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Abstract

Nowadays, the main computational bottleneck in computer-assisted industrial design
procedures is the necessity of testing multiple parameter settings for the same problem.
Material properties, boundary conditions or geometry may have a relevant influence
on the solution of those problems. Consequently, the effects of changes in these quan-
tities on the numerical solution need to be accurately estimated. That leads to sig-
nificantly time-consuming multi-query procedures during decision-making processes.
Microfluidics is one of the many fields affected by this issue, especially in the context of
the design of robotic devices inspired by natural microswimmers. Reduced-order mod-
elling procedures are commonly employed to reduce the computational burden of such
parametric studies with multiple parameters. Moreover, high-fidelity simulation tech-
niques play a crucial role in the accurate approximation of the flow features appearing
in complex geometries. This thesis proposes a coupled methodology based on the
high-order hybridisable discontinuous Galerkin (HDG) method and the proper gener-
alised decomposition (PGD) technique. Geometrically parametrised Stokes equations
are solved exploiting the innovative HDG-PGD framework. On the one hand, the pa-
rameters describing the geometry of the domain act as extra-coordinates and PGD is
employed to construct a separated approximation of the solution. On the other hand,
HDG mixed formulation allows separating exactly the terms introduced by the para-
metric mapping into products of functions depending either on the spatial or on the
parametric unknowns. Convergence results validate the methodology and more real-
istic test cases, inspired by microswimmer devices involving variable geometries, show
the potential of the proposed HDG-PGD framework in parametric shape design. The
PGD-based surrogate models are also utilised to construct separated response surfaces
for the drag force. A comparison between response surfaces obtained through the a
priori and the a posteriori PGD is exposed. A critical analysis of the two techniques
is presented reporting advantages and drawbacks of both in terms of computational

costs and accuracy.

Keywords: Reduced order models, Proper generalised decomposition, Hybridisable

discontinuous Galerkin, Parametrised geometry, Response surfaces, Microfluidics.
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Chapter 1

Introduction

1.1 Motivations

Since Richard Feynman’s 1959 famous speech “There’s Plenty of Room at the Bot-
tom” (Feynman, , representing an invitation to enter new fields of physics,
scientists, moved their interests in small-scale phenomena (typically sub-millimetre)
rapidly achieving huge technology developments in various fields. Physics, biology,
medicine, microelectronics, and among other, microfluidics. Following the definition
given by Nguyen et al., , microfluidics is "the science and engineering of systems
in which fluid behaviour differs from conventional flow theory primarily due to the
small length scale of the system". Today microfluidics is considered a multidisciplinary
field that involves engineering, physics, chemistry, biochemistry, nanotechnology, and
biotechnology. It has several practical applications in the design of systems that pro-
cess low volumes of fluids to achieve multiplexing, automation, and high throughput
screening (Ashraf et al., ; Teh et al., . Microfluidics emerged at the begin-
ning of the 1980s and is employed in the development of inkjet printheads, DNA chips,

lab-on-a-chip technology, micro-propulsion, and micro-thermal technologies (Tabeling,

2005, Whitesides, 2006)).

(a) Lab-on-a-chip (b) MEMS inkjet printheads (c) Artificial microswimmer

FIGURE 1.1: Microfluidics applications: Lab-on-a-chip EL MEMS
inkjet printheads E}and artificial microswimmer

Tmage downloaded from https://www.dantecdynamics.com/solutions-applications/
applications/microfluidics/.

“Image downloaded from https://www.innovationservices.philips.com/looking-expertise/
mems-micro-devices/mems-applications/inkjet-printheads/.

SImage downloaded on the courtesy of Moran et al., .
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As explained by Purcell, (1977) in the work considered the milestone of this studies,
at a small scale, everything behaves tremendously different from humans perception
of flow phenomena. It is known that at small scale viscous forces dominate inertial
ones and the governing equations are the Stokes’s one. For an object of characteristic
length L and velocity V', the Reynolds number, namely the ratio of inertial forces to
the viscous forces is LV /v, where v is called the kinematic viscosity. For water, v
assumes the value of 1072 cm? /s making the Reynolds number for a man swimming
in the water around 104, for a goldfish 10? while for the organisms living at the same
microfluidics scale 107 or 107°. While fish or men propel themselves by accelerating
the surrounding water, these organisms cannot rely on inertia because it is irrelevant
for them and their motion is determined entirely by the forces exerted at the exact
moment the organism is moving. Clearly, on small swimming organisms or bacteria,
no external forces are exerted thus the motion must come from inside them. The only
possibility they have to move is thus to deform their body. But it is important to
note that not all deformations are useful to move. Several experiments have shown
the reversibility of the motion of coloured droplets piped in high viscosity glycerol
used to recreate low Reynolds number conditions at a larger scale (Heller, [1960)). The

sequence of images illustrates in figure show the various steps of the experiment.

FIGURE 1.2: Time reversibility of Stokes flow: Different steps of the
Taylor-Couette flow reversibility demonstration (Fonda et al., 2017)).

The only condition at the base of the success of this experiment is the reciprocity of the
motion, in this case, a rotation. Other similar examples can be found in nature. The
scallop theorem (Lauga, |2011; Purcell, [1977)) state that an organism trying to swim
by reciprocal motion at low Reynolds number can’t go anywhere. The scallop moves
opening its shell slowly and closing it fast squirting out water. Its movement only
depends on one hinge, and the reversibility of the only degree of freedom prevents
it to move when the viscous effects are larger than the inertial. To swim at low
Reynolds number an organism needs to perform a non-reciprocal motion that can
break the time-reversal symmetry. A minimum of two hinges is thus required to be
able to go through a repeated sequence of configurations inducing a net displacement.
If the scallop could also rotate upside down as figure [I.3] shows, it would break that
symmetry and indeed move in lack of inertia. It is worth noting that for a two hinges
organism, the moving cycle is described by a trajectory in the space of coordinates 1

and o, representing the two degrees of freedom.

Turning to microfluidics and one of its various applications, this theorem symbolised

the beginning of modelling of artificial self-propelled microswimmers inspired by those
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F1GURE 1.3: Scallop theorem: Reciprocal vs non-reciprocal motion
characterized by two hinges at low Reynolds number.

existing in nature (Elgeti et al., Stone et al., . A complete overview
about mathematical description of biofluid dynamics and locomotion at low Reynolds
can be found in Berg, (1993), Childress, (1981), and Lighthill, (1975). The reason
for this increasing interest in understanding optimal swimming strategies for natural
and artificial microswimmers hides in the final goal which is to design efficient self-
propulsion micro-robots (Gauger et al., usable for drug delivery applications

and minimally invasive surgical procedures.

The first two microswimmers studied were theorised in the pioneering work by Pur-
cell, (1977). The first is Purcell’s three-link swimmer (Becker et al., Tam et
al., made of three-linked segments where the two located at its extremity are
free to move independently. A symmetrised version of this swimmer has also been
studied (Avron et al., [2008). The second Purcell’s microswimmer is a toroidal device
powered by surface tank-treading and modelled only several years later by Leshansky
et al., . The study of propulsion by a rotating flagellum used by a bacterium
such as Escherichia coli (Purcell, Taylor, inspired different studies. De-
vices made of a linear chain of colloidal magnetic particles acting as a flexible artificial
flagellum (Dreyfus et al., or helically shaped microswimmers (Keaveny et al.,
are some examples. Another mechanical model available in the literature and
inspired to Purcell’s three-link swimmer is the three-linked-spheres microswimmer in-
troduced by Najafi et al., and consisting of three hard spheres, connected by
two arms of negligible thickness whose length can vary. Similar to this latter and

inspired by euglenoid movement, called metaboly and executed by some species of
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euglenids (Arroyo et al., ; Leander, , is the Push-Me-Pull-You (PMPY) mi-
croswimmer proposed by Avron et al., and further studied by Alouges et al.,
and Silverberg et al., . This artificial device is modelled by two spheres
also connected by an arm of negligible thickness whose length can vary as can vary
the distribution of mass in the two spheres. As shown in figure [[.4] during a stroke,
i.e. a periodic closed path in the space of the admissible shapes, large-amplitude
deformations causing the rearrangement of mass allows both the euglenids and its ar-
tificial reproduction to move. It is worth noting that all this proposed microswimmers
respect the rule of the two hinges (two free hinges, two variable distances, variable

distance and variable mass). Moreover, for all microswimmer, the shape deformation

FIGURE 1.4: Metaboly and PMPY stroke: Reconstructions of the
euglenoid movement (Arroyo et al., [2012) modelled with the PMPY

microswimmer(Avron et al., |2005; Silverberg et al., [2020)

trajectory which allows the motion is not unique. This increases the complexity of
the problem as the Stokes governing equations need to be solved for a multitude of
different possible configurations of the micro-device. In other words, to find the tra-
jectory that maximizes the movement of the swimmer, a multidimensional parametric
problem must be solved. The number of parametric dimensions is exactly the num-
ber of hinges characterising each swimmer and describing its shape. In this context,
surrogate models represent effective tools to explore the shape configurations of the

microswimmers and to devise virtual models of their movement

1.2 State of the art in DG methods for flow problems

Along with many numerical methods, the finite element method (FEM) has been ex-
tensively studied in the context of computational fluid dynamics (Zienkiewicz et al.,
1967). Despite its ability to handle complicated geometries and its potentiality in
going high-order, the oscillatory behaviour of the solution provided by this method
in convective-dominated problems, has prompted the CFD community to look for

viable alternatives. Finite volume methods (FVM) impose local conservation on a
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small volume surrounding each node of the mesh, volume on which the approxima-
tion is considered to be constant (LeVeque, 2002). Thanks to their propriety of flux
conservation, the amount of fluid entering a given volume is identical to that leaving
the adjacent volume, is now a standard approach in CFD. Indeed, FVM is nowadays
implemented in many open-source and commercial software, e.g. OpenFOAM, Fluent,
FLITE, CFX.

Since approximation is obtained with constant polynomials, the numerical solution
found is not the best accurate and one could improve it performing a h-refinement
with a consequential increase of the degrees of freedom of the problem and compu-
tational cost. For decades, these methods have been wildly studied improving their
efficiency and robustness until they became the standard for CFD. Recently, the en-
gineering accuracy that these methods achieve has started to be considered a limit
in different fields. For instance, in the aerodynamic performance analysis of flight
vehicles, since unsteady vortices are strongly dissipated by first-order and second-
order methods, the required mesh resolution for the flow makes such a simulation too
costly even on modern supercomputers (Dacles-Mariani et al., [1995; Strawn et al.,
2000). High-order methods are therefore needed to accurately resolve unsteady vor-
tices for vortex-dominated flows (Ekaterinaris, [2005). Another research field where a
high level of accuracy is required is computational aeroacoustics (CAA) where due to
the long-distance propagation of broadband acoustic waves a low-order method would
cause significant numerical dissipation or dispersion errors making high-order methods
preferable with respect these last one Wagner et al., (2007). Due to the complexity
and expensiveness of high order volume scheme based on polynomial reconstructions,
e.g. finite volume WENO schemes (Shu, [2003)), alternative options related to the

FEM framework has started to be considered.

Going back in the years, simultaneously to the development of the FVM to solve con-
vection linked issues experienced by FEM, different strategies were proposed within
the FEM framework to circumvent the problem. Several possible stabilisations of
the FEM methods were developed, e.g. SUPG (Hughes, 1979), GLS (Hughes et al.,
1986), DW (Douglas et al., 1989), and a discontinuous version of the classical con-
tinuous Galerkin (CG) method. Discontinuous Galerkin (DG) method first appeared
in the study of neutron transport equation, i.e. a time-independent linear hyperbolic
equation, by (Reed et al., |1973) and have been further analysed by Johnson et al.,
(1986) and Lesaint et al., (1974) for the linear advection equation. Successive works
resulting in a series of papers (Cockburn et al., 1988, 1989, 1990)) devised a high-
order accurate total variation bounded (TVB) Runge-Kutta Discontinuous Galerkin
(RKDG) method for the solution of non-linear systems of conservation laws. The
extension to compressible Navier—Stokes equations proposed by Bassi et al., (1997)
resulted in a technique soon after applied to elliptic problems (Brezzi et al., 2000) and
whose generalisation for convection-diffusion problems lead to the so-called local dis-
continuous Galerkin (LDG) method introduced in Cockburn et al., (1998)) and further
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studied later in (Cockburn et al., |2002, 2004b). The conservative form of the LDG
numerical fluxes guarantees the scheme to be conservative and adjoint consistent. By
the way, for multidimensional problems, degrees of freedom belonging to elements
which are not immediate neighbours can be involved in the same equation making
result the stencil involved in LDG discretisation not compact. To circumvent this
issue, an improvement of the LDG method was proposed by Peraire et al., (2008) for
elliptic problems, the compact discontinuous Galerkin (CDG) which besides all the
inherited LDG proprieties uses more compact stencils. Discontinuous finite elements
for elliptic and parabolic equations were not a novelty in literature, they have been
developed and studied three decades before with the name of interior penalty method
(IP). The work done by Arnold et al., (2002) unifies this method in the case of elliptic
problems. Later, on the wave of success DG methods have extended to a wide vari-
ety of equations tightening up the rivalry with the wide used mixed and continuous
Galerkin methods such as the Raviart-Thomas (RT), see (Raviart et al., |1977) and
the Brezzi-Douglas-Marini (BDM), see (Brezzi et al., |1985), methods.

The CG method is considered the main numerical technique against which to make
both accuracy and computational cost evaluations. It is a method which allows com-
puting a continuous solution of a PDE through piecewise continuous polynomial shape
functions. The DG method, which complete overview can be found in Cockburn et al.,
(2000), contrary relies on the resolution of a PDE using discontinuous shape functions
defined element-by-element. That implies a domain decomposition and the consequent
duplication of the nodes lying on the internal edges of the elements. This feature rep-
resents both the main drawback and the main advantage of DG if compared with CG.
On the one hand, the number of degrees of freedom of the problem increases. On
the other hand, the problem can be solved independently element-by-element hence
it is easily parallelizable (Biswas et al., [1994)). Moreover, due to their discontinuity
element-by-element nature, DG methods can be considered as generalisations of finite
volume methods, inheriting the ideas of numerical fluxes and slope limiters within a
finite element framework. They are locally conservative, stable, high-order accurate
that can easily handle complex geometries, irregular meshes with hanging nodes, and
approximations that have polynomials of different degrees in different elements. Thus,
they can easily handle adaptivity strategies which in hyperbolic problems has a par-
ticular relevance (Hartmann et al., 2003)). That makes them particularly suitable for
the resolution of purely convective problems as their ability to capture discontinuities
without producing spurious oscillations near them. Increasing the polynomial degree
of the shape functions, the number of degrees of freedom in the volumetric interior of
an element increases more rapidly than the degrees of freedom on element boundaries.
Hence, despite the extra degrees of freedom, the DG methodology becomes more ef-
ficient for high-degree polynomial approximations. When the method is pushed to
high-order the communication between the element in DG is less demanding than the
one needed in CG. That makes DG particularly suitable and natural for high-order

approximations. Nevertheless, the increase in cost that both CG and DG have to
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face represents the reason for the limited application of these methods outside of the
academic context. As a consequence, both CG and DG techniques developed hybridis-
able counterparts, giving rise to the wave of research in this new topic. See Cockburn,
(2016) for an exhaustive overviews. One of the advantages of DG is its capability to

easily devise high-order schemes.

In recent years, high-order methods have gained the interest of the Computational
Fluid Dynamics (CFD) research community owing to the high accuracy and relia-
bility of their numerical solution. As thoroughly reported in Gassner et al., (2013),
applications dealing with transient turbulent flows, such as LES (Nagarajan et al.,
2003; Pasquetti, 2005), DNS (Bassi et al., [2016; Chapelier et al., [2014), computa-
tional aero-acoustics (Beck et al., [2014; Nguyen et al., 2011a), turbulent combustion
and vortex dominated flows (Wang, 2007), all rely on these methods as a solution of
the same accuracy based on a low order method would require a computational mesh
with a huge number of degrees of freedom and unaffordable computational costs (Lé et
al.,[2011). The common belief that high order methods are in general more expensive
than low order methods has been slowing dismantled by many recent studies (Huerta
et al., [2013; Wang et al., 2013, e.g.). High order methods are not only competitive
but for a given accuracy are also computationally more convenient than low order
ones and their large scale application is only a matter of time (Kroll et al., 2015). As
explained by Wang et al., (2013) the most diffuse belief regarding high-order methods
is about their higher cost respect their low-order relatives. Comparing the solution
of a first-order method with the one obtained employing a high-order method on a
given mesh, the latter results to be more CPU time-consuming. This is a matter of
fact and it is undeniable. But it is also indisputable that this statement is untrue in
terms of accuracy. It is known that for an assigned mesh high-order method delivers
higher accuracy respect to low-order methods. A fair question to ask is thus, for a
target accuracy which between low and high-order methods are computationally more
competitive? Low-order methods will need a finer mesh to obtain a solution able to
prevail the high-order ones, which, on their side, can employ a coarser mesh. This rolls
the dice to decide a winner, in fact, on these reasons, recent studies have proved that
high-order methods are not necessarily expensive (Huerta et al., [2013). By the way,
despite their potential and their major accuracy for complex problems, high-order
methods are still not used in the design process for several reasons. They are more
complicated and hard to implement than low-order methods, less robust because of
the much reduced numerical dissipation, they have a high memory requirement if im-
plicit time-stepping is employed and robust high-order mesh generators are not readily

available. All of these represents the fields of current research (Wang et al., 2013).

One variation of the CG method contrasting the increase of degrees of freedom is
the CG method with static condensation, an implementation technique whose aim

is to reduce the size of the stiffness matrix (Guyan, 1965). Partitioning the vector
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of degrees of freedom of the approximation into two smaller ones, containing the de-
grees of freedom associated with the internal and external nodes of the elements, the
stiffness matrix can be reorganized in a block structure. This allows obtaining the
Schur complement of the block diagonal matrix associated with the internal degrees
of freedom. In this way, the latter can be expressed in terms of the boundary ones end
removed from the system of equations, thus reducing the dimension of the original
system. What static condensation represents for primal methods, for mixed methods
takes the name of hybridisation (Veubeke, 1965)). The first hybridised techniques ap-
peared in the context of DG are the hybrid DG method (Egger et al., 2010) where
hybridisation simply reduces the degrees of freedom (analogously to static condensa-
tion) or the hybrid high-order (HHO) method based on an elementwise reconstruction
operator (standing for the gradient of the primal solution) and a stabilization terms
enforcing the matching between local and hybrid degrees of freedom (Di Pietro et al.,
2014, [2015). Given the strong similarities with HDG, HHO has been bridged to the
latter in the work done by Cockburn et al.,[2016. Differently from the aforementioned

(a) CG (b) CG with s.c. (c) DG (d) HDG

FI1GURE 1.5: CG vs CG with static condensation vs DG vs HDG:

Degrees of freedom in a mesh of four fifth-order triangles for continuous

Galerkin, continuous Galerkin with static condensation, discontinuous
Galerkin, and hybridisable discontinuous Galerkin.

methods, a variation of the DG method based on a mixed formulations (Fortin et al.,
1991)) contrasting the increase of degrees of freedom by hybridisation (Cockburn et al.,
2004a) is the hybridisable discontinuous Galerkin (HDG) method. The idea is first
proposed in Cockburn et al., (2009¢) and then formulated for Stokes flow in Cockburn
et al., (2009b). HDG method relies on the definition of a hybrid variable lying on the
internal skeleton of the mesh. All the problem variables (i.e. internal and boundary
variables) can be expressed in terms of this hybrid variable solving an element-by-
element local problem. Then a global problem imposes the interelement continuity
of the solution and the normal component of the flux. The number of degrees of
freedom, therefore, is significantly reduced as the problem unknowns reduce solely to
the trace variable which is defined in a lower-dimensional space (i.e. the edges/faces

of the elements) with respect to other variables.

Another particularity of the HDG method follows from the introduction of the mixed
variable necessary to obtain a system of first-order PDEs. As all the HDG variables

converge with order k+1, where k is the degree of the interpolant functions, exploiting
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the definition of the mixed variable, an element-by-element local post-process can be
obtained for problems at least of the second order (Cockburn et al.,2012). The result
of this post-process is the superconvergence of the primal variable with order k+2.
Moreover, also in HDG as in DG, thanks to the discontinuity of the elements, the
degree of the approximating polynomial can be easily changed from one element to
the other making possible to implement a p-adaptivity strategy. In elliptic problems,
this procedure can be guided in a very natural way by a local a priori error indicator
devised from the superconvergence solution (Giorgiani et al., 2012} [2014; Sevilla et al.,
2018b). A comparison between CG with static condensation and HDG is proposed
in Kirby et al., (2012). This work demonstrates that the HDG approach generates a
global system for the approximation on the boundaries of the elements that although
larger in rank than the traditional static condensation system in CG, has significantly

smaller bandwidth at moderate polynomial degrees.

After their introduction, HDG methods have been extensively studied for convection-
diffusion equations in steady and unsteady problems (Nguyen et al., 2009c,d)) and
second-order symmetric elliptic problems (Nguyen et al., 2010b). In particular, for
Stokes flow, several formulations have been proposed. The work produced by Cock-
burn et al., (2010) compare the velocity-pressure-gradient, velocity-pressure-vorticity
and the velocity-pressure-stress formulations showing several shared features of the
methods. In terms of accuracy, the gradient-based HDG method provides the most
accurate results and a post-processed velocity which converges with order k+2 for
k>1. On the other hand, both the stress-based and the vorticity-based methods yield
a loss of superconvergence of the post-processed velocity for low-order approximations.
Nevertheless, recent works accomplished in recover optimal orders for the stress-based
approach. In Cockburn et al., (2017)) the so-called M-decomposition framework is em-
ployed to enrich the local discrete space of approximation. This ensures the optimal
convergence of the mixed variable and superconvergence of the post-processed one.
An additional option consists of the HDG-Voigt approach introduced in Sevilla et al.,
(2018a)) for linear elasticity and then applied to the Stokes flow equations in (Giacomini
et al., 2018) recovering, also in this case, the superconvergence of the post-processed
primal variable. An extension of the velocity-pressure-gradient formulation to Oseen
equations can be found in Cesmelioglu et al., (2013)) with particular focus on the
stabilization condition applied to preserve the optimal convergence of all variables in
convection-dominated problems. A posteriori error analysis of HDG method for this
problem is developed in Araya et al., (2019). HDG mixed formulation for the incom-
pressible Navier-Stokes equations was developed by Nguyen et al., (2011b) and Qiu
et al., (2016) while the HHO counterpart appeared only a few years later (Di Pietro
et al., 2018). Novel studies proposed a relaxed H (div)-conforming discretisation of
the velocity field (Lederer et al., 2018, 2019). Turning to Stokes flows, HDG applica-
tion in a microfluidics framework is quite a novelty. Recent works employing a new
method inspired by the HDG and FVM frameworks, the face-centred finite volume
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(FCFV) method, were developed targeting microfluidics applications with mesh adap-
tivity (Giacomini et al., 2020a; Vieira et al., 2020). Works involving HDG related to
the efficient treatment of the geometry can be found in Sevilla et al., (2018b) where
the integration within a CAD environment was proposed and Solano et al., (2019)
where a suitable approximation for the Dirichlet boundary data was obtained using a

transferring technique based on integrating the extrapolated discrete gradient.

Regarding HDG axisymmetric formulation it is worth to cite the work done by (Sanchez-
Vizuet et al., 2019). In this paper an HDG solver for the semi-linear elliptic Grad-
Shafranov equation, used to compute the equilibrium magnetic configuration in ax-
isymmetric fusion reactors was developed. Due to the symmetry of the device, the
equation can be posed, as usually done in a two-dimensional domain corresponding to
a section of the toroidal reactor. As the plasma confinement region does not contain
the vertical axis, in this case corresponding with the axis of symmetry, the problem
becomes an interior Dirichlet boundary value problem. For that, it does not require
any additional hypothesis, as a computational domain containing the symmetry axis

would.

Last, it is necessary to recall the novelty of HDG coupling with model order techniques.
A combination of HDG with proper orthogonal decomposition (POD) creating the
HDG-POD method has been studied recently for the heat equation by Shen et al.,
(2019). Close to this contribution, but substantially different, lies the work extracted
from this thesis which involves the combination of HDG with another model order
reduction technique, the proper generalised decomposition (PGD) creating the HDG-
PGD method proposed in the published contribution Sevilla et al., (2020al).

1.3 State of the art in ROM

During design processes of many industrial applications, the various viable config-
urations cause the resolution of the same problem several times. One of the many
examples is the design of microswimmers in microfluidics. The variation of the ge-
ometry causes the necessity to know the flow solution for each possible shape defined
by the parameters of the model. These data are necessary to determine the optimal

stroke maximizing the motion of the microswimmer.

Reduced-order models (ROMs) have become commonplace in many areas of compu-
tational sciences and engineering (Chinesta et al., |2017; Peherstorfer et al., 2018).
They represent the response to the necessity of computing multiple queries of the
same problem in design and optimisation processes. Choosing a value of interest for
each parameter of the model, the parametric problem is solved for all the required
configurations. This is a very time-consuming procedure considering first, the huge
amount of parameter settings to be tested and second, that usually, CFD solutions

are not calculable instantly. In the best scenario, referring to industrial contexts, they
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could take one night, in the worst one, days or weeks. Typical high-tech industries
accept simulations of one night run to be able to take decisions the following morn-
ing. Anyway, this standard approach results to be the source of the great delays of
every decision-making process. A distinct approach consists of considering parame-
ters as extra-coordinates and solve a higher-dimensional problem. Direct resolutions
are limited because even for a small number of parameters curse of dimensionality
arises, making any resolution effort of this type unaffordable for nowadays technology.
As computational cost scales exponentially with the discretisation of the mesh, see
figure a mesh of 1000 nodes for a four-dimensional problem (e.g. a very sim-
ple problem with two spatial dimensions plus two additional parametric dimensions)

would have 10" unknowns. The necessity of resorting to a reduced model framework
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FIGURE 1.6: Curse of dimensionality: Exponential increase of the
complexity in function of the number of dimensions considered, as-
suming N=1000 nodes in each of them.

is straight forward. With one of the various techniques available in the literature, it
is possible to solve the high-dimensional problem reducing drastically the computa-
tional cost. Once paid the price to calculate the surrogate model at the beginning of
the design or optimisation cycle (off-line phase), its evaluation can be done real-time
during the decision-making procedure (on-line phase) not requiring any additional

computational effort and thus shortening the whole process.

Model reduction techniques can be classified in a posteriori and a a priori techniques.
The former ones construct the reduced model from an initial collection of information
regarding the target problem. Usually, a series of snapshots obtained as full-order
solutions of the problem are used. The latter, on the contrary, do not need any
prior knowledge about the problem to obtain the surrogate model. The a posteriori
MOR techniques are numerous. Among them, the most famous and studied are the
proper orthogonal decomposition (POD), see Volkwein, (2011) and the reduced-basis
(RB), see Hesthaven et al., (2016), Quarteroni et al., (2015), and Rozza, (2014). In

recent years also new ones have been proposed such Hi-POD, a merging between the
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FIGURE 1.7: Multi-query vs ROM approaches: Comparison between

a multi-query approach, based on multiple full-order solutions, and a

reduced order model approach, split in off-line and on-line phases for
a problem with 2 parameters.

hierarchical model reduction, Hi-Mod (Perotto, [2014)), with POD introduced by Baroli
et al., (2017) and the a posteriori PGD, see Diez et al., (2018}, 2019). Among a priori
ones in the literature, it is worth to mention the hyperreduction method proposed
by Ryckelynck, (2005) and the proper generalised decomposition (PGD) of which a
complete overview is given. It is worth noting that all these techniques are not in

competition with standard numerical solvers as they are used in combination with
these latter, independently from their nature (e.g. SEM, FEM, FDM, FVM).

Introduced by Lumley, (1967) POD is typically applied to build bases for time-
dependent problems and is the leading model reduction tool for the unsteady Navier-
Stokes equations. It computes basis to represent in a low-dimensional fashion a high-
dimensional system introducing a new set of n,, variables known as principal compo-
nents satisfying the orthogonality relation and with decreasing relevance. Practically,
it consists of three phases. First, the ng snapshots are generated by mean of the full
model resolutions. Second, the projection of the full model onto the reduced subspace
via singular value decomposition (SVD) of the correlation matrix assembled from the
snapshots. Third, the obtained basis are interpolated to reconstruct the parametric
dependence of the solution. The first two points form the off-line phase while the third
point is the on-line phase where the surrogate model is particularized for required con-
figurations. Recently, a POD-Galerkin framework has been developed (Baiges et al.,
2013; Chapelle et al., 2013)) based on the combination of POD with Galerkin strate-
gies. This allowed POD to benefit of the robustness of the Galerkin projection making

it suitable also for the resolution of parametric variations of time-dependent problems.

Another commonly used a posteriori technique is RB, introduced for non-linear viscous
flows (Peterson, 1989). Analogously with the POD method, RB consists first of an
off-line phase where a fixed number of snapshots, here named truth approzimations,
are collected using a full order model. A hierarchical Lagrangian reduced space can
be thus constructed. Second, the on-line phase consisting of fast and inexpensive
evaluations of the reduced model for all required parametric setting is performed via

Galerkin projection (Quarteroni et al., [2011). The main critical point of this method
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is the choice of the sampling forming the basis. If too few, the sampling may not be
representative of the parametric space and the approximation is poor. If too many,
the snapshots may be redundant and the following reduced system ill-conditioned. A
viable way to check if the approximation is accurate enough is the use of the error
estimator, based on the affinity assumptions and provided by the properties of the
Galerkin projection (Patera et al., 2007; Rozza et al., 2007). The inexpensive error
bounds permit to explore much larger subsets of the parameter domain in search
of most representative snapshots, and second, controlling the error, to minimize the

computational effort determining when the number of basis functions is enough.

Recently, a new a posteriori technique has been proposed by Baroli et al., (2017),
Hi-POD. As anticipated, it takes its name from the combination of two methods,
the Hierarchical Model (Hi-Mod) reduction and POD. Hi-Mod has been proposed
by Perotto et al., (2010)) as a method able to local enrich one-dimensional solutions
of problems defined in domains with a geometrically dominant direction. Purely 1D
hemodynamic models for instance, completely drop the transversal dynamics which in
several cases may be locally important (e.g., in the presence of stenosis or aneurisms).
The approach consists of discretizing the main dynamics with a fine finite element
mesh while the transversal direction is modelled via spectral elements using a coarse
approximation. A key point of this method is the assumption of separability between
the main and the transversal directions of the space, a feature that brought to an
interesting comparison with another method based on the same hypothesis, the PGD,
particularly in its version which considers the separation of space coordinates (Perotto
et al., |2018)). A comparison between the parametrised PGD and the parametrised
version of Hi-Mod, Hi-POD, is also present. This latter is used to solve problem
characterised by geometrical or material parametrisation and analogously than POD
is based on the calculation of snapshots (via Hi-Mod technique) and computation of
the POD basis via singular value decomposition (off-line phase) and interpolation of

the basis to compute a particularized solution (on-line phase).

Another newly proposed technique is the a posteriori PGD also known in the literature
as least-squares PGD (Modesto et al., 2015), algebraic PGD (Diez et al., |2018)) or
encapsulated PGD (Diez et al., 2019). The a posteriori PGD framework relies on
constructing a reduced basis starting from a series of snapshots obtained with a full
model resolution technique. The n, snapshots are collected in a multidimensional
tensor structure counting of one spatial dimension plus one extra dimension for each
parameter of the model. The a posteriori PGD computes the separated approximation
of the multidimensional tensor in the form of a product of rank-one approximations

using, a greedy approach based on an alternate direction scheme.

A critical common aspect for previous techniques to devise competitive and accurate
a posteriori numerical strategies is the selection of the snapshots, that is, the sampling
procedure in the parametric space. Several techniques were proposed to address this

problem, starting from the classical Latin hypercube sampling (McKay et al., 2000))
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and centroidal Voronoi tessellation (Du et al., [1999) to greedy approaches, based
on a posteriori error estimates (Grepl et al., [2005; Veroy et al., [2005) and model-
constrained adaptive sampling (Bui-Thanh et al., 2008]). Once the sampling points
are selected, the computation of the snapshots is generally performed in parallel,
exploiting the independence of each set of parameters to one another, to reduce the
computational cost of the off-line phase. Recently, an alternative strategy aiming to
reduce the number of required full-order solutions was proposed via an incremental
algorithm (Phalippou et al., [2020). The idea is to compute snapshots sequentially and
on-the-fly, corresponding to the values of the parameters identified by an appropriate

error estimate.

