procedure. The postpro-
cessing reads: given (Qupc, Uupc) in QHDG, u” on T2 . and @upe on Type U TY . U T, find

ul,. € (Wh(Qe, )] fore = 1,...,nSk. such that
— (Vew DIEVeui) = (Vew', Quoc)y, (4.500)
(wr, UEDG)QED = (ur, uHDG)Qe (4.50b)
(ug, VWU;[DG)Q = <'U«R7 Tupcu >aQe ArD (4.50c)

HDG HDG

+ <UR7 THDGuHDG>aQ§DG\FD s

HDG

for all (w*, wr, ug) € Q)™ X [UM(Q8,6)]7 x [UM(QC,,)]%4. The symbols V; and T
denote the skew-symmetric part of the gradient and the tangent operator in VOIGT notation and
they have been already defined in (3.15) and (3.20). The first equation in (4.50) is a least-squares
fit to the mixed variable @, while the last two equations remove the underdetermination of
the problem by constraining the rigid motions, i.e. ns4 translations and g4 rotations.
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4.3 Numerical examples

4.3 Numerical examples

The numerical examples presented in this section investigate the effectiveness of the proposed
strategy to couple HDG and CG discretizations in the context of thermal and elastic problems.
The proposed technique is compared against the other coupling strategy available in literature
and the influence of the NITSCHE parameter on the error is analyzed in the first two-dimensional
numerical example. The following example instead assesses the optimal convergence of the
HDG-CG coupling in a three-dimensional setting. The optimal global convergence of the stress
and the superconvergence of the displacement field, together with a locking-free approximation,
are then shown on two- and three-dimensional structural problems featuring multiple materi-
als with compressible and nearly incompressible behaviors. The HDG-CG coupling techniques
presented in this section have been implemented and tested in the MATLAB environment.

4.3.1 Two-dimensional thermal problem

The first numerical example considers a two-dimensional thermal problem, whose physical be-

havior is described by POISSON’s equation (4.1). The main purpose is to assess the optimal

convergence of the coupling strategies presented in Sections 4.1.3 and 4.1.4 and to analyze the

influence of NITSCHE’s parameter on the accuracy of the proposed hybrid HDG-CG coupling.
The analytical expression of the temperature field reads

T (z,y) = cos (g\/aﬂ + y2> , 4.51)

whereas the source term is given by

1 AL T T
_— m Sin (5\/ T2 + y2> + 5 COS <§\/ 22 + y2)

The computational domain 2 = (—1,1) x (—1, 1) is decomposed into two non-overlapping
subdomains, namely Qupc = (—1,0) x (—1,1) and Q¢ = (0,1) x (—1,1). The interface
is therefore identified by I'' = {(z,y) € R* : x = 0}. DIRICHLET boundary conditions,
corresponding to the restriction of the analytical solution to the domain boundary, are imposed
on I'” = 9. A unique thermal conductivity x = 1 is considered in the whole domain.

The domain 2 is discretized using uniform meshes of triangular elements and five levels of
refinement are considered for the convergence studies, i.e. r = [1,2,...,5]. In Figure 4.3, the
first three levels of mesh refinement are shown. The HDG subdomain is represented in blue
and the CG one in red, whereas the black line denotes the interface. The two aforementioned
coupling strategies are considered:

™

S(ﬂf,y):—

5 . (4.52)

1. HDG-CG local-global coupling strategy according to Section 4.1.3,
2. HDG-CG NITSCHE-based coupling strategy according to Section 4.1.4.

In the following spatial convergence studies, the polynomial degree of approximation ranges
from &£ = 1 to k = 5. For the stabilization of the HDG subproblem, a scaling factor Cr = 10
is considered. Given the thermal conductivity x = 1 and the representative length scale [ = 1,
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Figure 4.3: Computational mesh for two-dimensional thermal problem
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Figure 4.4: Solution of temperature for two-dimensional thermal problem

the stabilization parameter is considered equal to 7 = 10, according to equation (4.6). The
NITSCHE parameter for the second case is instead taken as v = 100.

The temperature field obtained with the NITSCHE-based coupling with » = 5 and k = 5
is exemplarily shown in Figure 4.4. The solution is obtained with a level of accuracy close to
machine precision and no numerical oscillations are observed on the interface I'Z.

The convergence of the error of the temperature measured in the £2 norm as a function of the
characteristic element size h is presented in Figure 4.5 for the first case. Optimal convergence
of order k + 1 is achieved in both the HDG subdomain (Figure 4.5(a)) and the CG subdomain
(Figure 4.5(b)).

The convergence results obtained with the proposed NITSCHE-based coupling are presented
in Figure 4.6, instead. Analogously to the first case, optimal convergence rates are obtained in
both subdomains. It is worth point out that, given the higher number of DOFs in the HDG sub-
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Figure 4.5: Spatial convergence study for two-dimensional thermal problem via local-global
coupling
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Figure 4.6: Spatial convergence study for two-dimensional thermal problem via NITSCHE-
based coupling

domain compared to the CG subdomain, the £? error in Qg is systematically smaller than
the corresponding one in ()., for a given level of mesh refinement  and polynomial degree k.
Moreover, for high mesh refinements, the NITSCHE-based coupling produces slightly smaller
errors compared to the local-global coupling. These differences are however minimal and the
two coupling strategies can be considered to provide nearly identical accuracy. As explained in
Section 4.1.4, the main advantage of the NITSCHE-based coupling is its minimally-intrusive na-
ture, which makes this approach extremely easy to implement in existing HDG and CG libraries.
Given the different treatment of the HDG global DOFs at the interface provided by the two cou-
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Figure 4.7: Plot of error as function of NITSCHE’s parameter for two-dimensional thermal prob-
lem

pling strategies, a different size of the final linear system is expected. However, this difference
is negligible for sufficiently fine meshes and high polynomial degrees. In fact, the number of
global unknowns resulting from the NITSCHE-based coupling is about 33% larger than the cor-
responding one obtained with the local-global coupling for » = 1 and k£ = 1, but this difference
reduces to less than 1% for » = 5 and k = 5.

This computationally inexpensive two-dimensional scalar problem constitutes a good bench-
mark for the analysis of the influence of NITSCHE’s parameter on the accuracy of the proposed
hybrid HDG-CG coupling. Figure 4.7 displays the evolution of the error, measured in the £?
norm, of the primal variable 7" on the whole domain 2 as a function of NITSCHE’s parameter
v using the third level of mesh refinement (r = 3) and the same polynomial degrees adopted
in the convergence studies, i.e. k& = [1,2,...,5]. In particular, the range v € (107',10%) is
subdivided into 256 equally spaced intervals in the logarithmic scale. It is well-known from lit-
erature that there exists a lower bound for v below which the method is unstable, as observed
by HANSBO [73] in the context general interface problems arising in computational mechanics.
The spikes in Figure 4.7 clearly show the range in which NITSCHE’s method provides unreliable
results, due to an insufficient stabilization introduced by the numerical scheme. On the one hand,
any value of ~y above this lower bound could be chosen to ensure stability, since NITSCHE’s
method is consistent. On the other hand, however, very large values of v may excessively in-
crease the condition number of the resulting linear system, leading to ill-conditioned problems.
An estimation of a lower bound of NITSCHE’s parameter can be obtained by solving an auxil-
iary generalized eigenvalue problem, as suggested by GRIEBEL and SCHWEITZER [70]. It is
worth noting that the value of 7 ensuring stable results varies by about one order of magnitude
in the range of polynomial degrees considered here. It is then clear that the value v = 100, used
for the convergence study in Figure 4.6, represents therefore a valid choice since it guaranties
stability without compromising the condition number of the linear system.
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4.3.2 Three-dimensional thermal problem
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Figure 4.8: Computational mesh for three-dimensional thermal problem

The second numerical example consists of a three-dimensional thermal problem and the main
goal is to assess the convergence properties of the proposed NITSCHE-based HDG-CG coupling
in a three-dimensional setting.

The analytical solution is

T (x,y,z) = sin (7z) sin (7y) sin (7z) , (4.53)
and it is obtained by applying the following source in the right hand side of equation (4.1)
s(x,y,z) = 3n%sin (1) sin (my) sin (72) . (4.54)

The computational domain is the unit cube 2 = (0,1) x (0,1) x (0, 1) and it is decomposed
into two non-overlapping subdomains, namely Q,c = (0,0.5) x (0,1) x (0,1) and Qce =
(0.5,1) x (0,1) x (0,1). The resulting HDG-CG interface is represented by the plane I/ =
{(x,y,2) € R®: z = 0.5}. Homogeneous DIRICHLET boundary conditions are applied on the
whole boundary I'” = 9(). The thermal conductivity is considered x = 1 in both subdomains.

Uniform meshes of tetrahedral elements are considered for the domain by splitting a regular
2" x 2" x 2" Cartesian grid into a total of 6 - 23" tetrahedra, giving element sizes of h = 1/2".
Five levels of mesh refinement are considered, i.e. 7 = [1,2, ..., 5], whereas only linear elements
(k = 1) are taken into account. The first three levels of mesh refinement are shown in Figure 4.8,
in which the HDG subdomain is represented in blue and the CG one in red. The interface plane
is instead denoted in black. The stabilization parameter considered is 7 = 1 and the NITSCHE
parameter for the coupling is taken as v = 100.

Figure 4.9 depicts the solution of the temperature field obtained on the finest mesh, i.e. 7 = 5.
The temperature has a zero value on the boundary and it reaches the maximum value of 1 in the
center of the domain. From the cut in )¢, the high regularity of the solution and the absence
of any irregularity on the interface can be observed. The convergence of the temperature error
in the £? norm is then shown in Figure 4.10 with respect to the HDG subdomain (left) and the
CG subdomain (right). Although the error in {2pc is always smaller than the corresponding one
in ()¢, given the higher total number of DOFs in the HDG discretization, optimal convergence
rates with order £+ 1 are achieved in both subdomains, confirming the capability of the proposed
hybrid coupling to accurately solve also three-dimensional problems.
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Figure 4.9: Solution of temperature for three-dimensional thermal problem
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Figure 4.10: Spatial convergence study for three-dimensional thermal problem
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4.3.3 Two-dimensional elastic problem

This numerical experiment considers a two-dimensional elastic problem, involving compress-
ible and nearly incompressible solids. It is inspired by the work of LAMICHHANE [98], who
proposed a mortar finite element method for the coupling of inhomogeneous materials. This ex-
ample serves as a benchmark for assessing the convergence properties of the NITSCHE-based
coupling in the context of multimaterial elastic problems and for highlighting the benefits of
adopting a nonuniform polynomial degrees of approximation.

The analytical solution in terms of displacement reads

(ux (x,y) =— 2(1T+V) [1 — cos (2mz)] sin (27y)

(1+v)(1-2v)
(1+v)(1—2v)+vE

xysin () sin (wy),

(4.55)
uy (,y) =+ 2<1—;—V) sin (27x) [1 — cos (2my)]
(I+v)(1—2v) . )
\ T+ 0) (= 2) 5 By o (re)sin ().

and the following forcing term is added in the right hand side of the governing equation in (4.33)

(fo (z,9) = —47*[1 — 2 cos (27x)] sin (27y)
E

2 (1+v)(1—2v)+VE] {[1 -7 (3 4v) I?J} sin (7x) sin (7y)
+7[2(1 —2v) x + y] sin (7x) cos (1Y)
+7[x 4+ 4 (1 — v)y] cos (mx) sin (my)

+m2zy cos (mx) cos (y) },

fy (z,y) = +47?sin (272) [1 — 2 cos (27y)]
E
2[0+v) (1 —2w) + vE]

{[1 —7*(3 — 4v) y] sin (rz) sin (ry

(7y)

+7[4(1 —v)x + y]sin (7z) cos (1Y)
+7 [z + 2 (1 — 2v) y] cos (mx) sin (7y)
(7y)

}.

The computational domain 2 = (—1,1) x (—1,1) is decomposed into two non-overlapping
subdomains, namely 2,;,. = (—1,0) x (0,1)U(0,1) x (—1,0) and Qcopp = (—1,0) x (—1,0)U
(0,1) x (0,1), featuring nearly incompressible and compressible behaviors, respectively. The
interface coincides with the Cartesian axes, i.e. ['/ = {(z,y) € R? : # = 0 or y = 0}. Homoge-
neous DIRICHLET boundary conditions are applied on the boundary I'” = 95).

A nearly incompressible and soft material is considered in €1,;,. with YOUNG’s modulus
E.inc = 25 and POISSON’s ratio v, ;.. = 0.49999, whereas a compressible and stiff material is
considered in {2.np, With YOUNG’s modulus E.qrp = 250 and POISSON’s ratio veope = 0.3.

For the convergence studies, the same triangular pattern of the two-dimensional thermal prob-
lem in Section 4.3.1 is used for meshing the computational domain and seven levels of refinement

L +72wy cos (mx) cos (my
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are adopted to observe the convergence rates in the asymptotic regime, i.e. 7 = [1,2,...,7]. The
meshes corresponding to the first three levels of refinement are shown in Figure 4.11, where the
nearly incompressible and the compressible subdomains are drawn in blue and red, respectively,
whereas the interface is denoted in black. In order to show the enhanced features of the hybrid
coupling, four strategies are considered in the following:

1. HDG method with degree k in (2,
2. CG method with degree k in 2,
3. HDG method with degree k in €2,,; .. and CG method with degree k in Qcnps

4. HDG method with degree k in €2,;,. and CG method with degree k + 1 in Qo With
HDG local postprocess.

The polynomial degree of approximation considered is k = [1,2, 3] and the coupling for the last
two cases is performed via the NITSCHE-based coupling presented in Section 4.2. A unique
stabilization parameter 7, = 2.5 - 102, estimated according to equation (4.46) with scaling factor
C, = 1, representative length scale [ = 1 and YOUNG’s modulus £ = max (Fyinc, Econp)s
is chosen whenever the HDG method is adopted. NITSCHE’s parameter is set to v = 2.5 - 103
for the third case and it is amplified by a factor of 10 for the fourth case, where a nonuniform
approximation is employed. It is worth recalling that, although some a priori estimates of the
lower bound of NITSCHE’s parameter may be derived as explained in Section 4.3.1, the value
of v is problem-dependent and is affected both by the equation under analysis and the material
parameters considered.

