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Abstract

High-order methods have the potential to deliver high accuracy with less degrees of
freedom when compared with lower order methods. However high-order methods
are still not being utilized in industrially relevant computational fluid dynamics
(CFD) problems because of their claimed higher computational cost. The hybridiz-
able discontinuous Galerkin (HDG) method is a novel discontinuous Galerkin (DG)
method with very attractive properties. While retaining the advantages of other
DG methods like the inherent stabilization and the local conservation properties,
the HDG method reduces the total number of degrees of freedom compared to
other DG methods such as the local DG or the compact DG. The HDG method
achieves this by performing a hybridization similar to the static condensation tra-
ditionally used in high-order continuous finite element methods. Another salient
feature of the HDG is that an element-by-element postprocessing technique result-
ing in a superconvergent solution. The superconvergent postprocess solution can
be used to define a reliable and computationally cheap error estimator. The main
advantages of HDG, and other DG methods, which are found when a high-order
functional approximation is considered can, however, be limited by the accuracy
of the geometric approximation of curved boundaries when isoparamteric elements
are used.

This work proposes the combination of HDG and NURBS-enhanced finite el-
ement method (NEFEM) for the solution of Stokes flow problems using degree
adaptivity. The ability of NEFEM to exactly represent the boundary of the do-
main by means of its NURBS boundary representation is used to ensure that the
geometric description is independent on the degree of the polynomials used in
the functional approximation. As a result, the degree adaptivity process is only
driven by the error of the functional approximation and not by the error of both
the functional and the geometric approximation.
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Chapter 1

Introduction

1.1 Motivation

The last few years has witnessed an increase in enthusiasm in the development
of high-order methods within the finite element (FE) community. This has been
a hot topic of research all over the world, especially for Euler and Navier-Stokes
equations [1]. High-order approximations have proved to be of special importance
while solving high Reynolds number and transient fluid problems [1]. The ability
and efficiency of high-order approximations have been discussed and proven in re-
cent papers [2]. Developments of high-order numerical methods for unstructured
meshes could offer significant advantages for the simulation of complex high-speed
flows and compressible turbulence [3]. The discontinuous Galerkin (DG), the spec-
tral volume (SV) and the spectral difference (SD) methods have shown promise for
high-resolution computations of complex flows because they have a compact sten-
cil, and retain the design order of accuracy even for meshes of moderate quality
that would often result from grid generation over complex three-dimensional con-
figurations [4-7]. Specifically, the interest in DG methods has increased over the
past years. This is because of their proven suitability to construct robust stabilized
high-order numerical schemes on arbitrary unstructured and non-conforming grids
for a variety of physical phenomena, such as, for the solution of incompressible
flows [8].

DG are finite element methods that are locally conservative and stable, and
allow to achieve high-order accuracy. The DG formulation uses discontinuous
approximation element by element, with the information that passes through the
elements by means of numerical fluxes. Since their introduction, DG methods
have been used to solve a large variety of partial differential equations, gaining an
increasing interest in the scientific computing community. The main drawback of
DG methods, compared to continuous Galerkin (CG), is the increased number of
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degrees of freedom (DOF) due to the duplication of the nodes belonging to faces
of the elements. It has been often claimed that this disadvantage becomes less
important for high-order elements, due to the increasing number of interior nodes.
However, until very recently, DG methods coupled the nodes in the interior of the
elements, for high-order approximations, with neighboring element nodes, even
for reduced stencil approaches such as interior penalty methods, see for [9], and
Compact Discontinuous Galerkin method (CDG), see [10]. This coupling precluded
any technique, such as static condensation of the interior nodes for CG, to reduce
the number of DOF. Under these circumstances, DG are penalized respect to CG.