Differently from previously described techniques, a priori PGD automatically deter-
mines the number of terms of the reduced basis and do not require any prior knowledge
about the problem, circumventing the sampling step. Conceptually, PGD has been de-
veloped independently by Ladevéze, (1999)) and Ammar et al., (2006, 2007). Similarly
to a posteriori PGD, it relies on a greedy algorithm which sequentially computes the
terms of the reduced solution projecting the high-dimensional problem on a selected
dimension, obtaining a lower-dimensional problem much cheaper to solve (Chinesta
et al., 2013b). This projection is made possible by an important assumption on
which the whole PGD technique depends, the separability of the solution. Separated
representations were introduced by Ladevéze, (1991) for the resolution of transient
problems in strongly non-linear models. The innovative approach consisted of a non-
incremental integration procedure to avoid the enormous computational costs that
those problem required. Using a standard incremental strategy, a transient problem
defined in 3D physical space would require the resolution of as many 3D problems as
the number of time steps selected, which could be millions. By contrast, using the
space-time separated representation the number of spatial resolutions, i.e. the number
of bases computed times the number of non-linear iterations needed to compute each
one, was much smaller (order of hundreds). The computational saving was consider-
able. Later, separated representations were extended to stochastic modelling (Nouy,
2010) and for solving kinetic theory multidimensional models suffering the so-called
curse of dimensionality (Ammar et al., 2006, |2007)). Since its introduction PGD has
been widely investigated and been proposed to circumvent computational issues in dif-
ferent cases: multidimensional models, efficient transient non-incremental solutions,
space separation in degenerated domains, data-driven application systems (DDDAS),
inverse identification and parametric solutions which pave the way to efficient optimi-
sation and real-time simulations through computational vademecums (Chinesta et al.,
2011). In recent years, there has been an increase in non-intrusive implementations
of the PGD integrating commercial codes to solve multi-dimensional problems. Para-
metric stochastic equations (Giraldi et al., [2015)), biomechanics problems (Zou et al.,
2018)), production of multi-component systems (Quaranta et al., 2020), incompress-
ible flow problems (Tsiolakis et al., 2020a) also extended to fully-developed turbulent

flow (Tsiolakis et al., 2020b) are some examples of involved applications. However,



1.3. State of the art in ROM 15

intrusive implementations have also been explored for different fields. Among them,
Navier-Stokes equations (Dumon et al., 2011)), design of 3D-printed architectured
materials (Sibileau et al., 2018), coupled magneto-mechanical problems addressed to
MRI scanner applications (Barroso et al., 2020ab), harbour agitation (Modesto et al.,
2020) or crack propagation (Garikapati et al., 2020)).

Among parametric problems, the case of geometrically parametrised PDEs has often
been considered a challenge for both a priori and a posteriori frameworks. Among a
posteriori techniques, RB have been widely used to solve flow problems in parametric
domains (Manzoni et al., |2017)). Viscous internal flow problems (Negri et al., 2013,
2015} Rozza, [2011; Rozza et al.,2013]) or Navier-Stokes problems with haemodynamics
applications (Manzoni, 2014; Manzoni et al., [2012a,b; Quarteroni et al., 2007)) are
some examples. Targeted to the same applications are several recent works exploiting
the POD-Galerkin framework (Ballarin et al., 2015] [2016a.bl, 2017, [2019). Turning to
a priori PGD, in terms of geometrically parametrised problems, early works focused
on solutions tailored to specific problems (Bognet et al., [2012; Chinesta et al., [2013a;
Heuzé et al., [2016; Leygue et al., 2010) or strategies only applicable in a context of low
order approximations (Ammar et al., 2014} Zlotnik et al.,2015). Similar to these works
where piecewise linear geometric parametrisations are used, other PGD approaches
that employ piecewise NURBS parametrisations have been proposed (Chamoin et al.,
2019). More recently, a general approach to deal with geometrically parametrised
problems in a CAD environment was proposed (Sevilla et al., 2020b). This work
focuses on PGD algorithms based on high-fidelity spatial solvers.

Starting from the reduced solution obtained using either a priori or a posteriori ap-
proaches, parametric response surfaces can also be efficiently devised. In this context,
a critical aspect is represented by the interpolation strategy used to evaluate the quan-
tities of interest depending on the solution manifold constructed using the ROMs. The
difficulty of effectively interpolating the reduced solution in a multidimensional man-
ifold was first addressed in Amsallem et al., (2008). Since then, different strategies
were proposed to reduce the dimensionality of the input space, e.g. via kernel princi-
pal component analysis (Gonzalez et al., 2018) and manifold learning (Millan et al.,
2013). Recently, manifold learning techniques and collocation methods inspired by
sparse grids have been coupled with PGD-based separated representations of func-
tions of interest (Ibanez et al., 2017; Ibanez et al., [2018). The resulting methodolo-
gies, including sparse subspace learning and sparse PGD (Ibafiez et al., |2018), allow
to concurrently devise low-dimensional descriptions of the parameter space and func-
tional approximation of the solution manifold, leading to the so-called hybrid twins
paradigm (Chinesta et al.,[2020). Although both a priori and a posteriori ROMs have
been utilised to solve parametrised PDEs and to devise parametric response surfaces,
it is not possible to know a priori which reduction approach will perform better for a
given problem and, to the best of the author’s knowledge, a comparison is presented
for the first time in Giacomini et al., (2020b).
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1.4 Objectives of the thesis

The primary objective of this thesis is to develop a new methodology combining
high-order method and model order reduction to solve multidimensional geometrically
parametrised problem. The reasons of using a high-order method such as hybridisable
discontinuous Galerkin (HDG) within a geometrically parametrised Stokes flow frame-
work are different. First, the use of HDG for the spatial discretisation guarantees that
equal order of approximation can be used for all the variables circumventing the so-
called Ladyzhenskaya-Babuska-Brezzi (LBB) condition. This is of special importance
in this work, where geometrically parametrised domains are considered with curved
boundaries. The use of the same degree of approximation for all the variables means
that standard isoparametric elements can be used. In contrast, the work in Sevilla
et al., 2020b], employing standard FEs, required the use of sub-parametric or super-
parametric formulations in the presence of curved boundaries due to the different
degree of approximation used for the velocity and pressure, as required to satisfy the
LBB condition. Second, the HDG mixed formulation allows separating exactly the
terms introduced by the parametric mapping. Different approaches, as the classical
FEM used in Sevilla et al., (2020b), leads to the need to use numerical separation
techniques to obtain such approximations. Third, the proposed HDG-PGD approach
facilitates the imposition of the Dirichlet boundary conditions as in the HDG context
all boundary conditions are weakly imposed. Last, looking to future perspectives and
applications, this new methodology is designed to face more complex problems exploit-
ing all the features of high-order techniques. For that reason, a digression about the
Oseen equation is also presented showing an application of the method to a different
problem, in particular, to flow problems defined in fluids with parametrised viscosity.
This is useful also to highlight the major challenge of operating in a parametrised
geometry respect to parametrised physical proprieties. Moreover, the merger of the
HDG-PGD solver for a geometrically parametrised Stokes equation with the one for
the Oseen equation with parametrised viscosity paves the way for the future develop-
ment of an HDG-PGD solver for Navier-Stokes equations with coupled parametrised
viscosity (i.e. Reynolds number) and parametrised domain. Between all the possible
model order reduction techniques that literature offers, the proper generalised decom-
position (PGD) have been chosen, mainly in its a priori framework. This coupling
shapes the so-called HDG-PGD methodology, formulated for the steady Stokes equa-
tion in geometrically parametrised domains. The a posteriori framework of the PGD
is also developed to devise a critical comparison between the two techniques coupled
with the HDG solver.

In particular, the following contributions have been realized:

1. Development and implementation of HDG formulation for axisym-
metric Stokes flow. Considering the Stokes equation, the classical HDG

formulation is obtained showing the proprieties of convergence of the method.
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Through a change of coordinates, the axisymmetric formulation is devised for
a three-dimensional problem. Introducing a suitable hypothesis it is shown
how the implementation of the axisymmetric formulation reduces to a classical
bi-dimensional problem accounting for one extra variable. The proposed for-
mulation is validated showing optimal rates of convergence for two academic
problems equipped with analytical solutions. No published contribution has

been extracted from this work.

2. Development and implementation of HDG-PGD formulation for ge-
ometrically parametrised Stokes flow. Starting from the Stokes equation,
the weak form of the multidimensional parametrised Stokes problem is devised.
Affine geometrical mapping is applied to operate on a reference parameter-
independent domain. Separability hypothesis is introduced and the HDG-PGD
Separability hypothesis is introduced and the HDG-PGD algorithm is described.
The multidimensional Stokes problem is thus solved with the proposed HDG-
PGD technique. First, the solver is validated for different scenarios using aca-
demic problems equipped with analytical solutions. Then, the method is ex-
ploited to solve problems of physical interest in microfluidics. This work outlined
the published paper “Hybridisable discontinuous Galerkin solution of geomet-
rically parametrised Stokes flows” (Sevilla, Borchini, Giacomini, and Huerta,
2020al).

3. Comparison between a priori and a posteriori PGD. The proposed a
priori solver is compared with an a posteriori PGD technique. Accuracy and
cost, calculated in terms of total calls to the spatial solver, are examined. In
particular, both techniques are used to devise response surfaces in context of
microfluidics applications. This work outlined the submitted paper “Separated
response surfaces for flows in parametrised domains: comparison of a priori and

a posteriori PGD algorithms” (Giacomini, Borchini, Sevilla, and Huerta, 2020b).

4. Development and implementation of HDG-PGD formulation for Os-
een equations with parametrised viscosity. Considering the Oseen equa-
tion, obtained from a linearisation of the steady Navier-Stokes equation, the
HDG formulation is devised. Exploiting the HDG-PGD framework defined, the
proposed HDG-PGD solver is used to solve the multidimensional Oseen equa-
tions with parametrised viscosity. No published contribution has been extracted

from this work.

1.5 Chapters overview

This section outlines the structure of the thesis detailing, in particular, the contents

of each one of the chapters.
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Chapter 2] is dedicated to the first contribution of the thesis and aims to devise the
HDG axisymmetric formulation for the Stokes equation. Two possible cases are anal-
ysed, whether the axis of symmetry intersects the computational domain or not. Re-
garding domains intersecting the axis of symmetry, a new boundary condition needs to
be introduced. A comparison between the resolution of a three-dimensional problem
via a classical three-dimensional HDG formulation and via the proposed axisymmetric

formulation is made focusing on the number of degrees of freedom used.

Chapter 3] is dedicated to the central contribution of this thesis, the formulation and
development of the HDG-PGD methodology for the Stokes equation in a geometri-
cally parametrised domain. The multidimensional problem is solved with the proposed
HDG-PGD technique exploiting a projection on a lower-dimensional space defined by
either space or parameters. Each term of the recursively computed reduced basis is
obtained solving a non-linear problem through an alternate direction algorithm. The
proposed solver is validated for different scenarios using academic problems equipped
with analytical solutions. Bi-dimensional, axisymmetric and three-dimensional prob-
lems are studied. Then, the method is employed to solve problems of physical interest

in microfluidics.

Chapter [4] presents the second main contribution of this thesis and develops a compar-
ison between two conceptually different model order reduction techniques in coupling
with the high-order solver HDG. The proposed a priori HDG-PGD solver is compared
with the a posteriori PGD technique introduced by Modesto et al., (2015)) and Diez et
al., (2018} 2019). A critical comparison of the two reduction techniques is performed
stating attractive properties and drawbacks of both and extensive numerical experi-
ments are presented to validate this comparison. Both the influence of the number
of parameters affecting the shape of the geometry and the influence of their range of
variation on the reduced solution is investigated. Costs, calculated in terms of total
calls to the spatial solver, are examined and reported for both approaches. The two
techniques are applied to compute separate response surfaces to evaluate real-time

quantities of interest, e.g. the drag force, in the context of microfluidics applications.

Chapter [5| summarises the results presented and presents possible future perspectives

and developments starting from the work done in this thesis.

Appendix [A] develops one of the possible extensions presented in chapter [5] consisting
of the application of the HDG-PGD methodology to a different parametric problem.
Considering a linearisation of the convective term of the steady Navier-Stokes equa-
tion, the Oseen equations are obtained. Their parametric counterpart is discussed
for the case of parametrised material parameters. Preliminary numerical results for
diffusion-dominated and convection-dominated flows are presented using an academic

test case with parametrised viscosity.
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Chapter 2

HDG solution of Stokes flow

problems

2.1 Problem statement

Let us consider a domain 2 C R, where ngq is the number of spatial dimensions. The
strong form of the stationary Stokes problem is obtained by neglecting the transient
and convective effects in the full incompressible Navier—Stokes equations (Donea et

al., 2003). The so-called velocity-pressure formulation is so obtained and reads

-V-wVu —pl,,)=s inQ,
V-u=0 in Q,
u=up onlp, (2.1)
n- (VVu—pInsd) =gy only,
u-D+n-(vVu—pl,)E=0 onlg.

where unknowns u and p denote the velocity and the dynamic pressure, respectively,
v>0 is the kinematic viscosity, s is the volumetric source and n is the outward unit
normal vector to 0f2. The boundary of the domain, 9, is partitioned into the
non-overlapping Dirichlet, I'p, Neumann, I'y, and slip, I'g, boundaries such that
00=Lp ULy UTg. On the Dirichlet boundary the velocity is given by wp. On the
Neumann boundary the pseudo-traction is given by g,. Finally, on the slip boundary,
the matrices D and E are given by D=[n, 0y, (n,,—1)] and E=[0,%1,...,tn 1], as
detailed in Giacomini et al., (2020c). The tangential vectors ty, for k=1,...ngq — 1

are such that {n, ¢, ..., , 1} form an orthonormal system of vectors.

Remark 1. As noted by Donea et al., (2005), a velocity-pressure formulation enforces
a pseudo-traction. To enforce a boundary traction an alternative formulation must be

considered, the so-called Cauchy-stress formulation (Giacomini et al., |2020c).

The free divergence condition in equation ([2.1]) induces the compatibility condition

(Lup -n)r, + (Lu-n)so\r, =0, (2.2)
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where (-,-)g denotes the standard Ly scalar product in any domain S C 9.

Besides, it is worth noting that, if I'y=(), an additional constraint to avoid the inde-
terminacy of the pressure is required. One common option (Cockburn et al., [2009b,
2014; Giacomini et al., 2018; Nguyen et al., 2010b)) that is considered here, consists

of imposing the mean pressure on the boundary of the domain, namely

<‘619’p, 1>89 = 0. (2.3)

2.2 HDG formulation

This section briefly presents the HDG formulation for the Stokes problem. The presen-
tation is based on previous work on HDG methods found in Cockburn et al., (2009b),
2011} |2014) and Giacomini et al., (2018, 2020c).

2.2.1 Mixed formulation

Let us consider a subdivision of the domain €2 in ne; disjoint subdomains €2, such that

=]

el
Q=1 ). (2.4)
1

@
I

The interior boundaries of the subdomains define the so-called mesh skeleton or in-

ternal interface I' as
Nel

J o9
e=1

T = \ 99, (2.5)

Introducing the so-called mized variable L=—vVu, the Stokes problem can be written

as a first-order system of equations in the broken computational domain, namely

L.+vVu.,=0 in Q, and for e = 1,...,ne1,
V- (Le +peInsd) =s in Q, and for e =1,...,ne1,
V-u, =0 in Q, and for e =1, ... ,ne1,
u. =up ondL.NIp,
(2.6)
n- (Le +peInsd) =—gy ondQ.NTy,
ue‘D—n~(Le+peInsd)E:0 on 90, NT'g,
[u®@n]=0 on T,
[n-(L+pl,)]=0 on T,

where the last two equations, known as transmission conditions, impose the continuity
of the velocity and the normal flux on the mesh skeleton. Following Montlaur et al.,
(2008)), the jump operator [-] is defined as the sum from the left, €;, and right, Q,,
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elements of a given portion of the interface I'; that is

[©] = &1 + O (2.7)

2.2.2 Strong form of the local and global problems

The HDG method solves the mixed problem of equation (2.6|) in two steps. First, the

so-called local problems are considered

L.+ vVu,=0 in ¢, and for e =1,...,n0,
\ % (Le+peIn5d) =s in ., and fore=1,...,n¢,
V-u, =0 in Q, and for e =1,... ne1,
_ (2.8)
u, = up on I, NITp,

u.=a ondQ. \Ip,

1
_ ,1> — e, fore=1,... na,
L <|aQe‘p€ 895 p(i or e Ne1

where @ is the so-called hybrid variable, which is an independent variable representing

the trace of the solution on the element faces, and p, is the mean value of the pressure
on the boundary 0€2.. It is worth noting that the local problem is a pure Dirichlet
problem and therefore, the last condition in equation is introduced to ensure the
uniqueness of the pressure. The local problems can be solved independently, element

by element, to write L., u, and p, in terms of @ and p, along the interface T'UI' yUl'g.
Second, the so-called global problem is defined to impose the continuity of the normal
flux on the inter-element faces and the Neumann and slip boundary conditions, namely
[n- (L +pla,)] =0 on T,
n- (Le + peInsd) = —gny on 0. NT'y, (29)
Ue D —n-(Le+pely,) E=0 on 90, NTg.

It is worth noting that, due to the unique definition of the hybrid variable on each
face and the Dirichlet boundary condition in the local problems, there is no need to

enforce the continuity of the solution in the global problem.

The constraint of equation (2.2)), induced by the incompressibility condition, is also

considered in the global problem and written in terms of the hybrid variable as

<1,’LLD . n>pD + <1,’11 . ’I’Z)(aQ\FD) =0. (2.10)
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2.2.3 Weak form of the local and global problems
The following discrete functional spaces are introduced:

VQ) := {v € L2(Q) : v]g, € PF(Q) Ve, e=1,...,0a},
b€ Lo(S) : 0|r, € PH(Iy) VI € S CTUINY,

Nsd

{
{
Ay [W(F UTx U FS)} ,
|
|

)

where P¥(€.) and P*(T;) stand for the spaces of polynomial functions of complete

degree at most k in ). and on I'; respectively.

The weak form of the local problems, for e=1,...,ne, reads: given up on I'p and
a" on TUTy UTg, find (L, ul, pl) € Wh x V' x VP that satisfy

App (W, L) + Ap, (W, ul) = L (W) + Apo(W,a"),
h hy _ h
Aur(v, L) + Auu(v,u )+Aup(v pe) = Lu(v) + Aya(v, a"), (2.11)
pu(v,ul) = Ly(v) + Apa(v, a"),
Pp(l pe) = APP(l pe)

for all (W, v,v) € W" x V" x V" where the bilinear and linear forms of the local

problem are given by

ApL(W,L):=—(W,v7'L), o An(Wu)= (V- W), |
Apa(W,a):=(n - W d)so r,, Aur(v L) =(v,V- L)
Ayu(v,u) = (v, TU)s0, v,p):= (v, Vp)q, (2.12)
Ava(v,8) = (v, T@)a0,\rp > u(v,u):=(Vo, )
Apa(v,4) = (v, n)so Ty, (’w,p) (w, |07 >aﬂe,
App(w, p) :=wp,

and

Lp(W):=(n- W, up)sa.nrp,
Lu(U) ( )Qe + <U7TU’D>BQ(3QFD7 (213)
p(v) (v,up - n>8QemFD,

respectively, where (-,-), denotes the standard Ly scalar product in a generic sub-

domain D and 7T is the stabilisation tensor, whose selection has an important in-
fluence on the accuracy, stability and convergence properties of the resulting HDG
method (Cockburn et al., [2009¢; Nguyen et al., 2009¢]d, |2010b)).
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~h
Similarly, the weak form of the global problem is: find @" € V' and p" € R®! that

satisfies
Nel Nel
> {Aaul0,2) + Auuloul) + Auglol) + 0,0} =3 (L))
e=1 o—1 2.14

for all v € \A)h, where the multi-dimensional bilinear and linear forms of the global

problem are given by

Aar(9, L) :=(0,n - L)so\(rpurs) — (0,1 - LE)sq.nrg
Agu (D, 1) :=(d, Tu) s\ (rpurs) — (0, (Tu)-E)oq.nrs (2.15)
Aap(D,p) :==(d,pn) o0\ (T purs)
Aaa(9,4) :== — (0, T) s\ (rpurs) + (0,4 D + (14)-E)oa,.nrg
and
La(0):=—(8,gn)oa.nry, (2.16)
respectively.

2.2.4 Discretisation

Introducing an isoparametric formulation with equal interpolation for all the local
and global variables (Sevilla et al., |2016b} 2018ab), the discretisation of the weak
form of the local and global problems given by and , respectively, can be
obtained. Local problem, leads to a system of equations for each element with the

following structure:

A, A, O 0 L f7, Ars 0

AT A A 0 £, A 0
Lu '; up . u _ 4 i a4+ De, (2 17)
0 Ay 0 a,l |p fp Apa 0
0 0 a, 0 . ¢ . 0 . 0 . 1 .

where L, u, p and @ denote the nodal values of L, u, p and @ respectively and the
constraint on the mean value p of the pressure on the element boundaries is enforced

using the Lagrange multiplier (.

Similarly, the discretisation of the global problem leads to a system of equations for

the trace of the velocity on the element boundaries and the mean value of the pressure
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in each element, namely

Nel L DNel
7 ; 7 Agalety = ) [fale,
ezl { [AuL Auu Aup . ;1 + [ ] u} ;[ ] (218)

e

17 (A u)ett = 17 [£)]..

As usual in an HDG context, the local problem of equation (2.17)) is used to express
the gradient of the velocity, the velocity and the pressure in terms of the trace of the

velocity and the mean pressure. Introducing these expressions into the global problem

K G| [al [& 510
GTOp_f'p’ (2.19)

where the only unknowns are the trace of the velocity and the mean pressure and

leads to the global system

ALL ALu 0 0 ALﬁ
o~ Del AT Auu Au O Auﬂ
R=AlAi Au Ag o] |[T0e T T D + [Adiles
e=1 e 0 Aup 0 a,, Apﬂ
0 0 a, 0] [0
17[A e
ar — 17[A o
1T[Apﬁ]ne1 e
—1
A, Ay O 0 fr
~ N oa AT A, A, O f,
fo = Alfale — [Aur A Ay, 0 [T T T ,
e=1 el 0 Ay, 0 aqa, f,
0 0 app 0 . 0 .
1T[fp]1
- 1T[fp]2
f,=— :
1T[fp]nel

2.2.5 Implementation details

Following Giacomini et al., (2020c) and Sevilla et al., (2016b)), the matrices and vectors
appearing in the discrete form of the HDG can be particularized. The local elemental

variables w,p,L are defined in a reference element Q(E), &=(&,. .., &.,) whereas the
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hybrid variable @, is defined on a reference face I'(n), n=(11, . . ., 7a.,) as

w(€) ~ Y wN;(€),  p€)=> p;N
j=1 Jj=1

L&) =Y LiN;(€),  aln) =~ wN
j=1 j=1

where u;, pj,L; and i; are the nodal value of the approximation, ne, and n¢, the
number of nodes in the element and face, respectively, and N; and Nj the polynomial
shape functions in the reference element and face, respectively. An isoparametric

transformation is used to map reference and local coordinates

DNen

= ZXiNz 13
=1

where vector x;, with ¢ = 1,...,ne, denotes the elemental nodal coordinates.

Following Sevilla et al., (2016b)), the compact form of the interpolation functions are

introduced
N=[N; Ny ... N, Np=[Nin Non ... Ny, n],
N = [Nl NQ . ann]T, Nn = [Nln NQTL Ce ann'n,]T,
VN = [(J'vN)T (g vNn)T Lo (TN T
and = [Nl]:nsd NQInsd NnenInsd] ’
N = [Nland NoLp ... No,Ip2 17,
where n=(n1,...,ny,,) represents the outward unit normal vector to an edge or face,

J is the Jacobian of the isoparametric transformation and I,,_, and Inzd is the identity

Nsd

. . . 2 .
matrix of dimension ngg and nZ,, respectively.

The different matrices appearing in equation (2.17)), computed for each element e=1, ..., ne,

can be expresses as

e e

11 Il

[ALL Zy_lN 2 £g)NT (59) g’ [ALu ZVN sg NT(é‘g) g7
g=1 g=1
Aral, = Y ZN EPONTEDw),  [Awl, =YD NENTN(E)) w)
00 \I'p 9=1 00 g=1
Je = > N(&)VNT (€9 wg, A= Y D N(EHENEN)) W]
g=1 00\I'p g=1

Z Z N(Eg)Nﬂ(Eg)wZ]t’ [App]e = Z Z NT(Ech)wg

90T p g=1 Qe g=1
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Y > Nal€)ub(a(E)w)

0Q.NI'p g=1
=Y Nu.(&)s" (@ (Ews+ > > Nu, (&) (run(@(€))) w)
g=1 o0NeN'p g=1

> ) Na(g)uh(x(€]))w]

8(2601“,3 g:1

Analogously the different matrices appearing in equation (2.18)), computed for each

element e=1,...,ne, can be expresses as

[Aarle = > ZN EHNTEHwl — Z EHE) w/,
0 \(FDUFS)g 1 8QEQFS =1
f

Awd.= ZNﬁf )(TN(ET Z N(E)(*N(E)HE) w],

00 \(FDUFS)g 1 o0 QF

Anl = Y S NEON"E)u]

396\(FDUF5) g=1

[Asile=~ > ZN<€£><7N<££>>%£ + 3 S RN (E)D) w)
Qe \(I'pUl's) 9= 8Q.Nl'g g=1

nf
1P

+ > ) NEHENEHE) W],

In the above expressions, £; and wj, are the n$ integration points and weights defined

on the reference element and €f and wg are the p integration points and weights

l

defined on the reference edge/face.

2.2.6 Local postprocess of the primal variable

As wildly explained in the literature in Sevilla et al., (2016b)) and Giacomini et al.,
(2020¢)), the solution of the HDG problem obtained solving computes the opti-
mal solution for both u, p and L with optimal rate of convergence k+1 in Lo norm,
as the polynomial used to approximate these variables are of the same degree. From
this, follows that L, which is the gradient of the velocity, will be one degree lower
than w. This allows to develop the concept of superconvergence using local postpro-
cessing (Cockburn et al., [2008). Local postprocessing, thus, can be used to obtain a

superconvergent solution for primal variable, i.e. the velocity, called u*, converging
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with order k42 in L9 norm (Cockburn et al., 2008, 2009al). This is achieved by solving

the following equations element-by-element:

V-Vu*=-V-L in e,
n-Vu*=-n-L on 0,

(2.20)

with the additional constraint:

/ u* dQ:/ u d€Q, (2.21)
Qe Qe

where u* € PF¥F1(Q,) and k is the polynomial degree of approximation. The week

form of the problem can be written as:

(Vu,Vu*)q, = —(Vuv,L)q, (2.22)
(u*, 1), = —(u,1)q,, (2.23)

for all v € P*+1(Q,) and the solution u* converges asymptotically at a faster rate of

k42 in L5 norm for uniform degree of the approximation polynomial k.

2.2.7 Numerical validation

The first example studied to validate the method is the so-called Wang flow (Wang,
1991)) in Q=[0,1]? € R%. The analytical solution of the velocity (whose magnitude is
shown in figure and pressure is given by

Uy = 2ay — bAexp(—Ay) cos(Ax),
uy = bAexp(—Ay) sin(Az), (2.24)
p=0,

with parameters selected as a=b=1, A=10 and kinematic viscosity v=1.

10.01

FIGURE 2.1: Wang flow: Analytical solution of the norm of the veloc-
ity field.
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Neumann boundary conditions are imposed on the bottom part of the domain, de-
fined as I'y={(z,y) € Q | y=0}, whereas Dirichlet boundary conditions are im-
posed on I'p=0Q \ I'y. A consecutive refinement of uniform triangular meshes with
ne1={16,64,256,1024} is used to obtain convergence rates for different degrees of
polynomial functions, in particular k={1,2,3,4}. Results are shown in figure
Optimal convergence rates of at least order k-+1 are obtained for all the variables and

k+2 for the postprocessed variable, respectively.

10%10 (HEL||L'3(s‘zJ)

14 12 -1 08 06 -04 14 12 -1 08 06 -04
log,o(h) log,,(h)

(c)p (d) u”

FIGURE 2.2: Wang flow: mesh convergence of the £5 norm of the
error for L, u, p and u*.

2.3 HDG formulation in axisymmetric problems

This section is dedicated to the derivation and implementation of the HDG formulation
for Stokes problems under the hypothesis of axial symmetry. This derivation has not
been found anywhere in literature and does not appear in any publications extracted
from this thesis. Initially, the three-dimensional case of problem statement presented
in section [2.1] is written in cylindrical coordinates. Then, under proper assumptions
of axial symmetry and non-rotative flow, it is shown how a 3D axisymmetric problem

can be reduced to a 2D problem with one extra unknown.
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2.3.1 Cylindrical coordinates

A cylindrical-Cartesian transformation allows to rewrite whatever problem from a
three-dimensional Cartesian reference system x=(z,y, z)7 to cylindrical coordinates
r=(r,0,2)", where r is the radial distance from the z-axis and the angle 6, called
azimuth or angular position, defining a two-dimensional polar coordinate system in
the reference plane, which is an arbitrary plane orthogonal to the z-axis. To write
the Stokes problem in cylindrical coordinates let us previously recall some scholastic
relations. Cartesian coordinates z=(z,y,2)? and cylindrical coordinates r=(r, 6, z)
are related by

T =rcosb, r= \/W ,

y =rsiné, 0 = atan2(y, ), (2.25)

z =2z, z =2z,

where atan2 is the four-quadrant inverse tangent, which is a usual variation of the

arctangent function than produces azimuths such that § € [—m, 7] and is defined as

arctan(y/x) ifx >0
arctan(y/x) + 7 ifx <0andy >0
arctan(y/x)+7 ifx<0andy <0

atan2(y, xr) = (2.26)
/2 if x=0andy>0
—7/2 ifr=0andy <0
undefined ifx=0and y=0.

The Jacobian for cylindrical to Cartesian and Cartesian to cylindrical mappings are

respectively
cosf —rsing 0 cos 6 sin 0 0
oz _ | 0 6 0 or . in 6 6 0 (2.27)
5 = | sin 7 COS e —(sinf)/r (cosO)/r .
0 0 1 0 0 1

with the range of variation 0 < r<oco, —m<0<m, and —oo<z<oo. It is worth noting

that det(0x/0r)=r, which is needed for the change of variables in the weak forms.

The cylindrical basis vectors (e,,ep,e,) can be written in terms of Cartesian ones

(ez,ey,€;) and viceversa

e, = cosfe, + sinfle,, e, = cosfe, — sinfey,
€9 = —sinfe, + cosfe,, e, = sinfe, + cos bey, (2.28)

e, =e,, e, —e,.
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which are clearly orthonormal as e,xeg-e,=1. Moreover, a Cartesian vector field u

may be resolved in this basis
U = €, Uy, + €Uy + €Uy,

where

U = U - €, Ug = U - €y, Uy = U+ €,.

Using the chain rule and relations (2.28)), the expression of the gradient operator in

cylindrical coordinates can be determined from its Cartesian counterpart

.0 ) i o 10
V= _—e,+ e +--e=_-e+--_e+

9r r Ty T 2% T T T rae® T 92 (2:29)

Thus, it is straightforward to apply this operator to scalar functions as in the Cartesian

case, namely

. ov 1 0v ov
V' = 5er + ;%89 + &ez. (2.30)

However, contrary to Cartesian coordinates where de;/0x;=0 for i, j=x,y, 2, in cylin-
drical coordinates it is important to recall that, not all derivatives are zero. In par-
ticular, from ([2.25]) follows that

der dey _
00 00

—e, (2.31)

while the other derivatives are zero. These properties are crucial when computing
derivatives of vectors or tensors. For instance, the gradient of a vector in cylindrical

coordinates is

0 10 0
T . T __ _ - .
Viv=u®V _(UTer+veee+Uzez)®<eT87“+e97“80+e28z)
v, lavr Ovy
or r 08 0z
| Ovg 10vy Ovg Ur de, vy %
o v o | T O a0 O
ov, lavz ov, (2.32)
or r 00 0Oz ’

ov, 10v, vy Ovy
or r 00 r 0z
Ovg 10vg v, Ovg
Or r o0 * r o 0z
ov, 10v, ov,
or r 06 0z
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while the divergence of a vector is

0

0 0
'I"_ — R R R .
V"o (Grer + 8989 + azez) (vre, + vgeg + v, e;)

_avr+1%+8vz+ﬁ 6e7«+@ dey
- or r 00 0z r 0 00 T 0

2.
50 (2.33a)

_10(rv,) [ 10vg  Ov,
o Or r 00 0z

Previous expressions are used together with relations (2.31]) to compute the divergence
of a gradient of a vector

0%v, n 1% n 1 9%v, 20vp v 0%,
or2 ror 12002 1200 r2
r 0%vg  10vg 1 9%y 2 Ov ve 0%y
V' V' = 720y e
or? +7“67" +7“2 002 +7"2 00 r2+ 072
9%, n lavz N i(’?zvz n 9,
or?2  r Or 12 062 022’

and analogously the divergence of a second-order tensor

8Wrr 1 1 Wre 6WTZ 1
L R VR

OWs, 1 1Weg OWp, 1

- -z - . 2.35

or +7“W0T+r 00 + 0z +7“WT9 ( )
oW, 1 1W,e OW,,

T A

V"W =

2.3.2 Problem statement and axisymmetric hypothesis

Let us consider problem statement defined in domain Qy€R™? with ngg=3. Let
us also assume that domain ) is the results of a full rotation around the z-axis of
a 2D generator domain Q C R% By mean of a change of coordinates (2.1)) can be
rewritten in cylindrical coordinates. The goal is still to find the velocity and pressure

fields as functions in a multidimensional space, namely u(x) and p(x):

-V" (vV'u—pl,,)=s inQx[-mmn),
V'u=0 inQx[-mmn),
u=up onlpx|[-m ), (2.36)
n- (vV'u—pl,) =gy onTyx[-m,m),

u-D4+n-(vV'u—pl, )E=0 onlgx[-m,m).

where V7" is the nabla operator defined in cylindrical coordinates.