Figure 4.12 depicts the displacement magnitude on the second level of mesh refinement
(r = 2) with £ = 1. The discontinuity of the material parameters is responsible for the dis-
placement field in 2., to be one order of magnitude smaller than the one in €2,;,.. Thus,
the displacement values are magnified by a factor of 5, to appreciate the displacement in the
CG subdomain as well. Figure 4.12 clearly shows that the solution in the HDG subdomain is
approximated by means of polynomial functions discontinuous across the elements, whereas
the displacement field in the CG subdomain is continuous by construction. Moreover, an im-
proved solution is obtained in case 4 (Figure 4.12(b)) compared to case 3 (Figure 4.12(a)).
In fact, the CG solution gains accuracy by using polynomial functions of one degree higher,
whereas the HDG displacement improves through the inexpensive postprocessing in (4.50). The
VON MISES stress obtained with the same polynomial degree of approximation (£ = 1) on the
fifth level of mesh refinement (r = 5) is shown in Figure 4.13. It is computed in two dimensions
as

T = \/ng + 02, = OuxOyy + 303, (4.57)

The stress field is approximated with linear elements in the HDG subdomain, given the indepen-
dent interpolation of the (scaled) symmetric part of the displacement gradient by means of the
mixed variable Qyp. In the CG subdomain, instead, the computed stress is only elementwise
constant, leading to the rather coarse representation of oy, in Figure 4.13(a). Analogously to
the displacement field, an improved approximation is achieved for the stress field by employing
polynomial functions of one degree higher in the CG subdomain (Figure 4.13(b)).
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Figure 4.11: Computational mesh for two-dimensional elastic problem
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Figure 4.12: Solution of displacement for two-dimensional elastic problem
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Figure 4.13: Solution of VON MISES stress for two-dimensional elastic problem
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Figure 4.14: Spatial convergence study of displacement for two-dimensional elastic problem

The convergence of the error of the displacement on the whole domain {2 measured in the
£? norm as a function of the characteristic element size h is presented in Figure 4.14 for the
four cases considered. The CGy, approximation suffers from classical locking phenomena due to
the presence of a nearly incompressible material in €2,; ., preventing convergence for £ = 1,
whereas suboptimal rates of order & are obtained for higher polynomial degrees. On the contrary,
both the HDGy, and the hybrid HDG-CG;, method exhibit optimal convergence of order k + 1
without locking effects. It is worth noting that the HDGj-CGy, coupling produces almost identical
accuracy compared to the HDGy, case in terms of displacement, but at a significantly reduced
computational cost, given the smaller number of total DOFs. In fact, for the finest level of mesh
refinement considered (r = 7), the number of global unknowns is [195584, 293376, 391168] via
HDG;, and only [115202, 214018, 345602] via HDG,-CGy, for k = [1, 2, 3], respectively. Finally,
considering a nonuniform degree of approximation via HDG;-CGy,, and exploiting the HDG
postprocessing strategy, superconvergence with order k£ + 2 is achieved.
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Figure 4.15: Spatial convergence study of stress for two-dimensional elastic problem

The convergence results of the stress field are then reported in Figure 4.15. The computation of

the stress as a postprocessing of the displacement field leads to unreliable results, due to locking
effects, when the CG, approximation is adopted in the whole domain 2. On the contrary, a
direct approximation of the stress tensor is provided by mixed formulations. The HDG;, method,
in particular, exploits the definition of the mixed variable Qyp¢ to obtain optimal convergence
of the stress with order £ + 1. Then, when the HDG-CG;, method is adopted, only suboptimal
convergence of order k is obtained in the whole domain €2, given the suboptimal convergence of
the stress in ()...,. Finally, optimal convergence of the stress with order k£ + 1 can be globally
recovered, by adopting the hybrid HDG-CGy,,1 coupling.
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4 Coupling of HDG and CG discretizations

4.3.4 Bimaterial COOK’s membrane problem

This numerical example considers the classical bending-dominated problem of COOK’s mem-
brane. The problem is named after the author, who first reported it at COOK et al. [38]. After
its introduction, this example has been used by several authors, especially to test the quality of
finite element formulations in the presence of (nearly) incompressible solids. Here, a revisited
setting is considered to take into account two materials with different mechanical properties, as
proposed by LAMICHHANE [98]. The main objective is to show the locking-free behavior of
the proposed NITSCHE-based coupling of HDG and CG discretizations, as the POISSON ratio
tends to the incompressible limit, i.e. v — 0.5.

The domain of the tapered plate is defined as 2 = hull {(0,0), (48, 44), (48,60), (0,44)},
with hull {®} denoting the convex hull operator. A compressible material occupies the region
Qeomp = hull {(12,20.25), (36, 38.75), (36, 50.25), (12, 38.75) }, whereas a nearly incompress-
ible material is considered in the remaining space, i.e. 2,inc = 2\ Qcomp. The plate is clamped
on the left edge via homogeneous DIRICHLET boundary conditions (u” = 0) and it is sub-
jected to the shear load

N
4 —
{tx (48,y) =0, 458)

N _
tN (48,y) = 6.25,

applied on the right edge as a NEUMANN boundary condition. The geometry and the boundary
conditions of the problem are sketched in Figure 4.16.

Figure 4.16: Geometry and boundary conditions for bimaterial COOK’s membrane problem
The material in (2., is characterized by YOUNG’s modulus E..,, = 250 and POISSON’s

ratio Veonp = 0.35, whereas for the nearly incompressible material in €2,,;, YOUNG’s modulus
is Frine = 80 and POISSON’s ratio spans the values v, ;.. = [0.49,0.4999, 0.499999].
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Figure 4.17: Computational mesh for bimaterial COOK’s membrane problem

Uniform meshes of triangular elements are considered by subdividing the whole domain {2
into a total of 2 - 2272 triangles, with r = [1,2, ..., 5]. The first three levels of mesh refinement
are shown in Figure 4.17, in which the blue, the red and the black lines denote the subdomains
hinc and Qcornp and the interface M =Q...N Qcomp, respectively. As in the previous example,
four strategies are considered:

1. HDG method with degree k in (2,

2. CG method with degree £ in 2,

3. HDG method with degree k in €2,; .. and CG method with degree k in Qcopp,

4. HDG method with degree £ in €),,; .. and CG method with degree k£ + 1 in cqpp.

A constant stabilization parameter 7, = 10 is considered on all HDG faces and the NITSCHE
parameter v = 10 is adopted for the hybrid HDG-CG coupling.

All the displacement and stress components obtained via the different strategies on the fifth
level of mesh refinement with v/,,; .. = 0.4999 are compared in Figure 4.18. CGy, provides unreli-
able results due to locking effects while similar values are obtained with the other approaches. In
particular, a slightly more accurate stress approximation is achieved by the HDG;-CGy.; cou-
pling compared to the HDG-CGy, one, due to the increased accuracy in the CG subdomain. The
evolution of the vertical displacement of the top right corner is then plotted in Figure 4.19 as a
function of the number of elements in €2, for the various POISSON ratios. The closer the coeffi-
cient is to 0.5, the more severe is the underestimation of the displacement obtained via CGy. By
contrast, the other approaches are locking-free and lead to a tip vertical displacement of about
21, without loss of accuracy in the incompressible limit. In particular, a faster convergence is
observed for the nonuniform HDGy-CGy.; coupling, compared to the uniform counterpart.
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Figure 4.18: Solution of displacement and stress for bimaterial COOK’s membrane problem
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Figure 4.19: Plot of displacement for bimaterial COOK’s membrane problem
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4 Coupling of HDG and CG discretizations

4.3.5 Three-dimensional laminated composite beam

This numerical example considers a three-dimensional laminated composite beam to show the
capability of the proposed HDG-CG coupling to treat problems of interest for engineering ap-
plications. Laminated composite beams are widely used in industry because of the possibility to
assemble different materials in order to build new structures, exhibiting superior properties in
terms of strength or stiffness to weight ratio and high resistance to external agents.

The domain of the beam is the parallelepiped (2 = (—1,1) x (—1, 1) x (1, 10) and it is obtained
by stacking layers of alternating material properties. Two layers of a nearly incompressible ma-
terial occupy the region Q,;,. = (—1,1) x (—1,—0.5) x (0,10) U (—1,1) x (0,0.5) x (0, 10),
whereas other two layers of a compressible isotropic material are in considered in Q.o =
(—1,1) x (=0.5,0) x (0,10) U (—1,1) x (0.5,1) x (0,10). The interface is thus defined as
' ={(z,y,2) e R3:y=—-0.50ry=0o0ry = 0.5}. The beam is fixed at 2 = 0 by means of
homogeneous DIRICHLET boundary conditions (u” = 0) and it is subjected to the uniformly
distributed load

tN (z,1,2) =0,
t (,1,2) = —2.167 - 1072, (4.59)
tiv (x,1,2) =0,

on the top surface of the beam via NEUMANN boundary conditions. The geometry and the
boundary conditions of the problem are depicted in Figure 4.20.

t =1tV
[T I 1T T 1T T 1T TP TP T T T T3 1]
Yy 0.5 0.5
B 0.5 0.5
u=u 0.5 0.5
0.5 0.5
10 2

Figure 4.20: Geometry and boundary conditions for three-dimensional laminated composite
beam

Analogously to the previous numerical examples, the nearly incompressible material is softer
than the compressible one and the main resistance to bending comes from the compressible
and stiffer material. In particular, YOUNG’s modulus and POISSON’s ratio are F,;,. = 1 and
Vnine = 0.49999 in Q,;c and By = 10 and vegnp = 0.3 in Qeopp.

Three different mesh configurations are considered, whereas only elements of degree k = 1
are employed. The reference solution is computed using the HDG method on the mesh in Fig-
ure 4.21(c) featuring 414720 tetrahedral elements, for a total of 7568640 global DOFs, represent-
ing the displacement on the faces. As opposed to the strategy based on a nonuniform polynomial
approximation adopted in Sections 4.3.3 and 4.3.4, here an improved solution is achieved by
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(c) Reference mesh
Figure 4.21: Computational mesh for three-dimensional laminated composite beam



4 Coupling of HDG and CG discretizations

ndof }1 _ Uy/U§Ef| ‘1 _ ‘/y/‘/;fef} |1 _ Mx/M;ef|
HDG coarse 288000 0% 0% 0%
CG coarse 9963 75% 0% 78%
HDG-CG coarse 159282 8% 2% 7%
HDG-CG fine 172566 4% 2% 2%

Table 4.1: Number of DOFs and error for three-dimensional laminated composite beam

increasing the number of DOFs in the subdomain (2...,. More precisely, the coarse mesh in
Figure 4.21(a) counts 7680 elements both in €2,;,. and Q..n,, Whereas the fine mesh in Fig-
ure 4.21(b) features 7680 and 30720 tetrahedra in the two subdomains. The nearly incompress-
ible material is represented in blue and the compressible material in red, while the interface
planes are displayed in black. Five simulations are considered in total, by applying:

1. HDG method in €2 on the coarse mesh,

2. CG method in €2 on the coarse mesh,

3. HDG method in 2,,; .. and CG method in (2, on the coarse mesh,
4. HDG method in €2,,; .. and CG method in €2, on the fine mesh,

5. HDG method on the reference mesh.

The stabilization parameter in every HDG discretization is taken as 7, = 10 and the NITSCHE
parameter v = 100 is used for the hybrid HDG-CG coupling.

The relative error of the vertical displacement at the beam free end (point (0,0, 10)) and of
the shear and the bending moment at midspan (z = 5) is reported in Table 4.1 for the different
strategies considered, together with the associated number of global DOFs in the resulting linear
system. The displacement is directly obtained from the solution of the problem, while the shear
and the bending moment are computed in postprocessing through the following formulas

Vy(2) =— //O'Zy (x,y, z) dzdy, (4.60)
zJy

and

() == [ [0 @) (v - ) dudy, (@61)
zJy
The y-coordinate of the neutral axis is evaluated as

Ecomp - Eninc

h, 4.62
2 (Ecomp + Eninc) ( )

g:

with h = 0.5 being the thickness of a single layer of the beam. On the one hand, the HDG
method on the coarse mesh produces the same results of the reference solution, but at a high
computational cost (n®* = 288000). On the other hand, the CG method applied on the whole
domain produces completely unreliable results due to locking effects, except for the shear that
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Figure 4.22: Solution of displacement for three-dimensional laminated composite beam
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Figure 4.23: Solution of stress for three-dimensional laminated composite beam
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is correctly resolved. By employing the computationally cheap CG method in the compressible
region (..., and restricting the more demanding HDG method in the nearly incompressible
region €).; .., a physically reliable solution can be obtained at a reasonable computational cost.

Figure 4.22 shows the displacement components obtained with the hybrid formulation on the
coarse mesh (left) and on the fine mesh (right). Although the results are qualitatively comparable
in both cases, a slight improvement in the vertical displacement is achieved by adopting a finer
mesh in the compressible region, as revealed in Table 4.1. In Figure 4.23 the approximation of
the stress field is shown at the midspan section. Clearly, the compressible region is subjected to
higher stress levels compared to the nearly incompressible region, since Ecqnp > Ehine. The el-
ementwise constant interpolation of the stress in the CG subdomain produces a rather tessellated
representation on the coarse mesh, leading to a 7% error in the bending moment. The improved
approximation on the fine mesh in the compressible region reduces the error to just 2%, at a
small additional computational cost. The same level of accuracy is observed for the shear force.
Finally, in Figure 4.24 the evolution of the vertical displacement, the shear and the bending
moment along the beam axis is plotted. As anticipated in Table 4.1, the CG method severely
underestimates the displacement and produces an unreliable bending moment, while preserving
an accurate representation of the shear. On the contrary, the pure HDG method accurately re-
produce the reference results. Similarly, the HDG-CG coupling strategies produce satisfactory
results with improved accuracy when refining the compressible subdomain. It is worth noting
the presence of small oscillations in the shear force and the bending moment near to the clamped
face at z = 0, whenever a CG approach is adopted (cases 2, 3 and 4). These oscillations are
not surprising and they are solely attributed to the strong imposition of DIRICHLET boundary
conditions adopted in the CG framework.
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Figure 4.24: Plot of displacement, shear force and bending moment for three-dimensional lami-
nated composite beam
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This final chapter presents novel robust and efficient schemes for the solution of fluid-structure
interaction problems. The strategies proposed here exploit the findings of the previous chap-
ters and build upon the algorithms presented therein. More precisely, a weak compressibility
is considered in the fluid field, owing to the enhanced efficiency and robustness against the
potential instability issues discussed in Chapter 2. The HDG method derived in Chapter 3 is
then employed for the discretization of the fluid equations. In particular, the density-momentum
formulation with the ALE description of motion is chosen owing to its ability to deal with de-
forming domains with high-order accuracy and to its flexibility in solving weakly compressible
flow problems, as well as flows in the fully compressible regime with minimal changes. For the
coupling of the HDG and the CG discretizations, the techniques presented in Chapter 4, gen-
eralized for the solution of more complex unsteady and nonlinear multiphysics problems, are
adopted. More precisely, a partitioned DIRICHLET-NEUMANN scheme is formulated for the
solution of FSI problems by applying the HDG-CG local-global coupling in a staggered fashion,
hence circumventing the intrusive nature of this coupling by preserving the core structure of the
single-field matrices. Finally, a minimally-intrusive monolithic FSI solver is constructed by em-
ploying the HDG-CG NITSCHE-based coupling to impose the coupling conditions in the global
problem.

As already discussed in the introduction, a number of formulations have been proposed in
literature for the solution of fluid-structure interaction problems through either partitioned or
monolithic schemes. The procedure outlined by KUTTLER and WALL [91] in the context
of standard FEM constitutes the most representative example of strongly-coupled partitioned
scheme, whereas notable monolithic schemes can be found in the works of MAYR et al. [104],
HEIL [76], GEE et al. [61] and finally in the works of SHELDON et al. [144, 145] in the con-
text of HDG methods. In this thesis, several key aspects remain unaddressed in the context of
FSI, especially with regards to the development of efficient preconditioners for the resulting sys-
tem of linear equations and to the employment of advanced time integration strategies tailored
to the needs of the single fields. Indeed, the focus is on the spatial discretization and the novelty
stems from the aforementioned advanced hybrid discretization techniques developed to simulate
weakly compressible fluid flows interacting with nonlinear elastic structures undergoing large
deformations.