This is where the Hybridizable Discontinuous Galerkin (HDG) method, with
its stability features, its reduced number of degrees of freedom, and its supercon-
vergence properties has attracted attention among all DG methods for implicit
schemes [11-16]. Similar to static condensation, hybridization of DG methods
allows to reduce the globally coupled degrees of freedom to those of an approxima-
tion of the solution defined only on the boundaries of the elements (trace solution).
The HDG method, was formally introduced for second order elliptic problems [12],
and then extended to the solution of a great variety of physical fenomena, see for
example [11,17-20]. The similarity between hybridization in DG and static con-
densation in CG is highlighted in [21], both techniques leading to an important
reduction in the number of DOF for high-order computations. Nevertheless, it
can be seen in [22] that hybridization is not only an implementation expedient to
reduce the linear system size, but the trace unknown contains extra informations
on the exact solution. In fact, unlike other DG methods and standard CG, HDG
exhibits optimal convergence in £, norm not only for the primal unknown of the
problem but also for its derivative, opening the path to an element-by-element
postprocess which provides a superconvergent solution.

However, in order to be competitive, these methods have to be designed in
such a way that the increased associated computational complexity is more than
balanced. Despite the advantages and capabilities, some authors have maintained
that the high-order methods are not yet mature and current implementations are
strong limitations for their applications to large scale industrial problems [1]. The
efficiency, both in terms of memory and computing time, and robustness of these
high-order methods, in particular for turbulent high Reynolds number flows will be
decisive in making these methods attractive for industries such as the aerodynamic
aircraft design industry [1]. Adaptive mesh refinement is a well known strategy for
reducing the cost of a computational simulation while achieving a given level of
accuracy [1,23]. The superconvergence properties of the HDG method can come
in handy while building in an automatic a posteriori error estimate based adaptive
mesh refinement. However, this induces fresh problems. A local p-adaptive mesh
refinement carried out by utilising the superconvergence property of the HDG




3 Introduction

method does not necessarily guarantee a reduction in the global error. This might
be as a result of higher geometric errors emerging from the change in the boundary
representation due to a local p-adaptive mesh refinement. Hence in addition to
efficiency and robustness, higher-order boundary representation also continues to
be a major obstacle in the path of introducing high-order methods into industrial
design processes [1].

It is in the domain of high-order FE methodologies for the treatment of curved
boundaries where NURBS-Enhanced Finite Element Method (NEFEM) has carved
a niche for itself. For high-order methods to be viable in comparison with conven-
tional FE techniques, it becomes quite essential to use considerably large elements
while the variables of interest must have fewer degrees of freedom [24]. Also an
interpolation polynomial of high degree must be adopted. However, the use of
isoparametric elements will not be suitable in the adoption of the afore mentioned
parameters, as it will lead to unsustainable geometric errors that will do away with
the benefits of using high-order methods [25]. NEFEM, originally designed as a
technique that allows a seamless integration of the CAD boundary representation
of the domain and the finite element method (FEM) [24], can easily be extended
to high-order methods such as to the HDG method. The work presented in this re-
port has been carried forward to establish a seamless integration between NEFEM
and the HDG method. While the HDG method comes with all the advantages of
a high-order method, NEFEM helps tackle the issues of geometric error engender-
ing out of the use of isoparametric elements. Combined, a method encompassing
both NEFEM and the HDG method, seamlessly integrated with one another offers
hope to overcome all of the previously mentioned obstacles lingering in the path
of introducing high-order methods into industrial design processes.

1.2 Objective of the research

The main objective of this research is to study the HDG formulation for Stokes
problems and to develop and validate an arbitrary order HDG solver in two and
three dimensions that can be extended in the future to the full system of the
Navier-Stokes equations. In addition NEFEM has to be studied to develop and
validate an arbitrary order NEFEM-HDG code in two dimensions. Finally, the
a degree adaptive technique is developed for HDG providing high-order accuracy
and high computational efficiency.
In order to achieve this goals, the following objectives are considered:

e The development of HDG formulation for the numerical solution of the Stokes
equations in two and three dimensions. The derivation of the Stokes equa-
tions are presented in Chapter 2. The formulation is presented in detail,
from the strong form of the problem to the HDG formulation alongside with
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the discretized version of the systems of equations that are obtained. Two
different formulations of the HDG method are developed for Stokes equa-
tions, the so called classical (Dirichlet) and the Neumann formulations. This
is presented in chapter 3.