By definition, in axisymmetric problems, all variables are independent of the angular

coordinate . This allows reducing the dimension of the problem solving the equations
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only in the generator plane 2. Under this hypothesis two different scenarios are
possible: the z-axis intersects or does not intersect the generator domain 2. As it is
shown in the following, this small difference has a huge impact on the axisymmetric
HDG formulation as for one of the two cases a new boundary conditions must be

introduced.

Case 1: The z-axis does not intersect () If z-axis does not intersects Q (e.g. a
hollow cylinder), no further hypothesis is required and the resolution of the problem
follows the classical HDG approach presented in section In this case, the axisym-
metric hypothesis simply helps to reduce the dimension of the integration domain. A
three-dimensional Cartesian integral can be computed exploiting a 27-rotation of a
two dimensional integral around the axis of symmetry, simply accounting of the dif-
ferential terms arising from the Cartesian-cylindrical change of coordinates. In other
words, the whole rotation of each element Q. of the generator domain Q€R? produces
a toroidal prism, and the union of all these prisms reconstructs Qo€R3. In this case,

the axisymmetric problem statement reads

-V" (vV'u—pl,,)=s inQx[-mm),
Viu=0 inQx[-mmn),
u=up onlpx[-m ), (2.37)
n-(vV'u—pl,) =gy onlyx[-m, ),

u-D4+n-(vV'u—pl, J)E=0 onlgx[-mm),

where #-dimension is simply integrated resulting in a scaling term 27 for all variables.

Case 2: The z-axis intersects 2 A completely different and more complex sce-
nario appears when the axis of symmetry intersects the domain 2 (i.e. coincides with
one of its boundaries). In this case, an extra artificial boundary must be accounted
for apart from the Dirichlet, Neumann and Slip. Conceptually, while the behaviour
of the elements which do not intersect the new boundary I'4 is univariate respect
the previous case, those having one of their faces in contact with it must be treated
differently. The idea of exploiting rotation to reduce the integration dimension still
holds, but as a new boundary is introduced, a new boundary condition is required.
The Axisymmetric boundary I'y4 is thus defined such that 9Q=Ip UTy UTg UT 4.
Being a boundary with a physical symmetry imposed, boundary conditions on I' 4 are

identical to those imposed for free slip condition on I'g, u-n=0 and n - V"u t;,=0 for
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k=1,...nsq9 — 1. In this case, the axisymmetric problem statement reads

V" wV"u—pl,,)=s inQx|[-mm),
V'u=0 inQx[—mn),
u=up onlpx|—mx),
=mm) (2.38)
n-(vV'u—pl,) =gy only x[-m, ),
u-D4+n-(vVu—plL, )E=0 onlgx[-mn),

u-D+n-vV'uE=0 only4.

It is worth noting that the last equation is defined only on the artificial axisymmetric
boundary I'4 which physically does not represent any three-dimensional surface as
other boundaries do. The only aim of this condition is to close the problem without
which the final HDG system of equations would results indeterminate, leaving the
degrees of freedom of @ lying on 'y unconstrained. Analogously to Case 1, where
involved (i.e. except in last equation of system ), f-dimension is simply integrated

resulting in a scaling term 27 for all variables.

In the following, HDG formulation is developed only for the second case where z-axis

intersects 2 as (2.37)) is a particular case of (2.38)) where I' 4=0).

2.3.3 Strong form of the local and global problems

Following HDG rationale (2.38]) is solved in two steps. First local problems are solved

element by element

( L.+vVTu, = in Q. x [—-m,7), and fore =1,...,ne,
AvAl (Le —|—peIn5d) =s inQex[-m,m),and for e =1,...,ne1,
V'u,=0 inQ x[—m,m),and fore=1,...,ne,
B (2.39)

u. =up on (0.NTp) X [—m,7),

u.=a on (02 \I'p)x[-7,m),

1
<mpe, 27r>aﬂe =pe, fore=1, ... n..

Note that the hybrid variable @ beside on the Neumann and Slip boundaries is also de-
fined on the artificial Axisymmetric boundary. This guarantees that all local problems
are still pure Dirichlet problems and that each of them can be solved independently,
element by element, to write L., u. and p. in terms of @ and p. along the interface
Frul'yUl'gUTI 4. Moreover, it is worth to notice that being pure Dirichlet problem,
each local problem fall in the class of problems whose boundary does not intersect I' 4
thus its resolution only requires to account some small changes in the differential of
integration arising from the change of coordinates (i.e. it behaves exactly as problems

belonging to Case 1).
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Second, the so-called global problem is defined accounting also of the extra condition

on I'4, namely

[n- (L +pla,)] =0 on I' x [—m, ),
n-(Le+ peln,) = —gy on (0Q.NTy) x [—7,m),
Ue-D—mn-(Le+peln,) E=0 on (02 NTg) X [—m,7),
U.-D—n-L.E=0 on (00, NT4).

(2.40)

2.3.4 3D weak form of the local and global problems

Exploiting the functional spaces defined in section the weak form of the local
problems, for e=1,...,ne, reads: given up on I'p and @" on TUTy UTgUT 4, find
(L? ul, ph) € Wh x V" x V! that satisfy

ro(WL LM + AT (W Z:L( )+ AT (W, ah),
nn (v, L) + Ay, (v, )+A’"( A

)

Pe) (2.41)
( ul) = Ly (v )+A’" ( ‘h),

l)

for all (W,v,v) € W" x V" x V' where the multi-dimensional bilinear and linear

forms of the local problem are given by

EL(W,L)Z:—(W,I/_IL 271'7‘)&.26,
Tu(W,u):=(V"- W, u2nrr) Q.
La(W,a):=(n - W, 42rr)s0.r,
w0, L):=(v, V" L27T7’)Qe,
ru(v,u) = (v, Tunr)H0,,
Agp(v,p):: (v, V"p277), | (2.42)
Apa(v,4) = (v, T4 277)90,\r p »
Apy(v,u) = (V7v,u2nr) Q.
A (v, )= (v, @ - n277T)90,\rp >
A?(w, p) = (w, |09 'p 277 a0, ,
A7 (w, p)i=wp2m,
and
L(W):=(n-W,up 2rr)sa.arp,
Ly (v):=(v,s 27‘(’/“)96 + (v, Tup 277 902.Nrp » (2.43)
Ly(v):=(v,up - n277)s0,Arp

respectively.
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~h
Similarly, the weak form of the global problem is: find @" € V' and p" € R®! that
satisfies
Nel Nel
Z{A (8, L) + Al (8, ul') + AL (8,pl') + ALy (6, a" } Z{L” )}
(2.44)
A;ﬁ( 7,ah) = _LP( )7

for all v € \A)h, where the multi-dimensional bilinear and linear forms of the global

problem are given by

ar (0, L) :=(9, 1 - L277)50,\(I pUrsUT 4)
— <ﬁ, n-LE 27rr>8QEﬂFS

—(0,n-LE)sq,nr,

Arﬂu(ﬁv u) ::<’87 TU 27TT>BQE\(FDUFSUI‘A)
— (0, (Tu)-E27r)s0,
<A (Tu) )80.Ts (2.45)
— (0, (Tu)-E)s0.nr 4
Afy(D,p) :=(D, P 277) 90\ (1 p U sUT 4)
Aba(D,@) == — (B, TA277r) 90\ (T UL LT 4)
+ (0, (4-D + (ta)-E) 277) 90,14
+(8,4-D + (14)-E)oq.r,
and
L’Z(Ii}) = _<1}7 gn 27TT>BQeﬂFN) (246)

respectively. It is worth noting that the only differences between forms of section [2.2.3]
and those defined here are the scaling term 27, following from the integration of 6-
dimension, the extra term r appearing in the differential after the Cartesian-cylindrical
change of coordinates, and the bi-dimensional integrations on I'"4 appearing only in

global problem forms.

2.3.5 Axysimmetric formulation as extension of the bi-dimensional
formulation

Beside the new boundary, another difference between equations ([2.39)-(2.40)) and equa-
tions . ) hides in the nabla operator. When applied to vectors or tensors in
cyhndrlcal coordinates, extra terms arise. Accordingly to the definition of the gra-

dient of a vector in cylindrical coordinates defined in ([2.32)), under axisymmetrical
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hypothesis component L, of the mixed variable vanishes

LT’I‘ Lr@ er
L=|Lyp Loy Lo |- (2.47)
L., 0 L.

meanwhile the velocity vector remains u=(u,,ug,u.)’. Note that the assumption
of axisymmetric motion does not imply that circumferential velocities ug are zero.
There are many examples of axisymmetric flows involving swirl or rotation such as a
rotating flow in a cylindrical cavity or the swirling flow in a gas. By the way, under the
additional hypothesis of non-rotative flow ug is null. Consequentially, also components

Lo, Ly,, Ly, of L vanish and mixed variable tensor reads

Ly, 0 L,,
L=| 0 Lgp 0 |. (2.48)
LZT 0 LZZ

In agreement with the dimension of L, outward unit normal vector n is defined in
R™s¢ with ngg=3. In particular given the axisymmetric nature of the problem follows

that n=(n,,0,n,)7 as the outward normal is always orthogonal to the plane r-z.

That, with the simplification of w and L, allows seeing a three-dimensional non-
rotative axisymmetric problem as a two-dimensional problem defined in the generator
domain accounting of one extra variable. It is worth noting that the axisymmetric
mixed variable can be seen as the classic mixed variable associated to space (z,r) plus
an extra component due to the axisymmetric nature of the problem, Lgg. For that
purpose, a new variable A is introduced representing this fifth component of L and
associated to a scalar test function A representing the fifth component of W, namely

Weyg. This implies

(s T LT‘T’ LT’Z
n=|" , U= “ , L= . (2.49)
N, Uy Lzr Lzz

It is important to clarify the significance of A. As previously said it represents com-
ponent Lggy of the three-dimensional mixed variable tensor. Its definition follows from
the attempt to preserve as much as possible the bi-dimensional structure of the 2D
formulation and seeing axial symmetry as a possible extension. Moreover, in this
fashion, it is also possible to consider shape functions living in functional space gen-
erated by ngg=2, instead of ngq=3 as from a theoretical point of view is needed. This
brings enormous advantages from an implementation perspective as it allows to re-use
entirely the 2D formulation. For that reason, here, A has not been included inside L,

while, in all respect, it is a part of it. By the way, out of this chapter, principally used
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to introduce axisymmetric HDG formulation, when one refers to L in the axisymmet-
ric case (e.g. error computation, rate of convergence), always refers to matrix (2.48)),
thus accounting of term Lgg, i.e. A. In other words, the axisymmetric mixed variable

L incorporates A, becoming Lpy;=[Lop, A].

2.3.6 2D weak form of the local and global problems

Weak forms of local (2.41)) and global problems (2.44]) can thus be rewritten accounting
of previous considerations, thus using shape functions properly defined for a Cartesian

domain with ngg=2 where (z,7) € Q C R

The weak form of the local problems, for e=1,...,ne, reads: given up on I'p and
@" on TUT Ny UTg Uy, find (L, ul, P, AF) € Wh x YR x VP x V! that satisty

to(W, LY + AL, (W, ul) = LL (W) + A7, (W, a"),
A AD) + AR, (N ul) =0,
Al (0, L2) + Al (0, A}) + Ay, (v, ul) + Af (v, p)
= Lj,(v) + A (v, a"),
AY (v, ul) = Ly(v) + Ay (v, a"),
AL (1,p2) = Ay, (1, 01),

(2.50)

for all (W,v,v,)\) € W x YV x VI s V| where forms equipped with the superindex
" are those defined in (2.42) neglecting 6 dimension, while the ones equipped with the

superindex ¢ are defined in the following

( ,u):=(V- W7'u27TT)Qe + (er/r- W, u27rr)ﬂe,
A)i=—(A\ v A2mr), |
u):=—(\ e /r- u27rr)ﬂe,
(v, L):= (’U,V'L27T7“)Qe + (v, e, /r - L27T7“)Qe, (2.51)
( ):i=—(v,e,/rA2nr)

p):

u):

= (v, Vp 27rr)Qe,

Qe
(v,

o,

(Vv,qur)Q + (er/rp,u27rr)9 )
It is worth noting that nabla operator is now the operator associated to the bi-
dimensional Cartesian space (z,7), i.e. V=[8/dz,d/0r]".

Similarly, the weak form of the global problem is: find @" e \/}h and p" € R that

satisfies

" Ary AL (D, ul) + AL (B, p) + AL (0, 4" -y " (d
Z{ )+ Af (0, ul) + A%, (8, 58) + Ay (6, 0" } PRICLI

A1) = ~15(1),
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~h
for all © € V , where the multi-dimensional bilinear and linear forms of the global

problem are the same ones defined in (2.45)).

Remark 2. As it is observable from previous definitions, axisymmetric extra con-
tributions just affect the volumetric terms of the l.h.s. of the equations, where nabla
operator is applied. In fact, it is easy to see, developing a 3D formulation in cylindri-
cal coordinates, that all boundary terms related to the 0-dimension vanish because of

azisymmetric and non rotative flow hypothesis (0/9060=0, ug=0, ng=0).

2.3.7 Discretisation

Analogously to section introducing an isoparametric formulation with equal
interpolation for all the local and global variables, the discretisation of the weak
form of the local and global problems given by and , respectively, can
be obtained. Owning one extra unknown respect to , local problem, leads to a

system of equations similar to |2. ut owning one extra rows and one extra column
t f t lar to[2.17] but t d t 1

(T ) \

[A;;, 0 A, 0 0] (L £ (A ] 0
0 Axpn Ap, O O A 0 0 0
A, A Aw A, O up, =<f, p + |Aua| 0+L0p pe, (2.53)
0 0 A, 0 all |p £, A 0
0 0 0 ap 0] (¢ o) Lo | 1)

where L, A, u, p and @ denote the nodal values of the unknown spatial functions L,
A, u, p and 4 respectively and the constraint on the mean value p of the pressure on

the element boundaries is enforced using the Lagrange multiplier (.

Analogously, the discretisation of the global problem of the spatial iteration leads to
a system of equations identical to the one defined in (2.54)), namely

L
Nel Nel
Yo |Aar Aa Agy| Sup +[Awaletf =D [file,
pt { e j p (2.54)
p &
1" [Apalet = -1" [£p)e

since A does not appear in the global problem.

Finally, exploiting the same strategy of section [2.2.4] i.e. expressing local variables in

terms of the global ones, the final global system is obtained

K G| [a|l [& 055
GTOp_f'p’ (2:55)

which once solved, returns the value of the global variables required to obtained the

elemental value of all local variables, L, w, p and A.
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2.3.8 Numerical validation

To validate the HDG axisymmetric formulation developed in the previous sections,
two academic examples with a known analytical solution are proposed. The first one
consists of the Poiseuille flow insides a channel solved for both bi-dimensional and

axisymmetric cases while the second consists in the axisymmetric flow past a sphere.

Plane Poiseuille flow

In the first example considered, the fully developed plane Poiseuille flow, the domain
of interest is the rectangle Q=[0, L] x [~ R, R] € R?, with L=3 and R=1, and the ana-
lytical solution in Cartesian coordinates, shown in figure [2.3]is given by the following

velocity and pressure fields where V is the maximum value of the velocity magnitude

y2

wr=V(1- )
uy =0 (2.56)

p= —ﬁz + const

Numerical experiments are performed on a sequence of structured triangular meshes,

P —————— ' ’
0.75 15
- N i
0.25 -4.5
_______________________} N | -6
(b)

(a) w
FIGURE 2.3: Plane Poiseuille flow: analytical solution of velocity mag-
nitude and pressure for the plane Poiseuille flow.

p

where the coarsest is formed of 32 elements. Dirichlet boundary conditions are im-
posed on all the boundaries of the domain. In figure[2.4] optimal rates of convergence

are shown for variables L, u, p, @ and u* only for degree k=1.

Being the analytical solution a quadratic polynomial, interpolation functions of degree
k=2 solve the problem exactly. Optimal rates of convergence are obtained for all

variables.
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16 -14 -12 -1 08 -06
logig(h)

FIGURE 2.4: Plane Poiseuille flow: mesh convergence of the £, norm
of the error for L, u, p, & and u*.

Axysimmetric Poiseuille flow

In the axysimmetric version of the Poiseuille flow, the considered domain is a full
rotation of the plane case half-domain Q=[0, L] x [0, R] € R?, with L=3 and R=1,
around the z-axis, such that Qo= x [—7, 7] and the analytical solution in cylindrical
coordinates, shown in figure is given by the following velocity and pressure fields

where again V is the maximum value of the velocity magnitude

up =0,
ug = 0,

2 2.57
V(- 7) -
p = —ﬁz+const

Note that the only change between the two analytical solutions of equations (2.56))

0
0.8 24
10.6 48
0.4 1-7.2
0.2 -9.6
0 -12

(a) u (b) p

FIGURE 2.5: Axysimmetric Poiseuille flow: analytical solution of ve-
locity magnitude and pressure for the axysimmetric Poiseuille flow.

and ([2.57) is in the definition of the pressure, while the velocity in the flow direction
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(x and z, respectively) is equal, as it is the velocity in other directions, i.e. null.

Numerical experiments are performed on the same set of meshes used for the previous

example. In figure [2.6] optimal rates of convergence are shown only for degree k=1,

-1
2
23
=
—
0
<
T w*
- A
6 ‘ . . p—
-1.6 -1.4 -1.2 -1 -0.8 -0.6

logio(h)

FIGURE 2.6: Axysimmetric Poiseuille flow: mesh convergence of the
Lo norm of the error for L, u, p, @, A and u*.

owing to the same reasons for the plane case.

Axisymmetric Stokes flow past a sphere

The second validation example, as anticipated, considers the Stokes flow past a sphere.
The domain of interest is selected as the region confined by two concentric spheres
with radius Ry, and Ryt respectively, with Rj,<Rgoy. The domain considered the
axial symmetry of the problem is defined as Q={r € R? | » > 0 and Rj, < p < Rout},
with p=vr2 + 22, Riy=1 and Ry =5. The analytical solution, shown in figure is

given by the following velocity and pressure fields in polar coordinates

Up Vo (2,03 — 3Rinp? + R?n) cos @,

= 27p3
up = 07

00 . 2.58

Up = _ZT)?’ (4p3 — 3Rinp® + Ri?’n) sin ¢, (2:58)

D= Poo — 2?)2VUOORin cos ¢,
where v, and ps are the magnitude of the velocity and the pressure of the undis-
turbed flow, far away from the obstacle. It is worth noting that in other to avoid
misunderstandings, being variable r the distance from the z-axis in cylindrical coordi-
nates, variable p has been introduced to describe the Cartesian radius in polar coor-

dinates, which is consistently defined as p=+/22 + y2 + 22=v/r2 + 22. The analogous
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equations in cylindrical coordinates are easily obtainable with few extra computations

Uy = Up COS G — Ug SIN P,

Uy = Ugp,
2.
Uy = Upsin ¢ + ugy cos @, (2.59)
P =Poo — 2—r3vvooRinz,

where z=p cos ¢ and r=psin ¢ following from the mapping between polar and cylin-
drical coordinates. Note that in literature (Childs, White et al., , in the
majority of the cases, equation is presented with the two angles 6 and ¢ inverted.
The choice here has been made in agreement with the definition of axisymmetry made
in this work (9/06=0).

0.85 1.5
0.64 0.75
0.42 0
0.21 -0.75
™ U Yy
(a) u

(b) p

FIGURE 2.7: Axisymmetric flow past a sphere: analytical solution of
velocity magnitude and pressure for a sphere of unitary radius.

To qualitatively compare the 2D axisymmetric formulation with the corresponding
3D, figure [2.8] shows the 3D reconstruction of the axisymmetric flow past a sphere
computed on a triangular mesh of 1024 elements and using degree k = 4 while

shows the HDG solution obtained solving the three-dimensional problem in Cartesian

0.85 1.5
0.71 1
0.57 0.5
0.43 0
0.28 -0.5
0.14 -1
0 -1.5
(a) u (b) p

FIGURE 2.8: Axisymmetric flow past a sphere: 3D reconstruction of
the HDG solution of velocity magnitude and pressure for a sphere of
unitary radius.
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coordinates on a tetrahedral mesh of 747 elements using degree k = 4. The size of the
HDG global problems associated with both cases are 15680 and 71190, respectively.

0.85 1.5
0.71 1
0.57 0.5
0.43 0
0.28 -0.5
0.14 -1
0 -1.5

(a) u (b) p

FI1GURE 2.9: Flow past a sphere: HDG solution of velocity magnitude
and pressure for a sphere of unitary radius.

To prove the advantages of the axisymmetric formulation, a study on a physical quan-
tity of interest is performed. A typical quantity of interest in this problem is the drag

force, whose exact value is given by Fp=6mrve Rin.

The computation was performed using four triangular meshes where the coarsest
counts of 64 elements end others are obtained by a sequential refinement. Analo-
gous refinement is also considered for the tetrahedral mesh, where computations are
bounded by memory limits. Figure shows the numerical error of the drag force as

a function of the degrees of freedom of the global problem. In all cases, convergence

-1
) \ ]
A'B' {\\ 1
= —k=1
8 -4 —k = 2|
a5 k=3
'_'0—6- —k =4|]
o Axi
7 « 3D
-8
2 4 6 8

logyy(ngof)

FI1GURE 2.10: Axisymmetric and 3D flow past a sphere: evolution of
the error in the drag of a sphere of unitary radius for different degrees
of approximations.

to exact value is observed, and the superiority of using high-order approximations is
appreciated. Moreover, it is visible the enormous saving in terms of degrees of freedom

that an axisymmetric strategy provides.
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To further validate the methodology figure 2.11shows rates of convergence of the local
variables, the trace of the velocity and the postprocessed velocity for the axisymmetric

problem.
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FIGURE 2.11: Axisymmetric flow past a sphere: mesh convergence
of the L5 norm of the error for L, u, p, &, u* and A for a sphere of
unitary radius.

It is worth noting that optimal rates are obtained for all the numerical variables except
u* where a sub-optimal rate of convergence is observed for degree k=1. As explained
in Sevilla et al., (2018b)), the sub-optimal rate of convergence is due to the polygonal
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approximation of the boundary, which in this case is done using an isoparametric
approach, i.e. using k=1 a linear approximation is performed. As the geometric error
converges with order k=2, it prevents the error of the numerical solution to converge
faster. A possible way to circumvent this issue is proposed in Sevilla et al., (2018b])
by mean of NEFEM elements where an exact description of the geometry boundary

is used.
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Chapter 3

HDG-PGD solution of
geometrically parametrised Stokes

flows

In this chapteIE], HDG formulation for the Stokes equations derived in chapter [2] is
extended to parametrized problem, in particular to those defined on a parametrised
domain. The full-order resolution of these multi-dimensional parametric problems
is quickly tied by the so-called curse of dimensionality, thus a proper generalised

decomposition framework is introduced.

3.1 Problem statement

3.1.1 The Stokes problem on a parametrised domain

Let us consider a parametrised domain Q* C R™¢ where ngq is the number of spa-
tial dimensions and g € Z C R™= is a set of geometric parameters that controls the
boundary representation of the domain, with np, being the number of geometric pa-
rameters. It is worth noting that the set of geometric parameters can be written as
T:=T'x7I?x--- x IT™ with I e for j=1,...,np,.

For any set of parameters p, the goal is to find the parametric velocity, u(x*), and

pressure, p(x*), fields that satisfy the Stokes problem given by

—V-(wVu—-pl,,)=s in Q¥
V-u=0 in Q¥

u=up onT¥H, (3.1)
nt . (vVu—pl,,) =gy onTh,

(u-D* +nt. (vVVu—plL,)E¥ =0 onT¥k,

1This chapter is a modified version of the published article “Hybridisable discontinuous Galerkin
solution of geometrically parametrised Stokes flows” (Sevilla, Borchini, Giacomini, and Huerta,
2020a)).
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where v>0 is the kinematic viscosity, s is the volumetric source and n# is the out-
ward unit normal vector to 9Q¥*. The boundary of the domain, 9Q*, is partitioned
into the non-overlapping Dirichlet, I'}, Neumann, I';, and slip, T g , boundaries such
that 99" = f’f) U fﬁ; U fg. On the Dirichlet boundary the velocity is given by
up. On the Neumann boundary the pseudo-traction is given by gp. Finally, on
the slip boundary, the matrices D¥* and E* are given by D¥=[n*,0,_, (x,,—1)] and
EF=[0,t},...,t5 ], as detailed in Giacomini et al., (2020c). The tangential vectors
tg, for k=1,...nsq — 1 are such that {n* ¢}, ... tffsd_l} form an orthonormal system

of vectors.

The free divergence condition in equation (3.1)) induces the compatibility condition
(Liup - n“>FFL‘) +(Lu- nu>89“\F% =0, (3.2)

where (-, -)g denotes the standard Lo scalar product in any domain S C 9QH.

In addition, it is worth noting that, if F%ZQ an additional constraint to avoid the
indeterminacy of the pressure is required. One common option (Cockburn et al.,
2009b, 2014; Giacomini et al., [2018; Nguyen et al., 2010b)) that is considered here,

consists of imposing the mean pressure on the boundary of the domain, namely
< ! 1> —0 (3.3)
Qe oan — '

3.1.2 The multi-dimensional parametric Stokes problem

The classical strategy to solve the parametric Stokes problem is to solve equation (3.1
for every set of parameters u€Z. However, this strategy is not well suited when fast

queries are required.

Reduced order models have demonstrated to be a viable alternative to compute multi-
dimensional parametric solutions in an offline phase. Once the offline solution is
available, the computation of the solution for a given set of parameters has a very
small computational cost, being very well suited for applications where fast queries

are required.

The multi-dimensional parametric problem arises from interpreting g as additional
parametric coordinates, rather than parameters of the problem. In the context of the
Stokes problem considered here, the strategy is to consider the velocity and pressure

fields as functions in a multidimensional space, namely w(x*, u) and p(x*, n). The
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multi-dimensional parametric Stokes problem can be written as

p

Vo (vVyu —ply ) =s  in Q¥ XTI,
Vou=0 inQFxT,

u=up onlH xZT, (3.4)
nt - (VVu —ply,) =gy onTh x T,

u-D* +nt- (VVu—pl,, )E¥ =0 onTh xT.

For the multi-dimensional problem, the compatibility condition induced by the free

divergence condition can be written as
(Lup - n'u>I"[‘)><I +(Lu- n“>(BQH\I‘g)><I =0 (3.5)

and the additional constraint to avoid the indeterminacy of the pressure, required

when F‘]@ZQ, becomes

1
<|8Qﬂ\p’ 1>89ux1 =0 (36)

3.2 Hybridisable discontinuous Galerkin formulation

Let us consider a subdivision of the domain Q* in n.; disjoint subdomains Q% such
that

DNel

' =[Jal (3.7)
e=1

The interior boundaries of the subdomains define the so-called mesh skeleton or in-

ternal interface I'* as

Nel
THa= || oak| \ oar. (3.8)
e=1
A partition of the parametric domains Z7, for j = 1, ... , Npa, i nil disjoint subdomains
Ig such that
j
. nel s
T =7l (3.9)
e=1

is also considered to use a Galerkin approach for the parametric problems. This is in

contrast with other approaches that use collocation for the parametric problems.

3.2.1 Mixed formulation

Introducing the so-called mized variable L= — vV, u, the Stokes problem can be

written as a first-order system of equations in the broken computational domain,
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namely

L.+vVu.=0 in QY xZ, and fore=1,...,n.,
\/% (Le—i—peInsd) =s in Q¥ x T, and for e =1,...,ne1,
Vi e =0 in QY xZ, and fore =1,...,n,
ue=up on (INTH) XTI,
nt - (Le + peln,,) = —gn on (0QF NTR) X I,
u. - D* — nt . (Le +peInsd)E“ =0 on (895 N F‘S‘) x T,
[u®@nt]=0 on " x T,
[n* - (L +pl.,)] =0 onTH x T,

(3.10)
where the last two equations, known as transmission conditions, impose the continuity
of the velocity and the normal flux on the mesh skeleton. Following Montlaur et al.,
(2008)), the jump operator [-] is defined as the sum from the left, €;, and right, Q,,

elements of a given portion of the interface I'* x Z, that is

[©] = &1+ ©r. (3.11)

3.2.2 Strong form of the local and global problems

The HDG method solves the mixed problem of equation (3.10) in two steps. First,

the so-called local problems are considered

Le+vVju, =0 inQF xZ and fore=1,... ne,
\/% (Le—i—peInsd) =s in Q¥ xZ, and for e = 1,... ,ne1,
Vitue=0 inQF xT andfore=1,...,ne,

u.=up on (IQ¥NTY) x I,

uc=1a on (0QK\TH) x I,

1
_ ,1> —po, fore=1,...,0a,
<\6Q’;\pe oarxz Lo C fel

where 4 is the so-called hybrid variable, which is an independent variable representing

(3.12)

the trace of the solution on the element faces, and p, is the mean value of the pressure
on the boundary 9€).. It is worth noting that the local problem is a pure Dirichlet
problem and therefore, the last condition in equation is introduced to ensure
the uniqueness of the pressure. The local problems can be solved independently,
element by element, to write L., u. and p. in terms of & and p. along the interface
rAurkurk.
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Second, the so-called global problem is defined to impose the continuity of the normal

flux on the inter-element faces and the Neumann and slip boundary conditions, namely

[n* - (L +pl,)] =0 on " x T,
H . (Le + pelny,) = —gy on (098 NTY) x I, (3.13)
e - D —n* . (L, + plyn,) E* =0 on (0QK NTK) x T

It is worth noting that, due to the unique definition of the hybrid variable on each
face and the Dirichlet boundary condition in the local problems, there is no need to

enforce the continuity of the solution in the global problem.

The constraint of equation (3.5)), induced by the incompressibility condition, is also

considered in the global problem and written in terms of the hybrid variable as

(Liup - nM>F%><I + (1L, a- nu>(8QH\F‘5)xI =0. (3.14)

3.2.3 Weak form of the local and global problems

The following discrete functional spaces are introduced:

( )= {v € Lo(Q") : vfgu € PHQE) VO, e =1,... ,na},
VI(S) := {6 € Lo(S) : d|pu € PEITH) V¥ c § CTHU asw},
LNTD) = {v e Lo(T) s |y € PHTH VI e =1,...,nl},
LMI) = LMTY) @@ L),
h h

V= vh o @ L),

Vi = [Vrr ok s e cho)|

vi= e e @)™,

Ngg XNsd
Wy = Ve e i@

where PH(QE), PE(T) and P* (Z) stand for the spaces of polynomial functions of

complete degree at most k in QF, on T'¥" and in ZZ respectively.