After recalling in Section 5.1 the strong form of the fluid and the structural subproblems,
in Sections 5.2 and 5.3 the partitioned DIRICHLET-NEUMANN coupling and the monolithic
NITSCHE-based coupling for the solution of FSI problems are presented, respectively. Spatial
and temporal convergence studies are presented in Section 5.4, together with two- and three-
dimensional fluid-structure interaction benchmarks highlighting the advantages of the proposed
approaches, as well as their capability to solve problems actual engineering interest. The content
of this chapter is mainly based on the work of LA SPINA et al. [97].
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5 HDG-CG formulations for FSI

5.1 Problem statement

The strong forms of the fluid and the structural single-field problems are briefly recalled here.
Clearly, the subscripts © and ©g refer to the fluid and the structural quantities, respectively.
The HDG density-momentum formulation of the fluid problem reads

( Ly +DY’V.vr=0
Ipr _
WJrﬂfV'aF*l'V'(PCF) =0

0
glt)f +pvrV -ar +V - (pur®cr)
+V3§ <D¥2LF + Epr (P]—')) = prbr
pF = P
pUF = pU%
_ D
PF = PF
_ D
PUFr = pur
PF = PF
pUF = pUx
—N§<D;?L;+Emfgyﬁ):t£
[pFnz] =0

[pvr@nzF] =0
[per m7] =0

[[(PUJF ® cr) n]—'ﬂ =0

I[N; <D¥2LI + Epr (/0]-')>H =0

\

in Q;_— X (t“ tf),

in Q;_— X (t“ tf),

in Q% x (t;,t5),
in Q% x (t;),

in Q% x (t;),

on 905 NT2 x
on 0% NT2 x (t;,tf),
on 005 \ T2 x (i, 1),
on 00% \ T2 x (i, 1),
on 005 NTY x (ti,ty),

ti,ts),

on F]: X (t“ tf),

with )z denoting the fluid domain, deforming in time according to the ALE description of
motion. This time dependency is however not explicitly indicated here for the sake of readability.
The CG displacement-based formulation of the structural problem reads

Pg (VUS) Ns = tg

\

in QS X (ti),

in Qg x (1), (5.2)

3 d2u5 )
Ps pTE - V- Pg (VUS) = pgbs m QS X (tiatf)’
Us = ’U,g
dus .
@ %
Us = ’U,g

on T x (ti,t),
onT'Y x (tisty),

with ()s denoting the undeformed structural domain, in the spirit of the total LAGRANGEan
approach. The physical meaning of the variables in (5.1) and (5.2) has been extensively discussed
in Chapters 2 and 3 and is not repeated here to avoid redundancy. The coupling conditions to
close the FSI problem depend on the specific scheme adopted and are exposed in the following.
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5.2 Partitioned DIRICHLET-NEUMANN coupling

Figure 5.1: Degrees of freedom of the HDG-CG discretization for partitioned DIRICHLET-
NEUMANN coupling

In this section, the HDG-CG formulation for fluid-structure interaction via the partitioned
DIRICHLET-NEUMANN coupling is presented. This approach formally follows the method-
ology exposed by KUTTLER and WALL [91] and adopted for instance in Chapter 2 in the
context of standard finite element methods. However, several considerations are needed to deal
with the hybrid discretization.

Figure 5.1 depicts the degrees of freedom of the HDG-CG discretization, for a polynomial
degree of approximation k£ = 2 for both the fluid (left) and the structure (right). The HDG local
DOFs are denoted with blue circles and include the fluid scaled strain rate tensor in VOIGT no-
tation, the density and the momentum. The HDG global DOFs are indicated with blue squares
and denote the trace of the fluid density and momentum. It is worth highlighting that, in the spirit
of the local-global coupling presented in Section 4.1.3, the global DOFs at the interface are sup-
pressed on the interface. More precisely, the DOFs associated to the trace of the momentum are
eliminated, whereas those associated to the trace of the density (here indicated in transparency)
need to be computed, according to the no-slip condition for moving boundaries discussed in Sec-
tion 3.4. The circles in cyan refer to the displacement of the fluid mesh in the ALE framework
and those in red denote the CG DOFs, i.e. the structural displacement.

The coupling conditions imposed at the fluid-structure interface can be written as

d
Por S _ o onr! x (tisty)s

pr dt (5.3)
P]: (L]:,p]: (p]:)) — Ps (Vus) ns =0 on FI X (ti, tf).

The first condition prohibits a flow across the interface and a relative tangential movement of the
fluid and the structure at the interface, whereas the second condition enforces the equilibrium of
the fluid and the structural forces at the interface.
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5 HDG-CG formulations for FSI

This partitioned scheme builds a DIRICHLET-to-NEUMANN map by taking the structural
solution at the interface as a DIRICHLET boundary condition for the fluid problem and impos-
ing the fluid normal flux as a NEUMANN boundary condition for the structural problem. The
traction equilibrium in (5.3) is therefore consistently expressed in terms of the first PIOLA-
KIRCHHOFF stress tensor. The fluid CAUCHY stress is transformed by means of the pull-back
operation

Pr (Lr,pr (p7)) = |Frlor (Lr,pr (p5)) FF'. (5.4)

with F'r denoting the deformation gradient, computed as a function of the displacement of the

fluid mesh as
Fr=Vdr+1 (5.5

The trace of the numerical normal fluxes in (5.1) are defined as in the pure fluid problem
(3.39), but replacing the trace of the fluid momentum at the interface with the product of the
trace of the fluid density and the time derivative of the structural displacement as

Nsd*

per T =
((pv? — pRaz) nr+71,(pr—p%) ondQ:NTZ,
(P — prag) -nr+7,(pF — pr) om0 \TZ\T7, (5.6a)
d
PF (% — a;) -nr+7,(pr — pr) ondNEN I,
\
(pvr@cr)ny =
(T pUD
pu? ® (p—g—a;)] nr + 75, (pvr — pU3) on 90% NTZ,
L F
[ pU _ (5.6b)
w;@(p,;f—a;)} nr+ 7, (pUF — pU£) on Q% \ T2\ T,
-A d’u,g dus N dus e I
\ p]:W (W — (1,]:):| n;+7'pu <[7'U]: p}-ﬁ) on 89;01" ,
N% (DY Ly + Bpr (pr)) =
NZ (D}/QL;—l—Ep; (pf)> T;fu (pv;—pv]Dr) on 095 N2,
(5.6¢)

_|_
N (DY’Ly + Bpr (7)) + 74, (pur — poy)  on 995 \TZ\T,

R . du .
NZ (le/QL; + Epr (,0;)) + Tgu (puf — p;d—ts) on 9Q% NTY,

By combining the definition of the stress in (5.6) with the transformation (5.4), the actual ex-
pression of the flux in (5.3) takes the form

Pr (T pr () is =

b

5.7
d’u,s) on FI ( )
dt

PV (DY B+ Bpr () B (-is) 4 7 (o =

with V™! denoting the inverse VOIGT operator defined in (3.6).
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5.2 Partitioned DIRICHLET-NEUMANN coupling

The fluid HDG local problems provide the expression of (Lx, pr, pvr) as a function of the
hybrid variables ()7, pvr) and the CG solution ugs at the interface. They are obtained as in the
pure fluid problem (3.41), with the novel definition of the numerical fluxes in (5.6) Their weak
form hence reads: given (p%, pv%) in Q% x (t;), (p%, pv2) on T2, pron Tz UTX UT!, pv -
on Pz UTH, u on TV x (t;) and us on I'Y, find (Lz, pr, pvr) € WH(Q%)|™ x V\/h(Qe ) X
Wh(Q%)]"= fore = 1,...,n% such that

— (W, Ly)g, + (VTD1/2W ”"f) _
PF <

D
<N§D}!QW,"”—;> <N§D1/2W ””f> (5.8)
PF [ a0snrd PF I ae\rR2\r1
+ <N£D1/2W dﬂ> :
dt a0eNT!
0 dd
(), (oo ),
ot ) g
dd
(VUJ,PUJT /)f—f> + (W, TppF) goe. =
Q F
pdd
_<w,< tf) nr Tpp2> (5.8b)
onenr
- < <pv]-' P]—‘ ) 7-ppA.7-'>
OQL\T 2\
o (5~ 2) -2
—\WPF |~~~ | "MF — TpPF ;
dt dt ’ a0eNT!
0 dd dd
R e e )
Qs PF Qs
+ <w7 <D1/2L}' + Epr (p]:)))ge * <w77'puﬂvf>amf — (w, bef)g; =
F
oz (G =i )| e et
o [t (B~ o
N p2 dt PR B (5.8¢)

g

P pU ddr .
< [oro (5 -5 )| e o)
L PF t IS\ R\T!
< -A dus 2 (d’u,g dd]:):| R du5>
w, |pFr - Nr — TowPFr—7 )
T dt dt dt Pt [ gge e
for all (W,w,w) € W"(Q%)]™ x Wh(Q%) x [Wh(Q%)]"=. Tt is worth highlighting that,
owing to the partitioned nature of this FSI scheme, no linearization of equations (5.8) with re-
spect to the structural displacement needs to be performed for the computation of the structural

stiffness matrix, hence circumventing the intrusiveness of the local-global coupling presented in
Section 4.1.3.
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5 HDG-CG formulations for FSI

The fluid HDG global problem remains substantially unchanged from the one in (3.42), with
the only difference that the global DOFs associated to the trace of the momentum are removed
not only of the DIRICHLET portion of the boundary, but also on the interface. The resulting
weak form therefore reads: find (pr, po ) € WHTz UTY UT) x PA(T#UTY)]"= such
that

el
nF

Z (W, 7, (pr — ﬁf»ag;\rg =0, (5.9a)

e=1

_ = N7 1/2 A _ o —
; <w’ N7 <DF Lz Epr (pf)> T (pU pvf)>aa;\r2\rf -

(5.9b)

n%
~ 4N
Z; (, tf>aQefmF¥ ’
for all (i, W) € WH(Tz UTY UTT) x PAVR(Tg UTY)ee,
The structural CG problem stems from equation (2.20) with the inclusion of the fluid traction
at the interface as a NEUMANN-type boundary condition. The resulting weak form then reads:
given Pr(Lx, pr(pr))ns on I and (u%, %) in Qs x (¢;), find us € [V"(Qs)]">* such that

d*u
(U,Ps 28) + (Vv, Ps (Vus))g, = (v, psbs)q, + (0,88 )y
W o ° (5.10)

- ; - . du
i <v’ V7 <D¥2LF+EW (pf)> Fr' (—ns)+ 7 (Pvf —pfd_ts>> :
I

for all v € [V}(Qs)]™. As highlighted for the local problems (5.8), no linearization of the
structural equation (5.10) with respect to either the global or the local fluid variables has to be
performed.

Remark. The strategy presented in this section to couple the fluid and the structure could also
be implemented in a monolithic fashion, by simultaneously solving the problems (5.8), (5.9) and
(5.10) in a large system of equations. An analogous method to couple HDG and CG discretiza-
tion was introduced by PAIPURI et al. [127] to solve conjugate heat transfer problems and it
has been adopted in Section 4.1.3 in the context of steady thermal problems. However, despite
some attractive features, this monolithic coupling of local and global degrees of freedom of the
HDG problem with the ones of the CG discretization would require the communication of the
local solvers for the computation of the stiffness matrix and the residual vector of the structural
problem, making the implementation of this strategy in existing HDG and CG libraries rather
intrusive.

The DIRICHLET-NEUMANN scheme presented in this section can more conveniently be
expressed in matrix form. All the quantities are assumed to refer to the time step n + 1, whereas
1 denotes the coupling iteration index of the related unknown vectors. Moreover, the barred terms
in the following refer to a modified version of the corresponding single-field matrices or vectors
and their definition is given in Appendix C. The solver coupling at each time step can therefore
be schematized as:
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5.2 Partitioned DIRICHLET-NEUMANN coupling

. Start with a predicted interface structural displacement [u].

. Update the fluid mesh by means of the ALE mapping [d] = ¢ ([u}]).

. Compute the fluid global solution [[AJ;] by solving the global problem

[Krr] [50%| = [f] + [EP(u)]. (5.11)

with
Ry R N S o S
£r] - g{[fﬁ}e—[ﬁm ol [ ] :fg]e}, (5.12b)
7] = é{ - Ko Koy, }éﬁj Egg:: %3]} (5.120)

and [£7 (u5)] denoting the DIRICHLET coupling vector on the interface.

. Compute the fluid local solution [LﬁT UHZ by solving the local problems

Kir Ky L] fL fLD B KLU N
|:KUL KUU}e [6U§E o | e* 2] 7 Kyol. [5UfL, (5.13)
fore:L...,nJi-l,

. Repeat steps 3 and 4 until convergence of the fluid problem.

. Compute a new structural solution [ﬁ?l] by solving the problem

[Kss] [u5"] = [fs] + |8 (L, UL, Uk u)| (5.14)
with
koo~ Afied om0 Awl | w1 A{m] s

and [@7 (L%, U, IAJZ;, ug)} denoting the NEUMANN coupling vector on the interface.

. Check the convergence of the interface displacement residual H [r?l} H < n with

[ = [us] — [uk]. (5.16)
Continue with next time step if the algorithm is converged, otherwise return to step 2 with
(w5 '] =w* U] + (1 — ™) [uk], (5.17)

where the relaxation parameter is updated by means of AITKEN’s A? method
W = ot ] (] = [ed]) /(1 [] = D] (5.18)
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5 HDG-CG formulations for FSI

5.3 Monolithic NITSCHE-based coupling

Figure 5.2: Degrees of freedom of the HDG-CG discretization for monolithic NITSCHE-based
coupling

In this section, the HDG-CG formulation for FSI via the monolithic NITSCHE-based coupling
is presented. This approach follows the methodology exposed in Sections 4.1.4 and 4.2 in the
context of thermal and linear elastic problems, respectively, but extended to deal with the more
complex unsteady, nonlinear and multiphysics nature of fluid-structure interaction.

The degrees of freedom of the hybrid HDG-CG discretization are shown in Figure 5.2 for
a polynomial degree £ = 2. The DOFs depicted therein refer to the same fluid and struc-
tural unknowns exposed in Section 5.2. However, owing to the global coupling provided by
the NITSCHE-based approach, the HDG global DOFs are kept on the interface. As discussed
in Section 4.1.4, this slightly increases the total DOFs count, but on the other hand it allows to
enforce the coupling conditions in a much less invasive way. Moreover, it eases the treatment of
potential nonuniform polynomial approximations as well as non-matching grids at the interface.