The discretization of the weak form of the HDG formulation for Stokes equa-
tiosn using the isoparametric and NEFEM formulations. Discretization using
NEFEM formulation is presented explaining the details of high-order approx-
imation and numerical integration in curved elements. This is presented in
the first section of chapter 4.

The development of degree adaptive technique based on the concept of
Richardson extrapolation using the postprocessed solution obtained using
the HDG method for error estimation. The Richardson extrapolation for
h-adaptivity is studied and then concept is extended to degree adaptivity.
Also come caveats concerning the implementation, such as compatibility of
numerical integration and geometrical compatibility of the mesh upon adap-
tive refinement are detailed.

Validate the implementation of the HDG codes. Numerical examples with
analytical solution are considered in two and three dimensions for validating
the codes developed to solve the Stokes equations. In all cases the objective
is to test the optimal convergence of the solution and the implementation of
the postprocess that offers superconvergence properties in the HDG frame-
work. The workability of the code using both the formulations of HDG are
presented. Further the ability of the code to handle meshes with different
types of elements in both two and three dimensions are shown. Also the
code is validated to work with meshes that have varying degrees of approx-
imations in their elements. Code developed for NEFEM-HDG formulation
applied to Stokes’ equations is validated. Finally cases to show the perfor-
mance of degree adaptive method providing high-order accuracy and high
computational efficiency are presented. All these examples are collectively
shown in Chapter 5.




Chapter 2

Derivation of Stokes’ equations

In certain fluids viscosity may be so large that it only flows with difficulty. Heavy
oils, honey, even tight crowds of people, show insignificant effects of inertia, and are
instead dominated by internal friction. Such fluids do not make spinning vortices
or become turbulent, but rather ooze or creep around obstacles. Fluid flow which
is dominated by viscosity is quite appropriately called creeping flow.

Stokes flow, another name for creeping flow which is sometimes called creeping
motion, is a type of fluid flow where advective inertial forces are small compared
with viscous forces [26]. This is a typical situation in flows where the fluid velocities
are very slow, the viscosities are very large, or the length-scales of the flow are very
small. Though creeping flow was first studied to understand lubrication, in nature
this type of flow occurs in the swimming of microorganisms and sperm [27] and
the flow of lava. Blood flowing through a microscopic capillary can be as sluggish
as heavy oil. Tiny organisms like bacteria live in air and water like ourselves, but
theirs is a world of creeping and oozing rather than whirls and turbulence, and
movement requires special devices, for example oar-like cilia or whip-like flagella
[28]. Some bacteria have even mounted a rotating helical tail in a journal bearing
(the only one known to biology), which like a corkscrew allows them to advance
through the thick fluid that they experience water to be. A spermatozoan pushes
forward like a slithering snake in the grass by undulating its tail. In technology,
creeping flow occurs in paint, MEMS devices, and in the flow of viscous polymers
generally.

2.1 The basic conservation equations

To serve as an introduction to the discussion on incompressible Stokes flow, in this
section the differential forms of the conservation equations for mass, momentum
and energy are presented.
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2.1.1 Mass equation

A fundamental law of Newtonian mechanics is the conservation of the mass con-
tained in a material volume. The law of mass conservation for a time varying
material volume V; occupied by fluid is given by [29]

dM  d

where p is the fluid density. The material time derivative of the integral of a scalar
function f(a,t) (where f is defined in the spatial domain) over V; is given by
the following well-known expression, often referred to as the Reynolds transport
theorem:
4 flzx,t) dV = / of(@,t) av +/ f(x, t)u - n dS, (2.2)
dt Jy, =v, Ot =S
which holds for smooth functions f(x,t). Here u is the velocity of the fluid. The
volume integral on the r.h.s. is defined over a control volume V, (fixed in space)
which coincides with the moving material volume V; at the considered instant, ¢,
in time. Similarly, the fixed control surface S. coincides at time ¢ with the closed
surface S; bounding the material volume V;.
Applying to integral expression in (2.1), the formula in (2.2) for the rate of
change of integrals over a moving volume and the divergence theorem, one obtains

0= @dV—l—/pu-ndS: (@+V-(pu)) av.
Sy Vi

dt )y, ot ot

Since this relation is valid for all choices of the volume V;, the integrand must be
identically zero. Hence

0

ot
at all points in the fluid. Equation (2.3) is the mass-conservation equation, or
continuity equation.