The weak form of the local problems, for e=1,...,ne, reads: given up on F’[‘) and
a" on TH U Y, uT%, find (L, ul, ph) € Wj X VJL X %h that satisfy

LL(W) + Apa(W,a"),
Ly (v) 4+ Ay (v, @),
Ly(v) + Ay (v, aM),
App(l,p’;’),

ALL(W,L )—i-ALu(W u
AuL(v,L )+ Auu(v,u )—i—Aup('u D
Apu (v, ul

App(LPe

¢) =
h
e) =

3.15
b= (3.15)
)
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for all (W,v,v) € W,f X Vlf X 1{?, where the multi-dimensional bilinear and linear

forms of the local problem are given by

ApL(W,L):=—(W, v L)gu 7. Au(W,u):= (Ve W) g 7,

Apa(W @)= (0¥ - W, @) gomps )z Aur(v,L):= (0, % L) gu 7.
Ayu(v,u) = (v, THU)gop . 7, Aup(v,p) = (v, Vub) oo 79 (3.16)
Ava(v,8) = (v, THE) (gqm\re )1 Apu(v, u) = (Vv u) g 1.
Apa (v, @) := (v, @ - ") oo\ i) T App(w, p) = (w, |0 "' p)aar « 7,
App(w, p) = (va)zv

and
Lr(W):=(n" - W, up)garnre )z

Lu(’U): ('U, S)QgXI+ <’U,T’J”U,D>(aﬂéltmrg)><z, (317)

Ly(v):

<U’ up - n“)(aﬁé‘ﬂFg)xIv

respectively, where (-,-), denotes the standard Ly scalar product in a generic sub-
domain D and 7" is the stabilisation tensor, whose selection has an important in-
fluence on the accuracy, stability and convergence properties of the resulting HDG
method (Cockburn et al., 2009¢; Nguyen et al., [2009c,d, [2010b). The choice of the
stabilisation tensor for geometrically parametrised problems will be discussed in the

next section.

~h
Similarly, the weak form of the global problem is: find @ € V, and Pl € Rer @ LM(T)
that satisfies
Nel Nel

D {An(® L) + Agu(B.ul) + Aay(B.00) + Asa(8, ") | = 3 {La(®))
e=1 e=1 (318)

for all o € \A): , where the multi-dimensional bilinear and linear forms of the global

problem are given by

1=(D, T”“)(aﬂé‘\(rgurg))xz — (9, (T“U)‘E“>(aggmrg)xz
=(0, pn*) (gam\ (re urey) xz (3.19)
1= — (0, 7M@) (gom\ (1 ure)) < T

(

+ (0,4 -D¥ + (7H4)- E) gornrm) <z

and

~

La(8):=—(B,9N) (908nr* ) x T (3.20)

respectively.
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The local problem of equation is used to write the velocity, u., pressure, pe,
and gradient of the velocity L., as a function of the hybrid variable, 4, and the
mean value of the pressure in each element, p.. Inserting these expressions in the
global problem of equation leads to a global problem with 4, and p being the
only unknowns. Once the global problem is solved, the local problem can be solved,
element-by-element, to retrieve the velocity, pressure and the gradient of the velocity

in each element.

3.3 The proper generalised decomposition strategy

The solution of the parametric problem of dimension ngq+np,, presented in the pre-
vious section, with the standard HDG approach is usually not affordable, even for a
relatively small number of parameters. To circumvent the curse of dimensionality,
this section proposes the use of the PGD framework. As it will be shown in this
section, the use of an HDG formulation has important advantages compared to other

formulations such as standard finite elements (Sevilla et al., 2020b).

To simplify the presentation, the subindex . and the superindex * used in the previous
section to specify the element and the discrete approximations will be omitted here,

unless they are needed to follow the development.

3.3.1 Separated spatial mapping to obtain generalised solutions

As discussed in detail in Patera et al., (2007), Rozza, (2014]), and Sevilla et al.,
(2020b), the solution of the parametric problem described in section requires that
the bilinear and linear forms in the weak form can be expressed, or well approximated,
by a sum of products of parametric functions and operators that are parameter-
independent. To enforce the affine parameter dependence, the integrals appearing
in the weak form must involve domains that are not dependent upon the parameters.
Following the work of Ammar et al., (2014)), Sevilla et al., (2020b), and Zlotnik et al.,
(2015), a mapping between a parameter-independent reference domain, €2, and the
geometrically parametrised domain is considered, namely
M,  QxIT — Q¥

(3.21)
(x, 1) — xt = My (x, ).

The coordinates of the reference, or undeformed, domain are denoted by @ whereas
the coordinates of the parametric, or deformed, domain are denoted by x*. To ensure
the affine parameter dependence, the mapping is assumed to be given in separated

form as

My (@, p) => M (@)oF (1), (3.22)
k=1
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where ny is the number of terms required to express the mapping in a separable form.

Remark 3. To simplify the presentation here, it is assumed that the separated repre-
sentation of the mapping is given analytically. As mentioned earlier, a general strategy
to construct a separable mapping was described in Sevilla et al., (20200) using an exact

boundary description of the computational domain by means of NURBS.

The separated representation of the mapping leads to the following separated repre-

sentation of its Jacobian

Bl ) = O 1) = 0 9 @) (), (3.23)

The separated description of the mapping is used to obtain a separated expression of

the determinant and the adjoint of the Jacobian.

Using the Leibniz formula, a separated representation of the determinant is obtained,

namely
det(3,) = (Yo"t ) (D ot ah) - (Do 0tk (Do ¢ k)
k=1 k=1 k=1 k=1
in two dimensions and
3 ny
det(J, Z sgn(o H(Z qﬁkao(l)),
o€Ss3 =1 k=1

in three dimensions, where S3 denotes the set of permutations of the integers {1, 2, 3},
with o(l) being the element in position [ after the reordering, sgn(o) is the signature

of o (i.e. +1 for even o and —1 for odd o) and d,,(;) is the classical Kronecker delta.

Similarly, using the Leverrier’s algorithm, a separated representation of the adjoint is

obtained, namely

adj(J Z o (tr BL) Jk)

k=1
and
adj(J Z¢k<tr Jk Ig—Jk>
+ ii¢’“¢l( tr(3%) tr(3') = (@I — (3% 3+ I
k=1 1=1

in three dimensions.
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The separated expression of the determinant of the Jacobian and its adjoint are written

in compact form as

det(J, Z DF(x (3.24)

and

adj(J, Z Af(x (3.25)

respectively.

It is worth noting that the number of terms required to write the determinant and
the adjoint in a separated form, ng and n, respectively, is higher than the number of

terms required to describe the mapping in a separated form ny.

3.3.2 Affine parameter dependence of the HDG bilinear and linear
forms

Introducing the mapping M, of equation (3.21) into the weak form of the local and
global problems, it is possible to write the integrals over the reference domain, €2, and
its boundary, 0f2, not dependent on the parameters . The bilinear and linear forms

for the local problems can be written as

—(W,v ! det (Ju)L)

) = QXTI
Apu( W,u) (ad W)V-W u)QexI’
ALu(Wa'a) (adj (Ju)m - W, @) (90,1 p)xT>
wr(v, L) = (v,adJ V- L)QexI’
Ay (v, u) = (U,Tu>asz T
Aup(v,p) = (v,2d] (Ju)VP) g, 7 (3.26)
Aya(v,a) = (v, T > 00\ p) X T
Apy(v,u) = (a ) Vv u)QexI’
Apa(v,4) = (v, 4 - adj (Ju)n) 90\ ) < T
App(w,p) = (w0, 09| ™"p)ag. xz
App(w, p) = (w p)zv
and
L (W) = (adj (Ju)n - W, up)@0.nrp)< T
L,(v) = (v,det (Jﬂ)s)ﬂexz + (v, TUD) (90.AT p) < T> (3.27)

Ly(v) = (v,up - adj (Ju)n) (90,11 p)x >
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respectively, where the adjoint operator is defined as adj(A)=det(A) A~! and the

stabilisation parameter in the deformed domain is chosen as

1
———— T
| adj(J) ||

= (3.28)
The scaling factor [|adj(J,)n|| in equation (3.28)) accounts for the increased or de-
creased area of the deformed face, 9, with respect to the reference one, 9. This
definition, inspired by the expression of the penalty coefficient in classical interior
penalty DG methods (Arnold, [1982), ensures that the larger the deformation of the
face, the smaller the value of 7# is. This ensures that a weaker continuity is imposed
for large deformations and it is justified by the expected loss of accuracy in the hybrid

variable when the mapping introduces a large deformation.

Following previous work on HDG methods for Stokes problems (Giacomini et al.,
2018)), the stabilisation parameter in the reference domain is selected as 7=(7v/0)I,,,
where 7 is a numerical parameter, selected as 7=10 in this work, and ¢ is a charac-

teristic length of the domain.

Remark 4. As mentioned above, it holds that || adj(J,)n|| = |0QF|/|0Q|. Hence, no

parametric dependence appears in the arguments of the bilinear form A,,.

Analogously, the bilinear and linear forms for the global problem can be written as

Aar (9, L) =(®,adj (Ju)n - L) 90.\(rpurs))xT
— (d,adj (Ju)n - LE)9a,.nrg)xT

Agu (B, u) =(8, TU) (90,\(r purs))xz — (0, (T8) - E)90,nrs)xT (3.29)
Aqp(8,p) =(8, padj (Ju)n) (90,\(Tpurs))xT
Aga(D,4) = — (D, T4) (90, \ (' pUT's)) xT
+ (9,4 -adj (Ju) D + (74)- E) (90,11 ¢)xT
and
Li(9) = (D, gn) (90,17 5 ) T> (3.30)
respectively.

Remark 5. The derivation of the terms on the slip boundary in (3.29) follows from
the relationship (0, n* - H>(6Qtjmr’s‘)x1 = (9,adj (Ju)n - H)(s0.rg)xz and the defini-
tion (3.28). The slip boundary condition is used here to enforce a symmetry condition
and therefore, it is assumed that the orientation of the wvectors {n“,t’f,...,tid_l}
is preserved by the mapping M,,. It is worth noting that this does not imply that

Fg = I'g as it will be shown with numerical examples.

Remark 6. As is typical in the context of shape optimisation (Allaire et al., |2007),
in (3.30) it is assumed that Neumann boundaries, where a traction (or pseudo-traction)
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1s imposed, are fized, that is, F‘]Q:FN. On the contrary, deformable Neumann bound-

aries, also known as free boundaries, are traction-free, whence gu is null.

3.3.3 Separated representation of the data

As usual in a PGD context, the data is assumed to be given in separated form. For
the Stokes problem under consideration, this means that the Dirichlet and Neumann

data and the source term can be written as

=1
an=>_ gn(@Ny(w), (3.31)
=1

s=Y_gs(@)\s(n)
=1

Even if the data is not directly given in this form, it is possible to obtain a good

approximation in a separated form, see Chinesta et al., (2013D).

3.3.4 Separated representation of the primal, mixed and hybrid vari-
ables

The standard PGD approach consists of assuming a separated representation of all the

variables. For instance, for the velocity field, it is assumed that its PGD approximation

m
pGle'l’:::u

k=1

can be written as

sk - . . .
where £, and 1)* are the k-th spatial and parametric modes respectively and the total
number of modes is a priori unknown and automatically determined by the algorithm

based on a user-defined tolerance, as described in the next section.

In practice, it is advantageous (Sevilla et al., 2020b]) to write the separated approxi-

mation as
ult (@, ) = o) £ () ™ (p) + up (o, p),

where f" and 9™ are the normalised m-th spatial and parametric modes, respec-
tively, and o is the amplitude of the m-th mode, namely £ := £, /I £, 1, v :=

O™ /19| and o = |14, 4™

This alternative expression enables to directly use the amplitude of the modes, o,*, to
determine when it is feasible to stop adding new modes. In addition, as explained in
detail in the next section, the expression of equation (3.3.4)) suggests that the modes
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are computed sequentially. So, assuming that the first m—1 modes are known, the

next section will focus on detailing how the new mode m is computed.

In this work, the implementation follows the predictor-corrector PGD rationale, which
has been shown (Tsiolakis et al., 2020a) to improve the original algorithm, because
it applies the alternating direction method to the Jacobian of the high-dimensional
nonlinear problem. This improves the convergence for each mode because it is easier

to select the initial prediction and provides a faster convergence.

Each variable of the HDG formulation, presented in section is written as a rank-m

separable approximation, that is

Ly (@, ) = of [ (x) 9™ (p) + ALY (2, p)] + Ligy (2, ),

ul (x, p) = o [ (@) 9" (1) + Auly (@, )] + wjy ! (2, ),

P (@, 1) = 0" [ () ™ (1) + App (2, )] + Pl (@, ), (3.32)
g (2, p) = o' [ (@) 9™ () + Adgy, (@, p)] + 4l (2, ),

p (@, ) = o) [ () " (1) + Aple (2, )] + pl (@, ),

where of" Fy" ™, oy £, 0™ o [T, ot fiM0™ and o f'™ are the predictors of
the m~-th mode in the PGD expansion, whereas o]" AL\, o, Aul , o, Apyt o Ady

PGD’ Oy PGD’
and o, Apy are the corresponding correction terms. Introducing the variation A, the

PGD

correctors are defined as

ALY (z,p) := AF(z) 9" (p) + F' () Ay (p) + AFy(z) Ap(p),

Aug (z, p) == Af () V" (1) + £ (@) A (p) + Af,(z) Ap(p),

Ap, (@, ) == Afp(x) P (1) + f" () A () + Afp(x) Ap(p), (3.33)
Adgy (x, p) == Afy(2) 9™ (0) + f(x) A (p) + Af(x) Ap(p),

Appe (@, 1) = Afp(x) V™ (1) + [ (x) Ap(p) + Afp(z) Ap(p),

where the last term denotes a high-order variation and it is henceforth neglected.

Each term, or mode, of the PGD approximation is the product of a function that de-
pends upon the spatial coordinates and a function that depends upon the parameters.
In addition, the parametric functions are assumed to be the product of functions that

depend upon a single parameter, namely

Tpa

= [T w7 ). (3.34)
j=1

Remark 7. This work considers the so-called single-parameter approach, where the
parametric function of the m-th mode, Y™, is the same for all the variables. Other
approaches, including a different parametric function for each wvariable or even the
use of vector-valued parametric functions in the approximation of vector fields are

discussed in Diez et al., (2017). It is worth noting that using the same parametric
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function for all the variables is particularly beneficial in the context of HDG due to
the large number of functions involved, not only velocity and pressure but also the trace

of the wvelocity, the velocity gradient and the mean value of the pressure.

The tangent manifold for L is characterised by choosing W' as variations of Fy, that
is

W = §F o™ + 0" Fy™ 6, (3.35)

for 0Fy, € W' and &) € £"(Z). Similarly, the tangent manifolds for u, p, @ and p are

characterised by choosing

v="0 0" o f W, v=3pY™ + o) [0, (3.36)
O = 0f )" + o fi 0, w =™ + o, [0,

for of, € Vv, ofp € Vi of, € \A)h and Jf, € R™'. Note that the functional spaces

Wh Yh ph, \A)h are those defined in section for a spatial problem.

3.3.5 Alternating direction scheme

With the separated structure of the PGD approximations, the weighting functions and
the bilinear and linear HDG forms described in the previous sections, it is possible
to drastically reduce the complexity of the problem. The PGD uses a fixed-point
iteration scheme for the high-dimensional nonlinear problem solved with an alternating
direction strategy to reduce the computational cost (iterating along low-dimensional

problems).

First, in the so-called spatial iteration, the parametric function of the m-th mode
is assumed known and the spatial functions are determined. As it will be shown,
this step requires to solve a system of equations with a very similar structure to
the non-parametric HDG problem. Second, in the so-called parametric iteration, the
parametric function is computed using the spatial functions determined in the first
step. This process is repeated until convergence is achieved. It is worth noting that
the order of the spatial and parametric iterations can be swapped without affecting

the alternating direction algorithm.

Let us assume that we have computed the first m—1 modes and it is of interest to
compute the m-th mode. In the next two sections, the alternating direction strategy

to compute the spatial and parametric modes is detailed.

The spatial iteration

In the spatial iteration, it is assumed that the parametric function " and the spatial

predictions of" Fi", o, £,", o ;"

compute the corresponding corrections o7 AFy,, 0" Af,, 0" Afp, 0" Af, and 0" Af,.

o' fi" and o, f are known and the goal is to
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As usual in a PGD context, it is assumed that no previous knowledge of the solution is
available and therefore, the trivial initial guess of 1/"*=1 is employed for the parametric

function.

Taking into account that &#=0 when 9™ is known and introducing the expression of
the PGD approximations and the weighting functions in the weak form of the HDG
local problems, the following weak form of the local problem for the spatial iteration
is obtained: find (07" AFy, 0" Af,, 05" Afy) € W x VP VP that satisfy

ZBQALL (6F;, 0" AFy) +Zﬁ§«4 (OFL, 0" Af,)
= k=1
=RY(SFLY™) + > B5AL4(0FL, 0" Af,),

k=1

> B5 AL (0F,, 01" AFL) + BAw(Of,, 0" AF,)
k=1

(3.37)
ZB u(0py 03 ALL) =Ry (,9™) +Zﬁ a(0p, 03" Afa)
k=1

5App(17 0 Afp) =Ry (™) + BAp(L,0,° Afy),

for all (6Fy, 5f,, of,) € W x VI x V!,

The bilinear and linear forms of the local problem are detailed in equation (|3.38|)

Al (0Fy, Fy) := —(6F;,v ' DFFy),
AL (3Fy, f,) == (A*V-6F,, f,)
ALu((SFIM £,) = (AFn - oy, ﬁl)c’?Qe\FDa
AL (0f, Fr) := (of,, A"V Fp),
Auu(5fu,f) (fs T hi)o.,
up (0 1) = (0F,, APV ) . (3.38)
A u(5fu7fu) (fs T fi)ooarp
Ay (0fys £.) = (A*V0f, £) g s
AL (0f, £2) o= (0fy, Ji - AP) oo )
Aop(8fs Jy) := (0, [09e| " ) 002,
Aop(8p: Jo) := 8y S



3.3. The proper generalised decomposition strategy 61

and equation ([3.39)), respectively

R (6FL) - ZZ " - 6Fy, gp)oa.nrp Af (4, Ap)

k=11=1

=3 AL (0F, of F)Af (v, )
=1 k=1
- Z Z {AIZU(CSFL, alfhy — Ak (o, ggfg)} A (4, 1)

i=1 k=1
nq ngs

Ru(SF,0) ==Y > (0f,, D gls) g Ab (v, Xs)

k=11=1

+ Z<dﬁu Tng>6QeﬁFD‘A(¢7 )\ZD)

=1

3.39
—ii{AﬁL<5L,azF£> + AL (3o ) b Ab (0, 0) o
—i{Awwfu,a;fJ) Aua (O, oa F) } A, 9
o (0h) ;; 3y, g - APn) o, ar A5 (4, Ap)
—f};{ WOy L FD) = A (O, 01 D) | A0, 0)
Ry (8f,4) i {App(3fps 0 f3) = Aop( 8y 0pf3) } AW, 1),
The constants in equation are given by
B = AG@W™ ™) By = AWM, B= AT Y™, (3.40)

where the bilinear forms involved in the definitions of these constants are introduced

in equation
AG (B, ) = (8, 0%) £,

A5, ) = (6, 9%) 1, (3.41)
A, ) = (8),9) 7.
As mentioned earlier, in remark [7] this work considers the same parametric function

for all the variables. It is worth noting that this choice reduces the number of different

constants in equation (3.37)).
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~h
Similarly, the weak form of the global problem is: find o;"Af; € V' and 0" A f, € R
that satisfy

e=1

k=1

+ZB§ o(0F, 0 AL,) + BAaa(0f,00 A L) (3.42a)

+Zﬁ J(6F, ol AL } = S RD(GHU™),

e=1

for all of;, € \/}h, with the incompressibility constraint
ZﬁkA’“ (100" Af,) = RI®W™), e=1,...,nq. (3.42b)

The bilinear and linear forms of the global problem are detailed in equation (|3.43|)

AL (6, Fr) == (0f, APn - Fr) oo\ rpurs) — (0fi, APn - FLE)sq.Ary.

)
Aau(fzs £.) = (0fy, Th) oo\ purs) — (s (T£) E)oq.nrg,
ALy (OFi o) = (OFs A )o0,\(r purs), (3.43)
Aaa(0fa, £i) = —(f, TFad oo\ purs) + (0fa, (T£2) E)oo.nrs,
Aﬁa(fsﬁ}a fi) = (0f. fi- AkD>8QeﬂFsv

and equation (3.44)), respectively

ny

R (6fy) == — Z<5faa g)oa.nry AW, Ay)
=1
—Z {Aau(0F, 00 F1) + Aaa(Fs, 02 £1) Y A1), )
-2

Z{ b1 (6fy, of F) A (1, 4")
i=1 k=1 (3.44)
+ [Aq’%p(%, o)+ Ak o )] b 01) .

Ry (&f0) > (00 b - Ao, ar, A (1, Xp)

11=1

k=
—ZZ o (0, o0 ) AG (1, 4).

=1 k=1
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The parametric iteration

After computing the spatial corrections following the procedure described in the pre-

vious section, the spatial modes are updated, namely

o ' Fi" < o7 Fy" + o7 AFy,,

o "= o B o AL

a " o T ot Ay, (3.45)
o fi' ol fi oy Af,

m oem m oem m
o, [t <o [+ 0 Af,

where the constant o' on the left hand side denotes the amplitude of the newly

computed m-th mode of the function o, e.g. o, < ||, f;"+0," A fp||.

In the parametric iteration, the goal is to compute the parametric correction A
given the prediction 9™ and the known spatial functions in . Following the
assumption that such functions are known, it holds that 0Fy,=df,=df,=df;=0f,=0.
Introducing the expression of the PGD approximations and the weighting functions
in the weak form of the HDG local problems, the following weak form of the local
problem for the spatial iteration is obtained: find Ay € L£L"(Z) such that

D AL AG(O, M)+ Ar Al (6, Ag)
k=1 k=1

=R (o' FL"0) + Y 7L A§ (8, M),
k=1

N AE (55, A) + e A, A
;'M (0, AY) + Yuu A8, A) 5.0

Y YpAG (8, AY) =R (0 £ 8) + YuaA(G), ™),
k=1

D AR, Ap) =Ry (0" ) + Y vea AG (S, A,

k=1 k=1

Vop AR, AY) =R () + pp A, AY),

for all & € L"(T).
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Similarly, the weak form of the global problem is: find Ay € £"(Z) that satisfies

DNel

> {Z Ve AL (S, AY) + Yau A(S), Ap) + Y vk, Ab(8), A)
=1

Nel

FYaa A, AY) + > Vi AG (G, Aw} =Y RO FW),  (347)
k=1 e=1

D b Al (G, ™) =RI(8)),

for all & € L"(T).

The constants in equations (3.46)) and (3.47)) are defined as

7EL ( L E o ), 'Y/l'fu ( A AN HOR

’Yfa 3:A alor 1" 03" f7"), 'Vlij A (ol f" o FL®),

Y 1= A (0 I 0, Ay = Ay (ol £ o),

Yui = Aua (0 B0 BT g = Apu( o T o E,

Yo = Apa( 0 ol s Ve = AL 1), (3.48)
Vpp = App(lvayﬂm)v

Yo, = AL (O B o FY)y Yau = A0 £ 00 £,

by = AL (O E o By van = Asalog B o ),

Vap
kE . 1k mpem _m pegm kE . 1k m pm
Yaa = Ana(og " 0i 1)y vpa = Apa(L o 7).

The choice of a single parameter approximation implies that we can combine equa-
tions (3.46) and (3.47) to obtain the following parametric problem: find Ay € £"(T)
that satisfies

D AL AG(O, M) + ) ABA (), AY) + A, Av) = R™(8p), (3.49)

k=1 k=1

for all & € L"(Z), where

VS =VEw — Vha T VEL + Ve AR — YV AL+ R
Y i =Yuu = Yua T Yop = Vop T Vau T Vaa, (3.50)
R™(&) =R7 (op F" %) + Ry (0" £,"&) + Ry (0" ;" )
+ R (&) + Ry (07" fi" ) + Ry ().

Remark 8. Alternative formulations of the parametric problem may be devised, e.g. by

considering only equation (3.46) or (3.47). In this work, equation (3.57)) has been
considered in the parametric iteration in order to account for the information of both

the local and the global HDG problems.
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As detailed in equation , the parametric iteration involves np, geometric parame-
ters. To reduce the size of the problem of the parametric iteration, np, one-dimensional
problems are solved sequentially, as commonly done in a PGD framework (Chinesta
et al., [2014)).

An important implementation detail

The resolution of the parametric problem is a linearisation of a non-linear problem.
In the computation of PGD modes of minor relevance, thus associated with smaller
amplitudes, if the ADA does not converge the maximum number of non-linear iteration
is reached. That signifies including in the PGD reduced basis a mode which has not
converged. Nevertheless, that is not an issue. Due to the nature of the PGD algorithm,
with the next computed mode, usually, the error introduced into the approximation
by the term not converging is lightened. In these circumstances, where the ADA
does not converge, numerical experiments have shown the appearance of peaks in the
computed parametric modes. This phenomenon results in creating oscillations and
causing the PGD algorithm to stuck or diverge. Additional analyses showed that this
issue appears when the algebraic matrix associated with the parametric problem is

indefinite, i.e. accounts of both positive and negative eigenvalues.

In this work, to avoid this issue, a check on the parametric algebraic matrix associated
with the mode computed, when the number of iterations performed has reached the
maximum value, is done. In the case the matrix results indefinite, some extra iterations
are performed, usually one or two, until the resulting not converging mode is smooth.
Other possibilities, such as discarding the computed m-th mode and changing the
initial parametric guess of the ADA or applying the PGD compression on the reduced
basis before restarting the computation of the m-th mode are some other attempted
strategies. Increasing the maximum number of iterations and refining the parametric
mesh are also investigated options. All of them do not circumvent the problem but
only delays it providing, sometimes, the convergence of the considered m-th mode but

causing to experience the same issue in the computation of the successive one.
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3.3.6 The HDG-PGD algorithm

The HDG solver for geometrically parametrised Stokes equation is described in algo-
rithm [} Differently from traditional PGD strategies relying on continuous Galerkin
approximations, Dirichlet boundary conditions do not require a special treatment in
the context of HDG-PGD. More precisely, Dirichlet conditions are imposed in a weak
sense and appear in the linear forms of the HDG local problem.

Algorithm 1 The HDG-PGD implementation

Require: For the greedy enrichment loop, the value n* of the tolerance. For the
alternating direction iterations, the values n; and nl of the tolerances for the
mode amplitude o; and the residuals r, obtained from the linear forms in [3.39
and [3.44] respectively. For the spatial and parametric problems, the typical values
typ, of the residuals. o = 4, .

1: Set m < 1 and initialise the amplitude of the spatial mode %1 +— 1.
2: while " > n* ol do

3:  Set q + 1 and initialise the parametric predictor 1"™<1.

4:  Compute the spatial constants @D

5:  Solve the HDG global —@ and local problems .

6:  Initialise g4 < 1, €] < typ,.

7. while g5 > 1y or €} > nl do

8: Compute the parametric constants (3.48]).

9: Solve the parametric linear system (3.57)).

10: Update the parametric predictor ¢« (¢ + Ay)/||v™ + Ay||.
11: Compute the spatial constants @D

12: Solve the HDG global —@ and local problems .
13: Normalise the spatial predictor o)"«||o/" fi"* + o[ Af;||.

14: Update the spatial predictor ol fi" <o f;" + ol" A f;.

15: Update the stopping criteria for the mode amplitude e4||c]* Af;||/of" and

the residuals ef<||ro||.
16: Increase the counter of the alternating direction iterations q < ¢+1.
17:  end while
18:  Increase the mode counter m < m+1.
19: end while

In the greedy enrichment loop, first a predictor of the spatial mode is computed as
the solution of the HDG global and local problems using a guess for the parametric
mode (Algorithm [1| - Steps 3-5). Then, the alternating direction scheme computes
the corrections of the parametric (Algorithm [If- Steps 8-10) and spatial mode (Algo-
rithm (1| - Steps 11-14) solving a parametric linear system and the HDG global and
local problems, respectively. As susual when solving a nonlinear system of equations,
the nonlinear iterations of the alternating direction scheme stop when the amplitude
a " Af; of the correction is negligible with respect to the amplitude " of the current
mode and the residuals of the spatial and parametric problems are below a given
tolerance (Algorithm [1|- Steps 7 and 15). The stopping criterion for the greedy en-
richment algorithm relies on the relative amplitude ¢ of the current mode being
negligible with respect to the first mode o, (Algorithm [1|- Step 2).
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Alternative stopping criteria based on normalising the amplitude of the current mode
with respect to the cumulative amplitudes of the previous modes have also been
considered in the literature, see e.g. Tsiolakis et al., (2020al). Note that for the purpose
of normalisation (Algorithm [1|- Step 14), an appropriate norm needs to be defined

and the L5, norm has been utilised for the simulations in section

Discretisation of the spatial and parametric problems

The discretisation of the local problems of the spatial iteration using an isoparamet-
ric formulation with equal interpolation for all the variables (Sevilla et al., |2016bj

2018aljb)), leads to a system of equations for each element with the following structure:

Arr, A, O 0 F, fr, A 0
AT A, A 0 E f A 0

Lu v;u up . u _ U + uil E, + E), (351)
o AT o a|)E £ | A 0

o 0 a, o ()] lo) o] 1)

where Fy,, F,, E, and F, denote the nodal values of the unknown spatial functions
o' AFy, o' Af,, o Af, and o' Af; respectively and the constraint on the mean
value EF, of the pressure on the element boundaries is enforced using the Lagrange

multiplier .

The only difference between the local system obtained in the spatial iteration of the
proposed HDG-PGD approach and the local system of a standard HDG method (Sevilla
et al., 2018alb) lies in the construction of the blocks forming the matrices Age and
vectors fo. As an example, let us consider the matrix Arz. In the proposed HDG-

PGD framework, this matrix is defined as
ng
(ALL)py = — Z Bs (N1, VﬁleNJ)QeIngd (3.52)
k=1

whereas in a standard HDG approach, the corresponding matrix is defined as
_ _ -1
(Arp)py =—(Npv NJ)Qelngd- (3.53)

In the above expressions { N7} denotes the set of shape functions used to define the

spatial approximation of the mixed variable.

Similarly, the discretisation of the global problem of the spatial iteration leads to a

system of equations for the trace of the velocity on the element boundaries and the
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mean value of the pressure in each element, namely

Nel FL Nel
Z AﬁL Aﬁu Aup:| Fu + [Auu]e Fﬁ} - Z[fu]ey
=1 € E, e—1 (3.54)

€

As usual in an HDG context, the local problem of equation (3.51]) is used to express
the spatial part of the gradient of the velocity, the velocity and the pressure in terms
of the spatial part of the trace of the velocity and the mean pressure. Introducing

these expressions into the global problem, leads to the global system

E | f;
B

where the only unknowns are the spatial parts of the trace of the velocity and the

K G
GT o

mean pressure.

In a similar fashion, the discretisation of the parametric problem (3.57)) using Lagrange

shape functions leads to an algebraic system of equations
MF,, = fy, (3.56)

whose unknowns F,, denotes the nodal values of the unknown parametric function

Ay and the weighted matrix M is the sum of different contributions

ng Na
M = i (NLONS) L+ 95 (N 0F Ny ) 7 + (N1, Ny) £, (3.57)
k=1 k=1

and { N7} in this case denotes the set of shape functions used to define approximation

of the parametric variable.

A remark for a computationally efficient implementation

The evaluation of the right hand sides of the PGD spatial and parametric iterations
tends to become computationally expensive when approximations with a large number
of modes are considered. Indeed, the number of terms involved in such computation

experiences a geometric growth rate during the iterations of the greedy algorithm.

In order to ease the computational burden of the overall algorithm, the number of

terms in the modal approximations u’* L a4, and p is reduced. It is well

PGD’p;ZD’ PGD’ " PGD

known that the terms in the PGD reduced basis are not orthogonal to each other
and repeated information may appear. Hence, orthogonal separable approximations
featuring m < m modes are constructed via the PGD compression (Diez et al., |2019;

Modesto et al., 2015), that is, a least-squares higher-order projection minimising the
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Lo norm of the difference between target and test functions, namely

L™ = argmin |W — L3 || zooxz)s

PGD

Wewh
ue = argmin [[v — ul || 2,(x1),
veyh
Prey = argmin [[v — pit || 2, %),
veVh
Uy, = argmin |9 — 4y || 2, (rur yurgx7)
sep”
'O:ZD = argmin ||g— PSZDHLQ(R%MI)-
gERR 1 LM(T)

From a practical point of view, the PGD compression is applied during the enrichment
strategy described in algorithm A trade-off between the cost of performing the
greedy iterations with a larger number of modes and the extra cost required by the
PGD compression needs to be achieved. For the simulations in section [3.4, PGD
compression is applied every ten new computed modes for the analytical examples

and every five for the microfluidics test cases.