The coupling conditions needed to close the FSI problem defined by the single-field equations
(5.1) and (5.2) read

& _ dus 0 onT’ x (t;,tf),
pr dt (5.19)

07 (L, p7 (7)) — 05 (V) | nr =0 on T x (ti,1;),

From a practical point of view, this scheme builds a NEUMANN-to-DIRICHLET map by
imposing the traction equilibrium in (5.19) as a NEUMANN boundary condition in the fluid
global problem and enforcing the velocity compatibility in (5.19) in the structural problem via
the well-known NITSCHE method for the weak imposition of essential boundary conditions.
The equilibrium of the normal fluxes has to be expressed in terms of the CAUCHY measure
of the stress for consistency. The structural first PIOLA-KIRCHHOFF stress is transformed by
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5.3 Monolithic NITSCHE-based coupling

means of the push-forward operation
os (Vus) = |Fs| " Ps (Vugs) FL, (5.20)

with Fs being the structural deformation gradient, computed with respect to the reference con-
figuration as

Fs = Vs + 1 (5:21)

Nsd*

The trace of the fluid normal fluxes remain unchanged from the single-field problem in (3.39).
With the notation adopted for FSI problems, such fluxes can be written as

PCr MF =
(pv? — pRar) -ny+7,(pr — p?) ondQENTE, (5.22a)
(POF — praz) -nr+7,(pr — pr) ondNG\TZ,
(pvr ® cr)nF =
D puz D D
{Pvf ® (ﬁ - a]—')} nr+ 7, (m)f - pv;) on 00 NT'Z, (5.22b)
o ﬁl\)]‘— c o, e D
{Pvf@’ ( e _a]-')} nr + 7, (pvr — pvy) on Q% \ I,
N%Z (DY’Lr + E =
7Dz Lr+Epr(pr)) =
NE (DYLy + Bpr (08)) + 72 (pvs — pvB) ondQnT2,  (5:220)

NZ <D¥2L; + Epr (,6;)) + 78 (pvr — poy)  on 0%\ T2

The trace of the structural normal stress along the interface is instead defined as

Ps (Vugs) ns = Ps (Vug) ns — (dﬂ - ”f’f) onT’, (5.23)
h dt PF
with v being the NITSCHE penalty parameter and h denoting a characteristic element size on
the interface. It is worth reminding that the trace of the normal fluid stress in (5.22) is already
written in terms of CAUCHY stress and consistently defined on the deformed domain. On the
contrary, the trace of the structural normal stress in (5.23) has to be transformed according to
(5.20). Hence, the actual expression of the flux in (5.19) can be written as

S B du pU
a5 (Vug) iy = [Bs| Py (Vug) L (-np) — (d—; - %) onT!.  (524)

A similar definition of the trace of the CG normal stress has been adopted in Section 4.2 in
the context of linear elastic problems. However, some differences are worth highlighting. First,
while in (4.47) the NITSCHE method penalizes the jump of the displacements among the HDG
and the CG subdomains, here the penalization involves the structural velocity (computed as the
time derivative of the structural displacement) and the fluid velocity (computed as the ratio of
the traces of the fluid momentum and density). Secondly, the VOIGT notation is adopted in

119



5 HDG-CG formulations for FSI

linear elasticity owing to the symmetry of the CAUCHY stress, whereas the non-symmetric
nature of the first PIOLA-KIRCHHOFF stress tensor requires the computation of all its ns4 X
ngyq components. Moreover, while in the single-physics problem in Section 4.2 the same stress
measure is naturally chosen in the subdomains, here the adoption of a hybrid description of
motion, i.e. the ALE description in the fluid field and the total LAGRANGEan description in
the structural field, requires the aforementioned stress transformation for a consistent imposition
of the coupling conditions. Then, no ambiguity in the definition of the characteristic element
size arises in the case of linear elasticity, since the governing equations are written with respect
to the undeformed configuration. In fluid-structure interaction involving fluid flows interacting
with nonlinear elastic structures undergoing large deformations, the parameter i could refer to
the size of either the deformed fluid elements or the undeformed structural elements on the
interface. In the numerical examples presented in Section 5.4, the characteristic element size is
computed with respect to the undeformed structural configuration.

Owing to the global nature of the NITSCHE-based coupling, the fluid HDG local problems are
the same as in (3.41). With the new notation their weak form reads: given (p%, pv%) in Q% X (¢;),
(P2, pv2) on T2 and (pz, pUz) on Tz UTX UTYL, find (L, pr, pvr) € [WHQ%)]™e x
WH(QS) x WhQS )] fore = 1,...,n% such that

— (W,Lf)ge (VTD1/2W pwr) _
PF <
D
<N§D}/2W, it f>
oQenr

(22), (oo ),
o ) g

dd
(VUJ,PUI Pfd—tf> + <wyTpr>anf =
O (5.25b)

dd
~(wn(pop - B ) B
095.Nr2
. . ddr .
—\W | POr = PFr—— | "NF — TpPF )
dt Qe \Ir2

0 dd dd
('w, pv;) + ('w purV . f) (V'w,puf ® (& — —I))
ot ) dt prdt ) )

(5.25a)

<NTD1/ 2y PO > :
PF [ asre

+ (w, VE (DY’ Ly + Eps (pf))) (W, TpUr) oe. — (W, prbr) g, =
Q%
5.25¢)

P dd]: (
(o[t (55 -5 )] e )

F oQsNr2

dd —

(o |or e (52 ) [ e o)

pf dt 8Qe\FD

for all (W, w, w) € [Wh(Q%)]" x WH(Q%) x [Wh(Q%)]P=.
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5.3 Monolithic NITSCHE-based coupling

Exploiting the definition of the normal flux (5.23) and its transformed counterpart (5.24),
the fluid-structure global problem reads: given (u2,u%) in Qs x (%;), find (pF, pU£,us) €
WhTzUTEUTT) x WHTzUTE U x [V(Qs)]"= such that

ng

Z <UAja Tp (p}' - ﬁf))ag;__\rg =0, (5.26a)

e=1

—EZ{@uN£@#%¢+Emu#D+uﬂm¢—ﬁ#w
e=1

o0 \I'2
. _ du, pU
- <w [Fs| ' Ps (Vus) F (—nz) — 7 (d—f - ”:j)> } —  (526b)
905 AT
W AN
Zl <wvtf>agjfmr¥’
d*u,
(o5 )+ (T0.Ps(Vush,
Qs
v (dus pUr
— P — = — - 5.26
<U, s (Vus)ns — o ( i )>r1 (5.26¢)

8PS (V’U,S) dug p/’L\J]: . N
(et G- BE) =il + (0l

for all (i, @, v) € WH(Tr UTY UTT) x W7 UTY UTT)]r= x [Vi(Qs)]". In the spirit of
the HDG-CG NITSCHE-based coupling introduced in Section 4.1.4, all the coupling informa-
tion is exchanged solely in the global problem (5.26). It is worth highlighting that, owing to the
nonlinear nature of the structural stress (contrarily to the linear elastic problems in Section 4.2),
the evaluation of the directional derivatives of the first PIOLA-KIRCHHOFF stress tensor with
respect to the structural displacement are needed here for the computation of the last term in the
left hand side of the structural subproblem in (5.26). Considering the obvious non-symmetric
nature of the overall FSI problem, the non-symmetric variant of NITSCHE’s method discussed
by BURMAN [20] could be adopted in this context to avoid the introduction of the penalty pa-
rameter y. However, despite this attractive advantage, this variant has not been chosen because
of the suboptimal convergence behavior experienced by the same author in the framework of
simpler linear and scalar PDEs.

Remark. The strategy presented in this section to couple the fluid and the structure could in
theory be implemented in a partitioned fashion, by alternating the solution of pure fluid and
structural problems and exchanging the interface information among the fields. This method
can be referred to as partitioned NEUMANN-DIRICHLET coupling and it has been proposed
for instance by KUTTLER et al. [93] as a possible remedy for the so-called incompressibility
dilemma, referring to the treatment of FSI problems with fully enclosed fluids. However, as stated
by the same authors, despite the possibility to solve a number of academic examples, the method
usually fails to solve real world problems, because the response of stiff structures to varying
interface displacements is too sensitive for any numerical approach to find the equilibrium.
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5 HDG-CG formulations for FSI

After linearization of problems (5.25) and (5.26), discretized by means of a isoparametric
formulation, and by performing a static condensation of the local DOFs, the global linear system
that is solved in each NEWTON iteration to advance from the time step n to n + 1 reads

~ ~ =<, 5.27
[KS}' Kss]| [dus fs ©-27)

with the left hand side matrices computed as

" K, K] '[K
% — 4 K-~ — K~ K- LL BLU LU _
[K]-‘]—'} A { [KUU} . [ UL UU] e {KUL KUU} ) [KUﬁ} e} ) (5.28a)

[Krs] = A { (K], } : (5.28b)
el - A {0, 5250
[Kss] = 121 { (K., } : (5.284)

and the right hand side vectors computed as

el
nF

R R R o I T

e

fs] = 2{1 { [£.]. } : (5.29b)

The tilted terms refer to a modified version of the corresponding single-field matrices and vec-
tors. It can be noted that the proposed scheme requires only the inclusion of a small number of
terms arising from the definitions (5.23) and (5.24) in the fluid matrix Kﬁﬁ and in the struc-
tural matrix Kuu, as well as in the corresponding residual vectors f'ﬁ and f'u Hence, the matrices
K rr and K g feature the usual structure of the fluid and structural global problem, respectively,
whereas the blocks K s and K7 are responsible for the coupling and solely involve the fluid
hybrid variables and the structural unknown at the interface.

In the spirit of the NITSCHE-based coupling of HDG and CG discretizations, the fluid HDG
local problems remain unchanged and they require, at each NEWTON iteration, the solution of
the linear systems

K;;, Ky (SL]: fr KLﬁ [ ~
=] - 505 . 5.30
[KUL Kov], 0UF],  [fv], |Kyz], Fle (5-30)
fore = 1,...,n% . The expressions of all the matrices and vectors presented here are detailed in

Appendix C.
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5.4 Numerical examples

The numerical studies aim to assess the performance of the proposed HDG-CG formulations
for the solution of weakly compressible fluid-structure interaction problems. The first exam-
ple verifies the optimal convergence of both the partitioned DIRICHLET-NEUMANN cou-
pling and the monolithic NITSCHE-based coupling using the method of manufactured solu-
tions. The following examples highlight the enhanced robustness and efficiency of the proposed
approaches by means of two- and three-dimensional simulations. On the one hand, the parti-
tioned DIRICHLET-NEUMANN scheme has been implemented in the C++ in-house research
code BACTI [167], by extending the capability of the fixed-point solver described in Chapter 2 to
deal with hybrid HDG-CG discretizations. On the other hand, the monolithic NITSCHE-based
coupling has been implemented in MATLAB, by merging the HDG fluid solver used in Chapter 3
with the CG structural solver used in Chapter 4, extended to the nonlinear regime.

5.4.1 FSI problem with manufactured solution

The first numerical example considers a two-dimensional fluid-structure interaction problem
with manufactured solution. The generation of manufactured solutions for single-physics prob-
lems is a rather straightforward task and it simply consists in selecting a suitable continuous so-
lution and adding an appropriate source term to cancel out any imbalance in the PDEs, caused by
the arbitrary choice of the solution itself. Interestingly, this choice is often problem-independent
and it is not affected by the structure of the code used. On the contrary, the derivation of man-
ufactured solutions for the verification of FSI codes can be a quite complex task and a rigor-
ous procedure to generate a class of non-trivial solutions has been developed by ETIENNE et
al. [48]. Its main features are the rich structure of solution, ensuring that all terms of the dif-
ferential equations are exercised, and the absence of artificial tractions on the fluid-structure
interface, that would otherwise require substantial modifications for most codes. The problem
considered consists of an unsteady incompressible flow interacting with a flexible structure and
this flow configuration is simulated here by choosing a sufficiently small compressibility coef-
ficient. The goal of this example is then to assess the convergence properties of the proposed
HDG-CG formulations for fluid-structure interaction.
The parameters adopted to generate the solution according to [48] are

( d (t) = dpsin [27 (to + t)],
f(x,t) =1+sin(2nz)[1 — cos (2mx)] d (1),
Q&) =€[8=T(5(1) /%),

(5.31)
q=1,
a(z,y,t)=—(y—1)[1 4+ 10/3 cos (2mz) d (t)],
kb(l‘,’y,t) = 1’

with 6y = 1/20 and ¢, = 1/4. The function f(z,t) describes the shape of the deformed fluid-
structure interface and its temporal variation is defined by (). Q(&,t) and g are user-supplied
data characterizing the flow field. In particular, ¢ < 1 produces a non-zero velocity profile along
the bottom boundary, while ¢ > 1 would generate a no-slip condition. Finally, a(x,y,t) and
b(x,y,t) determine the structural solution.
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Figure 5.3: Computational mesh for FSI problem with manufactured solution
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Figure 5.4: Solution of fluid velocity for FSI problem with manufactured solution

More specifically, the structural displacement with respect to the undeformed configuration
()5 is given by
US \ T, 7t = a7, 7t’
sa (4, 4,1) = a(2,y,1) (532)
Usy (:L‘a Y, t) =b (ZE, y7t) (f (I’,t) - 1) .
An appropriate body force, satisfying the structural PDE:s, is then added to the right hand side of
the governing equations. It is computed with standard techniques, as already done in Sections 3.5
and 4.3 for single-physics problems. The fluid velocity is evaluated with respect to the deformed
configuration {2 r as

Vre (2,y,t) = (¢ + 1)y (R([f (z,1),1]) — R(y,1))
—qy" (S ([f (z, 1) ,1]) = S (y, 1)), (5.33)

o7y (2.9, = ( (@.0) ~ ) QUF ()] 2L | AT D),

with R(,t) and S(&, t) representing two auxiliary functions, computed as

9
R@ﬂzé@@ﬁw,
(5.34)

13
S (1) :/0 Q (x;t) xdx.

It is worth pointing out that the fluid velocity and the time derivative of the structural displace-
ment exactly match on the interface, by construction. The parameters chosen induce a sufficiently
complex flow, characterized by two pronounced vortices circulating in opposite directions. The
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flow field is shown in Figure 5.4 on the initial (left) and final (right) deformed configuration. The
interface tractions on I'! are evaluated through the push-forward operation

t(z,t) = (|Fs|'Ps(Vus) Fin)| (5.35)

y=f(z;t)’
with the deformation gradient Fs and the first PIOLA-KIRCHHOFF stress tensor Ps(Vug)
computed from the given displacement field (5.32) according to equations (2.14) and (2.13), re-
spectively. Then, n refers to the unit normal vector to the interface and its Cartesian components
can be directly evaluated from the definition of the deformed interface f(z,t) as

' RO )
:L" x?
= (TR0) |0
[ (of @y -
1) = 1 g N
\ny(:c,) +_ —i—( p )_
The fluid pressure is given by
pr (@,1) = Atyn, — Bt,n, + Btyn, — Ct,n, (5.37)

- )
Anyng, — Bngng + Bnyn, — Cngn,

with A(z,t), B(z,t) and C(x,t) being the independent components of the symmetric part of the
velocity gradient at the interface

Alz,t) = a;;x :
y*f(ﬂ?,t)
1 81}; 81)]:
B(x,t) = = ( - y) , (5.38)
2\ 9 0 )y fe
o)
C (z,1) = gfy .
\ y y:f(.l’,t)

The price paid to avoid fictitious interface tractions is the inclusion of the following spatially
varying viscosity

tyny — tyng,

pr () = 2 (Anyn, — Bngng + Bnyn, — Cngny)’ (5-39)
This term can be easily handled by computing the fluid viscosity at the quadrature points and its
implementation, if not already provided, does not represent a critical issue. As a last ingredient, a
body force balancing the fluid momentum equation is calculated. The computation of this term is
extremely complex and the symbolic math toolbox of MATLAB is therefore used for this purpose.