2.1.2 Momentum equation

The momentum equation, also termed the equation of motion, is a relation equat-
ing the rate of change of momentum of a selected portion of fluid and the sum
of all forces acting on that portion of fluid. For the portion of fluid of volume V;
enclosed by the material surface S; , the momentum is th pu dV and making use
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of the Reynolds transport theorem in vector form, that is (2.2), its rate of change
is found to be

d dpu
pr %pudV—/CE%WdV+/CESt(pu®u)-ndS

:/ (a’;u—FV-(pu@u)) dv.
v, \ Ot

where the notation u ® u denotes the tensor [u;u;],,j =
number of spatial dimensions.

The the well-known equation that relates the material and the spatial time
derivatives is given by

(2.4)

1,...,ngq. Here ngyq is the

df _9f

- == -V f. 2.5

i~ or TV (25)
Making use of the continuity equation (2.3) and expression for the material time
derivative given in formula (2.5), Equation (2.4) can be transformed to

d d
C pudv = / P22 av, (2.6)
vt

dt Jy,
which is simply the sum of the product of mass and acceleration for all the elements
dV of the material volume V;.

In general, a portion of fluid is acted upon by both volume and surface forces.
The volume force per unit mass of fluid is denoted by s, so that the total volume
force on the selected portion of fluid is th ps dV . On the other hand, the i-
component of the surface force exerted across a surface element of area dS and
normal 7 is given by o;;n;;dS, so that the total force exerted on the selected portion
of fluid by the surrounding matter can be expressed in terms of the Cauchy stress
o as

/O'-ndS: V.o dV,
St Vi

The momentum balance for the selected material volume of fluid, which accounts
for both previous actions, is expressed by

d
/p—“dvz/psdv+ V.o dV,
v, dt Vi Vi

This integral relation holds for all choices of the material volume V; . Thus,

d
pd—? =ps+V.o. (2.7)
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at all points of the fluid. This equation is the equation of motion; making use of
(2.5) it becomes

8(;;?+V-(pu®u)—v-a':ps. (2.8)

This is the conservation form of the momentum equation.

2.1.3 Total energy equation

The total energy per unit mass of the fluid is the sum
1
E=e+ollull’

of the internal energy, e, and the kinetic energy. The rate of change of the total
energy per unit mass of a material element is thus

dFE B de du

E—%—FU-E. (2.9)

It can be shown that in the absence of heat transfer effects, the rate of change
of internal energy per unit mass of a material element of fluid is thus given by [29]

d
C_7.vu (2.10)
.  p

Making use of the momentum equation (2.8) and of the internal energy equation

(2.10), it becomes

dE
p%:a:Vu+u-(ps+V~a)

In terms of the partial time derivative, the total energy equation can be written
as

%(pE)+V.(pEu)—V-(o'~v):u-ps. (2.11)
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2.2 Simplifying compressible Navier-Stokes equa-
tions to Stokes equations

From the previous section the conservation equations in Eulerian form for mass,
momentum and energy can be written as

¢ dp

Mass: - . —

Momentum: ag;tu +V. - (pu®u)— V- o =ps, (2.12a)
\ Total energy: %(pE) +V . (pEu)—V (o -v)=u-ps.