3.3.7 Local postprocess of the primal variable

For a multi-dimensional geometrically parametrised problem, the local postprocess
necessary to obtain the superconvergent solution w* analogous to system of equa-

tions ([2.22)) reads: given u € V'L? and L € WJL find u* € Uﬁ that satisfies

(Vuv, Vu“*)ggxz = —(Vuv, V_IL)QQ‘XI

) (3.58)
(w,u )ngz = (w7“)ﬂgxz7

where the tangent manifolds for w is equal to v € U[LL , defined as
UMOH) = {v € Lo(Q*) 1 v|gu € PFTHQM) VO e =1,... ,na1},
. [uh(ﬂ)]nsd7
ut = [uhom o o)™,
and w € L"(T), with L"(Z) defined in section .

Analogously to section a separable mapping between a parameter-independent
domain and the geometrically parametrised domain allows to rewrite system (3.58]) as

(adj(J,) Vo, adj(Jys) det(Jp) ™ V'),
(w, det(Jp)u*)

= —(adj(J,)Vu,v 'L
XTI ( ( IJ') )QEXI (359)
w, det(Jy,)u)

QexT _( QexI’

forallv € Llﬁ.
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Within an HDG-PGD framework, where single-parameter approach is considered, a
rank-m separable approximation assumed for all the variables of equation (3.32)) is

also extended to w*, namely

W, ) = o () 0 () + i @ ). (3.60)

It is worth noting that unlike other variables, u*

is approximated introducing only
predictors o, " £5™)™ of the m-th mode in the PGD expansion whereas the cor-
responding correction terms are not necessary. This is because the postprocessed
velocity mode is computed only when the alternating direction algorithm of the m-
enrichment is ended. In other words, for each enrichment, given the final values of

the prediction of ¢/ £/"¢™ and o} F/"¢™ it is easy to obtain o, £ ™.

Introducing equation in (3.59)) and restricting the problem to the computation of
the m-th mode of the postprocessed velocity, weak form becomes: given o, f" €
Vi and of" F™ € W" find o, 7™ € UM that satisfies

u

(adj(J,) Vo, adj(J,,) det(J,) " W o™ f1my™)
= —(adj(3) Vo, v o )
(det(Iu)oy ™ firm™, ™) QexT

= —(det(J)ol £ ™) 7

QexT

fexT (3.61)

with v=Jf,y)" tangent manifolds for u*. The separated expression of the determinant

of the Jacobian and its adjoint defined in equations (3.24]) and (3.25)) only partly allow
to rewrite weak form (3.61) in a separable form

(adj(Ju) Vv, adj(J,) det(J,) ' Vo™ fu*v%m)ﬂex,_,

— Y B5(Vaf,, Ak B
;@9( f AN FT) g, (3.62)

ng N4
k(pk k(pk
DB (DR A ) g, = = D By (DRl £ ),
k=1 k=1
As there is not any analytical result ensuring the separability of the inverse of the
determinant of the Jacobian, in a general framework it is not separable and it can not

be represented in an exact separable form.

To overcome this issue and be able to create a vademecum also for the postprocess
velocity in a parametrized geometrical framework it is necessary to approximate this
term by mean of the higher-order PGD projection as done in Sevilla et al., (2020b).
Due to the high computational cost of this procedure, this relevant feature of the

HDG method is not investigated further for geometrically parametrised problems.
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3.4 Numerical examples

This section presents six numerical examples. The first three examples are used to
validate the implementation of the proposed approach as well as to study a number
of properties of the proposed ROM. The last three examples are inspired from two
applications taken from the biomechanics community and involve the Stokes flow
around two cylinders, a microswimmer formed by two spheres and the flow around a
sphere in a corrugated channel. All the examples consider geometric parameters as

extra coordinates within the proposed PGD approach.

3.4.1 Coaxial Couette flow

The first example considers the well known coaxial Couette flow problem (Childs,
2010), consisting of the flow confined within two infinite coaxial circular cylinders
with radius Rj, and Ry respectively, with Ry, <Rou. The boundary conditions
introduce the known angular velocities, Qi, and Qout, at Ry, and Royt, respectively.

The problem has analytical solution, given by the azimuthal component of the velocity

as
_ RgthOUt - RiQnQin (Qin - QOUt)RgutRiQn 1
v¢ B Rgut - R12n Tt Rgut - R12n ; (363)

where r is the distance to the axis of the cylinders.

Geometric mapping To demonstrate the applicability of the proposed ROM the
problem is considered in two dimensions, with Q#={x* € R? | u; < r* < Rou},
with Rou =5 and py € Z=Z'=[1,3] and where r* = \/W The reference
domain is chosen to be Q={x € R2 | 1 < r < Rou} and the mapping between

the reference and the geometrically parametrised domains is defined by the general
separable expression of equation (3.21)) with the mapping of equation (3.22)) given by

Rou B
Mi@)= 1o i) - et
L T (3.64)

and the Jacobian of the mapping is also written in the general separated form of

equation (3.23)), with

) ] ;o Pr) =T, (3.65)

where r = /22 + y2.
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Off-line phase For the numerical experiments in this section, four triangular meshes
of the reference domain are generated, as shown in figure The meshes have

128, 512, 2,048 and 8,192 elements respectively. The proposed HDG-PGD framework
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(a) Mesh 1 (b) Mesh 2 (c) Mesh 3 (d) Mesh 4

Coaxial Couette flow: Four triangular meshes of the

FIGURE 3.1:
reference domain.

is used to obtain the generalised solution of the parametric Stokes problem. The
computation was performed using the second mesh shown in figure with a degree

of approximation k=4 for all the variables and with a mesh of 1,000 elements in the
parametric dimension with also k=4.

The first eight normalised modes of the magnitude of the velocity field are displayed

in figure As usual in a the context of ROMs, the first modes capture the most
relevant and global features of the solution whereas the features captured for the next

modes only introduce localised features.

1 1 1

0.8 0.8 0.8 0.8

0.6 0.6 0.6 0.6

0.4 0.4 0.4 0.4

0.2 0.2 0.2 0.2
0 0 0

0
(a) m=1 (b) m=2 (c) m=3 (d)m=4

1 1 1 1
0.8 Io,s Io,s 0.8

10.6 06 0.6 0.6
0.4 0.4 0.4 @ 0.4
0.2 io.z 0.2 0.2
0 0 0 0

(&) m=5 f)m=6 (g) m=7 (h)y m=8

FIGURE 3.2: Coaxial Couette flow: First eight normalised spatial
modes of the velocity field.

Figure shows the first eight normalised parametric modes computed. It can be ob-
served that the first three modes are smooth, whereas the next modes, that have a less

relevant contribution to the generalised solution, show a more oscillatory character.
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—m=1
= —m =2
= m=3
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—m =26

—_—, =

—im =28

Fi1GURE 3.3: Coaxial Couette flow: First eight normalised parametric
modes.

To quantify the importance of the modes on the generalised solution, figure [3.4] shows
the relative amplitudes of the modes with respect to the amplitude of the first mode for

all the variables. It can be clearly observed that the fourth mode has an amplitude

m

FIGURE 3.4: Coaxial Couette flow: Convergence of the mode ampli-
tudes.

that is already more than 100 times smaller than the amplitude of the first mode.
After computing only nine modes the relative amplitude is already of the order of
1075, Tt is worth noting that in practice it is not required to add modes with such a
lower relative amplitude with respect to the first mode, but in this first example nine

modes are computed to show the rapid decrease in their amplitudes.

On-line phase Once the generalised solution is computed, it is of interest to quan-

tify its accuracy.

Figure [3.5] shows the absolute value of the error of the velocity magnitude using as
the number of modes is increased for three relevant configurations corresponding to
the parameter pj=1, pu;=2 and p1=3. The results show that with only one PGD
mode an absolute error below 107! is already obtained for all three configurations,

with more accurate results for the case with uy=2. With two PGD modes the error
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F1GURE 3.5: Coaxial Couette flow: Absolute value of the error of

the velocity magnitude using n PGD modes and for different values of

the geometric parameter ;. A quartic approximation is used for all
variables in the second mesh of figure

drops substantially, being less than 7 x 1073 in all cases, and with only PGD modes

the error is below 2 x 1074 for the three configurations considered.

To further illustrate the accuracy of the proposed HDG-PGD approach, the relative

error in the L2(€2 x Z) norm, defined as

1/2
/ /(UPGD —u) - (upgp — u)dQ dpu
7, Jo

€peD = >
/ / u-uwddu
1 JQ

is studied and compared to the error of the full order HDG approach.

(3.66)

Figure [3.6] shows the evolution of epgp, for all the variables, as the number of PGD
modes is increased, for different meshes using a quadratic degree of approximation.
The discontinuous lines show the relative error of the full order HDG method, mea-
sured in the L2(Q x Z) norm. It is worth noting that the computation of the error for
the full order approach requires the computation of a large number of solutions. More
precisely, the number of HDG solutions required is equal to the number of elements

in the parametric space multiplied by number of integrations points in each element.
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The results show that the error of the proposed ROM converges monotonically to
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F1GURE 3.6: Coaxial Couette flow: convergence of the L5 norm of the
error for L, u, p and 4 as the number of PGD modes is increased. A
quadratic approximation is used for all the variables.

the error of the full order approach with as the number of modes is increased. In all
cases the number of PGD modes required to reach the maximum accuracy on a given
mesh is lower than six. Furthermore, the results in figure [3.6] illustrate the increased
level of accuracy obtained as the spatial and parametric discretisations are refined.
Analogous results, not reported here for brevity, are obtained for lower and higher

orders of approximation.

Next, the optimal approximation properties of the proposed HDG-PDG method are

studied by performing a mesh convergent study.

Figure[3.7)shows the evolution of the relative error in the £5(€2x Z) norm as a function
of the characteristic element size, h, for different orders of approximation and for all
the variables of the HDG formulation. The optimal rate of convergence, equal to h*+1,
is approximately observed for all the variables. In each case, the minimum number of
PGD modes required to achieve the accuracy of the full order method is selected, as

previously discussed when presenting the results of figure [3.6]
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FI1GURE 3.7: Coaxial Couette flow: mesh convergence of the £5 norm
of the error for L, u, p and .

Finally, it is worth mentioning the differences between the proposed HDG-PGD ap-
proach presented here and the recently proposed PGD approach for geometrically
parametrised domains in Sevilla et al., using standard finite elements for the
spatial discretisation. First, the current approach does not require the higher order
PGD projection to separate the inverse of the determinant of the Jacobian, given the
first-order character of the problem solved with HDG. Second, the current approach
enables the use of the same degree of approximation for velocity and pressure, contrary
to the standard FE approach where specific choices are required to satisfy the LBB
condition. In the context of geometrically parametrised domains with curved bound-
aries this implies that the current approach enables the use of isoparametric elements
whereas super-parametric or sub-parametric elements are required in the FE context.
Third, the weak imposition of the Dirichlet boundary conditions, as usually done in a
DG context, facilitates the construction of the generalised solution without the need
for specific choices for the modes that satisfy the Dirichlet boundary conditions, as

required by other approaches. Finally, the results in figure [3.7] can be compared to

the results in Sevilla et al., (2020b)).
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3.4.2 Axisymmetric Stokes flow past a sphere

The second example considers the Stokes flow past a sphere, a typical test case for
axisymmetric Stokes flow solvers. The domain of interest is selected as the region con-
fined by two concentric spheres with radius R;, and Ryt respectively, with Ry, <Rout-
This problem also has analytical solution, given, in polar coordinates, by the following

velocity and pressure fields

v
u, = 2—; (2p® — 3Rinp® + R3)) cos ¢,
ug = 0,

N 3.67
Up = = (4p3 — 3Rinp” + Rign) sin ¢, o0

3
D =P — ﬁyvooRin COs ¢7

where v, and po, are the magnitude of the velocity and the pressure of the undisturbed
flow, far away from the obstacle and p=v/12 4 22 (see (2.59)) for velocity and pressure
fields in cylindrical coordinates). A typical quantity of interest in this problem is the

drag force, whose exact value is given by Fp=0671vs0 Rin.

For the numerical experiments in this section, four triangular meshes of the reference

domain are generated, as shown in figure[3.8 A no-slip boundary condition is imposed

(c) Mesh 3 (d) Mesh 4

FIGURE 3.8: Axisymmetric flow past a sphere: Four triangular meshes
of the reference domain.

on the inner sphere, a Dirichlet boundary condition corresponding to the exact solution
on the outer boundary and axial symmetry is imposed on the rest of the boundary.
The axial symmetry is imposed by selecting «=£=0 in the matrices D* and E* in
equation . As mentioned earlier, in Remark the portion of the boundary where
the axial symmetry is imposed depends on the geometric parameter, but the normal
and tangent to the boundary are independent on the geometric changes. Therefore,

the matrices D and E do not depend upon the geometric parameters.

Geometric mapping Similar to the previous example, the geometric parameter
considered here is the radius of the inner sphere. The parametric domain considers
the axial symmetry of the problem is defined as Q“¥={r* € R? | r* > 0 and p; <
P < Rout}, with bR=(2,7), Row=5 and p1 € Z=T'=[1,3]. The reference domain is
chosen to be Q={r € R? |r >0 and 1 < p < Rout}.
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The mapping between the reference and the geometrically parametrised domains is

analogous to the one utilised in the previous example, but considering an axisymmetric

domain ) Rou 0
M(r)=-r () = —eeh,
P R out y (368)
M2 _ 2 _ out — )
) =r ) = gk

The Jacobian of the mapping is also written in the general separated form of equa-

tion (3.23), with

r2 —zr

) ] , J(r) =L (3.69)

I(r) = —

1Y —ZzTr z

Off-line phase The proposed ROM is used to obtain the generalised solution of the
parametric axisymmetric Stokes problem. The computation was performed using the
second mesh with a degree of approximation k = 4 for all the variables and with a

mesh of 1,000 elements in the parametric dimension with also k = 4.

The first four normalised modes of the magnitude of the velocity field and the pressure

are shown in figures [3.9] and

Y% Amni /,.m.\\l

(a) m=1 (d)y m=4

//R\\i M\I //A\\ﬂ M|°

FIGURE 3.9: Axisymmetric flow past a sphere: First eight normalised
spatial modes of the norm of the velocity field.
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FIGURE 3.10: Axisymmetric flow past a sphere: First eight normalised
spatial modes of the pressure field.
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Figure [3.11] shows the first eight normalised parametric modes computed. It is worth

1

0.5
—m=1
- 0 m=3
=Y m=4
m =29
-0.5 —m =06
—m =17
1 —m =8

FIGURE 3.11: Axisymmetric flow past a sphere: First eight normalised
parametric modes.

noting that despite the different nature of the flow and the axisymmetric boundary
condition, the parametric modes have a similar behaviour when compared to the
modes obtained in the previous example. This is mainly attributed to the geometric

parameter describing an analogous variation of the computational domain.

As in the previous example, the evolution of the relative amplitude of the modes is

shown in [3:12] The rapid decrease shows that it is possible to compute a generalised

(O )
L
-1 —-A-u
—p

26 =

m

FIGURE 3.12: Axisymmetric flow past a sphere: Convergence of the
mode amplitudes.

solution to this problem with a very small number of modes. With eight modes the

relative amplitude is already below 1075.

On-line phase Once the generalised solution is computed, it is of interest to quan-

tify its accuracy.

Figure [3.13] and figure [3.14] shows the absolute value of the error of the velocity mag-
nitude and pressure using as the number of modes is increased for three relevant

configurations corresponding to the parameter p;=1, p1=2 and p;=3.
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F1GURE 3.13: Axisymmetric flow past a sphere: Absolute value of the

error of the velocity magnitude using n PGD modes and for different

values of the geometric parameter ;. A quartic approximation is used
for all variables in the second mesh of figure
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FIGURE 3.14: Axisymmetric flow past a sphere: Absolute value of

the pressure magnitude using n PGD modes and for different values

of the geometric parameter p;. A quartic approximation is used for
all variables in the second mesh of figure

The results show that with only one PGD mode an absolute error of the order of 101
or below is already obtained for all three configurations for both velocity and pressure.
Analogously to the previous example more accurate results are obtained for the case
with p11=2. The error drops substantially, being less than 3.8 x 1073, in all cases with

three and four modes for velocity and pressure, respectively.



3.4. Numerical examples 81

To further illustrate the accuracy of the proposed HDG-PGD approach, the relative
error in the L£o(£2 X Z) norm, defined in (3.66) is studied and compared to the error
of the full order HDG approach.
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FIGURE 3.15: Axisymmetric flow past a sphere: convergence of the
Lo norm of the error for L, u, p and @ as the number of PGD modes
is increased. A quadratic approximation is used for all the variables.

Figure [3.15] shows the evolution of epgp, for all the variables, as the number of PGD
modes is increased, for different meshes using a quadratic degree of approximation.
The discontinuous lines in figure show the relative error of the full order HDG

method, measured in the £2(Q x Z) norm.

Next, similarly with the previous example, the optimal approximation properties of

the proposed HDG-PGD method are studied by performing a mesh convergent study.

Figure shows the evolution of the relative error in the L2(Q2 x Z) norm as a
function of the characteristic element size, h, for different orders of approximation
and for all the variables of the HDG formulation. The optimal rate of convergence,

equal to RF1, is approximately observed for all the variables.
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FIGURE 3.16: Axisymmetric flow past a sphere: mesh convergence of
the L5 norm of the error for L, u, p and .

Finally, the accuracy of the HDG-PGD approach on the drag force is studied for
three different configurations corresponding to p1=1, p1=2 and p;=3. Figure [3.17]
shows evolution of the error in the drag force as the number of of degrees of freedom
is increased for the three different geometric configurations and for different orders
of approximation. The number of degrees of freedom refers to the size of the HDG

global problem as this is the most time consuming part of the spatial iteration. The

1.28 158 : L1755,
oye—»—e—»—e -----
1.275 oo SP—oi 6o 1575 ? 1.75
a a a
&= = B
= 127 ---Analytical | = 1.57 = 1.745
&0 - &0 0
3 ok=1 S =
1.265 “‘*i 3 - 1585 - 174t
k=4
1.26 1.56 1.735
2 3 4 5 2 3 4 2 3 4 5
log;(ngos) log g(ngof) logp(ngot)
(a) pp =1 (b) p1 =2 (c) p=3

FIGURE 3.17: Axisymmetric flow past a sphere: evolution of the error
in the drag force as the number of modes is increased for three different
geometric configurations.
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results show the variation of the drag force induced by the variation of the geometric
parameter and how the generalised solution produces accurate results for any value of
the geometric parameter. In all cases, convergence to exact value is observed, and the
superiority of using high-order approximations is clearly appreciated. For the first con-
figuration, the results in figure show that with a linear approximation requires
the solution of a global problem with 24,832 degrees of freedom to obtain relative error
in the drag force of 0.0181. In contrast , using a quartic approximation, the error in
the first mesh is 0.0021, solving a global problem with only 416 degrees of freedom,
that is an error one order of magnitude lower with almost 20 times less degrees of
freedom. The results also show that for higher values of the geometric parameter the
solution is slightly more difficult to capture and the number of degrees of freedom
required is slightly higher. In fact, the advantages of high-order approximations are

more noticeable for the case of u;=3.

3.4.3 Stokes flow past a sphere

The third example considers as well the Stokes flow past a sphere, but contrary from

the previous one, in a 3D fashion.

The domain of interest is again selected as the region confined by two concentric
spheres with radius R;, and Ryt respectively, with R;,<Rou. The analytical solution
(3.67)), in Cartesian coordinates, is given by the following velocity and pressure fields

B R} (322 3Ry [ 2?
ux—voo+voo4r3 ﬁ_l ~ Voo T—Q—I-l )

3Rinzy [ R?
Uy = Vo 41:3 ( 7“12n - 1> s

(3.70)
3Rz (RE
Uz = Voo 47”3 7"2 -1 )
P =P — ﬁyvooRinxa

with r=+/22 + 2 + 22 where v and ps are the magnitude of the velocity in the

x-direction and the pressure of the undisturbed flow, far away from the obstacle.

The geometry of the reference domain, corresponding to p;=1, is shown in fig-
ure . A no-slip boundary condition is imposed on the inner sphere, a Dirichlet
boundary condition corresponding to the exact solution on the outer boundary. Given
the symmetric nature of the problem, to reduce its computational cost, only one forth

of the domain is considered introducing a free slip boundary condition on the two
interfaces of symmetry (shown in figure [3.18(b))).

Also in this case, as mentioned in Remark [5] the portion of the boundary where

the symmetry is imposed depends on the geometric parameter, but the normal and
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FIGURE 3.18: Flow past a sphere: Geometry of the domain and com-
putational mesh of a quarter of the domain.

tangent to the boundary are independent on the geometric changes. Therefore, the

matrices D and FE do not depend upon the geometric parameters.

Remark 9. The assumption that matrices D and E do not depend upon the geo-
metric parameters because of the orthogonality between the vector m and the surface
of symmetry is crucial to obtain a converging algorithm when a symmetrical surface
is used, moreover in a three dimensional framework. During the development of this
thesis, has been noticed that it is critical to ensure that all the points of the computa-
tional mesh belonging to a symmetric surface lye exactly on that surface (with almost

no margin of error).

Geometric mapping The mapping between the reference and the geometrically
parametrised domains is analogous to the mapping utilised in the previous example,
given by the two terms in equation (3.64), but for a three dimensional Cartesian

domain. The separated mapping is

1 Rout(p — 1
Mi@)=te (=Tl
, - , ' Rowt— 1t (3.71)
M*(z) =z lb(ﬂ)—m-

and the Jacobian of the mapping written in the general separated form of equa-

tion (3.23) results

1 y? 422 —ay —xz
Ji(x) = el 2 +22 —yz |, J2(xz) =13, (3.72)
—xz —yz 2+ y2

where r=+/22 + y2 + 22.



3.4. Numerical examples 85

Off-line phase The proposed ROM is used to obtain the generalised solution of the

parametric Stokes problem.

The computation was performed using the second mesh with a degree of approximation
k=4 for all the variables and with a mesh of 1,000 elements in the parametric dimension
with also k=4.

The first eight normalised modes of the magnitude of the velocity field and the pressure

are shown in figures and [3.20]
0.5 0.5 0.5 0.5
0.3 0.3 0.3 0.3
(a) m=1 (by m=2 (¢) m=3

(d)ym=4
(e) m=5 (f)y m=6 (g m=7 (h) m=8

Ficure 3.19: Flow past a sphere: First eight normalised spatial

modes of the norm of the velocity field.
0 0 0
-0.5 -0.5 -0.5
(a) m=1 (d) m=4
0 0 0
-0.5 -0.5 -0.5
(e) m=5 (h) m =38

Ficure 3.20: Flow past a sphere: First eight normalised spatial
modes of the pressure field.

(f) m=6 (g) m=1

Figure shows the first eight normalised parametric modes computed. It is worth
noting the expected similarity between the majority of the spatial modes represented
in figures and [3.19] [3.10] and [3.20] and parametric ones shown in figured3.11] and

[3-2T] respectively.
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FIGURE 3.21: Flow past a sphere: First eight normalised parametric
modes.

As in the previous example, the evolution of the relative amplitude of the modes is
shown in [3.22] The rapid decrease shows that it is possible to compute a generalised
solution to this problem with a very small number of modes. With nine modes the

relative amplitude is already below 107°.

logyo(lowm/a1l)

FIGURE 3.22: Flow past a sphere: Convergence of the mode ampli-
tudes.

On-line phase Once the generalised solution is computed, it is of interest to quan-
tify its accuracy.

Figure and figure shows the absolute value of the error of the velocity mag-
nitude and pressure using as the number of modes is increased for three relevant

configurations corresponding to the parameter p1=1, p1=2 and p;=3.
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Hp=3,m=4

FI1GURE 3.22: Stokes flow past a sphere: Absolute value of the error

of the velocity magnitude using n PGD modes and for different values

of the geometric parameter p;. A quartic approximation is used for
all variables in the mesh of figure
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FIGURE 3.23: Stokes flow past a sphere: Absolute value of the pressure
magnitude using n PGD modes and for different values of the geometric
parameter p1. A quartic approximation is used for all variables in the

mesh of figure [3.18]
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Similarly to results shown in figures[3.13]and [3.13| with only one PGD mode an absolute
error of the order of 10™! or below is already obtained for all three configurations for
both velocity and pressure. The more accurate results are obtained in agreement with
previous results for the case with u1=2. From 3 to 4 modes the error saturates for the
given mesh, for both velocity and pressure, showing improvements of the accuracy of

the solution only for p;=3. This is in agreement with next results.

To further illustrate the accuracy of the proposed HDG-PGD approach, the relative
error in the L£9(Q x Z) norm, defined in (3.66) is studied and compared to the error
of the full order HDG approach.

Figure shows the evolution of epgp, for all the variables, as the number of PGD
modes is increased, for different degree of approximation and mesh drawn in Figure
The discontinuous lines in figure show the relative error of the full order
HDG method, measured in the L2(£2 x Z) norm.
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FIGURE 3.24: Flow past a sphere: convergence of the £5 norm of the
error for L, u, p and 4 as the number of PGD modes is increased for
linear to quartic approximations.

Also in this case excellent agreement between the two errors is observed.
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Finally, the accuracy of the HDG-PGD approach on the drag force is studied for three

different configurations corresponding to p1=1, p;=2 and p;=3.

Figure[3.25)shows evolution of the drag force for different orders of approximation and
mesh of Figure |3.18(b)l The number of degrees of freedom refers to the size of the

HDG global problem as this is the most time consuming part of the spatial iteration.

1.3 v . 1.6+ . . 1.9
]

1.29 Lsol 1.85
A”S; ___________ NN e o] 18
D197 5
S e ——— A He E il Bm - m - -1 =175 mm -~ 0= = A= R
651.26 ° E
2 297

125" o .

1.24 1.65

1.23 1.6

3.5 4 4.5 . ¥: 4 4.5 5 5.5 3.5 4 4.5 5 5.5
logyp(ngof) log,g(ngof) log;g(ngof)
(a) pp =1 (b) p1 =2 (c) p=3

FiGURE 3.25: Flow past a sphere: evolution of the error in the drag
force as the number of modes is increased for three different geometric
configurations.

Figure shows evolution of the error of the drag force associated to Figure|[3.18(b)]
compared with the analogous error computed with axisymmetric strategy for different

orders of approximation on the first mesh of Figure |3.8

—

AQ_Q [ . °
[
- o

4 * 4

.
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logo(ngos) logyo(ngof) logyg(ngof)
(a) pp=1 (b) pa =2 (€) pp=3

FIGURE 3.26: Flow past a sphere: comparison between the error in the

drag force for three different geometric configurations obtained with a

3D and axisymmetric strategy in function of the number of degrees of
freedom used.

For all parameters, convergence to exact value is observed, and the superiority of using
high-order approximations is clearly appreciated. Moreover, it is visible the saving on

in terms of degrees of freedom that an axisymmetric strategy provides.
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3.4.4 Stokes flow around two cylinders

The next example is taken from Sevilla et al., (2020b) and considers the Stokes flow
around two cylinders. The problem consists of two circles that can change their mutual
distance and individual area, whilst maintaining the total area of the two objects. The

two cylinders are placed in a rectangular channel of length L and width D.

Two geometric parameters are considered in this example. The first one, pu; €

Z,=[-1,1], controls the radius of the two circles in such a way that the total area
is maintained. The second parameter, pg € Zo=[—1, 1], controls the distance between
the centre of the two cylinders. The value of u; = —1 corresponds to the configuration

where the radius of the first sphere is R1=1.0733 and the radius of the second sphere
is R2=0.3578, whereas the value of y=1 corresponds to the opposite situation, with
R1=0.3578 and R2=1.0733. Both configurations correspond to the cases where the
area of one of the circles is 90% and 10% respectively of the total area occupied by
both circles. The value of o= —1 corresponds to the case where the distance between
the spheres is maximum, with the centres of the spheres placed at (—7.75,0) and
(7.75,0) respectively. The value of pe=1 corresponds to the case where the distance
between the spheres is minimum, with the centres of the spheres placed at (—6.25,0)

and (6.25,0) respectively.

The reference domain shown in figure [3.27]is chosen as the bi-dimensional rectangle
Q=([-L,L] x [-H,H))\ (BT UB™), with L=20, H=7, ¢=(7,0), Rf=0.8 and where

B ={x e R?| ||z £ x0|| < Rret}. (3.73)

Analogously to the example presented in section to reduce the computational
costs of the problem, only on half of the domain is considered introducing a slip
boundary condition. On the left part of the boundary a Dirichlet boundary condition,
corresponding to a horizontal velocity of magnitude one, is imposed. On the right

part of the boundary a homogeneous Neumann boundary condition is imposed. On

FIGURE 3.27: Stokes flow around two cylinders: Domain and compu-
tational mesh.

the surface of the two spheres a no-slip boundary condition is enforced and on the
upper part of the boundary a slip boundary condition is imposed. The computational
triangular mesh used to solve the problem is highlighted in figure [3:27] The mesh has
208 elements, leading to a system in the HDG global problem of 3500 equations for a

degree of approximation k=4.
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Geometric mapping The mapping used in the example involving the flow around
two cylinders is designed as the composition of two mappings. The first mapping,
M, is defined to account for the change of radius of the two circles and it is written
in the general separable expression of equation with

1
—x, if [|[z; || < Rout
Mj(z) =S T i () = A(RT (1)),
0 otherwise

z, if |zg || < Rout

M () = . ¢i(p) = B(RT (1)),
0 otherwise
Tma lf HmEH S Rout
M () = _ PP () = C(RT (1)),
0 otherwise
2 . _
réxy  if ||z || < Rout
Mi(z) = , ¢} (1) = D(RY (1)),
0 otherwise
zo if lzg || < Rout
M () = _ PP (1) =1,
0 otherwise
1 (3.74)
TP
—xg  if lzg ]| < Rout ~
MS(z) =4 " ¥(u1) = A(R™ (1)),
0 otherwise
+ +
wO if Hmo ” S Rout _
M () = , $i () = B(R™ (1)),
0 otherwise
+ +
rag i ||z || < Rout B
M () = . ¥ (p1) = C(R™ (1)),
0 otherwise
2 4+ - +
rexy  if 25| < Rout _
M () = , ¥ () = D(R™ (1)),
0 otherwise
—xg if |27 < Rout
M} (z) = °, () =1,
0 otherwise

where a:(jf:a:iwg, Rout=3 and, as detailed in section x0=(7,0) and R,¢=0.8.
The radius of the sphere centred at xg is defined as Rt (j11)=—0.0845u2+0.3578111+0.8
so that it takes value 0.3578 for p;= —1, 0.8 for p;=0 and 1.0733 for p; = 1. The
radius of the sphere centred at —xg is defined in terms of R (u1) in such a way that
the total area of the two spheres is maintained, namely (R*)?+(R™)?=32/25.

The piecewise nature of the mapping is illustrated in figure in the vicinity of one
of the spheres. Notice that the number of terms composing the mapping are chosen
arbitrarily depending on the required regularity. Imposing properly conditions on the
smoothness of both the mapping and its derivatives, the parametric modes can be

particularized.
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A linear mapping can be devised imposing its continuity in the inner and outer radius.

The parametric modes are particularised by

_ Rout(R - Rref) ’ B(R) _ Rout -R :
Rout - Rref Rout - Rref (375)
C(R) =0, D(R) = 0.

A quadratic mapping can be devised imposing its continuity in the inner and outer
radius and the continuity of the first derivative in the outer radius. The parametric

modes are particularised by

Rout(R — Rref) (Rcz)ut QRROU'C + Rref)
A(R) (Rout - Rref)2 ’ B<R) (Rout - Rref) 7 (376)
C(R) _ (R — Rref)) D(R) —0.

B (Rout - -Rref)27

A cubic mapping can be devised imposing its continuity and the continuity of the first

derivative in the inner and outer radius. The parametric modes are particularised by

o R?)ut(Rout - 3Rref)(R - Rref))

A(R) B (Rout - Rref) ’
B(R) = R3 . — 3R2 Ryet — 3Rout R, + 6 RRous Rret — R
(Rout Rref)3 ’ (377)
C(R) _ 3(Rout + Rref)(Rref - R) ’
(Rout - Rref)3
D(R) 2(R — Rref)

- (Rout - Rref)3 .

The second mapping, M, , is defined to account for the change of distance between

the spheres and it is written in the general separable expression of equation (|3.22))

with
M () = {d(x)} Py (p2) = —pa/2,

0 (3.78)
M3(z) == V3 (u2) =1,
where the function d(z) is given by
¢+ Ex + if 2 € [-L, —zg — Rint]
1 if 2 € [~20 — Rint, —T0 + Rint]
d(x) == a+ Br + 722+ 02" if 2 € [~30 + Rint, 70 — Rint] (8:79)
1 if © € [x9 — Rint, €0 + Rint]
—C + & — if € [xg + Rint, L]

with Rj=4 and L=20.
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Analogously with the first mapping, linear piecewise or smoother mappings can be

obtained particularising properly constants «, 3,7, 96, (, &, .