The computational domain €2 is composed by the union of the fluid subdomain 2 = (0,1) x
(0,1) and the structural subdomain 25 = (0, 1) x (1, 1.25), such that the interface (in the unde-
formed configuration) is identified as 'Y = {(z,y) € R? : y = 1}. The initial conditions and the
DIRICHLET boundary conditions are computed from the analytical solution and are imposed
on 2 x (0) and T'P = 99, respectively.
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Figure 5.5: Solution of fluid velocity and structural displacement for FSI problem with manu-
factured solution
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Figure 5.6: Spatial convergence study for FSI problem with manufactured solution via
partitioned DIRICHLET-NEUMANN coupling

The fluid reference density is p3° = 1, computed at the reference pressure p3°* = 0. To mimic
an incompressible flow, the compressibility coefficient is chosen extremely small, i.e. ¢ = 1079,
The structure is modelled as a ST. VENANT-KIRCHHOFF material with YOUNG’s modulus
Es =1, POISSON’s ratio vs = 0.49 and density ps = 1.

The meshes used for the convergence studies are obtained by splitting a Cartesian grid into a
total number of triangles equal to 2 - 22"*2 and 2 - 22" for the fluid and the structural subdomain
respectively, producing the same element sizes of & = 1/2"+1. In Figure 5.3, the fourth level
of mesh refinement (r = 4) is displayed with respect to the undeformed (top), initial deformed
(bottom-left) and final deformed (bottom-right) configuration. The fluid domain is plotted in
blue, the structural domain in red and the interface is highlighted in black. The time interval
analyzed is then ¢t € (0,1/8). The two HDG-CG formulations for FSI are considered in the
following:
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Figure 5.7: Spatial convergence study for FSI problem with manufactured solution via
monolithic NITSCHE-based coupling

1. partitioned DIRICHLET-NEUMANN coupling according to Section 5.2,
2. monolithic NITSCHE-based coupling according to Section 5.3.

The stabilization parameters for the fluid subproblem are taken as 7, = 1 /e and 7, = 10. The
convergence tolerance for the first case is set to 7 = 10~7 whereas the NITSCHE parameter for
the second case is v = 10°.

For the spatial convergence studies, the degrees of approximation considered are k = [1, 2, 3]
and the temporal integration is performed with BDF2 with a constant time step size of At =
2712 The level of mesh refinement sufficient to reach the asymptotic regime is r = [1,2,. .., 6]
fork = 1,r = [1,2,...,5] for k = 2 and r = [1,2,...,4] for k = 3. The approximation
of the magnitude of the fluid velocity and the structural displacement obtained via the mono-
lithic NITSCHE-based coupling on the second level of mesh refinement (r = 2) at t = 1/8

129



5 HDG-CG formulations for FSI

0 -6
é -1t é -7t
| =
= S
=) = 8l
20 )
= —— L7, BDF1 = —— pr, BDF1
—&— Ly, BDF2 — —=— pr, BDF2
-3 . . -9 | I
-2.2 -1.8 -14 -1.0 -2.2 -1.8 -14 -1.0
loglo(At) lOglo(At)
(a) Fluid scaled strain rate (b) Fluid density
-1 -2
o g 3]
=) =
= S
=3 = 41
) : 80 _
= —— pvyr, BDF1 = ] ——ugs, BDF1
—&— pvr, BDF2 —8— ug, BDF2
4 | [ -5 . I
-2.2 -1.8 -14 -1.0 -2.2 -1.8 -14 -1.0
loglo(At) loglo(At)

(¢) Fluid momentum (d) Structural displacement
Figure 5.8: Temporal convergence study for FSI problem with manufactured solution via
partitioned DIRICHLET-NEUMANN coupling

is exemplarily shown in Figure 5.5 for £ = 1 (top), & = 2 (middle) and £ = 3 (bottom).
The improvement of the approximation brought by k-refinement can be clearly observed on
this rather coarse mesh, especially with regards to the shape of the fluid-structure interface, de-
noted in black. The convergence of the error of the fluid and the structural variables in the £2
norm as a function of the characteristic element size / is shown in Figures 5.6 and 5.7 for the
partitioned DIRICHLET-NEUMANN coupling and the monolithic NITSCHE-based coupling,
respectively. Not surprisingly, the two formulations produce nearly identical results. In addition,
the optimal convergence of order k + 1 of the single-fields variables observed in Section 3.5 for
fluid problems and in Section 4.3 for structural problems is nicely preserved for the coupled FSI
problem too. A small degradation of almost half order is only observed in the convergence rate
of the fluid density error for £k = 3, but at a level close to machine precision.
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Figure 5.9: Temporal convergence study for FSI problem with manufactured solution via
monolithic NITSCHE-based coupling

For the temporal convergence studies, the time step sizes are At = [1/16,1/32,1/64,1/128]
and the backward differentiation formulas are considered, with BDFo = [1, 2]. The error associ-
ated with the spatial discretization is kept sufficiently small by adopting the polynomial degree
k = 3 on the mesh levels » = 3 and » = 4 for BDF1 and BDF2, respectively. The convergence
of the £? error as a function of the time step size At is shown in Figures 5.8 and 5.9 for the
two coupling strategies. The theoretical convergence rates of order BDFo are achieved for all the
fluid and structural unknowns with both coupling schemes.

In conclusion, both HDG-CG formulations accurately solve fluid-structure interaction prob-
lems with high-order accuracy and no loss of accuracy is observed for the fluid mixed and primal
variables and for the structural displacement. However, no superconvergence of the postpro-
cessed fluid velocity is achieved in this numerical example and further investigation would be
required to understand the causes.
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5.4.2 FSI benchmark

The second numerical experiment considers a complex two-dimensional fluid-structure interac-
tion problem with large deformations. It was introduced by TUREK and HRON [159] and later
used by several authors to test a great variety of FSI codes. The objective of this example is to
show whether the developed HDG-CG formulations can deliver a meaningful coupled system
response on a widely accepted benchmark.

The computational domain is the rectangle 2 = (0,2.5) x (0,0.41) m in which a flexible
structure Qs = (0.25,0.6) x (0.19,0.21) m is fully attached to a rigid circular block €2 with
radius 0.05 m and centred at point (0.2, 0.2) m. The fluid region is identified by Qr = Q\Qs\Qc.
It is worth highlighting that, as stated by TUREK and HRON [159], the setting is intentionally
non-symmetric to prevent the dependence of the onset of any possible oscillation on the precision
of the computation. A smoothly increasing parabolic profile is imposed on the inflow as
3 y (0.41 — y) 1 — cos (7t /t)

,

P UF kg/(m? - 5) ift <1,

2 (0.41/2)° 2
pu2, (0,y,t) =
@ 3y (041 —y) __. ) . _(5.40)
SEATET ety kg (m? - s ift > 1,
2 (0412 pF Ur kg/( )

(
|7, (0,y,1) =0 kg/(m” - s),

with ¢ = 2 s and Ur = 1 m/s, resulting in a REYNOLDS number of about 100 when the
flow has completely developed. No-slip boundary conditions (pv2 = 0) are applied on the top
and bottom, whereas the fluid density is imposed equal to its reference value (p2 = p3ef) at
the outflow. The structure is considered clamped (u% = 0) on the left edge. In addition, both
the fluid and the structure are at rest at the beginning of the simulation. The geometry and the
boundary conditions are depicted in Figure 5.10.

The fluid viscosity is uz = 1 kg/(m - s), the reference density p3* = 10% kg/m? evaluated
at the reference pressure p5** = 0 N/m?. To mimic an incompressible flow, the compressibil-
ity coefficient is taken as ex = 107° s?/m?. The structure is modelled as a ST. VENANT-
KIRCHHOFF material with YOUNG’s modulus Es = 1.4 - 105 N/m?, POISSON’s ratio
vs = 0.4 and density ps = 10* kg/m3.

The fluid and the structural domains count 4189 and 1120 triangular elements, respectively.
The fluid mesh is refined on the circular block and on the interface to match the structural nodes
and the degree of approximation is & = 2 for both fields. The fluid mesh is constructed through
the MATLAB code by PERSSON and STRANG [131], by providing a suitable mesh density
function. The resulting computational mesh is shown in Figure 5.11, together with a close-up
on the region around the structure for a better visualization. The evolution in time in the span
t € (0,15) s is performed with the BDF2 method with a time step size At = 0.002 s. The two
HDG-CG formulations are considered, i.e.:

1. partitioned DIRICHLET-NEUMANN coupling,
2. monolithic NITSCHE-based coupling.

The stabilization parameters in the fluid HDG discretization are taken as 7, = 100/cr and
T, = 10. The convergence tolerance for the coupling iterations of the partitioned scheme in
case 1 is then set as n = 10~?, while the NITSCHE parameter for case 2 is v = 10°.
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Figure 5.10: Geometry and boundary conditions for FSI benchmark
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Figure 5.11: Computational mesh for FSI benchmark
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Figures 5.12 and 5.13 show snapshots at different time instants for the fluid velocity magni-
tude and pressure, respectively. The flow exhibits a complex behavior and induces a significant
structural deformation. The evolution of the tip structural displacement and of the lift and drag
forces exerted by the fluid on the structure and on the circular block are shown in Figure 5.14.
It is worth pointing out that the displacement is directly obtained from the solution of the struc-
tural subproblem, while the lift and the drag forces are computed in postprocessing through the
following formula

[f D} - / N5 (DY Lz + Eps (p5) ) dr. (5.41)
fL aﬁfﬂ(é)ﬂsué)(}c)

An excellent agreement of the two HDG-CG coupling strategies is obtained in terms of both z-
displacement (Figure 5.14(a)) and y-displacement (Figure 5.14(b)). No comparison is provided
for the lift and drag forces, since their computation has been solely implemented in the MATLAB
code for the monolithic NITSCHE-based coupling. However, given the practically indistinguish-
able displacement response in the two cases, no differences are expected with respect to these
quantities too.

A detailed view of the displacement and the drag and lift forces over a time window of 1 s for
the fully developed flow is offered in Figures 5.15 and 5.16, respectively. The computed values
are compared to the results obtained by TUREK and HRON [159] and SHELDON et al. [144].
On the one hand, TUREK and HRON adopted a monolithic CG method with a multigrid solver
on different spatial and temporal discretization levels. On the other hand, SHELDON et al.
employed a monolithic approach for the solution of the whole problem by means of the HDG
method with a polynomial degree £ = 2. Even though both the proposed HDG-CG coupling
strategies provide overall meaningful results, some non-negligible differences can be noted in
terms of the horizontal displacement and drag force with respect to the reference values reported
by TUREK and HRON. In particular, the amplitude of the z-displacement and the amplitude of
the computed drag force are overestimated by about 4% and 6%, respectively. The mismatch with
the widely accepted results provided by TUREK and HRON might be attributed to an insufficient
spatial resolution of the computational mesh adopted here. A summary of mean (M), amplitude
(2) and frequency (F) of the compared quantities is offered in Table 5.1. These numbers are
explicitly reported by TUREK and HRON [159], while the others are extrapolated from the
plots in SHELDON et al. [144]. It is worth noting how the values presented here lie in between
the ones provided by TUREK and HRON and the ones obtained by SHELDON et al. for all the
compared quantities.

Usy [mm] usy [mm] fu [N] fo [N]

M A F M A F | M A F M A F
DIRIC-NEUM | —15.1 [ 129 [38 |12 [822 |19 -] - [ = | - [ - [ -
NITSCHE —15.1 [ 1293812822 19[1]239|19]215] 78] 3.8
SHELDON | —15.6 133 [38[1.2[839[1.9|2|247[1.9] 2188238
TUREK —14.6 | 124 [ 3.8 [ 1.2 [80.6 [ 2.0 | 1] 234 2.0 209 | 74] 3.8

Table 5.1: Results comparison for FSI benchmark
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Figure 5.12: Solution of fluid velocity for FSI benchmark
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Figure 5.13: Solution of fluid pressure for FSI benchmark
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Figure 5.14: Plot of displacement, lift and drag for FSI benchmark
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Figure 5.15: Plot of displacement in detail for FSI benchmark
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Figure 5.16: Plot of lift and drag in detail for FSI benchmark
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5.4.3 Two-dimensional channel with flexible wall

This numerical experiment considers a convergent fluid channel containing a flexible wall struc-
ture attached to its bottom. It was introduced by MOK [108] as a challenging test for the stability
of FSI algorithms, due to the strong coupling between the fluid and structure given by their sim-
ilar densities, i.e. pr/ps ~ 1. A similar setting has been later used by MOK and WALL [109]
and by ROSSI and ONATE [138], among others. The main goal of this example is to compare
the proposed weakly compressible HDG-CG formulations for fluid-structure interaction on a
challenging two-dimensional setting.

The fluid domain (2 consists of a convergent channel with a total length of 1.75 m and with a
height of 0.5 m at the inflow and 0.2 m at the outflow. A parabolic momentum profile is imposed
at the inflow according to

4y (1 - y) M P Tr kg/(m2-s) ift <1,
4y (1= ) 550 ke 5 ife>f, G4
o2, (0.9.1) = 0 kg /(m? - 5)

pv.l;x (07y7t) =

with ¢ = 10 s and 7 = 0.06067 m/s, resulting in a REYNOLDS number of about 100 when
the flow is completely formed. No-slip (pv2 = 0) and free-slip (pv2 , = 0) boundary conditions
are considered on the bottom and on the top sides of the channel, respectively, whereas the fluid
density is imposed equal to its reference value (p2 = p3°%) at the outflow. The structural domain
(25 is then constituted by a thin wall with thickness 0.005 m and height 0.25 m. It is located on
the bottom of the channel at a distance of 0.5 m from the inflow and it is considered fixed at the
base (uf = 0). Both the fluid and the structure are then considered at rest at the beginning of
the simulation. A sketch of the geometry and the boundary conditions is given in Figure 5.17.

The weakly compressible fluid is characterized by a viscosity of ur = 0.145 kg/(m - s)
and a reference density of p5** = 956 kg/m?, evaluated at the reference pressure p3f =
0 N/m?. Three different orders of magnitude are considered for the compressibility coeffi-
cient, i.e. e = [0.001,0.01,0.1] s*/m?. The constitutive behavior of the structure is described
by a ST. VENANT-KIRCHHOFF material with YOUNG’s modulus Es = 2.3 - 105 N/m?,
POISSON’s ratio vs = 0.45 and density ps = 1500 kg/m3.

The fluid domain is discretized with 772 triangular elements, whereas the structural mesh is
obtained by splitting a Cartesian grid into a total number of 200 triangles. A boundary layer
mesh is constructed near the structure, such that the fluid and the structural nodes match at the
interface. A polynomial degree of approximation k£ = 2 is considered in the whole domain. The
computational mesh adopted in the following simulations is shown in Figure 5.18 with respect to
the initial configuration. The interval analyzed is ¢ € (0,25) s and the BDF2 method is applied
for the temporal integration. In order to assess the stability of the coupling strategies with respect
to artificial added mass effect in the limit of vanishing time step size, three time step sizes are
adopted, i.e. At = [0.1,0.01,0.001] s
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Figure 5.17: Geometry and boundary conditions for two-dimensional channel with flexible wall
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Figure 5.18: Computational mesh for two-dimensional channel with flexible wall

Three formulations are considered:

1. incompressible CG-CG partitioned DIRICHLET-NEUMANN coupling,

2. weakly compressible HDG-CG partitioned DIRICHLET-NEUMANN coupling,
3. weakly compressible HDG-CG monolithic NITSCHE-based coupling.