Typically, Newtonian fluids are considered, that is
o= (—p+ AV -u)l,, +2uVu=—pl,_, + 07, (2.13)

where subindexes are introduced to clarify the dimensions of matrices, VSu is
the rate of deformation (or strain rate) tensor, i.e. VSu = 1(V + V7)), p is the
thermodynamical pressure, p is the coefficient of dynamic viscosity of the fluid,
and A is the 2nd coeflicient of viscosity. Under Stokes” Hypothesis, 3A+2u = 0, the
bulk viscosity of the fluid is null, i.e. A +21/3 = 0, and that the thermodynamic
pressure coincides with the mechanical one, i.e. p = tr(o). o’ is the deviatoric
stress.

The conservation and constitutive equations (2.12) form a total of ngg + 2
equations. The material parameters p, A are characteristic of a given fluid, and
thus, a priori, known. However, these ngq + 2 equations contain ngg + 3 unknowns,
p, pu, pE, and p . One further equation comes from the equation of state for
pressure, namely p = p(p, T'), which introduces a new unknown 7', thus making a
total of ngg + 4 unknowns. The final equation comes from the equation of state
for internal energy, e = e(p,T). For a calorically perfect gas, such as air, these
state equations read p = pRT and e = ¢,T', where R is the gas constant per unit
mass and ¢, is the specific heat at constant volume. Thus, the usual form for these
equations of state are

T:l(E—%u-u),
@ | (2.14)
p=(-Dp(E=Zu-u),

where, see [29], the constant v = ¢,/¢, is the ratio of the specific heat at constant
pressure, ¢,, and the specific heat at constant volume, ¢,, and relates the specific
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heat constants and the gas constant per unit mass, namely

R
cp:—7 R and Cp = —.
v—1 v—1

Thus, equations (2.14) can be rewritten as

T:(y—l)(E—%u-u)/R,

= (L)

(2.15)

for a calorically perfect gas.

Remark 1 [Mach and Reynolds numbers] Other pertinent parameters
are the Mach and Reynolds numbers. They are used to characterize the flow
problem and are defined as

Characteristic Mach: Ma = e/ Cref,
Characteristic Reynolds: Re = pref Uref Lref/ tref,

where reference values are used for every variable. /. is a characteristic
length scale, which depends on the problem whereas all the others: velocity
Uyet, Speed of sound cyef, density prer, pressure pres, and viscosity i are, in
general, the inflow/far-field values, viz. u.r = ||u*°]|. The speed of sound is

defined as ¢ = \/yp/p = VYRT.

2.2.1 Compact form of the conservation equations

Replacing the equations of state (2.15) and the constitute equations (2.13) in the
conservation equations (2.12a) the final equations for unsteady viscous compress-
ible flow are obtained as

U OB 0Gk_ g (2.16)
where U is the vector of conservative variables, F}, are the associated advection
flux vectors for each spatial dimension (kK = 1,...,ns), G are the corresponding
diffusion ones, and S is a source term. As usual, repeated indexes indicate sum.
These vectors, which are all in R®¢*2, are defined as follows:

p 0
U=|pU]|, S=1| ps |,
pE U ps
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and for k =1,...,ng, then

P Uk P Uk
F.= | pUus+per | = | pUu+ (v—1)(pE — %pU-U)ek ,
pE w + puy, VB uy, — (v = 1)5(pU-U) wy
0 0
G,=| ode |=| MNVU)e,+2uVU-¢ |,
U.o'-e; AMV-U)uy, +2uU-VB8U e

Where ey, is the unit vector in the zj direction (i.e. the standard canonical basis
in R®=¢).

Moreover, the previous equations are usually written and programmed in di-
mensionless form, namely:

o P pU" .
5 pU | + V| pU @ U + (v — 1)(pE — 5pU-U)L,,,
pE [vE — (v = 1)3pU-U|U"
0., 0
— RV AMV-U)L,, +2uVEU =F2| pb |, (2.17)
NV-U)U +2uU-V3U]" U-pb

where, in spite of the notation, which is not changed to simplify the presentation,
density, p, velocity, U, and total energy per unit mass, F/ are in dimensionless
form. The characteristic length /,..f and velocity v,ef introduced in Remark 1 scale
the spatial coordinates and velocities. Typically one can chose to define either a
characteristic density p.t or a characteristic pressure p,¢ and they verify ps =
pretV2s. The characteristic time is yef/vret, the one for the total energy is v and
the one for the body forces, b, which are also in dimensionless form in (2.17), are
scaled with g..r. The Froude number, Fr, which is a dimensionless number defined
as the ratio of the flow inertia to the external field (typically due to gravity), affects
the independent term and is defined as