A piecewise linear mapping can be devised imposing its continuity. In this fashion

constants results

1

a=0, =—,

b o — Ring
v =0, 6 =0,

(3.80)
(=—= —
B $0+Rint_L, N l‘g—i—Rint—L’

¥ =0.

A piecewise quadratic and cubic mapping can be devised imposing its continuity and

the continuity of its first derivative. In this fashion constants results

__ 3

2($0 - Rint),

o
2($0 - Rint)3’

a=0, 8=

‘= _ L(2Ri + 229 — L) ‘e 2(Rint + 20) (3.81)
(Ring + 20 — L)% (Rint + o — L)?’
1
Y =-

(Rint + x9 — L)Q.

As illustrated in figure [3:28 both mappings are defined in a piecewise form. It is

Rint.

Zr
-
I
|
|

(b) M,

Ficure 3.28: Illustration of the piecewise nature of the mappings
M, and M, detailed in equations (3.74)) and (3.78) respectively in

the vicinity of the sphere centred at x.

worth noting that the use of smoother mappings, allows to impose the continuity of
its derivatives, in that way the requirement of a conforming mesh given the piecewise
nature of the mapping decays. This represents a great advantage in terms of freedom
in generating the mesh but on the other hand it has several numerical drawbacks.

First, if compared with the use of a linear mapping, a higher number of integration



94 Chapter 3. HDG-PGD solution of geometrically parametrised Stokes flows

points are required to ensure that errors due to the numerical integration are lower
than the interpolation error. Second, the terms of the separable approximation, for the
first mapping, increase and with them the computational complexity of the problem.
For that reasons, the mappings selected are only C° on the artificial interfaces denoted
by discontinuous lines in figure [3.28] Therefore, to facilitate the numerical integration
of the terms involving the Jacobian and the adjoint of the mapping, the computational

meshes selected are conforming with these interfaces, as it can be observed in the mesh
displayed in figure

Off-line phase The computation was performed using the mesh of figure with
a degree of approximation k=4 for all the variables and with a mesh of 50 elements
in each parametric dimension with also k=4. The first six spatial modes for the

velocity and pressure computed with the proposed HDG-PGD technique are shown

in figures [3.29] and [3:30]

== bl B

piOT W TT

= (f)ym=6

FIGURE 3.29: Stokes flow around two cylinders: First six normalised
spatial modes of the velocity field.

(d)m=4 (e) m=5 (fym=6

FI1GURE 3.30: Stokes flow around two cylinders: First six normalised
spatial modes of the pressure field.

Figure shows the first six normalised parametric modes computed. In this exam-
ple there are more parametric modes that have an important influence over the whole
range of values for both p; and ps. Moreover it is observable that the majority of the

parametric modes associated to p; are symmetric,this implies that the two spheres
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for the given range of us behave at the same way. On the other hand, the first six
parametric modes associated to the distance have a normalised value near one for the
whole range of values of po. This implies that p has a more relevant effect on the

solution while po begins to affect the computations from mode 7.

1 1

0.5 0.5
—m=1 —m=1
- —m=2 —m =2
; 0 m=3 ; 0 m=3
= m=4 = m =4
N m=5 m=5
-0.5 —m =6 -0.5 —m =6
1 —m =8 1 —m =8

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
H1 Ha2

FiGURE 3.31: Stokes flow around two cylinders: First eight nor-
malised parametric modes.

The evolution of the relative amplitude of the modes is displayed in figure [3.32] The
results show that with 9 modes the relative amplitude of the hybrid variable, used to
check convergence, is below 1073, with 16 modes is below 10~® while with 20 modes

is below 1076,

logo(|om/a1])

m

FIGURE 3.32: Stokes flow around two cylinders: Convergence of the
mode amplitudes.

On-line phase To illustrate the variation in the geometry induced by the parame-
ters as well as the different flow features that are induced by the geometric changes,
figure [3:33] shows the magnitude of the velocity and the pressure fields in the three
dimensional domain for three different configurations. The first configuration, shown

in figures [3.33(a)| and [3.33(d), corresponds to the case where the distance between

the spheres is maximum and the sphere closer to the inflow boundary has maximum
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radius. The opposite scenario, with the distance between spheres is minimum and the
sphere closer to the inflow boundary has minimum radius in shown in figures [3.33(c)|
and [3.33(f)} Finally, the configuration displayed in figures|3.33(b)|and [3.33(e)| corre-

sponds to the case when the distance between the spheres is half the maximum value

and the radius of both spheres is the same.

T eme— 1 we—
- == 0.75 Se - 0.75 - - > 0.75
(a) pr = —Lpuz = —1 (b) g1 =0,u2 =0 () p1=1p2=1
'2.5 !2.5 !2.5
X ) » 0.5 ) » 0.5 x ® 0.5
H 1.5 H_m H-LS
(d) pr = —Lp2 = -1 (e) p1 =02 =0 () pp=Lp=1

FIGURE 3.33: Stokes flow around two cylinders: Velocity (top) and
pressure (bottom) fields for three different geometric configurations.

Once the on-line solution is obtained, in order to verify its accuracy with respect the
full order solution computed on the same mesh, the relative value of the error (i.e. the
absolute value divided by the norm of the maximum of the field) of the velocity

magnitude and pressure is computed.

EI?EI l"li m.::

=—-1,pu2=0 b) u1 =0, p2 =1 )pr=1,pu=2

%107
_IG9 “I _I
—1 /L2—O [1,1—0/12—1 /Ll—l ,u2_2

FIGURE 3.34: Stokes flow around two cylinders: Relative value of the
error of the velocity magnitude (top) and pressure (bottom) fields for
three different geometric configurations.

Finally, to further illustrate the general accuracy of the proposed HDG-PGD solution,
in absence of an analytical solution, the relative error between the reduced and the
full order solution in the £2(€2 x Z) norm, defined as

1/2
/ /(UPGD - UHDG) : (UPGD - UHDG)dQ du
1 JQ

€PGD-HDG = , (3.82)
/ / Uppg - Unpe dS) dp
T, JQ
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is computed for different discretisations of the parametric space accounting of different
number of elements and a quadratic degree of approximation. Figure shows the
evolution of epgp_gpa, for all the variables, as the number of PGD modes is increased.

It is worth observing how epgp_ppg saturates when an enough number of modes is
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/_;-1 ~Ngjem = 10/ -1 -&-Nglem = 10/
E Delem = 20 2 1 Dglem = 20
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,_;-1 Nglem = 107 —-1_ & Ngleym = 10
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F1GURE 3.35: Flow past a sphere: L5 norm of the error for L, u, p
and Fp.

considered, and how the saturation error decreases refining the parametric mesh. As
known, this operation is computationally inexpensive as each parametric direction

consists of a 1D problem.

3.4.5 Axisymmetric Stokes flow around two microswimmers

The next example considers the Stokes flow around the so-called push-me-push-you
microswimmer, proposed in Avron et al., . This swimmer consists of two spher-
ical bladders that have the ability to change their mutual distance and individual
volume, whilst maintaining the total volume of the two spheres. The swimmer is

placed in a cylindrical channel of length L and diameter D.
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Two geometric parameters are considered in this example according with the study
developed in Alouges et al., . The first one, p; € Z1=[—1,1], controls the
radius of the two spheres in such a way that the total volume of the two spheres is
maintained. The second parameter, ps € Zo=[—3,2], controls the distance between
the centre of the two spheres. The value of 1= — 1 corresponds to the configuration
where the radius of the first sphere is R1=0.3096 and the radius of the second sphere
is R2=0.116, whereas the value of u=1 corresponds to the opposite situation, with
R1=0.116 and R2=0.3096. The value of uo= — 3 corresponds to the case where the
distance between the spheres is maximum, with the centres of the spheres placed at
(—3,0) and (3,0) respectively. The value of pue=2 corresponds to the case where the
distance between the spheres is minimum, with the centres of the spheres placed at
(—0.5,0) and (0.5,0) respectively.

Using the axial symmetry of the problem, the computational reference domain is
chosen as Q= ([-L, L] x [0,H]) \ (B* UB~), where

B ={r e R?|||r £ro| < R}, (3.83)

where L=6, H=2, r9=(1.5,0) and R.=0.116. Figure shows the triangular mesh
of the reference domain used for this numerical example. The mesh has 1,426 elements,
leading to a system in the HDG global problem of 22,260 equations for a degree of
approximation k=4. On the left part of the boundary a Dirichlet boundary condition,
corresponding to a horizontal velocity of magnitude one, is imposed. On the right
part of the boundary a homogeneous Neumann boundary condition is imposed. On
the surface of the two spheres a no-slip boundary condition is enforced and on the

rest of the boundary a slip boundary condition is imposed.

FIGURE 3.36: Axisymmetric flow around two microswimmers: Com-
putational mesh.

It is worth to comment the visible difference between the meshes shown in figures [3.27]
and The two meshes refer to a comparable problem, and, as the next paragraph
shows, are also associated with a similar mapping. By the way, while in the former
the reference configurations correspond to a possible configuration, in the latter it
does not. This computational mesh is the results of numerous numerical experiments
where the influence of the reference configuration on the PGD approximation has been
studied. While changes in the value of 7q, i.e. the position of the spheres, has not
brought significant variations in the reduced solution, changes in the ratio Royut/Ryef

and the value of Ry, did. The most suitable configuration would be a value R, large
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enough to include all the particularities of the flow around each sphere. Due to the
piecewise definition of the mapping, the value of Ryt is limited by the value of Ry,
which itself is limited by the second value of the range Z considered. As the spheres in
this example can get much closer respect the cylinders of the previous one, the design
of the reference mesh complicates. A good compromise has been considering a similar
value for the ratio Rout/Ryef, in this case, resulting in Royt/ Ryef=3.8793 while for the
previous example in Royt/ Rres=3.75. Being Royt limited, the only option available was
decreasing Ryer. This issue can be avoided through a smoother deforming mapping,
as done for instance in Sevilla et al., (2020b)) where the geometric mapping is built
solving a solid mechanics problem (Persson et al., [2009; Poya et al., [2016; Xie et al.,
2013).

Geometric mapping The mapping used in the example involving the flow around
two microswimmers is analogous to the one defined for the previous example, but
with a different parametric setting and coordinates system. For analogous reasons,
the mappings selected are only CY on the artificial interfaces denoted by discontinuous
lines in figure The first mapping, M, is defined to account for the change

of radius of the two spheres and it is written in the general separable expression of

equation ([3.22) with

1
-1y if |7y ]l < Rout Rout(RT — Ry
Mi(r) = { P () = Tt~ Firet)
0 otherwise out ref
MZ( ) _ ’I"a if H’I’EH < Rout wQ(,ul) _ Rout — R+(:u1)
0 otherwise ! Rout — Ryer
ro if ”r(;H < Rout
M (r) = . V() =1,
0 otherwise
1 (3.84)
+ +
-7y if ”T‘O H < Rout Rou R _ Rre
Mi(r) = { 7 ) = ol 01) = Tt
0 otherwise out ref
’I‘+ if HT+|| < Rout R — Rf( )
M5(’I’) _ 0 01l = ¢5(M1) _ 1lout M1 ’
{ 0 otherwise ! Rout — Rref

MS(r) — —7o if |7 ]| < Rous ) = 1
0 otherwise

where roi:r:tro, Rout=0.45 and, as detailed in section 7 ro=(1.5,0) and R.s=0.116.
The radius of the sphere centred at g is defined as BT (u1)=—0.037243+0.096811+0.25
so that it takes value 0.116 for p1=—1, 0.25 for p1=0 and 0.3096 for p;=1. The radius
of the sphere centred at —r is defined in terms of R*(p) in such a way that the total
volume of the two spheres is maintained, namely (R*)3+(R~)3=1/32. The piecewise

nature of the mapping is illustrated in figure[3.28] in the vicinity of one of the spheres.
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The second mapping, M, , is defined to account for the change of distance between
the spheres and it is written in the general separable expression of equation (3.22)
with

M (r) = {d(z)} Py (p2) = —pi2/2,

0 (3.85)
M3(r) =r U3 (p2) =1,
where the function d(z) is given by
z+ L
A fae[-L,—z — R;
20 + Rint — L ifzel . o]
—1 if z € [—Z() — Rinta —20 + Rint]
z
d(z) == ——— if z € [—z0 + Rint, 20 — Rint] (3.86)
20 — Rint
1 ifz e [ZO — Rint; 20 + Rint]
z—L
— ifz € Rint, L
z0 + Rint — L it 2 € 70+ Bim, L

with Rin=0.47 and, as detailed in section L=6.

Off-line phase The first four spatial modes for the velocity and pressure computed
with the proposed HDG-PGD are shown in figures and [3.38] The computation

1 1
Qs Qo
(a) m=1 (b) m=2
1 1
“ u 0-5 i 0.5
| — 0 - - 0
(c)m=3 (d) m=4

FIGURE 3.37: Axisymmetric flow around two microswimmers: First
four normalised spatial modes of the velocity field.
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(c) m=3 (d)y m=4

FIGURE 3.38: Axisymmetric flow around two microswimmers: First
four normalised spatial modes of the pressure field.



3.4. Numerical examples 101

was performed using the mesh of figure with a degree of approximation k=4 for all
the variables and with a mesh of 10,000 elements in each parametric dimension with
also k=4. It is worth noting that the cost of the one-dimensional parametric problems
is negligible when compared to the cost of the spatial iteration. Therefore, a large
number of elements is used in the parametric dimension to ensure that the variation
induced by the geometric parameters are captured with no a priori knowledge of the

solution.

Figure [3.39] shows the first eight normalised parametric modes computed. As in pre-

1 - : 1
|
0.5 0.5
—m=1 —m=1
= —m=2 —m =2
:3 0 m =3 :E 0 m=3
:; m =4 :; m=4
m=a2a m=a
-0.5 —m=6 -0.5 —m==6
—m =T —m =T
1 —m = 1 —m =
-1 -0.5 0 0.5 1 -3 -2 -1 0 1 2
H1 H2

FIGURE 3.39: Axisymmetric flow around two microswimmers: First
eight normalised parametric modes.

vious example, in this example there are more parametric modes that have an im-
portant influence over the whole range of values for both py and ps. For instance,
in figure the first, third, fifth and six parametric modes have a normalised
value near one for the whole range of values of p1. A similar behaviour is observed
for the second parameter ps. In addition, the second parameter, corresponding to the
distance between the spheres it can be observed that many of the modes have a much
more relevant influence near po=2. This is expected as this configuration corresponds
to the case where the distance between the spheres is minimum and therefore induces
an important variation in the flow field because the first sphere will influence the flow

that is reaching the second sphere.

The evolution of the relative amplitude of the modes is displayed in figure [3.40} The
results show that with 24 modes all the relative amplitude of the hybrid variable, used
to check convergence, is below 1073, A slower decrease of the relative amplitudes
when compared with the previous examples can be observed. This is attributed to
two factors. First, this problem considers two geometric parameters and, second, the
range of variation of the distance is relatively high when compared to the minimum

radius of the spheres.
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0
—-L
-0.5 A
—~ —=-p| |
= -1
s}
~=-15 A
&
= 2/
o0
g 25
31 i
5 10 15 20

m

FIGURE 3.40: Axisymmetric flow around two microswimmers: Con-
vergence of the mode amplitudes.

On-line phase To illustrate the variation in the geometry induced by the parame-
ters as well as the different flow features that are induced by the geometric changes,
figure [3.41] shows the magnitude of the velocity and the pressure fields in the three

dimensional domain for three different configurations.

12
0.8
04
0.0
. 15.0
: 5.0
. -5.0
. -15.0
(d) pr = -1, p2 = =3 (€) p1 =0, p2=0 () p=1,p2=2
FIGURE 3.41: Axisymmetric flow around two microswimmers: Ve-
locity (top) and pressure (bottom) fields for three different geometric
configurations.
e ?% =
(@) p1=—1, po = -3 (b) p1 =10, p2 =0 () pr=1,p2=2

FIGURE 3.42: Axisymmetric flow around two microswimmer: Velocity
streamlines associated to velocity fields of figures [3.41(a)i3.41(c)| for
three different geometric configurations.
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The first configuration, shown in figures [3.41(a)| and [3.41(d)} corresponds to the case

where the distance between the spheres is maximum and the sphere closer to the
inflow boundary has maximum radius. The opposite scenario, with the distance be-

tween spheres is minimum and the sphere closer to the inflow boundary has minimum

radius in shown in figures [3.41(c)[and [3.41(f)| Finally, the configuration displayed in

figures [3.41(b)| and [3.41(e)| corresponds to the case when the distance between the

spheres is half the maximum value and the radius of both spheres is the same.

Once the on-line solution is obtained, as done for the previous example in order to
verify its accuracy with respect the full order solution computed on the same mesh,
the relative value of the error of the velocity magnitude and pressure is computed.

The results show that a relative error of the order of 3.1 x 103 or below is obtained

L W
mo. ml
v s e
0 0
(@) pr=—1, p2 =0 (b) p1=—1, p2 =0
S 5
mo. :
BN e
0 ' 0
(¢) p1 =0, pz =1 (d) pr =0, p2 =1
) -2

E A
o = poX
=~
b—'mo
E A
o = X

(e)p’lzlﬁp‘Q:Q (f)/“:la:u?:z

FIGURE 3.43: Axisymmetric flow around two microswimmer: Relative
value of the error of the velocity magnitude (left) and pressure (tight)
fields for three different geometric configurations.

for all three configurations for both velocity and pressure. The more accurate results
are obtained for the case with =0 and pe=0. It is worth to specify that this is not
related with the choice of the reference configuration but mainly with the choice of
the parametric domains. Results obtained with different reference configurations, not

reported in this document, shown in fact analogous results.

To analyse the accuracy of the proposed approach, figure compares the drag
force on the two spheres as a function of the us, controlling the distance between
the spheres, and for three different configurations of the 1, controlling the radius of
both spheres. The results obtained with the HDG-PGD approach are compared to
the results of the standard HDG method on a reference mesh. Both solutions show
an excellent agreement in all cases, with an overlap between the symbols used to plot
the results of the standard HDG method and the discontinuous line used to plot the
results of the proposed PGD approach.
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(a) First sphere (b) Second sphere

FIGURE 3.44: Axisymmetric flow around two microswimmer: Com-

parison of the drag computed on the first and second sphere with the

proposed HDG-PGD approach against a reference solution for different
configurations.

Finally, to stress the potential of the proposed approach, figure shows the drag
force on the two spheres and the total drag as a function of both geometric parameters.

This figure shows that generalised solution computed with the HDG-PGD approach

2 2 2
1 1 1 115
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(a) First sphere (b) Second sphere (c) Total

FIGURE 3.45: Axisymmetric flow around two microswimmer: Drag
force on the individual spheres and the total drag over the two spheres.

can be used to rapidly explore the whole space of parameters and used to find optimal
strokes, of interest in many applications (Alouges et al., 2009).
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3.4.6 Stokes flow around a sphere in a corrugated channel

The last example, inspired from the studies in Vieira et al., (2020) and Yang et al.,
(2017)), considers the flow past a sphere placed in a corrugated channel.

The corrugated channel has a height of 1ym and the undulatory profile is defined by

the expression

y = %(fw"‘fn)""%(fw_fn)cos(lgzm) if |$|<1_76L7 (387)
fn if =L <lz|<1L,

where L=12.5um, f,=2pm and the value of f,, controls the oscillation of the bound-
ary. A sphere of radius R, centred at the origin, is placed inside the corrugated
channel. A Dirichlet boundary condition is imposed at one end of the channel, given
by wp(z)={64(y* — 1/4)(z* — 1/4),0, O}T, and a homogeneous Neumann boundary
condition is imposed at the other end. A homogeneous Dirichlet boundary condition

is on the rest of the boundary of the domain, corresponding to material walls.

To demonstrate the applicability and potential of the proposed methodology in three
dimensions, two geometric parameters are considered. The first parameter p; € [—1,1]
is used to control the radius of the sphere, defined as R(u1)=(p1 +2)/10. The second
parameter pg € [0,2] controls the amplitude of the corrugated channel, given by
fn=1/24+p2. The geometry of the reference domain, corresponding to u;=p2=0,
is shown in figure Exploiting the symmetry of the problem, a mesh of a

(a) Geometry (b) Mesh

FI1GURE 3.46: Flow around a sphere in a corrugated channel: Ge-
ometry of the domain and computational mesh of a quarter of the
domain.

quarter of the domain is considered, with 2,191 tetrahedral elements, as depicted in

figure BA6(D)
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Geometric mapping Similarly to the previous example, the mapping used in the
example involving the flow around a sphere in a corrugated channel is designed as the

composition of two mappings.

The first mapping, M,,,, is defined to account for the change of radius of the sphere
and it is written in the general separable expression of equation (3.22) with

1 .
;-’B if HxH < ROUt Rout(R(Ml) - Rref)

M (@) = () = ,
0 otherwise Rout — Rref
x if HmH S Rout R ¢ — R(Ml)
M3 (z) = W2 () = ot — A (3.88)
' { 0 otherwise ! Rout — Ryef
z if |z > Rout
Mi(z) = . V() = 1,
0 otherwise

where Ro.t=0.4 and R,..s=0.2 and the radius of the sphere, centred at the origin, is
defined as R(u1)=(11+2)/10. The associated spatial modes of the Jacobian of the

mapping result

1 y2 + 22 -2y —xz
Ji(z) = e >+ 22 —yz |, J2(x) = I3(x) = 1. (3.89)
—xz —Yz 2 + y2

The second mapping, M,,,, is defined to account for the change of amplitude in the
undulatory part of the channel. It only affects the y coordinate and, more precisely,
only the definition of f, in equation . More precisely, the profile of the channel
is given by equation (3.87) with f,=1/24us so that the mapping results

if < fo/4
Mé(ac):{m =] = £/ W) = 1,

0 otherwise
(3.90)

h(x) if||lx w/4
Ms<x>:{ @) itlell > L/t

0 otherwise

where h(z) = (z,4/9y*+5/9y+1/9, z). The associated spatial modes of the Jacobian

are

1 0 0
@) =13,  Jix)= |0 8/9y+5/9 0. (3.91)
0 0 1

Remark 10. It is worth to note that for this example a quadratic mapping has been
applied. The imposed constraints are the continuity of both the mapping and its deriva-
tive in x=(0, f,,/4,0). For that reason the use of a computational mesh conforming

with the mapping is not required.
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Off-line phase The computation was performed using the mesh of figure [3.46(a)
with a degree of approximation k=3 for all the variables and with a mesh of 10,000

elements in each parametric dimension with also k=3.
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FIGURE 3.47: Flow around a sphere in a corrugated channel: First
six normalised spatial modes of the velocity field.
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FiGURE 3.48: Flow around a sphere in a corrugated channel: First
six normalised spatial modes of the pressure field.
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The first four spatial modes for the velocity and pressure computed with the proposed
HDG-PGD are shown in figures [3.47 and [3.48]

Figure [3.49 shows the first six normalised parametric modes computed. Compared to

1

lw
0.5 T 0.5
2> 0 —m=1 3 0 —m=
=N —m = 2| % —m =2
\, m=3 m=3
-0.5 m =4 -0.5 m=4
m=>5 m=25y
1 —me 1 —m=
-1 -0.5 0 0.5 1 0 0.5 1 1.5 2
H1 H2

FIGURE 3.49: Flow around a sphere in a corrugated channels: First
six normalised parametric modes.

previous examples, the results show that more modes have an influence over the whole

range of parameters, illustrating the more complex nature of this three dimensional

example.

The evolution of the relative amplitude of the modes is displayed in figure In

lOglU(‘O—M/O—l D

2 1 6 8 10 12
m

F1GURE 3.50: Flow around a sphere in a corrugated channel: Conver-
gence of the mode amplitudes.

this example, 12 modes are required to ensure the relative amplitude of the hybrid

variable, used to check convergence, is below 1073,

On-line phase Figure [3.51| shows the magnitude of the velocity and the pressure

fields in the channel for three different configurations.

The results illustrate the variation in the velocity and pressure fields as the amplitude

of the channel and the radius of the sphere is increased.
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FiGure 3.51: Flow around a sphere in a corrugated channel: Ve-
locity (top) and pressure (bottom) fields for three different geometric
configurations.

Once the on-line solution is obtained, in order to verify its accuracy with respect the
full order solution computed on the same mesh, the relative value of the error of the

velocity magnitude and pressure is computed. The results show that a relative error
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() p1=1,p2=2 () pp=1, p2 =2

FI1GURE 3.51: Flow around a sphere in a corrugated channel: Relative
value of the error of the velocity magnitude (left) and pressure (right)
fields for three different geometric configurations.

of the order of 2.5 x 1072 or below is obtained for all three configurations for both
velocity and pressure. The more accurate results are obtained for the case with ©1=0

and po=1.

To assess the accuracy of the computed generalised solution computed with the pro-
posed approach, a reference solution is computed for the three configurations displayed
in figure [3.51] The reference solutions are computed on a much finer mesh with a
standard HDG solver. As a quantity of interest, the drag on the sphere is measured.
Figure shows the evolution of the error of the drag force as the number of PGD

modes is increased. To further analyse the accuracy of the computed generalised

0 : 0 : 0
= '/\/\P—*\_‘__'_ ) .
iy g N\\ﬂ i \/\M
W W W
=t =t =t
Eﬂ -3 EO -3 ‘E‘D -3
-4 LoPGD) -4 N -4
—HDG
-b : -5 - - -5 .
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
modes modes modes
(8) p1=-1, p2=0 (h) p1 =0, p2 =1 () pr=1,p2=2

FIGURE 3.52: Flow around a sphere in a corrugated channel: Evo-

lution of the error on the drag force as the number of PGD modes is

increased. The horizontal line denotes the reference error computed
on a finer mesh with the standard HDG method.

solution, the error of an HDG solution, computed in each configuration using the
same spatial resolution as the one used in the HDG-PGD formulation is considered.
The results show that the error of the HDG-PGD approach tends to the error of the
HDG solution computed for each configuration, showing the ability of the proposed

approach to accurately capture the solution for different geometric configurations.

As mentioned in the previous example, the proposed approach provides a generalised

solution that can be used to perform fast queries of different quantities of interest. To
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illustrate the potential of the developed HDG-PGD approach, figure [3.53] shows the
drag force on the sphere and the pressure drop, measured as the difference between

the pressure at the inlet and outlet, as a function of the geometric parameters p; and

2.
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FIGURE 3.53: Flow around a sphere in a corrugated channel: Drag
force on the sphere and difference between the pressure at the inlet
and the outlet.

The results show that the drag force is not sensitive to the variation of the amplitude
of the channel oscillation but very dependent on the radius of the sphere. In contrast,

the pressure drop shows a dependency on both geometric parameters.
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Chapter 4

Comparison of a priori and a

posteriori PGD algorithms

In this chaptelﬂthe parametric problem , whose resolution needs to be efficiently
computed for a large number of configurations, is solved through two PGD-based
strategies. The a priori HDG-PGD technique and the a posteriori PGD described in
section That allows constructing response surfaces for the real-time evaluation of

quantities of interest in terms of separated functions.

4.1 The a priori PGD algorithm

The a priori PGD algorithm introduced in section of the previous chapter is here

recalled.

Algorithm 2 The a priori PGD algorithm

Require: For the greedy enrichment loop, the value * of the tolerance. For the AD
loop, the number of iterations nj.
1: Set m < 1 and initialise the amplitude of the spatial mode %1 1.
2: while 0} /ol > n* do
3 Set ¢ «+— 1 and initialise the parametric prediction.
4:  Solve the HDG global and local problems to compute the spatial prediction.
5. while ¢ < n; do
6: Solve the parametric linear system to compute the parametric correction.
7
8
9

Update the parametric prediction with the correction.
Solve the HDG global and local problems to compute the spatial correction.
: Update the spatial prediction with the correction.
10: Increase the counter of the AD iterations q < ¢ + 1.
11:  end while
12:  Increase the mode counter m < m + 1.
13: end while

IThis chapter is a modified version of the submitted article “Separated response surfaces for flows
in parametrised domains: comparison of a priori and a posteriori PGD algorithms” (Giacomini,
Borchini, Sevilla, and Huerta, [2020Db).
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Given a guess for the prediction of the parametric mode, the loop for the PGD enrich-
ment first determines a prediction of the spatial mode by solving the HDG global and
local problems (Algorithm- Step 4). Then, the AD scheme computes the parametric
(Algorithm [2| - Steps 6-7) and spatial (Algorithm [2[- Steps 8-9) corrections solving a
parametric linear system and the HDG global and local problems, respectively. The
procedure in the AD scheme is then repeated until the maximum number of iterations
n; is achieved. Finally, the greedy iterations stop when the ratio of the amplitude of
the current mode to the one of the first mode is negligible (Algorithm [2| - Step 2).
The resulting a priori PGD strategy is reported in algorithm [2]

4.2 A posteriori proper generalised decomposition

Contrary to the a priori PGD, the a posteriori framework relies on constructing a
reduced basis starting from a series of snapshots. Each snapshot is defined as a vector

Ul .= [ﬁT, pl, ul, pT, LT}S , s=1,...,ng, (4.1)

S

where 0, p, u, p and L denote the vectors of nodal values of the unknowns of prob-
lem , computed using the full-order HDG spatial solver for a given set of the
parameters. Hence, the size of each snapshot vector is equal to the number of degrees
of freedom of the HDG global and local problems. The ng snapshots are thus gathered
in a multidimensional tensor structure G. For the case of a unique parameter, this is

given by a tensor of order 2, that is, a matrix
G=|U, B ... G (4.2)

where the lines correspond to the degrees of freedom of the HDG spatial discretisa-
tion and the columns are associated with the snapshots in the parametric interval. In
case more than one parameter is considered, a matrix of the form in equation (4.2))
is constructed in each parametric direction. The resulting structure is thus a multi-
dimensional tensor of order np,+1, with one dimension for each parameter plus one

dimension for the space.

The a posteriori PGD, also known as PGD separation or least-squares PGD (Diez
et al., 2018, [2019; Modesto et al., 2015), computes the separated approximation of G
in the form of product of rank-one approximations using a greedy approach,
that is, given m—1 modes, the m-th term in the PGD expansion is computed as

(4.3)

PGD

<f8”‘,¢{”,...,1,b£’;a> = argminHG - Ggm-l —U@f@@&?@ e ®1:bv;za

)
2

where each vector fﬁ”,ibv;n, . ,zbvnmpa is sought in a subspace of R% of appropriate di-

mension, namely the sizes of f'{}"“ and 'd)z-n, Jj=1,...,npa being the number of degrees
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of freedom of the HDG spatial solution U and of the parametric discretisations in the

directions Z;, j=1,...,np,, respectively.

From a practical point of view, the nonlinear problem is solved using an AD
scheme. It is worth noticing that in this context, both spatial and parametric iterations
are determined as rank-one approximations on a purely algebraic level and they do
not require any information on the underlying multidimensional HDG discretisation.
Hence, their computation relies on elementary tensorial operations, i.e. products and
sums of separated objects (Diez et al., |2019)), and the resulting cost is proportional
to the size of the vectors of spatial and parametric modes. The resulting a posteriori
PGD strategy is reported in algorithm [3] First, a set of ng snapshots is constructed
using the full-order HDG spatial solver (Algorithm 3|~ Step 1). Then, in each PGD
enrichment iteration, the parametric mode is initialised with a user-defined guess and
the AD loop alternately computes the spatial (Algorithm [3[- Step 6) and parametric
(Algorithm |3| - Step 7) modes solving two rank-one problems at the algebraic level.
The above routine is repeated until a convergence criterion (Algorithm [3|- Step 8) is
fulfilled or the maximum number of iterations n; is achieved. Similarly to the a priori
PGD algorithm, the greedy enrichment loop stops when the ratio of the amplitude of
the current mode to the one of the first mode is negligible (Algorithm [3|- Step 3).

Algorithm 3 The a posteriori PGD algorithm

Require: For the greedy enrichment loop, the value n* of the tolerance. For the AD
loop, the value 7, of the tolerance on the amplitude variation and the maximum
number of iterations n;.

1: Compute ng snapshots solving the HDG global and local problems.
2: Set m < 1 and initialise the amplitude of the spatial mode o} + 1.
3: while 0" /ol > n* do

Set ¢ + 1 and initialise the parametric mode.

while ¢, > 7, or ¢ < n; do

Compute the rank-one spatial mode.