The stabilization parameters in the fluid HDG discretization are taken as 7, = 10/cr and
T, = 1. The convergence tolerance for the coupling iterations of the partitioned scheme in
cases 1 and 2 is then set as n = 107, while the NITSCHE parameter for case 3 is v = 100.
It is worth reminding that the monolithic NITSCHE-based coupling is implemented in an inde-
pendent MATLAB code, whereas the partitioned DIRICHLET-NEUMANN coupling approaches
share a large number of libraries in the BACT platform. Therefore, the partitioned and the mono-
lithic schemes are compared only on a qualitative level, while a comparison in terms of robust-
ness can be fairly established between the incompressible CG-CG and the weakly compressible
HDG-CG partitioned approaches.
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Figure 5.19: Solution of fluid density for two-dimensional channel with flexible wall
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Figure 5.20: Solution of fluid momentum for two-dimensional channel with flexible wall
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(a) Partitioned DIRICHLET-NEUMANN coupling
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Figure 5.21: Plot of structural displacement for two-dimensional channel with flexible wall

The snapshots in Figures 5.19 and 5.20 depict the temporal evolution of the fluid density and
momentum field, respectively, obtained for case 3 with e = 0.1 s*/m? and At = 0.1 s. For
largest compressibility level considered, the fluid density variation from its reference value is
always below 1%. The momentum field highlights instead a strongly unsteady behavior charac-
terized by the formation of a primary and a secondary vortex circulating in opposite directions in
the wake of the wall during the 10 s of start-up and for approximately additional 5 s, after which
a steady flow is gradually established. In Figure 5.21 the horizontal displacement of the top-
center of the structure is plotted for all the considered cases. The structural displacement closely
matches the one obtained by considering the flow fully incompressible and the two coupling
strategies provide nearly identical results. Table 5.2 reports the average value of the relaxation
parameter and the average number of coupling iterations over the entire simulation. On the one
hand, the incompressible solver requires a relatively small w,, and a large i.,4 for At = 0.1 s
and it fails to converge for smaller A¢. On the other hand, the weakly compressible HDG-CG
partitioned DIRICHLET-NEUMANN coupling is always able to converge with an increase of
Wavg and a decrease of 7,,5 when increasing € and decreasing At. Similarly, the monolithic
NITSCHE-based coupling never fails, regardless of the time step size.

At=0.1s At =0.01s At =0.001 s
Wavg tavg Wavg lavg Wavg tavg

Incompressible 0.17 27.5 - - - —
er = 0.001 s?/m? 0.19 22.5 0.20 34.0 0.45 16.1
er = 0.01 s*/m? 0.20 22.5 0.29 22.6 0.64 8.2
er =0.15%/m? 0.23 18.4 0.47 114 0.86 4.6

Table 5.2: Relaxation parameter and coupling iterations for two-dimensional channel with flexi-
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5.4.4 Three-dimensional channel with flexible wall

This numerical example considers a three-dimensional elastic wall embedded in a channel flow.
It was first introduced by GERSTENBERGER and WALL [65] in the context of fixed-grid fluid-
structure interaction problems and it was later used by MAYR [103] to discuss the properties
of an adaptive time-stepping procedure for monolithic FSI solvers. More recently, this example
was used by NITZLER et al. [124] to investigate the effects of an uncertainty in the model input
on the final response of the coupled system. The goal of this problem is to show the enhanced
robustness of the weakly compressible HDG-CG formulation on a three-dimensional setting.

The overall computational domain is given by Q = (0, 3) x (—0.25,0.25) x (—0.5,0.5). The
structural domain is Qs = (0.5,0.55) x (—0.25,0.15) x (—0.3,0.3) and the fluid occupies the
remaining region Qz = Q \ Qs. The inflow momentum is given by

( 1 —cos(mt/t) ... . ~
2, (0,9, 2,1) = (1= 16y%) (1 —42") ————=p5"vF ift <t
(1= 16y°) (1 —42%) p"0r ift>1 (543

puR, (0,y,2,t) =0,
lov_l;z (07y727t> - O’

with £ = 5 and 7 = 0.1. No-slip boundary conditions (pv2 = 0) are applied on the top and the
bottom, as well as on the lateral walls, whereas the fluid density is imposed equal to its reference
value (p]’@- = pﬁff) at the outflow. The structure is then considered clamped (ug = 0) on the
bottom face. A sketch of the geometry and the boundary conditions is given in Figure 5.22.

y 3 1
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Figure 5.22: Geometry and boundary conditions for three-dimensional channel with flexible wall
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Figure 5.23: Computational mesh for three-dimensional channel with flexible wall
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Figure 5.24: Solution of fluid velocity and pressure and structural displacement for three-
dimensional channel with flexible wall

The fluid viscosity is x = 0.01 and the reference density p3°* = 1, computed at the reference
pressure p5° = 0. Three orders of magnitude are considered for the compressibility coefficient,
i.e. e = [0.001,0.01,0.1]. The structure is then modelled as a Neo-HOOKEan material with
YOUNG’s modulus Es = 500, POISSON’s ratio vs = 0 and density ps = 1.

The fluid domain contains 25664 hexahedral elements, whereas the structural mesh is subdi-
vided into 4 x 32 x 12 hexahedrons, for a total number of 1536 elements. The fluid mesh is
refined on the interface and it matches the structural one and the polynomial degree of approxi-
mation is £ = 1 for both fields. Figure 5.23 depicts the fluid mesh on top and structural mesh on
bottom. The time interval is ¢ € (0, 10) and the integration in time is performed with the BDF2
method. Three different time step sizes are then considered, i.e. At = [0.1,0.01,0.001]. Two
formulations are compared:

1. incompressible CG-CG partitioned DIRICHLET-NEUMANN coupling,

2. weakly compressible HDG-CG partitioned DIRICHLET-NEUMANN coupling.

It is worth pointing out that the monolithic NITSCHE-based coupling presented in Section 5.3
is implemented in an independent MATLAR code limited to two-dimensional geometries and
it cannot therefore be applied for the example under analysis. The stabilization parameters are
7, = 1/e7 and 7,, = 1 for the HDG subdomain and the tolerance for the coupling iterations is
taken as 7 = 10~7 for both cases.

The solution at ¢ = 10 obtained via the weakly compressible formulation with ez = 0.01
and At = 0.1 is exemplarily shown in Figure 5.24. The vertical and bottom planes illustrate
the magnitude of the fluid velocity and pressure, respectively, whereas the structure is coloured
according to its displacement magnitude. The z-component of the displacement of the struc-
ture center-top point (with coordinates (0.525,0.15,0)) is shown in Figure 5.25. The displace-
ment at the steady-state condition differs from the incompressible and weakly compressible case
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Figure 5.25: Plot of structural displacement for three-dimensional channel with flexible wall

by about 6%. The HDG stabilization parameters are observed to have a non-negligible influ-
ence on this gap and their role on the overall quality of the solution of the coupled problem
would need further investigation. Finally, Table 5.3 summarizes the average relaxation param-
eter and the average number of coupling iterations required to meet the convergence criterion.
Like the previous numerical example in Section 5.4.3, the incompressible partitioned scheme
is able to convergence in a relatively large number of coupling iterations for a large time step
size (At = 0.1). However, the incompressible solver fails before reaching the final time of
the simulation for smaller time step sizes. On the contrary, the weakly compressible HDG-CG
partitioned DIRICHLET-NEUMANN coupling is way more robust and exhibits an enhanced
behavior when increasing the compressibility coefficient and decreasing the time step size. In
the extreme case, for e = 0.1 and A¢ = 0.001, no relaxation is needed at all since w = 1 in all
steps and almost no coupling iterations are needed to satisfy the convergence criterion.

At =0.1 At =0.01 At = 0.001
Wavg | Gavg | Wavg | davg | Wave favs

Incompressible 0.33 10.9 - — - -
er = 0.001 0.37 10.1 0.43 7.7 0.54 2.2
er =0.01 0.39 8.7 0.57 4.2 0.74 0.8
er=0.1 0.44 6.2 0.78 24 1.00 0.4

Table 5.3: Relaxation parameter and coupling iterations for three-dimensional channel with flex-
ible wall
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5.4.5 Micropump

The last numerical example simulates the functioning of a valveless micropump. Micropumps
are devices operating at the micrometer level and are able to effectively control small fluid vol-
umes. The interest in the design and development of reliable and efficient micropumps has in-
creased over the last decades because of the potential applications in the industrial and biomed-
ical field. Among many other applications, micropumps can be adopted for the smart drug de-
livery for the treatment of diabetes, cancer and ocular pathologies in forms of ultra-thin patches,
implantable systems or intelligent pills. A comprehensive overview on micropump technologies
can be found in the review articles by NGUYEN ez al. [116], IVERSON and GARIMELLA [84]
and AMIROUCHE et al. [4]. The specific setting adopted here, is taken from the model devel-
oped by HANCOCK et al. [71, 72] of Veryst Engineering and set up in the simulation software
COMSOL Multiphysics. The goal of this example is to show the capability of the HDG-CG
coupling for FSI to solve problems of actual engineering interest.

The fluid domain €2z consists of a horizontal channel that is 600 pm long and 100 pm high.
At the center of the top side of the channel, a vertical chamber with dimensions 80 x 100 pm is
attached. A thickness of 10 pm is considered in order to compute the fluid volume pumped over
time by the micropump mechanism. However, since no edge effects due to out-of-plane walls are
included in the model, this is equivalent to model a thin section of a much thicker channel. The
action of an oscillatory piston is simulated by imposing a time-periodic parabolic momentum
profile at the inflow on the top of the chamber according to

pu.gac (l’, 2'10747t) =0 kg/(m2 ’ S)’

_ 3(x+4107%) (v — 4107°) |
D (x,2.107%,t) = = sin (27t /) p==tUr kg/(m? - s),
P2, ( )=5 (11057 (2mt/t) pi"Ur kg/(m” - s)

(5.44)

with ¢ = 1 s and Ur = 0.16 m/s, resulting in a REYNOLDS number of 16. The fluid density
is imposed equal to its reference value (p2 = pi%) on the left and the right sides of the chan-
nel, denoted in the following with '}t and I 9", respectively, whereas no-slip (pv2 = 0)
boundary conditions are considered on the remaining fluid walls. The structural domain 2g is
then constituted by two bendable microflaps 70 p#m long and 4 pm wide, attached to the channel
bottom (u% = 0) with a tilt angle of 45° and whose center points are located 150 yum far from
the outflow sides. Both the fluid and the structures are considered at rest at the beginning of the
simulation. A sketch of the geometry and the boundary conditions is given in Figure 5.26.

The fluid parameters represent water, characterized by a viscosity of uz = 0.001 kg/(m - s)
and a reference density of p3f = 1000 kg/m?, evaluated at the reference pressure p5* =
0 N/m? A compressibility coefficient ez = 0.01 s>/m? in considered to keep the density
variation below 0.1%. The structure is made of polydimethylsiloxane (PDMS), a biocompatible
polymer widely used for the fabrication of microfluidic devices. Its constitutive behavior can be
described by a ST. VENANT-KIRCHHOFF model with YOUNG’s modulus Es = 3.6 - 10°
N/m?, POISSON’s ratio vs = 0.499 and density ps = 970 kg/m?.

The computational domain counts about 4000 triangular elements in the fluid region and
nearly 300 triangular elements in the structural domain. The fluid mesh is refined on the fluid-
structure interface and on the corners at the intersection between the horizontal channel and
the vertical chamber to properly resolve the flow features in these areas. A polynomial degree
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Figure 5.26: Geometry and boundary conditions for micropump
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Figure 5.27: Computational mesh for micropump

k = 3 is considered in the whole domain. This degree allows to achieve an accurate flow so-
lution without further mesh refinement and it moreover avoids potential locking effects in the
nearly incompressible structures. The computational mesh is shown in Figure 5.27 with respect
to the initial configuration. A total duration of 2 s is analyzed, i.e. t € (0, 2) s, corresponding to
two full cycles of the pumping mechanism. The second order BDF2 method is applied for the
temporal integration and a time step size At = 0.01 s is adopted, to capture the abrupt changes
in the flow driven by the interaction with the flexible flaps. The stabilization parameters for the
HDG fluid discretization are taken as 7, = 100/c# and 7,, = 100. The previous numerical ex-
amples of this chapter have systematically demonstrated how the two proposed formulations for
fluid-structure interaction provide identical physical results. Hence, solely the computationally
efficient monolithic HDG-CG formulation is here adopted for the simulation of the micropump
functioning and the results are compared with those obtained by the creators of the model in
COMSOL.
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Figure 5.28: Solution of fluid velocity for micropump
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Figure 5.29: Solution of fluid pressure for micropump
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Figure 5.30: Plot of net volume pumped for micropump

Figures 5.28 and 5.29 exemplarily display the fluid velocity and pressure field, respectively,
at times ¢ = [0.25,0.50,0.75] s, corresponding to [1/4,2/4, 3/4] of one period of the pumping
mechanism. During the downstroke (Figures 5.28(a) and 5.29(a)), the left flap bends backward
narrowing the channel and therefore significantly reducing the volume of fluid pumped out of
the left boundary, while, on the contrary, the right flap bends forward widening the channel and
easing the flow out of the right boundary. At half-cycle (Figures 5.28(b) and 5.29(b)) negligible
pressure gradients instead arrest the flow and the structures return approximately to their origi-
nal configuration. Finally, during the upstroke (Figures 5.28(c) and 5.29(c)), the left flap bends
towards to bottom of the channel and the right flap bends towards the top of the channel pushing
therefore most of the flow from left to right. As a consequence of the interaction between the
fluid and the flexible cilia, a sustained flow is pumped in a consistent direction without the need
of complex actuation mechanisms required in valve-based systems. The net volume pumped
from left to right as a function of time can be computed by integrating the normal component of
the velocity on the outflows and integrating the resulting flow rates in time. The contributions are
then summed considering negative and positive signs for the left and right outflows, respectively,
according to the formula

t t
Vounp () = — /0 ( /F vr(n) -nfdr> dr + /0 ( /F L vr(T) -nfdr> dr.  (5.45)

Figure 5.30 plots the computed net volume pumped that exhibits a consistent increase over time.
The HDG-CG formulation for FSI produces accurate physical results that are indistinguishable
from the ones provided by Veryst Engineering with COMSOL, confirming the capability of the
proposed method to accurately solve problems of engineering interest.
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6 Conclusion

Here, the achievements of this thesis are briefly summarized and an outlook on possible future
research is then offered.

6.1 Achievements

In this thesis, novel robust and efficient schemes for the solution of fluid structure interaction
problems have been proposed. The key features are the introduction of a weak compressibility
in the flow field to alleviate potential instabilities related to the artificial added mass effect and
the coupling of the fluid problem, discretized by means of the HDG method, with the structural
one, discretized by means of the CG method.