Fr= vref/ V lrefgref-

Remark 2 Some authors prefer to scale the total energy with a character-
istic speed of sound, that is using ¢Z; instead of v2;. This modifies the last
equation in (2.17) into

opE Ma?
P F V- (9pE — (7 — 1) puu)u
ot 2
Ma? M2
- V- [(AV-u)u+2uuViu| = o u-pb.




12 Derivation of Stokes’ equations

With this scaling it is easy to analyze the incompressibility limit, i.e. Ma —
0, and see uncoupling of the conservation of energy with respect to the other
conservation equations.

2.2.2 Simplifications leading to steady Stokes equations

In the case of highly viscous flow such as Stokes flow where convective forces
are small compared with viscous forces, the convective terms in the Navier-Stokes
equations can often be neglected if compared with the dominant viscous terms. The
resulting equations are called equations of Stokes flow [29]. The Reynolds number
for such flows is low, i.e. Re < 1. The choice of Re < 1 is very interesting and an
important assumption, for it is relevant to many practical problems, especially in
a world where many products of technology, including those manipulating fluids,
are shrinking in size.

In this work the steady Stokes problem is considered. That is, in addition to
the convective term, the time-dependent terms of the full Navier-Stokes equations
are also neglected. Two distinct formulations of Stokes problem are possible. First,
the momentum equation is written in terms of the Cauchy stress (also known as
stress-divergence form). The Stokes’ constitutive law is only invoked after setting
the weak form. The advantage of this approach is that it can readily treat problems
with fluid constitutive equations more general than the linear Stokes’ law. Second,
the problem is directly formulated in terms of velocity and pressure. Use is made
of Stokes’ law and of the incompressibility condition to express the viscous term
as the Laplacian of velocity. This is the standard form of the Stokes equations.

Once the governing equations are defined boundary must be adequately pre-
scribed in order to close the problem. Two types of boundary conditions are used
in this report: Dirichlet and Neumann. Dirichlet boundary conditions prescribe
the value of the unknown function. Neumann conditions impose the normal gra-
dient of the unknown function along the boundary. Robin boundary conditions
can also be prescribed, though such boundary conditions are not considered in this
work.

2.2.2.1 Formulation in terms of Cauchy stress

In differential form, a steady Stokes problem is stated as follows in terms of Cauchy
stress: given the body force o, prescribed velocities wp on the Dirichlet portion
I'p of the boundary and imposed boundary tractions ¢ on the Neumann portion
I'y, determine the velocity field w and the pressure field p such that
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—V.o=s in €,

V-u=0 in Q,
u=1up OHFD,
n-(oc=t on 'y,

(2.18)

A constitutive equation is needed to close the problem. That is, the Cauchy stress,
o, must be related to velocity, w, and pressure, p, that is o = o(p, u). The linear
Stokes’ law can be used as the constitutive equation [29]

o= —pl,, +2uVsu (2.19)

2.2.2.2 Formulation in terms of velocity and pressure

The formulation of the Stokes problem in terms of Cauchy stress has the advantage
that it is applicable to arbitrary fluid constitutive relations. When the linear
Stokes’ law can be invoked, it is preferable to start from a strong form of written
in terms of velocity and pressure because in this form the velocity components are
uncoupled. The steady Stokes problem can then be restated as follows:

-V .- (vVu)+Vp=s in Q,
V-u=0 in 2,
U =up onlI'p,
—-pm+n-wvVu)=t on 'y,

(2.20)

where v = u/p is the kinematic viscosity and p denotes the dynamic pressure.
Cauchy stress tensor (normalized by density) can be obtained by Stokes’ law (2.19).
In the rest of this report, the velocity-pressure formulation of the Stokes equation
is considered.