Compute the rank-one parametric mode.

Update the stopping criterion e, = (o; "7 — Jghl)/agl’q.
Increase the counter of the AD iterations q < ¢ + 1.

10: end while

11:  Increase the mode counter m < m + 1.

12: end while

4.3 Devising separated response surfaces

Once the reduced solution is computed for all the variables using either the a pri-
ori or the a posteriori algorithms presented above, parametric response surfaces can
be easily devised as a postprocess of the separated PGD solutions. More precisely,
separated response surfaces are obtained as explicit functions of the parameters of in-

terest. For the case of the drag force on an object of surface B, the rank-m separated
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approximation is given by

Fopen (1) = /B (=Ppy (@, 1)y — (L (®, 1) + Ly (. ) ")) 1 dT
moo (4.4)
=> Dyl (p)
=1

where the D’ corresponds to the drag coefficient of the j-th spatial mode and is ob-

tained as
DI / (~0 ) @)Tauy — o (B () + F{ (@)") ) m. o (4.5)
B

It is worth noticing that the accuracy of the separated response surface of a quantity
of interest directly depends upon the precision achieved by the PGD approximation of
the variables utilised for its computation (e.g. pressure and gradient of velocity in the
case of the drag). In this context, the HDG method used as full-order solver allows
to achieve optimal convergence of order k41 for both the pressure and the mixed
variable representing the gradient of velocity (Giacomini et al., 2018 Sevilla et al.,
2020a). Thus, it provides additional accuracy in the approximation of the viscous
part of the drag with respect to classical primal finite element formulations, in which
this is obtained as a postprocess of the computed velocity field. To construct sepa-
rated approximations assessing the accuracy in a given quantity of interest, interested
readers are referred to Garcia-Blanco et al., (2017, [2018), where PGD algorithms with

goal-oriented error control were investigated.

4.4 Critical comparison of a priori and a posteriori PGD

algorithms

Both the a priori and a posteriori approach introduced above have attractive proper-
ties and their performance differs depending upon the problem under analysis and the
parameters of interest. As it is not possible to know which of the two methodologies
will perform better for a given problem, this section offers a critical comparison of the
two approaches, highlighting the main advantages and disadvantages of each method.
It is worth noticing that geometric parameters are one of the more challenging prob-
lems to consider in the context of parametric PDEs as the changes induced by such
parameters not only have an influence on the discretised equations but also on the

computational spatial domain.

The main drawback of the a posteriori PGD approach is that the user is required
to select of a set of snapshots, corresponding to the simulations of the full-order
problem, for a given set of values of the parameters. In order to provide a comparison
of the cost of a priori and a posteriori PGD in terms of full-order solves, in this

work no problem-specific sampling is considered and the snapshots are computed in
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correspondence of the nodes of the parametric intervals used by the a priori algorithm.
Although more advanced sampling techniques have been proposed, see chapter [I], the
selected points are expected to produce accurate representations of the solution in
the parametric domain inheriting the good approximation properties of the utilised
Fekete nodal distributions. Despite the vast literature on sampling methods, it is not
possible to initially know the number of snapshots the a posteriori ROM will require
to capture the multidimensional solution accurately. In contrast, the a priori PGD
approach requires no previous knowledge of the solution and no snapshots need to
be selected by the user. Instead, a set of modes is automatically constructed in the
enrichment process and the required number of terms is automatically determined by
the greedy algorithm according to a user-defined tolerance. An important advantage
of the a posteriori approach is that the snapshots can be computed in parallel as
they are completely independent of each other. In contrast, the a priori approach
computes the modes sequentially within the enrichment process. The computation of
each mode involves several calls to the spatial solver in order to obtain the solution

of the nonlinear problem by using the AD scheme.

The main drawback of the a priori PGD approach is that its standard implementa-
tion is generally intrusive with respect to the spatial solver (Sevilla et al., 2020alb).
This means that access to the code is required to devise the PGD algorithm starting
from the spatial solver. Despite some recent advances towards non-intrusive imple-
mentations of the a priori PGD (Courard et al., 2016; Tsiolakis et al., [2020a; Zou
et al., 2018)), this aspect still represents an important challenge for the application
of the methodology in an industrial context, where the use of commercial software is
preferred. On the contrary, the a posteriori approach does not require access to the
code sources as it simply relies on a set of snapshots, which can be obtained using any

computational code.

Concerning the two types of separated approximations introduced in section [3.3.4] it

is worth mentioning that equation (3.32) and (3.33)) are equivalent. In the latter, the

computation of each new mode is split into a prediction and a correction step. This
approach is fostered for the a priori PGD as it allows to refine the stopping criterion of
the AD scheme (Algorithm [2|- Step 5) by introducing an additional check to end the
iteration loop when the amplitude of the correction is negligible with respect to the
amplitude of the current mode, see Sevilla et al., (2020a)). This test has been omitted
in the present work to perform a more transparent comparison with the a posteriori
PGD algorithm in which no information is provided a priori to reduce the number of

computed snapshots.

The points previously discussed are general for any parametric problem, but a crucial
aspect specific to geometrically parametrised problems concerns the mesh generation
process. In the a priori PGD framework, a reference configuration is used, see Ammar
et al., (2014), Sevilla et al., (2020alb), and Zlotnik et al., (2015). Hence, only one

mesh is required to obtain the solution for any geometric configuration of interest. In



118 Chapter 4. Comparison of a priori and a posteriori PGD algorithms

contrast, the a posteriori PGD approach requires a different mesh for each snapshot. In
addition, it is worth noticing that the different meshes need to have the same number
of nodes and connectivity matrix. A common approach is thus to generate one mesh
and morph it to obtain the mesh corresponding to each geometric configuration of
interest. In this context, special attention need to be paid to the morphing algorithm,
especially in a high-order framework, as the deformation can induce a significant

decrease in the quality of the meshes.

4.5 Numerical results

This section presents a set of numerical examples to investigate the performance of a
priori and a posteriori PGD approaches in the context of Stokes flows in geometrically
parametrised domains. The problem of interest is the so-called PMPY microswimmer,
studied in section The swimmer consists of two bladders of spherical shape that
can change their volume and mutual distance, with the constraint that the total
volume of the two bladders is kept constant. Several test cases involving one and two
geometric parameters, with different ranges of values, are investigated in the remaining

parts of this section.

4.5.1 Problem setup and comparison criteria

The computational domain and the computational mesh for the PMPY microswim-
mer are identical to those considered in [3.4.5] The interval for the first parameter is
T'=[-1,1]. For gy=—1, the radius of the two spheres are R;=0.3096 and Ry=0.116 re-
spectively, whereas for p11=1 the radii of the two spheres are R1=0.116 and R2=0.3096,
respectively. For the second parameter, two different intervals are considered in order
to study the influence of the variability introduced by geometric parameters on the
accuracy of both the a priori and the a posteriori PGD algorithms. The first interval
is Z?=[—2, —1] and it induces a maximum and minimum distance between the blad-
ders equal to Dyax=5 and D=4, respectively. The second interval considered is
7%=[-3,2] and it induces a maximum and minimum distance between the bladders

equal to Dy ax=6 and D=1, respectively.

For the a priori PGD approach, 10 elements are used to discretise the parametric
domain ', whereas 20 and 100 elements are employed for the intervals Z?=[—2, —1]
and Z?=[-3,2], respectively. The different number of elements in each parametric
interval has been selected after observing that the variation in the flow induced by
the first parameter is weaker than the variation induced by the second one (Sevilla
et al., [2020ab)). It is worth noticing that the set of nodes used to discretise the
second parametric dimension in the first case, Z?=[—2, —1], is a subset of the nodes
selected for the second case, where Z2=[—3,2]. In all the numerical tests, a degree of

approximation k=4 is utilised for both the spatial and the parametric discretisations
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and non-uniform Fekete nodal distributions are employed. For the a posteriori PGD
algorithm, the snapshots are computed in correspondance of the position of the nodes

in the parametric space utilised for the a priori approach.

To compare the accuracy of the a priori and the a posteriori PGD algorithms, two

error measures are considered.

First, a multidimensional L£2(2 x Z) error is defined for each variable, namely velocity,
pressure and gradient of the velocity, by using a reference solution. For instance, the

multidimensional L£5(£2 x Z) error measure for the velocity field is given by

E = <fI fQ(uPGD(:L.’ P) ~ U @, 1)) (U@, 1) — U, 1)) A2 dps )1/2 . (4.6)

o fI fQ u’REF(w7 P’)'UREF(:Bv H) df) du

It is worth noticing that the evaluation of the multidimensional error in equation (|4.6|)
requires a reference solution for each integration point of the parametric space. This is
done by generating a new mesh and performing a new full-order computation for each
geometric configuration described by an integration point in the parametric space.
Each reference solution is computed via HDG with a higher order polynomial approx-
imation and a finer mesh to ensure that the difference between the numerical PGD
solutions and the reference solution provides an accurate description of the error of the
reduction strategy. For the example with Z'=[—1,1] and Z?=[-3, 2], a total of 25,000
reference solutions were required to compute this error measure, since five integration

points in each parametric element are utilised for k=4.

Second, the separated response surface for the drag force Fy and its error are considered
to assess the accuracy of the PGD-based strategies analysed. More precisely, the L£o(Z)

error measure for the drag force in the parametric space is defined as

1/2
ED _ (fI(FDPGD(l"’) - FDREF(IJ‘))2 du) : (4.7&)

f_’[ FDREF(V’)2 d:u

whereas the error in the quantity of interest Ky as a function of the parameters is given
by

_ |FDPGD(IJ‘) - FDREF(IJ’)‘
P )

4.5.2 One geometric parameter

In this section, two geometric mappings, affecting independently the radius of the
spherical bladders and their distance, are considered. An extensive comparison of
accuracy and computational cost of the a priori and the a posteriori PGD approaches
is presented for these two cases and special attention is devoted to the PGD-based

separated response surfaces for the drag force.
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Varying the radius of the spherical bladders

The first example involves the simulation of the Stokes flow past the PMPY mi-
croswimmer when the domain is parametrised using p; and the distance between the
centres of the two spheres is fixed and equal to 3. To evaluate the influence of the
number of nonlinear iterations in the AD scheme of the a priori PGD, different num-
bers of iterations are considered, namely n;=1,2,3,5. In addition, to evaluate the
influence of the number of snapshots used in the a posteriori PGD approach, different

numbers of snapshots are employed, namely ng=11, 21, 41.

First, the effect of the geometric mapping on the quality of the meshes is investigated.
Figure displays the mesh quality, measured as the scaled Jacobian of the isopara-
metric mapping (Poya et al., [2016; Xie et al., 2013)), of two deformed configurations

with the radius of the bladders as geometric parameter. The mesh quality map shows

Iu_:\
0y

(b) p1 =1

FIGURE 4.1: Mesh quality of two deformed configurations for the
mapping with p; as a geometric parameter.

that for the sphere with minimum radius, 0.116, the quality is lower than one only in
the elements with an edge on the boundary or on the interior interface used to define
the piecewise geometric mapping described in Sevilla et al., (2020a). This is due to the
use of the mesh generation technique described in Poya et al., (2016]) and Xie et al.,
(2013), where only the elements in contact with curved entities are represented with
high-order polynomials. In contrast, for the sphere with maximum radius, 0.3096,
all the elements in the region where the mapping is different from the identity are

deformed.

Figure4.2[shows the evolution of the L5(2xZ') error measure for velocity and pressure
as a function of the number of modes, m, for both the a priori and the a posteriori
PGD approaches. The results in figure show that the a posteriori approach is
able to provide highly accurate results, with an error below 1073, with only five modes
and using 11 snapshots. If a higher accuracy is required, the experiments show that
increasing the number of snapshots to 21 is not sufficient and this number need to be

increased to 41 in order to be able to reduce the error below 10~%.
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FIGURE 4.2: Evolution of the £5( x Z') error for (a) velocity and (b)
pressure as a function of the number of PGD modes for the problem
with one geometric parameter controlling the radius of the spherical
bladders. The legend details the number ng of snapshots used by the
a posteriori PGD approach (blue) and the number n; of nonlinear AD
iterations used by the a priori PGD approach (red).

For the a priori approach, the results show that with only one iteration in the AD
scheme, the accuracy of the computed modes is limited and the error stagnates at a
level almost two orders of magnitude higher than the corresponding results obtained
performing two iterations. In addition, this example also shows that two iterations is
the optimal value as higher values, for instance three or five iterations, provide results
with almost the same accuracy but they require additional solutions of the spatial
problem. With two iterations in the AD scheme, the a priori PGD approach requires
up to 20 modes to reach an accuracy that is comparable to the accuracy obtained by

the a posteriori approach with five modes and 41 snapshots.

To further analyse the accuracy of the two PGD approaches, the evolution of the
L2(2 x IY) error for the gradient of velocity and the £3(Z!) error for the drag force
on the two spherical bladders is computed as a function of the number of modes
(Fig. . It can be observed that the results for the gradient of velocity are very
similar, qualitatively and quantitatively, to the ones presented in figure for the
pressure field. This is due to the extra accuracy provided by the HDG formulation in
the gradient of velocity, compared to other approaches based on primal formulations.
Furthermore, this example also confirms that the accuracy that is obtained in the drag
force is similar to the accuracy obtained in the pressure and in the gradient of velocity,
from which it is computed. In all cases, the a posteriori PGD approach requires five
modes and 41 snapshots to construct a solution with an error in the drag force below
1073, whereas the a priori approach achieves a similar level of accuracy using two
iterations and 15 modes. Hence, the results show that the two PGD approaches
require a similar computational cost to reach an error in the drag force below 1073.
The a priori approach requires the solution of 45 spatial problems (i.e. 15 modes, each

computed with two iterations of the AD scheme plus the initial solve to perform the
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FIGURE 4.3: Evolution of (a) the £2(Q x Z1) error for the gradient of

velocity and (b) the £5(Z?) error for the drag force as a function of the

number of PGD modes for the problem with one geometric parameter

controlling the radius of the spherical bladders. The legend details the

number ng of snapshots used by the a posteriori PGD approach (blue)

and the number n; of nonlinear AD iterations used by the a priori
PGD approach (red).

prediction of the mode, see algorithm , whereas the a posteriori approach utilises

41 snapshots to reach the same level of accuracy.

It is very important to emphasise that no compression of the modes obtained in the a
priori approach, see Modesto et al., , has been performed to enable the reader
to clearly see the number of calls to the spatial solver required. However, the number
of modes computed by the two approaches is expected to be the same when the PGD
compression is performed. It is also worth noticing that both the a priori and the a
posteriori algorithms stagnate at the same level of error as this is the error induced

by the hypothesis of separability of the exact solution of the problem.

In a similar fashion, separated response surfaces for quantities of interest can be
devised as explicit functions of the parameter. Figure [£.4]reports the response surface
of the drag force as a function of the radius of the two spherical bladders, computed
using the a priori PGD. As expected, the drag is maximum on the first sphere when
its radius is maximum (i.e. u1=-—1) and it decreases monotonically until reaching the
configuration of minimum radius for gy=1. An analogous behaviour is observed for
the second sphere, with the drag force spanning from its minimum value at p;=-—1
to its maximum at p;=1. Moreover, the forces on the two spheres are equal for the
geometric configuration of p1=0, that is, when the two bladders have the same volume
(Fig. . For the sake of completeness, figure displays the total drag on
the two spheres as a function of the geometric parameter p;. The results obtained
with the a posteriori PGD are qualitatively and quantitatively similar, whence they
are omitted for the sake of brevity. A detailed comparison of the accuracy of the two

approaches is presented in section |4.5.2
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FIGURE 4.4: Response surfaces of the drag force as a function of the
radius pq of the first sphere.

Varying the distance between the spherical bladders

The second example considers a geometrically parametrised problem, where the pa-
rameter controls the distance between two equal spherical bladders with radius 0.25.
It is worth recalling that the reference geometry in figure [3.36| is characterised by
two equal spheres of radius R..;=0.116. Hence, for the cases studied in this section,
the geometric mapping accounts for both a parameter-dependent variation of the dis-
tance between the two bladders and an expansion of the spheres, independent of the

parameter.

Two intervals Z2 are considered to analyse the sensitivity of the PGD solutions to the

range of variations of the parameter.

The first interval is taken as Z2=[—2, —1] and figure reports the evolution of the
L2(Q x T?) error for velocity, pressure and gradient of velocity and the £2(Z?) error
for the drag force as a function of the number m of modes. The results show that with
only four modes, the a posteriori PGD approach is able to produce the most accurate
results for all the variables, including the drag force computed from the pressure and
the gradient of velocity. It is worth noticing that in this example the accuracy of
the a posteriori approach in the drag force does not improve when increasing the
number of snapshots and 21 snapshots are sufficient to provide a drag force with
an error below 107°. For the a priori approach, five modes computed with two AD
iterations are required to obtain the maximum accuracy in all the variables. With
one iteration, the error in the drag force is more than one order of magnitude higher
than the one obtained with two iterations. Furthermore, a higher number of iterations
does not produce any gain in accuracy despite the increased computational cost. In
this case, the two PGD approaches show similar performance as the a priori algorithm
provides an error in the drag force below 10~ with 12 solutions of the spatial problem

(i.e. four modes, each computed with two iterations of the AD scheme plus the initial
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FIGURE 4.5: Evolution of (a-c) the L3(Q x Z?) error for velocity,
pressure and gradient of velocity and (d) the £2(Z?) error for the drag
force as a function of the number of PGD modes for the problem
with one geometric parameter controlling the distance between the
spherical bladders and Z?=[—2, —1]. The legend details the number
ns of snapshots used by the a posteriori PGD approach (blue) and
the number n; of nonlinear AD iterations used by the a priori PGD
approach (red).

solve to perform the prediction of the mode, see algorithm, whereas the a posteriori

approach requires 21 snapshots for a similar level of accuracy.

Second, the parametric interval is extended to Z?=[-3,2]. Figure displays the
mesh quality, measured as the scaled Jacobian of the isoparametric mapping, of two
deformed configurations with the distance between the bladders as geometric param-
eter. The results report that the mesh quality is not affected by the mapping con-
sidered as the change in distance is piecewise linear and the lower mesh quality only
concentrates in the vicinity of the spheres. This is due to the deformation required to
transform the reference mesh with radius 0.116 into the geometric configuration under
analysis, associated with the bladders of equal volume, in which the radius achieve
the value 0.25.

Figure shows the evolution of the L£5(€2 x Z?) error for velocity, pressure and
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FIGURE 4.6: Mesh quality of two deformed configurations for the
mapping with us as a geometric parameter.

gradient of velocity and the £2(Z?) error for the drag force as a function of the number
m of modes. It is worth empasising that a simple visual comparison of the results in
figures [£.5] and [£.7] clearly illustrates the challenge that a larger interval of variation

of the geometric parameter induces for both PGD approaches.

The results show that the a posteriori approach requires 10 modes in order to reach the
maximum accuracy for velocity, pressure and gradient of velocity. In addition, it can
be observed that the a posteriori algorithm requires eight modes and 201 snapshots
to provide an error in the drag force below 107°. A higher number of snapshots does
not lead to a further reduction in the error, whereas a lower number of snapshots,
101, is responsible for a slight increase in the error. Concerning the a priori PGD,
the AD scheme with one iteration leads to a stagnated error that is several orders
of magnitude higher than the one obtained with two or more iterations. For two
iterations, the number of modes required to reach the maximum accuracy is 15 and
for three or five iterations the number of modes required varies between 10 and 12.
When the drag force is considered, the a priori approach shows that an accuracy
below 1072 can be obtained with two iterations and 14 modes, three iterations and 10
modes or five iterations and 10 modes. The most efficient alternative thus consists of
computing 10 modes with three AD iterations for a total of 40 spatial solves, requiring
a marginally lower cost than the computation of 14 modes with two AD iterations,
that is, 42 calls to the HDG spatial solver.

Comparing the performance of the a priori and a posteriori approaches for this more
challenging problem, it is clear that the a priori approach is capable of producing the
same accuracy as the a posteriori approach with a significant lower computational
cost. For instance, to reach an accuracy in the drag force below 107>, the a priori
approach requires 40 solutions of the spatial problem whereas the same level of accu-
racy cannot be reached by the a posteriori approach with 101 snapshots. In this case

the a posteriori approach requires 201 snapshots, which is five times more than the a
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FIGURE 4.7: Evolution of (a-c) the L5(Q x Z?) error for velocity,
pressure and gradient of velocity and (d) the L£2(Z?) error for the drag
force as a function of the number of PGD modes for the problem
with one geometric parameter controlling the distance between the
spherical bladders and Z?=[-3,2]. The legend details the number
ng of snapshots used by the a posteriori PGD approach (blue) and
the number n; of nonlinear AD iterations used by the a priori PGD
approach (red).

priori method. Although this may seem a clear disadvantage of the a posteriori PGD,
it is worth recalling that the 201 snapshots could be computed in parallel whereas
the solution of the spatial problems in the a priori approach needs to be performed
sequentially. In addition, different sampling methods could be considered for the a
posteriori approach in order to potentially reduce the number of snapshots required,

but this is out of the scope of the current work.

As in the previous example, the separated response surface of the total drag force on
the two spheres is computed using the a priori PGD algorithm. It is worth noticing
that the range of values of us considered in figure is a subinterval of the one
analysed in figure4.8(b)l The scales of the two figures confirm the higher variability of
the flow quantities when larger parametric intervals are considered and the consequent
additional difficulties faced by the PGD-ROM strategies to cope with the sensitivity
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to the range of values considered.
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FI1GURE 4.8: Response surfaces of the total drag force as a function
of the distance us between the two spheres, for two different ranges of
values of the parameter.

Accuracy of a priori and a posteriori response surfaces

The previous examples with one geometric parameter have shown that, when the
error in equation is considered, the computational cost of the a priori PGD is
as competitive as the a posteriori one and outperforms it for a larger range of the
parametric interval. However, this quantity measures the average accuracy over the
whole parametric domain, without considering the worst case scenarios, that is, the
cases where the maximum error is observed. To further compare the two approaches,
figure displays the value of the error in equation in the drag force, as a
function of the parameter p; for the first example with one geometric parameter

controlling the radius of the spherical bladders. The minima observed for both the
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-7 -7
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(a) Error measure (b) Smoothed error measure

FIGURE 4.9: Error in the drag, defined in equation (4.7b)), as a func-
tion of the parameter u.
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a priori and the a posteriori approaches in figure coincide with the midpoints
of the elements T}, e=1,...,n}; as these locations correspond to both a high-order
node and an integration point for the fourth-order polynomial approximation used in
each element of the parametric space. More importantly, the results show that the
accuracy of the a priori and the a posteriori approaches is almost identical, not only
when measured in the £2(Z') norm (Fig. , but also when the pointwise error
in the drag force is displayed for every configuration in Z'. To capture the qualitative
behaviour of the error as a function of p;, a smoothing is displayed in figure
The results clearly show that the error is slightly higher near the boundary of the
parametric interval. The smoothing is performed by considering a single value for the

error in each element, obtained as the average of the error at all integration points.

Similarly, figure compares the value of the smoothed error measure in the drag
force as a function of the parameter us for the second example, with one geometric

parameter controlling the distance between the spherical bladders. Both cases previ-
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FIGURE 4.10: Smoothed error measure in the drag force, defined in
equation (4.7Db)), as a function of the parameter ps.

ously studied, with Z?=[—2, —1] and Z?=[-3, 2] are displayed, showing the increased
difficulty of computing an accurate response surface as the range of values in the
parametric space increases. For Z?=[—2, —1], the accuracy is almost independent of
the value of the parameter, whereas for Z?=[—3, 2] a more significant dependence is
observed, especially near ps=2, that is, when the distance between the spherical blad-
ders is minimum. It is clear that for large values of uo, there is a strong influence in

the flow impinging onto the second sphere caused by its proximity to the first sphere.

Finally, the comparison of the results in figures [£.9] and [£.10] clearly illustrates the
rationale behind the choice of the resolution for the discretisation of the intervals Z*
and Z2. Given the limited variation of the solution in figure only 10 elements
were considered in the first parametric dimension, whereas the discretisation of the
second parametric dimension contains 20 elements for the interval Z?=[—2, —1] and
100 elements for the case of Z?=[-3,2].
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4.5.3 Two geometric parameters

In this section, the two geometric parameters studied separately in the previous ex-

amples are considered in a unique simulation.

First, the interval for the parameter that controls the distance is set to Z?=[—2, —1].
Figure shows the evolution of the L2(Q2 x Z) error for velocity, pressure and
gradient of velocity and the L£o(Z) error for the drag force as a function of the number

m of modes. The results reveal that the a posteriori approach provides almost identical
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FIGURE 4.11: Evolution of (a-c) the L£2(©2 x Z) error for velocity,

pressure and gradient of velocity and (d) the £2(Z) error for the drag

force as a function of the number of PGD modes for the problem with

two geometric parameters and Z?=[—2, —1]. The legend details the

number ng of snapshots used by the a posteriori PGD approach (blue)

and the number n; of nonlinear iterations used by the a priori PGD
approach (red).

accuracy using 231 and 861 snapshots. The errors in velocity and pressure are below
1072 and the error in the gradient of velocity is almost 1072. In this case, four modes
are sufficient to obtain the maximum accuracy in velocity, pressure and gradient of
velocity, whereas an additional mode is required to achieve the most accurate results

in the drag force. Using 3,321 snapshots, the a posteriori PGD computes 10 modes
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and provides much more accurate results, with an error one order of magnitude lower,
compared to the computation with 861 snapshots. To obtain an error in the drag force
below 1072, the a posteriori approach requires four modes and 231 snapshots, whereas
seven modes and 3,321 snapshots are required to achieve an error below 1073. When
the a priori PGD algorithm is employed, one nonlinear iteration in the AD scheme is
sufficient to obtain an accuracy almost identical to the one provided by the a posteriori
approach with 231 and 861 snapshots. In addition, by considering only two nonlinear
iterations, the a priori approach is capable of producing the same accuracy as the a
posteriori PGD with 3,321 snapshots. In both cases, the number of modes required
by the a priori and the a posteriori approaches to obtain the maximum accuracy is

the same.

For this example, the a priori approach is therefore extremely competitive as, for an
error in the drag force below 1072, it only requires the solution of 10 spatial problems
(i.e. five modes, each computed with one iteration of the AD scheme plus the initial
solve to perform the prediction of the mode, see algorithm , whereas the a posteriori
approach needs 231 snapshots. For higher accuracy, namely for an error in the drag
force below 1073, the a priori approach requires the solution of 21 spatial problems
(i.e. seven modes, each computed with two iterations of the AD scheme plus the initial
solve to perform the prediction of the mode, see algorithm, whereas 3,321 snapshots
are needed by the a posteriori approach. As mentioned in section 4.2} the a posteriori
approach benefits from the possibility to compute the snapshots in parallel, but this
example shows that the number of calls to the spatial solver required is significantly
larger than the ones performed using the a priori algorithm. In addition, the results
suggest that the higher the accuracy requested by the user, the more competitive the
a priori approach is. In this example, for an error in the drag force below 1072, the
a priori approach requires less than 5% of the number of calls to the HDG solver
performed by the a posteriori PGD algorithm, whereas for an error in the drag force
below 1073, the number of spatial solutions required by the a priori approach is less

than 1% of the corresponding a posteriori approximation.

The last example considers the more challenging scenario with two geometric param-
eters and with the interval for the distance between the bladders equal to Z?=[—3, 2].
Figure reports the evolution of the £2(€Q2 x I) error for velocity, pressure and gra-
dient of velocity and the L2(Z) error for the drag force as a function of the number m
of modes. The results are qualitatively similar to the previous example but the num-
ber of snapshots and modes required by the a posteriori and a priori PGD approaches
changes significantly. The a posteriori approach with 1,111 and 4,221 snapshots pro-
vide almost identical accuracy in all the variables. In this case, 15 modes are sufficient
to provide the maximum accuracy in velocity, pressure and gradient of velocity. One
order of magnitude more accurate results are obtained if the number of snapshots is
increased to 16,441. In terms of the drag force, with 1,111 snapshots and 10 modes the

a posteriori approach is able to provide an accuray below 1072. To obtain an accuracy
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FIGURE 4.12: Evolution of (a-c) the £2(©2 x Z) error for velocity,

pressure and gradient of velocity and (d) the L£o(Z) error for the drag

force as a function of the number of PGD modes for the problem

with two geometric parameters and Z?=[—3,2]. The legend details

the number ng of snapshots used by the a posteriori PGD approach

(blue) and the number n; of nonlinear iterations used by the a priori
PGD approach (red).

below 1073, the a posteriori approach requires 16,441 snapshots and 13 modes. In this
example, the a priori approach with only one nonlinear AD iteration is not able to
produce results with an error in the drag force below 1072, It is worth noticing that,
despite an accurate velocity field is obtained, the error in both pressure and gradient
of velocity is higher than 10~2. However, by performing only two nonlinear iterations
in the AD scheme and computing enough modes, the error in the velocity field drops
of two orders of magnitude and accurate results are obtained for both pressure and

gradient of velocity, with an error below 1073,

The a priori approach with 14 modes and two nonlinear iterations provides a solution
with an error in the drag force below 1073. To obtain the same accuracy, the a
posteriori approach also requires 14 modes but the number of snapshots needed for
this challenging problem is 16,441. This means that the a posteriori approach requires

391 times extra spatial solutions to provide the same error as the a priori approach.
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The results illustrate again that the higher the accuracy required and the higher the
variability in the solution introduced by the geometric parameters, the more beneficial

is the use of the a priori approach.

Accuracy of a priori and a posteriori response surfaces

The separated response surfaces for the total drag force on the spheres computed
using the a priori PGD are presented in figure as a function of the parameters

1 and po. The results confirm the increased sensitivity of the quantity of interest to
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FIGURE 4.13: Response surfaces of the total drag force as a function
of the radius pp of the first sphere and the distance ps between the
two bladders, for two different ranges of values of the parameter ps.

the extended range of the parameter ug, as already observed in figure [£.8] with the

appearence of localised variations of the drag force in the vicinity of the value po=2
(Fig. [LT30)).

The previous two examples with two geometric parameters have shown that the a pri-
ori PGD approach is competitive when the multidimensional error measure in equa-
tion is considered. To further analyse the performance of both PGD approaches,
figure reports the smoothed pointwise error of the drag force as a function of the
two parameters p1 and po for the first example in this section, when the second pa-
rameter belongs to the interval Z?2=[—2, —1]. The results show that both the a priori
and the a posteriori approaches produce almost identical results for each value of the

two geometric parameters. The behaviour is very similar to the one observed for the

solution with only one parameter, as reported in figures4.9(b)|and 4.10(a)l A slightly

higher error is observed for the a priori PGD near the left and right boundaries of the
parametric domain, corresponding to the maximum and minimum radius of the first
sphere, respectively. In addition, the accuracy obtained is almost independent on the

value of the second parameter. This is attributed to the fact that, with the interval
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FIGURE 4.14: Error map for the drag force as a function of the two
parameters p; € [—1,1] and uo € [—2,—1].
T%=[-2,—1] considered here, the minimum distance between the spheres does not

induce a significant variation of the flow impinging onto the second sphere.

The same study is repated for the case of Z?=[—3, 2]. Figure shows the smoothed
error of the drag force as a function of the two parameters p; and po for the second

example, with po € [—3,2]. Despite the Lo(Z) error measure is almost identical
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FIGURE 4.15: Error map for the drag force as a function of the two
parameters pq € [—1,1] and po € [—3,2].

for the a priori and the a posteriori PGD approaches (Fig. , the error map
displays important differences between the two methods. More precisely, the error
map of the a priori approach reveals higher error in the vicinity of the boundary of
Z, whereas the error of the a posteriori PGD does not show such increase near the

boundary. It is worth noticing that the higher errors observed in the a priori approach
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are very localised and therefore they are not observed when the £5(Z) error measure
is computed. In addition, the higher errors are not only observed for the maximum

value of the parameter us but also for lower values of us.

This result reveals the increased difficulty in addressing problems with more than
one geometric parameter with the a priori approach. Furthermore, the study shows
that the conclusions of independent studies with only one geometric parameter do not

extend to problems with the same parameters considered in a single simulation.
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Chapter 5

Conclusions and future

developments

5.1 Summary and contributions

In the following, the more relevant contributions of this thesis are summarised.