The first part of the thesis has investigated the role of the fluid compressibility on the stability
and the performance of FSI solvers in a classical CG framework. The stability is known to be
heavily affected by the artificial added mass phenomenon, whose detrimental effect is closely
related to the added mass operator. Through a rigorous analytical study, a discrete expression
of this operator has been derived, by extending the analysis by FORSTER et al. [58] to the
weakly compressible regime. Fundamental differences have thus been revealed between the in-
compressible and the weakly compressible regime. More precisely, it has been demonstrated that
the instability condition is much more permissive in the weakly compressible model, explaining
why artificial added mass effects have been rarely reported in literature for this case, and that, as
opposed to incompressible solvers, time step reduction progressively stabilizes the partitioned
FSI scheme. Numerical examples on two- and three-dimensional benchmarks confirmed the an-
alytical findings. By means of a strongly-coupled partitioned scheme with either constant or
dynamic relaxation, the most significant reduction of the coupling iterations and the consequent
computational time has been obtained in the most challenging cases, when mx/ms = 1, and in
the time step size limit, when At — 0.

Two novel HDG formulations have been presented in the third chapter for the solution of
weakly compressible flow problems. The first formulation features the velocity and the pres-
sure and their trace representation as primal and hybrid variables, respectively, whereas the sec-
ond one considers the conserved quantities, i.e. density and momentum. Both strategies adopt
a scaled strain rate tensor as mixed variable to obtain a system of first-order equations. The
adoption of the VOIGT notation to strongly enforce the symmetry of this tensor introduced by
GIACOMINI et al. [67] and SEVILLA et al. [142] allows the use of an equal-order approxi-
mation for all the variables, hence simplifying the mathematical formulation and its computer
implementation, and improves the efficiency of the HDG methods, by reducing the stored quan-
tities and the size of the local problems. The convergence properties of the two formulations
have been first assessed in a two-dimensional weakly compressible POISEUILLE flow, equipped
with an analytical solution. This study has demonstrated the optimal convergence with order
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k + 1 of the mixed and the primal variables and the superconvergence with order £ + 2 for the
postprocessed velocity field, as well as the robustness with respect to the compressibility level.
While the velocity-pressure formulation has been restricted to steady and non-convective flows,
the density-momentum counterpart has been formulated for unsteady and convective flows on
deforming domains, to be then embedded in FSI codes. The convergence features of the lat-
ter formulation have been confirmed in a three-dimensional weakly compressible TAYLOR—
COUETTE flow and in a problem with manufactured solution on a moving mesh.

The coupling of HDG and CG discretizations has been the focus of the fourth chapter of
this thesis. The local-global coupling proposed by PAIPURI et al. [127] and the newly devel-
oped NITSCHE-based coupling have been first formulated and compared for the solution of the
simple POISSON equation. Although both approaches have been demonstrated to provide the
same level of accuracy with practically indistinguishable results, the discrete version of the as-
sociated weak forms has highlighted important differences. More precisely, the exploitation of
the numerical flux and the trace of the solution on the mesh faces allows the NITSCHE-based
coupling to enforce the transmission conditions solely in the global problem, hence preserving
the core structure of the HDG and CG matrices. As a consequence, the proposed strategy leads
to a minimally-intrusive coupling, suitable to be integrated in existing finite element libraries,
and provides a flexible framework for the treatment of nonconforming meshes and nonuniform
polynomial approximations. The latter aspect has been addressed in this thesis. The efficient
NITSCHE-based coupling has been formulated for the solution of linear elastic problems fea-
turing multiple materials with compressible and nearly incompressible behaviors. The adoption
of the computationally efficient CG method on the compressible portion of the domain and the
discretization of the nearly incompressible region by means of the HDG method has been shown
to provide reliable and locking-free results with a relatively small number of globally coupled
degrees of freedom, in both two and three dimensions. The numerical examples have demon-
strated the possibility to obtain global optimal convergence of the stress with order £ + 1 and
superconvergence of the displacement field with order k + 2, if the polynomial degree in the CG
discretization is chosen one degree higher than in the HDG one.

The first HDG-CG formulations for the solution of fluid-structure interaction problems have
been presented in the last part of the thesis. Such formulations exploit the findings and the
achievements of the previous chapters and build upon the algorithms developed therein. In partic-
ular, the partitioned DIRICHLET-NEUMANN scheme outlined by KUTTLER and WALL [91]
and adopted in the first part of the thesis in the context of standard FEM has been revisited to
deal with the hybrid HDG-CG discretization. The local-global coupling analyzed in the previous
chapter has been adopted in a staggered fashion, hence circumventing the intrusive nature of this
approach. Moreover, a monolithic NITSCHE-based scheme has been proposed by exploiting
the HDG-CG NITSCHE-based coupling to solely impose the coupling conditions in the global
problem. The rigorous procedure proposed by ETIENNE er al. [48] has been used to derive a
manufactured solution for the full FSI problem on a two-dimensional setting. The theoretical
convergence rates have been verified on this artificial problem with respect to both the spatial
and the temporal convergence. An extensive set of two- and three-dimensional problems have
highlighted the high-order accuracy of the hybrid formulations and their enhanced robustness
and efficiency compared to incompressible solvers, as well as their capability to solve problems
of engineering interest.
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6.2 Future work

Several aspects not addressed in this thesis could constitute the basis for future research. First,
the NITSCHE-based strategy developed for the coupling of HDG and CG discretizations could
be employed for handling non-matching meshes at the interface. Several works indeed show
NITSCHE-related methodologies for the imposition of the interface conditions in fluid-structure
interaction problems with nonconforming meshes, as in HANSBO and HERMANSSON [74],
BURMAN and FERNANDEZ [22] and AGER er al. [1], among others. The extension of the
proposed strategy to deal with non-matching meshes should be a straightforward task and it
should mostly involve code development, rather than mathematical derivation. A successful im-
plementation would allow a flexible and independent mesh generation for the fluid and the struc-
tural domains.

A second important aspect worth exploring is the adoption of the penalty-free non-symmetric
NITSCHE method introduced by BURMAN [20] for the weak imposition of boundary condi-
tions in convection-diffusion problems. On the one hand, this variant gets rid of the penalty
parameter -y, whose evaluation is strongly problem-dependent and which might negatively affect
the condition number of the resulting linear system. This feature would be of special interest for
embedding the HDG-CG formulation in commercial finite element codes, in which the presence
of user-provided parameters is undesired. On other hand, this penalty-free version of NITSCHE’s
method destroys the potential symmetry of the problem and it has been proven to be suboptimal
by half an order. Therefore, the proposed NITSCHE-based coupling remains very competitive
for the solution of the thermal and linear elastic problems considered in Chapter 4, owing to
the symmetry of the underlying formulations which allows the use of efficient and specialized
solvers for symmetric matrices. However, different considerations hold for the fluid-structure
interaction problems considered in Chapter 5. For this class of problems the resulting linear sys-
tem is in fact non-symmetric anyway because of the flow convection and compressibility and
because of the large structural displacement and the flexibility offered by the absence of the
penalty parameter could pay off the expected partial loss of accuracy.

Another topic worth investigating concerns the loss of the superconvergence of the postpro-
cessed fluid velocity, experienced in the FSI problem with manufactured solution presented in
Chapter 5. In fact, although the proposed NITSCHE-based coupling preserves the postprocessing
procedure described in Chapter 3 for pure flow problems, the procedure fails to provide an im-
proved approximation of the solution in the aforementioned numerical example. At the moment
it is not clear whether this loss of superconvergence is ascribable to the deformation of the fluid
domain according to the ALE description of motion or to the interaction with the structural field
(or to a combination of both), although the postprocessing procedure is formally independent of
these features.

A strategy that could provide a more accurate solution for a given computational effort or
a faster computation for a given level of accuracy would be the implementation of a degree
adaptivity procedure for the HDG discretization, as the one first proposed by GIORGIANI et
al. [68, 69]. Such a technique uses the mismatch between the solution and the postprocessed
counterpart as an a posteriori error estimator to drive an efficient local modification of the poly-
nomial degree of approximation in the elements and the faces to obtain a uniform error distribu-
tion below a desired tolerance. A degree adaptivity would be particularly relevant in the context
of fluid-structure interaction problems, for which much finer meshes are usually constructed near
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the structural interface to capture the relevant flow features. However, without a superconvergent
solution this technique would fail in its objective and new estimators would need to be devel-
oped. The previously discussed superconvergence loss would alternatively need to be addressed
before this strategy can be successfully employed.

Finally, an optimized implementation of the HDG-CG formulations for FSI could be devel-
oped, which would enable a fair comparison in terms of computational efficiency between the
proposed schemes and the ones based on standard finite element discretizations. This compar-
ison could be useful to understand under which circumstances and at which point high-order
HDG methods can outperform classical CG methods.
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A Finite element spaces

In this appendix, the discrete finite element spaces adopted in all the formulations are defined.
The computational domain is denoted with €2, while each finite element is indicated with 2°.
Then, 0f) and I" represent the boundary of the domain and the internal interface, respectively,
Y. refers to the mesh skeleton, whereas each element edge/face is identified with >/, Moreover,
PP denotes the space of polynomial functions of complete degree at most p, whereas £ and
H" indicate the LEBESGUE and SOBOLEV spaces of order [ and h, respectively. The finite
element spaces associated to the HDG and CG discretizations are presented in the following.

A.1 HDG spaces

Each component of the mixed and the primal variables is sought in the space

Wh(Q) = {w € L?(Q) : w|oe € PF(Q°)VQ° C Q},

whereas the hybrid variables belong to the space
WHE) = {i € L2(T) : |y € PH (D) VE/ c R CTUIN}.

The postprocessed variables are then sought in the richer space
WhQ) = {w* € L2(Q) : w*|ge € PF(Q°)VQe C Q}

while the following space is used to remove the underdetermination of the postprocessing
UMQ) = {u € L2(Q) : u|ge € PO (Q)VQ C Q}.

Owing to the weak imposition of all boundary conditions, no distinction is made between the
spaces of trial and test functions.

A.2 CG spaces

Each component of the solution variables is sought in the space

Vi(Q) = {v e H (Q) : v]ge € PF(Q9)VQ C Q, vfpp =07},

with v denoting the boundary data imposed on the DIRICHLET portion of the boundary I'”.
The test functions belong instead to space

ViQ) = {v e H (Q) v

Qe € 2 (Qe) vQe C Q, U|FD = 0}.

Clearly, the two spaces coincide for the homogeneous boundary condition v” = 0.
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B Temporal discretization

While special effort has been devoted to the development of innovative spatial discretization
strategies, the temporal discretization is performed in this thesis by means of standard and well-
established techniques. More precisely, the BDF schemes are chosen for the approximation of
the time derivatives appearing in all the formulations presented. Such implicit schemes belong
to the family of linear multistep methods and they use information from previous time steps to
compute a finite difference of the target function, with potential high-order accuracy. On the
one hand, BDF solvers are relatively easy to implement, possess good stability properties and
are often adopted for the solution of stiff differential equations. On the other hand, low-order
BDF methods can produce severe damping effects. The formulas and the associated parameters
needed for the approximation of first and second time derivatives are presented in the following.

B.1 BDF for first derivatives

The first temporal derivative of a function w at the time step n + 1 can be approximated as

ntl  BDFo
Ou ~ b nr1-b

ot — At

The coefficients « are reported in the following table for orders BDFo ranging from 1 to 6

(o%)) (e%1 (6% Qg iy (0% &7}
BDF1 1 —1 - - - - -
3 1
BDF2 | ° 9 - - - - -
2 2
BDF3 11 3 5 L
6 2 3
2 4 1
BDF4 | 2 | _4 3 - ° - -
12 3 4
137 10 5 1
BDF5 | — | -5 5 | —— | 2 — -
60 3 4 5
4 1 1 1
BDF6 49 —6 15 _20 15 _6 -
20 2 3 4 5 6

Table B.1: BDF coefficients for first derivatives
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B Temporal discretization

B.2 BDF for second derivatives

The second temporal derivative of a function w at the time step n + 1 can be approximated as

2 7L+1 BDFO+1
0"u By ni1-b

oz At2

b=0

The coefficients [ are reported in the following table for orders BDFo ranging from 1 to 6

50 Bl 62 B3 54 65 56 67
BDF1 | 1 —2 1 . - - . _
BDF2 2 -9 4 —1 - - - -
pops | | % | 1 [ @ [ 1
12 3 2 3 12
popt| 12| 7T | 07 [ el s
4 6 6 12 6
2
pops | 28 | ST | 107 | 35083 | or | 13T |
45 5} 4 9 2 5) 180
Borg | 169 | 223 | SO | 949 [ 20 1019 |7
90 10 20 18 10 180 10

Table B.2: BDF coefficients for second derivatives
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C Definition of elemental matrices and
vectors

In this appendix, the elemental matrices and vectors arising from the HDG and CG formulations
are detailed. A generic variable [u] . and its trace representation ['&] . can be approximated over
each element ()¢ and over each face of the element boundary 0€2¢, respectively, as

[w(©)], = [¥] [u],. a(€)] = [9] [al,.

with & and E being the coordinates of the quadrature points in the reference element and face,
respectively, whereas [u] . and [ﬁ} . denote the elemental nodal column vectors. The variables
appearing in the computation of the elemental matrices and vectors are computed on the inte-
gration points and the explicit dependence on & and £ will be henceforth omitted for the sake of

~

readability. Then, the matrices [1,/)] and 1/;] gather the polynomial shape functions associated
to each element/face node computed on each element/face integration point and they are built as

Yo e i ] ORE
W= - i Bl=
with n®" and n*" denoting the number of element/face nodes and n°? and n*< being the number

of element/face quadrature points. The matrix gathering the derivatives of the shape functions is
then represented as

Op(iyt11 - Og(i)¥1pen
[V{i}¢] = :
Op{i}¥nea1 -+ Opfi}¥neanen

The indices 1 = 1,2, 3 return the derivatives of the shape functions with respect to z, v, 2,
respectively. Similarly, the matrix [Vg {i,j} ¢] provides the derivatives of the shape functions
with the respect to the spatial coordinates, following the VOIGT notation ordering in Section 3.2.

The notation {1, 7} and {i} is adopted in this section to extract a specific block of a generic
matrix [K] and vector [f], respectively, as

K] =|... [K{%,j}] e f] = [f{ii}}

Moreover, the KRONECKER delta 0; - is used to access the diagonal blocks of a matrix. Finally,
in the following definitions, the indices d, e, f, g, h span the values 1,...,ngyq, whereas the
indices m, n span the values 1, ..., mgg4.
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C Definition of elemental matrices and vectors

C.1 HDG formulations for weakly compressible flows

In this section, the elemental matrices and vectors appearing in the discrete form of the HDG
formulations for weakly compressible flows in Chapter 3 are defined.