Chapter [2| devised the HDG formulation for axisymmetric Stokes flow problems. The
more challenging case, where the axis of symmetry intersects the computational do-
main, was considered, which to the best of the author’s knowledge, had never been
formulated in the context of HDG. The proposed formulation shows that in this sce-
nario, the boundary condition imposed in the axis of symmetry is a slip condition.
The formulation developed shows that this boundary condition only influences the
global problem of the HDG formulation and not the element-by-element local prob-
lems. Next, under the additional hypothesis of non-rotative flow uy=0, the three-
dimensional axisymmetric problem was reduced to a bi-dimensional problem with one
extra unknown, A representing the fifth nonzero component of the mixed variable,
corresponding to the gradient of the velocity tensor. The proposed formulation al-
lows re-using completely a bi-dimensional HDG implementation accounting of some
extra-terms arising from the hypothesis of axisymmetry. The numerical results demon-
strated the optimal rates of convergence for all variables, including the new variable
A. Finally, a comparison between axisymmetric and three-dimensional formulations
for the same physical problem of the flow past a sphere was presented. The results
showed the significant saving in terms of degrees of freedom that an axisymmetric
strategy provides for a given accuracy in a quantity of interest analysed, e.g. the drag

force.

Chapter 3| proposed the HDG-PGD methodology for geometrically parametrised Stokes
flows. Considering the Stokes equation in a domain 2*, where the superindex *
denotes the parametric dependence of the spatial domain €2, the multidimensional
geometrically parametrised Stokes equation was stated. The HDG strong and weak
forms were obtained for both local and global problems in a multidimensional frame-

work, explicitly stating the bilinear and linear forms appearing. The adoption of an
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HDG formulation enables the use of equal order of approximation for all the variables
circumventing the LBB condition. That is advantageous in the context of geomet-
rically parametrised problems in complex domains as it enables the use of standard
isoparametric formulations. Finally, the use of an HDG formulation implies that no
special treatment of the Dirichlet boundary conditions is required. Given the mul-
tidimensional nature of the problem, a reduced order model framework, based on
the PGD, was introduced. Analogously to other ROMs for parametric PDEs (Pa-
tera et al., [2007; Rozza, 2014), HDG local and global weak forms were defined on
a parameter-independent reference domain for which a single mesh was generated.
That was possible introducing a proper affine dependence of the domain on the pa-
rameters p whose separated representation, in this case, was assumed to be given
analytically. Also, the separated description of the determinant and the adjoint of the
Jacobian of the mapping were obtained using the Leibniz formula and the Leverrier’s
algorithm, respectively. The use of a method such HDG was shown to be crucial
in achieving the separability of all the terms appearing in the forms arisen from the
introduction of the mapping. Each term, or mode, of the PDG approximation was
computed solving a non-linear problem exploiting an alternate direction algorithm
(ADA). The HDG-PGD algorithm was implemented following a predictor-corrector
PGD rationale, presented in Tsiolakis et al., (2020a). The HDG local postprocess used
to devise a superconvergence solution is analysed in geometrically parametrised frame-
works showing the necessity of the high-order PGD projection to obtain a reduced
basis for the postprocessed velocity. The applicability and potential of the proposed
HDG-PGD technique is demonstrated using several numerical examples. Academic
test cases with analytical solutions are used to demonstrate the optimal approxima-
tion properties of the developed HDG-PGD approach. More complex examples in
two and thee dimensions involving two geometric parameters are used to show the
potential of the proposed ROM. The application examples, relevant to the microflu-
idics community, show the flow around a microswimmer and the flow in a corrugated
channel with a spherical obstacle. In both cases the ability of the proposed ROM to

compute parametric solutions and response surfaces is demonstrated.

Chapter [4] presented a comparison of a priori and a posteriori PGD algorithms for the
solution of geometrically parametrised Stokes flow problems. The a priori PGD is used
in combination with the high-order HDG solver. For both methods, separated response
surfaces of a quantity of interest in microfluidics applications are devised. Extensive
numerical experiments are performed to test the sensitivity of the two PGD approaches
to the range of the parametric intervals and the number of parameters considered. For
problems with a unique geometric parameter inducing limited variations in the flow,
accuracy and performance of the two approaches are comparable. When the range of
variation of the parameters is extended, the a priori approach requires a significantly
lower computational cost, measured in terms of the number of full-order HDG solves,

with respect to the a posteriori PGD.
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Appendix [A] presented the HDG-PGD method for viscosity parametrised Oseen flow.
This chapter intended to apply the HDG-PGD technique to a problem whose para-
metric nature was concealed not in the geometry, as done for previous cases, but in
some physical proprieties, e.g. material proprieties or boundary conditions. As Stokes
problems scale linearly with the variation of the viscosity and boundary conditions,
the Oseen equation was considered. Separability of both viscosity and convective term
were discussed showing the less complexity of a problem affected by material param-
eters with respect geometrical ones. The reduced basis of the postprocessed velocity
could be devised without the need of extra computations. Focusing on a viscosity
parametrised Oseen flow, an academic example commonly used for validation pur-
poses was proposed (Kovasznay, 1948). A range for the viscosity accounting of both
convected-dominated and diffusion-dominated representations of the Kovasznay flow
was studied. Results of the off-line phase and on-line phase are presented. With only
a few terms of the PGD approximation, the reduced solver could reproduce almost

identically the results given by a full-order solver.

5.2 Future developments

The multitude of fields where HDG method was already applied and the potentiality
of PGD framework to solve parametric problems makes the HDG-PGD methodology
easily extendible to several applications in various contexts. The possible develop-

ments strictly related to this work are the following.

1. Integration of NEFEM within the HDG-PGD framework. Follow-
ing the work done by Sevilla et al., (2018b), the NURBS-enhanced finite ele-
ment method (NEFEM) can combine with a hybridisable discontinuous Galerkin
(HDG) framework. That allows eliminating the uncertainty induced by a poly-
nomial approximation of curved boundaries that is common within an isopara-
metric approach. The parameters controlling the geometry consists of the con-
trol points characterising the NURBS curves or surfaces. Merging the two works
and the one proposed in this thesis a resulting HDG-PGD methodology involv-
ing geometry integrated with computer-aided design can be developed. Besides
the removal of the geometric error, this description helps in the definition of
the affine mapping required for the resolution of geometrically parametrised
problems, which sometimes can not be defined analytically. Moreover, this
framework would also remove the necessity of conforming meshes due to the

polynomial piecewise nature of the mappings.

2. Development and implementation of HDG-PGD formulation for in-
compressible Navier-Stokes equations. A second possible development
follows from the application of the proposed HDG-PGD methodology to the

parametrised Oseen flow shown in Appendix [A]l It consists of an extension
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to nonlinear problems following the rationale presented in Dumon et al., 2011
and Tsiolakis et al., [2020al This formulation would allow solving Navier-Stokes
problems for parametric viscosity, thus parametric Reynolds number, consider-
ing the many phenomena characterising convected dominated flows which at low
Reynolds number do not appear. The PGD framework has been for the first
time applied to incompressible Navier-Stokes equations in the turbulent regime
using the Spalart-Allmaras turbulence model by Tsiolakis et al., 2020b| to solve
parametric flow control problems. All these problems could be extended to a
geometrically parametrised framework. To that purpose, it is worth to note
that the implementation of the HDG-PGD algorithm for the Oseen flow with
parametric viscosity already accounts of possible variations of the geometry.
Consequently, the integration of the geometrically parametrised framework for

Navier-Stokes problems is direct.

Development and implementation of HDG-PGD formulation for com-
pressible Navier-Stokes equations A further development of this methodol-
ogy could be the numerical resolution of the compressible Navier-Stokes equa-
tions accounting of the geometric design variables as extra parameters. Similarly
to microfluidics context, the importance of fast and accurate evaluations of drag
and aerodynamic noise around vehicles for aero-acoustics in today’s industry
is crucial because of its impact in the overall design time. The application of
hybrid discretisation techniques to compressible flow problems firstly appeared
in Peraire et al., (2010) and more recently in Williams, (2018) with a conse-
quent development of shock-capturing techniques (Persson, 2013; Vila-Pérez et
al., |2019). The technique developed in this thesis could be implemented in a

compressible context for the simulation of aerospace flows.
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Appendix A

Proper generalised decomposition

for material parameters

A.1 Problem statement

This chapter is dedicated to the formulation of the HDG-PGD methodology for flow
problems where the parametric dependence is not concealed in the geometry, but in
some physical properties (e.g. material proprieties, boundary conditions). As Stokes’
equations scale linearly with a variation of the viscosity or a variation of boundaries
conditions, a more complex problem is introduced. For that purpose, a linearisation

of the steady Navier—Stokes equations, known as Oseen equations, is considered.

A.1.1 The multi-dimensional parametric Oseen problem

Inspired by the work done in Giacomini et al., (2020c|) to develop HDG formulation for
Oseen equations, following the approach defined in Section it is possible to write
a multi-dimensional parametric Oseen problem. Let us consider a domain 2 C R®sd,
where ngq is the number of spatial dimensions and p € Z C R™= is a set of material
parameters that controls some material proprieties of the problem (e.g. viscosity v)
or boundary conditions with ny, being the number of parameters. For any set of pa-
rameters w, the goal is to find the parametric velocity, u(x, u), and pressure, p(x, p).

The multi-dimensional parametric Oseen problem reads

-V-wVu—-pl,, —u®a)=s inQxTZ,
V-u=0 in QxZ,
u=up onlpxTZ, (A.1)
n-(vVu—-pl,, —u®a) =gy onlyxZ,
—u®a)E=0 onTgxZ.

(u-D+n-(vVu-—pl

Nsd
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where a is a solenoidal field. Compatibility conditions and the additional constraint to

avoid the indeterminacy of the pressure, required when I'y=(), are identical to those

defined in (3.5) and (3.6]).

A.1.2 Strong form of the local and global problems

Following section let us consider a subdivision of the domain {2 in ne; disjoint
subdomains 2. and the union of the interior boundaries of the subdomains which
defines the mesh skeleton or internal interface I' as in . Introducing the so-called
mized variable L= — vVu, the Oseen problem can be written as a first-order system

of equations in the broken computational domain, namely

L.+vVu.,=0 in Q. x I,
V. (Le—l—peInsd—l—u®a):s in Q. XTI,
V-u.=0 in Q. XTI,

ue=up on (0N NTp)xT,

(A.2)
n- (Le + peln,,) = —gy on (0Q.NTy) x I,
ue~D—n~(Le+peInsd+ue®a)E:0 on (0Q.NTg) x T,
[u®n] =0 on (0. NT') x T,
{ [n-(L+ply, +u®a)] =0 on (02.NT) x I.
for e=1,...,ne. It is worth to notice that here normal flux is composed not only by

a diffusive part as happened in (3.10]) but also by a convective part.

From ((A.2)) following the classical HDG approach, first the so—called local problems

are obtained

( L.+vVu.,=0 in Q. xZ, and fore=1,...,n.1,
\gt (Le + peln,, + ue ®a) =s in Qe xZ,and fore=1,...,ne1,

V-u.=0 in Qe x I, and for e =1,...,nq1,
_ (A.3)
U =Up ON (896 ﬂFD) x T,

u.=u on (0Q:\I'p) xZ,

1
- ,1> — o, fore=1,... na,
<]896|p6 saxz e O © flel

and second, the so-called global problem

[n- (L+ply, +u®a)] =0 onT'x T,
n - (Le + pelpy +uc®a) = —gy on (0Q.NTy) x I, (A.4)
Ue D —mn-(Le+ pelp, +ue®@a)E=0 on (02 NT'g) x T.
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The constraint of equation (3.5)), induced by the incompressibility condition, is also

considered in the global problem and written in terms of the hybrid variable as

(Lup - n)r,xz + <1,ﬁ-n>(aQ\FD)XI:0. (A.5)

A.1.3 Weak form of the local and global problems

Proceeding analogously to section the following discrete functional spaces are

introduced:
VR(Q) := {v € L2(Q) 1 v]q, € P*(Qe) Ve, e=1,...,00},
VI(S) = {b € La(S) : O]r, € PF(L;) VI; € S C T UNY,
LMNT) i={v € Lo(T) s |y € PHET)VTL e =1,... .0y},
LN = LMTYHY @@ LT,
W= V) © £M(T),
V= [ rurNurs)e@ch(I)} ,
vi= Vi) e @)™,
Wi = Vi@ e cha@)]

where P*(2.), P¥(I';) and P*(Z!) stand for the spaces of polynomial functions of

complete degree at most k in 2., on I'; and in 7 respectively.

The weak form of the local problems, for e = 1,... ne, reads: given up on I'p and
a" on TUT'y UTg, find (L, ul pt) € WJL X V‘f X ]{Lh that satisfy

LL(W) + Apa(W,a"),
Lu(v) 4+ Ayg (v, a™),
Ly(v) + Apa(v, ah),
App(L, 1),

AW, LE) + AL (W, ul)
Aup(v, LM + Ay (v,u )+Aup('v M
pu(v,ul)

;)

Pp(l Pe
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for all (W,v,v) € W,f X Vlf X 1{?, where the multi-dimensional bilinear and linear

forms of the local problem are given by

Ap(W,L):=—(W,v L), 7,
Apy(W,u):=(V-W, u)Q T
Apa(W,a):=(n- W, 4)60.rp)xT>
Aur(v,L):=(v,V-L), 7,
Auu(v,u):=(v, Tu)s0.xz — (Vv,u ® a)Q -
Aup(v,p):= (v, Vp) QuxT’ (A.7)
Aya(v,8) = (v, (T — (a - 1) L) @) 00T p)xT>
Apy (v, 1) :(Vv,u)Qexz,
Apa(v,4) = (v, % )90 \Tp)xT>
App(w, p) = (w, [0 "' paa. <z,
App(w, p) = (w, p) 1,

and
L(W):=(n - W, up)o0.nrp)xT>

Lu(v):=(v,8)q 7+ (v, (T = (a 1) Ln,)up)@9a.arp) <z, (A.8)
Ly(

v):= (v, Up * M) (80, T p)x T+

~h
respectively. Similarly, the weak form of the global problem is: find @" € V, and
Pl € R @ L"(Z) that satisfies

Nel Nel
D { Aar(®, L) + A (B, ul) + Agp(8,p]) + Aga(8,0") } = Z{L 8)} A9
e=1 9

Apft(lﬁﬁ’h) = _LP( )a

~h
for all & € V,,, where the multi-dimensional bilinear and linear forms of the global

problem are given by

Aar(9, L) :=(0,m - L) 9.\t purg))xz — (0,1 - LE) 90, nrg)xz
Agu (D, u) = =(0, Tu) 90\ (T purg))xZ — (D, (TU)-E) (90,1 s)xT
Aap(D,p) :=(B,pn) 90\ (I pUT's))x T (A.10)
Aga(0,4) = — (9, (T — (a - n) In,)8)(00.\(purs)xT
+(0,4-D + (7 — (@ n) In,)8) E)(90.nrs)xT
and
L (9) :=—(D, g ) (00.0T y)x T> (A.11)

respectively.
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Remark 11. Compared to the stabilisation tensor T defined in equations and
for the purely diffusive case (i.e. Stokes), in this case, stabilization of the con-
vective term has also to be considered. It has been proved (Cesmelioglu et al., 2015)
that a non-optimal choice of these parameters can bring to a gradual loss of optimal
convergence as the Reynold number increases (e.g. convection dominated problems).
For a more detailed analysis on the choice of the stabilization, parameters see Giaco-
mini et al., (2020d).

A.2 The proper generalised decomposition

A.2.1 Separated representation

As detailed in section to apply a proper generalised decomposition framework
to a problem of dimension ngq+np, it is required that the bilinear and linear forms
in the weak form can be expressed, or well approximated, by a sum of products of

parametric functions and operators that are parameter-independent.

Similarly to section data is assumed to be given in separated form. For Oseen
equations beside boundary conditions and the source term which also appear for
Stokes’s in (3.31)) two additional terms are needed

=3 N @) (),
i (A.12)
a:Z CF(x)C* ().
k=1

Remark 12. [t is worth to observe that as a consequence of the definition of the
mized variable, the required term to be written in a separable form is the inverse of
the wviscosity and not the wviscosity itself. In a general framework when o function
1s separable, its inverse is mot. This signifies the necessity of some extra computa-
tions (e.g. higher order PGD projection, see Diez et al., |2018) to obtain the required
separable approximation. Anyway in the particular case of an Oseen problem with
parametrised viscosity, follows n,=1, N'(z)=1 and N'(u)=v thus the separable ap-

prozimation of v~ is immediate and exact.

Following section each variable of the HDG formulation, is written as a rank-m
separable approximation such as (3.32) and (3.33)) under the assumption of single-
parameter approach (Remark . Moreover a proper tangent manifold is also consid-

ered for each variable.
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A.2.2 Alternating direction scheme

With the separated structure of the PGD approximations, using the same strategy
proposed in section it is possible to solve the high-dimensional problem with an

affordable cost.

The spatial iteration

Introducing the expression of the PGD approximations and the weighting functions in
the weak form of the HDG local problems, the following weak form of the local problem
for the spatial iteration is obtained: find (07" AFy, 0" Af,, 0,  Afy) € Wh x Yt x ph
for all (6F, 5f,, f,) € W' x VI x V! that satisfy

> BEAL L (OFL, o' AFL) + BALu(SFy, 0" AF,)
k=1

:Rm((;FL¢m) + 5AL11(5FL, O‘IAI”A]%),
k=t (A.13)

+BAup(0f,, 0" ASy) =R (S£, ™) +ZﬂcA f. 0" Af,)

k=1
+BAua (3. 03" AS;),
BApu(8fp, 0" Afy) =Ry (0fpy0™) + BApa(0fp, 03" A )
BApp(la U];TLAfp) :R%n(¢m) + ﬁApp(l UmAfp)

The bilinear and linear forms of the local problem are detailed in equation (A.14])

Af 1 (6Fy, Fy) := —(6FL, N*Fy), g
Aru(0Fy, £,) == (V- 0F¢, ) g, s
Ara(0FL, f3) = (n - FL, fi)oo\rp-
Aur (8 Fr) == (0£,, V- FL) g ,
wu(0fy £) == (0, T fu)ooe
Aﬁuwn, )= —(Vof, f,©C")g
Aup (0 Jp) = (£, V o) g, (A.14)
Awa(0fys fu) = (0f, T fa)oaars
ALa(OF, ) = —(0F, (C* - ) fi)oor
Apu(8p, £.) = (Vo £.) .
Apa(fp, £2) = (O, £ - Moo p s
App (0 o) = (05, 109%™ f)o,
Apo(8fp, Jo) = 0y fos
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and equation (A.15)), respectively

p

RE(OFLY) ==Y (n-0FL, g)aa.r, A, Ap)
=1

m n,

SO AL (6F, of B AL (0,4

1=1 k=1

= { AL o) — Ava (0T, o £} A, )
=1
RIEF0) = (Fg's) g, A, N)
=1

+ Z<5f;n Tng>8QeﬁFD“4(wa )‘ID)
=1
_ nc np 5u7 DA 7)\[
;; . gD>8QeﬂF c(T/J ) (A15)
=Y A Aur(6F,, 01 FY) + A (6F,, 00 1)
i=1
+Aup(0f,, 0p f3) — Aua(0F,, 0a £1) } A, 9")

_ZZ{Auu(dfu,aj ) — Aua(0F,, on £1) Y AR (1, )

i=1 k=1
RN SH) = (0 g - M) ag.nrp A, Ap)
=1
DO ARF AR VPN
=1 k=1
R5 (3fp¢) Z {Ap (3, ;J;) App(8p, U/ﬁf;)} A, ¥").

The constants in equation are given by
By = AL ™) B = AGWT ™), Bi=AWT ™), (A16)

where the bilinear forms involved in the definitions of these constants are introduced

in equation
A]Ij(&paw) = (M?Nkw)l'v

AL (G, 2) = (8, CM) 1, (A.17)
A8, ) = (6,) 1.
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~h
Similarly, the weak form of the global problem is: find o;"Af; € V' and 0" A f, € R
that satisfy

Nel

e=1
+ BAap(8fi, 05" Afp) + BAw(8fs, 07" AF) (A.18a)
+ Z A (0, UfInAfa)} = ZRam(5fa¢m)7
k=1 e=1

for all df;, € \A)h, with the incompressibility constraint
BAE (100" Af) =Ry'(W™), e=1,...,na. (A.18b)

The bilinear and linear forms of the local problem are detailed in equation (A.19))

Aar(6fy, FL) = (fy,m - FL) oo\ (rpurs) — (Ofys (n - FL)E)oq,rg,
Aau(0Fys ) = (fa, Th) oo\ purs) — (0fa, (TH) E)oq.nrs,
Aap(0fys o) = (0fis hm) oo\ (1 purs)s (A.19)
Aua(0fy, £u) = (s fo - (D + 7-E)oq.nrs — (0fy, T fi) oo\ (rpurs):
Aﬁa(fsfay fo) == —(f, o (Ck ‘n)-E)oq.rs
+ (6, (CF - 1) fi) 90\ (" pUT's)>
and equation , respectively
RE(SF) == D _(6F glv)on.nry AW, Ny)
=1
= { Aar(6f;, 01 FY) + Auu(6Fs, 00 £)
i—1
+ Aap (8, 0 f)) + Aua(Sfy 0L ) A, 1)
m A.20
fZZA (0f, oa i) AE (1, 41), (420
=1 k=1
RI(Sf) == (0 gl - Mo, A, Xp)
=1

Z pi (0, 1 AW, 0.

A.2.3 The parametric iteration

After computing the spatial corrections following the procedure described in Sec-

tion the spatial modes are updated and the parametric iteration is solved.
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Introducing the expression of the PGD approximations and the weighting functions
in the weak form of the HDG local problems, the following weak form of the local
problem for the parametric iteration is obtained: find Ay € £*(Z) such that

D AVELAL (S, AY) + YLu A, Ad)

k=1
=R (o]"F" &) + vra A(&), Av),

YurL A, D) + > Yl AG (S, ) + Y A8, Ap) + yup A(S), Aeh) A1)
k=1 .

=Ry (o0 FI00) + Y g AG (S, Ap) + Yua A, Ag),

k=1
VoA, Ap) =R (0" ;" ) + ypaA(d, Av),
’YppA((Mv A"L/J) ZRQ(&?) + ’VppA(&b7 A¢),
for all & € LM(T).
Similarly, the weak form of the global problem is: find At € £"(Z) that satisfies

Nel

e=1
oc el A.22
+ ) AR AE (), M) + vaa A, Aw} = Ry (o F), (A.22)
k=1 e=1

for all & € L"(T).
The constants in equations (A.21]) and (A.22]) are defined as

Vin = AL (ol F" 0" Fi"), vru = Aru(of"F{", o) £,

Yoo = ALu( CF o 1), = Aun (0 £ o FY),

Vo = Al (O £ 0 B Yuw = A0 £ 00 £,

Yup = Aup (0] £ 0 BT)s Vea = Ana(od £ o £,

Yui = Aua(0] £, 05 F)s You = Apu(0y" 7 0 1) (A.23)
Ypa = Apﬂ(aﬁlﬁmv o' i) Yop = App(laapm pm)7

Yop 1= App(1, Umfp ),

Yar = Agp (o0 £ ol ), Yau = Aaulog" £, 00" £,

Yap = A (0" £, 0" m) Yo = Abalog F o £,

Yaa = Aaalog" i Jn ™), pa = Ak (Lo £).

The choice of a single parameter approximation implies that we can combine equa-
tions (A.21)) and (A.22)) to obtain the following parametric problem: find Ay € £"(T)
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that satisfies

S b AR, A0) + 3 AE AL (G0, AY) + A, AY) = RM(E),  (A24)
k=1

k=1

for all & € L£"(T), where

Ve =V — Yaa + Vo
Y ' =YLu — YLa T YuL T Yuu + Yup — Yui T Vop — Vpp
+varL + Yau + Yap + Yaa, (A.25)
R™&) =Ry (op FL ") + Ry (03" £, ) + Ry (0" J," )
+ Ry (®) + R (07" [ &) + Ry ().

A.2.4 Local postprocess of the primal variable

For a multi-dimensional problem, the local postprocess necessary to obtain the super-
convergent solution u* analogous to system of equations ([2.22)) reads: given u € Vlf
and L € WJZ find u* € Uﬁ that satisfies

(Vo, Vu*)QexI = —(Vv,v L)

) QexT (A.26)
(w,u )QEXI = _(w’u)QSXI’

where the tangent manifolds for u is equal to v € ULL , defined as

UQ) = {v € L2(Q) s v|g, € PPV, e =1,... 04},
Ut = [uh(fz)r“,

Nsd

U= [uh (@) e £M@)|

and w € L"(ZT), with L"(T) defined in sectio

Analogously with section a rank-m separable approximation is assumed for u*,

namely
w (@, p) = o) " T (@) " () + ull T (@, ). (A.27)

where the corresponding correction terms have been omitted because unnecessary.

Introducing equation in (A.26)) and solving the system for the m-th mode, it is

obtained 1
(V’U, VO_J,mf;k,mwm)Qe T = (V’U, v O—Z,nFLanm)QeXI (A28)

(Ui’m.fu*7m¢m’ wm)ﬂexz = _(nyumlﬁmv ¢m)ﬂe><l')
with tangent manifolds for w similar to the one defined in (3.36)), but considering

only the spatial variation and neglecting the parametric ones, namely v=df;, )" with

of, € U™
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Thanks to the separable form of v~! system (A.28) can be simplified introducing
proper constants defined in (A.16). The weak form reads: given o f™ € V" and
o F™ € W' find 0" £5™ € U that satisfies

u

B(Vof, Yoy ™) =~ BN (Vef,, N o' Ff")
Rt e (A.29)

B(G;7mfu*7m> 1)99 = _B(qunfum> 1)997

for §f, € U". Solving spatial problem (A.29) for each m-mode computed allows
constructing a PGD vademecum also for the postprocessed solution which, analogously
to those computed for local and global variables, can be particularized in the on-line

phase.

A.3 Numerical example: Kovazsnay flow with parametrised

viscosity

To validate the proposed technique the Kovasznay flow is introduced. Obtained in

Kovasznay, (1948), Kovasznay flow is a solution of the Oseen problem with a=u.

A multi-dimensional parametrised version of this problem can be created assuming

viscosity as an extra-variable and looking for a solution depending on it. This problem
has a known analytical solution (shown in figures and [A.2) given by

ug(x, p) =1 — exp(2Ax) cos(27(2y — 0.5)),
uy(x, p) = A/2mexp(2Ax) sin(27(2y — 0.5)), (A.30)
p(x, pu) = —1/2exp(4X\x) + C.

A= Re/2 — \/R?/4 + 472, (A.31)

C =[1+exp(4X) — (1/2X)(1 — exp(4N))].

where

The purpose of this section, is to solve the parametrised Kovasznay for all (&, u) in the
higher dimensional domain Q x Z, where Q=[0,0.5] x [0, 1] C R? and Z=Z'=[0.001, 1].
On 092 pure Dirichlet boundary conditions are imposed, thus 0Q=I"p.

A.3.1 Separated representation of the data

Following the theory, as explained in Section a separated representation of the
data is required. It is worth to notice that for Kovasznay flow, the convective field
is chosen equal to the velocity w, thus the same separable approximation obtained
for a holds also for the Dirichlet datum wp that is immediate, unlike the source

term s which requires few more efforts. Finally observing, that the problem is a pure
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2 2 2
— F
1 . 1 ’ 1
0 (. 0 ‘ 0
(a) p=10"° (b) p=0.05 )p=1
FIGURE A.1: Kovasznay flow: Analytical solution of the norm of the
velocity field for different values of p.
0.14
-0.02 | IiO 10 -0.11
-0.04 -0.34 -0.36

(a) p=10"3 u=0.05 () p=1

FIGURE A.2: Kovasznay flow: Analytical solution of the pressure field
for different values of p.

Dirichlet problem, a separable approximation of the pressure is also required to impose

the extra condition used to remove its indeterminacy.

While the separated form of the inverse of the viscosity is exact and immediate (n,=1,
N'(z)=1 and N (u)=p being u = v), the exponential appearing in the analytical
form of the solution makes an exact separation impossible for velocity and pressure.
To circumvent this obstacle an HO-SVD can be applied, or else a more scholastic

Taylor expansion.

To reduce as much as possible the approximation error, both exponential functions
appearing in have been Taylor expanded by mean of an approximation of 25
terms centred in xo=1/4. With just a few extra calculations, the analytical source term
can be computed and approximated by mean of the same technique. The expanded

forms of analytical solutions read

1— T)(x, ) cos(2m(2y — 0.5))

B = () /2) T () sin(2n(2y — 0.5) (432

Pz, p) = —1/2 Tos(z, p) + C(p),
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where

=0 (A.33)
exp(4Xz) & Ty (@, p) = | ~———"——

n=0
which being separable transmit their separability to all their spatial derivatives, in-

cluded the source term, which is a linear combination of them.

A.3.2 Off-line phase

The proposed ROM is used to obtain the generalised solution of the parametric Oseen
problem. For the numerical experiment a uniform triangular mesh with 64 elements is
generated. The computation was performed using a degree of approximation k=5 for
all the variables and with a mesh of 500 elements in the parametric dimension with
also k=5.

The first eight normalised modes of the magnitude of the velocity field and the pressure
are shown in figures and figure respectively.

1
1

0.50 : - 0.50

r
"
’ 0.50
"
(3

0.50
0.00 0.00 ’ . 0.00
(aym=1 (c) m=3 (d) m=4
1 1 P.$ 1 [}..’- 1
0.50 : ; . .. o 050
. - .
0.50 .. - 0.50 ’
EY
h '
0.00 0.00 e ] et U]
(e) m=5 (g m="7 (h) m=8

FIGURE A.3: Kovasznay flow: First eight normalised spatial modes of
the norm of the velocity field.

The first eight normalised parametric modes are shown in figure It is worth
noting the increase of amplitude and frequency of parametric modes by increasing
the number of modes and approaching to the left extreme of the parametric interval.
This is mainly attributed to the scale at which the convective term becomes more

dominant.
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FIGURE A.4: Kovasznay flow: First eight normalised spatial modes of
the pressure field.
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FIGURE A.5: Kovasznay flow: First eight normalised parametric
modes.
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FI1GURE A.6: Kovasznay flow: Convergence of the mode amplitudes.
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The evolution of the relative amplitude of the modes is shown in The rapid

decrease shows that it is possible to compute a generalised solution to this problem
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with a very small number of modes. With twelve compressed modes the relative
amplitude is already below 1075, This off-line solution has been obtained computing
a total of 156 modes reaching a maximum of 10 iterations in the alternating direction

algorithm for each enrichment.

A.3.3 On-line phase

Once the generalised solution is computed, it is of interest to quantify its accuracy.

Figures [A77] and [A-8] shows the absolute value of the error of the velocity magni-
tude and pressure using as the number of modes is increased for three relevant con-
figurations corresponding to the parameter values p;={0.001,0.05,1} associated to
Reynolds numbers Re = {1000, 20, 1}. It is worth noting that the configurations anal-

ysed include both convection-dominated and diffusion-dominated flow regimes.

x10
- w
2 =mR79
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L
L IEYS
' =
L |
f =
- . 0
=103 m=5

) i 107
11 1.7 N I 1.2
h
0.8 \ 2.4
-
—~
0 ‘ 0
Hpmpm=1,m=1 G ppi=1,m=3 k) pp =1, m=4 Dpur=1,m=5

FIGURE A.7: Kovasznay flow: Absolute value of the error of the ve-

locity magnitude using m PGD modes and for different values of the

material parameter p;. An approximation of degree k = 5 is used for
all variables.
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FIGURE A.8: Kovasznay flow: Absolute value of the error of the pres-
sure field using m PGD modes and for different values of the material
parameter p;. An approximation of degree k = 5 is used for all vari-
ables.

The results show that with few PGD modes the absolute error is still quite large,

particularly for the case with ©1=0.001 which is the configuration representing the

convection dominated solution. With five PGD modes, the error drops substantially,

being less than 8 x 1073 for the velocity and less than 2.2 x 1072 for the pressure.
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To further illustrate the accuracy of the proposed HDG-PGD approach, the relative
error in the L£9(£2 x Z) norm, defined in equation is studied and compared to
the error of the full order HDG approach. Figure shows the evolution of epgp as
the number of PGD modes is increased for all local variables, global variable @ and

the postprocess velocity u* to whom is dedicated next section. The discontinuous

-1
-&-p

L
1
- - HDG
—PGD

FIGURE A.9: Kovasznay flow: L5 norm of the error for L, u, p and
4 as the number of PGD modes is increased. An approximation of
degree k = 5 is used for all the variables.

lines in figure show the relative error of the full order HDG method, measured in
the L2(£2 x T) norm. The results show that the error of the proposed ROM converges
monotonically to the error of the full order approach with as the number of modes is
increased. In all cases, the number of PGD modes required to reach the maximum

accuracy for each variable on the given mesh is equal or lower than eight.
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