C.1.1 Velocity-pressure formulation

Here, the elemental contributions for the construction of the matrices and vectors in problems
(3.30) and (3.31) are listed. It is worth reminding that in this formulation the density is computed
as a function of the pressure level, i.e. p = p(p), according to the equation of state (3.2). Alter-
native and more sophisticated relationships may be considered and hence this equation is not
made explicit in the following definitions for the sake of generality. Analogously, the derivative
of the density with respect to the pressure simply stems from the compressibility coefficient, i.e.
Op(p)/Op = e, but this coefficient is not explicitly written to easily accommodate potentially
nonlinear equations of state. Only the steady-state problem in Section 3.5.1 is solved by means
of this formulation. However, the intrinsic nonlinearity of the weakly compressible formulation
requires the updating of the left and right hand sides of the discrete problem in every NEWTON
iteration, denoted with the index j. The definition of the matrices and the vectors then reads

[Kup {m n}]] = = bun (7.9),

(K, {m,d}]’ =+f: (VI{d,n} D" {n,m}e)", )Q

/N

(Ko {m a}]’ =~ Z (N” {a,n} D2 {n,m} )",

Msd

(K. {d,m}]’ +Z T vl {d,n} DY {n,m} ),

/\

>aQe\rD

H

[K'uv {d, e}} =+ 5d e <1/J T’U¢>8Qe
Koy {a, 13]] =+ (9", V {a}9),

r Op(p)
- (¢ oy y b{d}lb)
[Km} {da e}le = - 6d,e <¢ ’TU¢>896\FD
K {La}]] == (V{390 () )

Nsd

K, (11} =-Y ((V{d}«MT 8’); p)

Qe

vd)

d=1 pJ

+<¢T Tp¢>aﬂe
Ko {10} =+ (970 (7)) n{d} &)

Qe

90e\rD

164



C.1 HDG formulations for weakly compressible flows

(K, (1,1} =+ <¢T, WD) g fayn{a) 1Z>
= M |y 8Qe\I'D
B <¢T’ Tp¢>8Q€\FD
[KUL {d7 m}} - — <{b\T7 NT {d7 I’l} D1/2 {n’ m} ¢>896\FD
[Kﬁv {d, e}]i — 5d,e <$T7 Tv’(/)>BQ€\FD
[Kﬁf) {4d, e}]i =+ 0ge <"ZT7 TU’{p\>aQe\FD
[K{,ﬁ {d, 1}]35 - - <17ZT7 n {d} ¢>8Q6\FD
(K {1, 1}]i =T <QZT’ Tp¢>ane\rD
(K {1, I}E - <7ZT’ Tp{b\>am\rD
(£ {m}]] = + (", L7 {n}) o,
S (V) DY ) ) v fa})
d=1 n=1
£33 (N (@D ) P )
d=1 n=1
EYY (N @) D 9) 0 ()
d=1 n=1
(@) = 3 (797 () DY ) I )
m=1 n=1

— (", V{d} ).

- <¢T> Ty’ {d}>am

+ (UJT, P (p’) b{d})Qe
+ <¢Ta 0" {d}>aﬂemrD
+ <¢Ta 07 {d}>aﬂe\FD

L 5 (o1 ),
- <wT>Tppj>BQe
— Z (W' p (p7) v {d} n{d}) s

(T 70”) gerrn

165



C Definition of elemental matrices and vectors
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C.1.2 Density-momentum formulation

Here the elemental matrices and vectors in problems (3.43) and (3.44) are detailed. These terms
refer to pure flow problems, whereas a modified definition of such terms is presented in Sec-
tions C.3.2 and C.3.3 for the solution of fluid-structure interaction problems. As opposed to the
velocity-pressure formulation, here the pressure is computed as a function of the density, i.e.
p = p(p), and its derivative with respect to the density equals the inverse of the compressibility
coefficient, i.e. Op(p)/dp = 1/e. For the sake of generality, such expressions are not made ex-
plicit. The stiffness matrices on the left hand side and the residual vectors on the right hand side
to be computed at the j-th NEWTON iteration to advance from the time step n to the time step

n -+ 1 are defined as
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C.2 HDG, CG and HDG-CG formulations for thermal problems

C.2 HDG, CG and HDG-CG formulations for thermal
problems

In this section, the elemental matrices and vectors appearing in the discrete form of the HDG,
CG and the coupled HDG-CG formulations for thermal problems in Chapter 4 are defined.

C.2.1 HDG approximation

Here the elemental contributions to the HDG matrices and vectors in (4.9) and (4.10) are shown.
Owing to the linear and steady-state nature of the problems considered, the computation of
these terms is required only once and no iteration nor advancement in time has to be performed.
Moreover, given the symmetry of the problem, only the independent blocks of the left hand
side matrix are listed, whereas the remaining ones can be computed by simply transposing the
corresponding blocks with inverted row and column indices. The matrices and vectors are thus
defined as
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C.2.2 CG approximation
The elemental contribution to the CG matrix and vector in (4.17) is simply given by
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C Definition of elemental matrices and vectors

C.2.3 Local-global coupling

The local-global coupling of HDG and CG discretizations requires a modification of the global
matrices of the single discretizations [Ks3| and [Ky4], as well as the of the matrices connecting
the HDG local and global DOFs [K3] and [Ki4], plus the introduction of the coupling blocks
[K14] and [KM} . The new terms in (4.23) are therefore defined as
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C.2.4 NITSCHE-based coupling

The NITSCHE-based coupling of HDG and CG instead requires the addition of some terms in
the global matrices [Ks;] and [K44) and the implementation of the coupling block [Kj,] solely
associated to the global DOFs on the interface. Such modified terms in (4.31) read
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C.3 HDG-CG formulations for FSI

In this section, the terms arising from the CG approximation of the structural equations are first
recalled. Then, the elemental matrices and vectors appearing in the discrete form of the HDG-CG
formulations for fluid-structure interaction in Chapter 5 are defined.

C.3.1 CG formulation for structural problems

The discretization of the structural problem is performed by means of the CG method, whereas
the backward differentiation formula is adopted for the temporal integration. The elemental con-
tributions to the stiffness matrix and the residual vector to be computed at the j-th NEWTON
iteration to advance from the time step n to the time step n + 1 are given by
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It is worth reminding that the first PIOLA—KIRCHHOFF stress tensor with size ng 4 X ngq is com-
puted as a function of the displacement gradient, i.e. Ps = Ps(Vugs), according to equations
(2.13), (2.14) and (2.15) and depending on the constitutive model adopted. In this thesis, both
the ST. VENANT-KIRCHHOFF and the Neo-HOOKEan material models have been consid-
ered in the numerical studies. The derivative of the stress tensor with respect to the deformation
gradient, i.e. 0Ps(Vus)/0Fs(Vugs), has instead size ngy X ngg X ngg X ngg and is needed
for the construction of the stiffness matrix in the structural problem and for the computation of
a number of terms arising from the monolithic NITSCHE-based formulation for fluid-structure
interaction in Section C.3.3. The resulting tensor is constant and solely contains the LAME pa-
rameters in the linear case, whereas for the nonlinear models adopted here each component is a
function of the deformation gradient (and therefore of the displacement gradient). Its derivation
can be cumbersome and the symbolic math toolbox of MATLAB has been used for this purpose.
In the following, the explicit definition of the first PIOLA-KIRCHHOFF stress tensor and its
linearization is provided in the two-dimensional case for the aforementioned material models.
The subscript ©¢ 1s omitted for the sake of readability.
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ST. VENANT-KIRCHHOFF
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C.3.2 Partitioned DIRICHLET-NEUMANN coupling

The partitioned DIRICHLET-NEUMANN scheme coupling HDG and CG discretizations for
the solution of fluid-structure interaction problems is outlined in Section 5.2. Such strategy ex-
changes the coupling information by means of the interface vectors [f7], [f7] and [f)], with
U~ gathering the fluid density and momentum local DOFs. However, the suppression of the
DOFs associated to the trace of the fluid momentum at the interface implies the modification of
a number of terms in the fluid solver. By denoting with n the time step level, with ¢ the coupling
iteration index and with j the single-field NEWTON iteration, the elemental contributions to the
modified terms in (5.12), (5.13) and (5.15) read

[Kip {m 1] =+§§<(N£{d,n}D¥2{n,m}¢f)T,

~nt1,4, ]
po I {a) Af>
~n+1,14, 5\ 2
(,0; ) 005 \ID\T!
1

T —~
(N; {d7n} D;/z {n7m} 1/)F> ;ml/)f>
PF 895 \[2\T!

Msg

Ky {m, a}]/ ™" == 3"

=]
Il
—

o3

Ko (1] ==Y <w£,(2 %d?“‘b{d}) nf{d}zzf>

d=1 QeI
JE— T i
(WFrr) -
Nsd BDFo
n+1 b N
- <¢ >< At Ugs {d}) nr{d} ¢f>
a=1 oQsNr!
K 1 n+ld,j
(Koo {1,d}] =+ (YF >n]-'{d}'¢’]-" .

=}

sd

[Kup{a 3]0 = <¢T o {ap 22

e=

/\n—i-l i, ] {e}

(An+1 7, ])

f{e}¢f>

H

PF 00 \T 2\

nsd BDFo
<wf, (Z ut T {apugt b{e}> nf{e}wf>
oQs.Nr!
Nsd BDFo N
- Z <¢f’ (Z s {e}> nf{e}¢f>
o0enr!
BDFo o R
- <¢fTTanu (Z KI;“?H) {d}> ¢f>
b=0 o0eNT!

Nsd n+1,4, 7
= n+1,1,J -~
Ko {d,e}]7" =+ das Z< 4 pvﬁ”ﬂ —J{ }"f{f}¢f>
].‘

f=1 o0\ 2\T!

175



C Definition of elemental matrices and vectors

Nsd BDFo
_5d,ez<¢_j7;a ( Atdn-i-l b{f}> n]“{f}w]—'>

f=1 b=0 OQE\M2AT!
/\n+1,l7]
pv d n
+ <'¢’JTfa %nf{e} ¢7>
PF 995\ 2\T!
o (WF, Tt )
d, 17b]: Tw¢f 893_\1—‘2\1"[
n+1,14 e 7 1/2
|: WL {d m}] & = - Z <’(7b.77;’ N; {d7 n} D]'—/ {n7m} ¢‘F>6Qe \F \1"1
n=1
K {d . e<AT >
|: { ) e}:|e d, 1/)]:7 Tm),('b]: BQ;\F \I!
n+1, 1, 7 ap}— /3.7: i
S
PF gt 805 \I2\T!
K, ld nHLig _ e e<AT 0 >
[ { 76}}6 +0ue \¥F, Tw¥br 00 \TR\17
= n41, i, j n+1,4, j
fL {m}}; D=4 (R L {m}),
Nsg Msd n+l,4,j
1/2 {da}
>3 ((VZ {d,n} DY* {n,m} W) T;)
d=1 n=1 Pr Q%
Nsd Msd T D, n+1
pv d
+ ZZ <<N£ {d,n} DY* {n,m} ¢f> ,IDTH{}>
d=1 n=1 PF 005NT 2
Nsd Msd . 12 T p/'(\);—‘_l’i’j{d}
0 ((NE{an) D amp ) P
d=1 n=1 Pr OQEALZ\L!
1 BDFo
= n+1,1, 7 b n
£, {1}]6 7= <'¢]—‘7 Z AL P b)
Q%
e BDFo
—Z<'¢]—‘> n+11jv{d}( dn+1 b{d}))
Q%
3 (V) pup )
s ~ (BDFo
£ (wawr (E o)
b=0 Qe

<¢F77pp o ]>899

Nsd

- Z (W, pop " {dh nr {a})

D
805NrR

176



C.3 HDG-CG formulations for FSI

Nsd BDFo
+Z< ;“__’p? n+1 ( Atdn—I—l b{d}) n;{d}>
d=1

b=0

<¢ D n+1>
Fi T .
oQenr

Nsd

-2 (R A s )

one.nr

00 \T2\I!
Nsd BDFo o
~n+1,1,7 b 41—
+ Z <¢§,p;“ ’ <Z Edfﬂ b{d}> ny {d}>
a=1 b=0 Qs \I'2
An-l—l i,
<¢f’ ToP J>a§2;\r§

B o BDFo
(£ ()] = (% purt b{d})

b=0 Q%

-3 zpf,pv“”{d}we}( St b{e}))m

b=0
=

Nsg . n+1 i, ] {e}
+Y [ (V{e}r)", pvi {d}T”
e=1 PF Qe

F

PG40 ,pu“”{d}< Atd"“b{e}))

Q%

=20 (45 VE{an} DL o m) LY ()

m=1 n=1

— (%7 V{d}pr (o5 " j))ﬂﬁf

— ($F Tpvs {d}>aﬂef
+ (95, o5 bt {d})ge

Nsq D, n+1
-2 <¢3% Dt gy 20 Aok, {e}>

e=1 PF anenr

Nsd BDFo
+y° <¢§-, Dontlfq) ( Atd"“ b{e}) nf{e}>

e=l1 = 90sNI2

+(eF ool " )

onenr

Nsd

—~n+1,1,7J
+1 i, PV {e}
—2<¢% s nf{e}>
PFr 90 \I2\T!

177



C Definition of elemental matrices and vectors

Nsd BDFo
£y <¢£, pos " (o ( Ly b{e}> ns {e}>

e=1 b=0

—~n+1,1,7
+ (YE 70y ™ {a))

o0 \IP\T!

o0\ AT
Msg Msd
ro n+1, i, j -~ 1/2 n+1i,j
[fa {a}]; T=+ Z Z <¢T’ N7 {c.n} Df/ {n,m} L5 {m}>a§ze \[2\I
F\F

1 n=1
~n+11,j
e (p; ) {d }>aQ€ \[2\r7

+ ("
P (pv nHlid gy _ Gt gg })>m;\rg\rz
Y

(9
(3
.

T {a})

+ N
895Ny

Msd BDFo
<(N£{d7n}D¥2{n7m}w) Z - z+“{d}>
d= = oQenr!

1 n=1
Nsd BDFo
0] -3 (e (3 e ) )
d=1 oQenT!
i <
e=1

[P ()] =+

BDFo
= n+1,4,J n+1,1, 7 n+1— n+1—
[£2 {4} " =— Y, pEh Z A w0 {d} ugt! b{@}) nr {e}>
o0enr!

Nsd BDFo
+2 <w£,ﬁ2“’” Z I CY d;‘:“-b{e}) nf{e}>
= o0enT!

e=1
BDFo
~n+1,1 n+1-—
+< f?TpUp]-j_ I (E At S+1 b{d})>
a0sNT!

Nsd

[EY {a}]" " = +ZZ<¢§, |Fr (V)| [V—l (D;/ZL}*“)} {4, e}

[Fr (V)] e £} (s {f}>>am nr
£ W |Be (V) e ()
(B (V)] b s (eh)

BDFo
(e s e (3 e )|
aQgnr!

178



C.3 HDG-CG formulations for FSI

C.3.3 Monolithic NITSCHE-based coupling

The monolithic HDG-CG NITSCHE-based coupling has been presented in Section 5.3. This
minimally-intrusive strategy requires the inclusion of some additional terms in the global single-
field matrices [Kﬁ(ﬂ and [Kuu] and the implementation of the coupling blocks [Kﬁu} and

[Kuﬁ]’ with IAJ; gathering the fluid density and momentum global DOFs. Moreover, owing
to the unsteady and nonlinear nature of the equations involved, the global residuals [fﬁ} and
[fu] need to be computed accordingly. The elemental contributions to the updated matrices and
vectors in (5.28) and (5.29) at each NEWTON iteration j, to advance from the time step n to the
time step n + 1, are
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