Chapter 3

HDG formulation for Stokes’
equations

3.1 Problem statement

Let 2 € R* be an open bounded domain with boundary 0f2 and ngy the number
of spatial dimensions. The strong from for Stokes system along with boundary
conditions in its velocity-pressure formulation can be written as

-V .- (vVu)+Vp=s in Q,
V-u=0 in (2,
u=up on FD,
—-pm+n-vVu)=t on 'y,

(3.1)

where 0Q =T p Uy, TpNTy =0, and s € £5(1) is a source term while m is the
outward unit normal vector to 9. Here standard Dirichlet and Neumann bound-
ary conditions are considered. Other mixed (i.e. Robin) boundary conditions can
also be imposed.

It is also assumed that €2 is partitioned in n; disjoint subdomains €2;

i=1
with boundaries €2;, which define an internal interface I

DNel

U o9,
=1

The corresponding strong form of the Stokes system given in Equation (3.1)

[ = \OQ. (3.2)

14
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can be written in the broken computational domain as

( -V - (vVu)+Vp=s inQ,;, fori=1,...,n,

V-u=0 in€);, fort=1,...,ng
U =up on 0; NT'p, (3.3)
—pm+n-(vVu) =t on 0§ N 'y, '

[u@n]=0 onT,
( [-pn+n-(¥Vu)] =0 onl,

Since this is the standard velocity-pressure formulation, the Neumann boundary
conditions defined here do not correspond to regular stresses but to pseudo-stresses.
The jump [-] operator has been introduced following the definition in [8], such that,
along each portion of the interface I' it sums the values from the element on the
left and right of say, 2; and €2, , namely

[[@]] =0©; + 0O

The strong from is written in mixed form as a system of first order equations
over the broken computational domain as

V- -(vL+pI)=s in€;, fori=1,..,na
L+Vu=0 inQy, fori=1,..,ng
V-u=0 in€;, fori=1,... ng
< u = up on 0, NTp, (3.4)
n-(vL+pl)=—-t ond NIy,
[uen]=0 onT,
( [n-(vL+pI)] =0 onl,

where I is the identity tensor of dimension ngg and L = —Vwu is a new variable
(the second order velocity gradient tensor), which is introduced after splitting
the second order momentum conservation equation in two first order equations.
The last two equations in Equation (3.4) impose the continuity of velocity and
continuity of the normal component of the pseudo-stress across the interior faces
respectively.

3.2 Functional and interpolation setting

Before describing the weak forms the usual basic notation for the functional prod-
ucts and discrete spaces is recalled. as usual, (-, -)p denotes the Lo scalar product
in a generic subdomain D, that is

(u,v)D:/ude; (u,v)D:/u-de; and (G,H)D:/G:Hdﬂ,
D D D
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for scalars, vectors and second order tensors respectively.
Analogously, < -, - >g denotes the L5 scalar product in any domain S C I'UOS),
that is

< u,v >5:/uvdF; <u,v >g:/u-vdF; and <G,H>5:/G:HdF
s s s

again, for scalars, vectors and second order tensors respectively.
The following discrete finite element spaces are also introduced

Q"(Q) = {q € L2(V); qla, € P*() Y} C Q(),
Vi) = {v € [Lo(Q)]>; v]q, € [PF(Q)]> VQ;)} C V(2),
G"(Q) = {G € [La(Q™ Glg, € [PH(Q;)]" = v} CG(),
MM(S) = {p € [Lo(S)]; p|p, € [PHI)P VI, € SCcT U}  c M(S),
where P*(€;) and P*(T;) are the spaces of polynomial functions of degree at most
k > 11in €; and T; respectively. M" can be defined over all the mesh skeleton
interior and exterior faces (or edges in two dimensions).

The element-by-element nodal interpolation of the variables, namely, p, w, L
and u, develops from these spaces as

DNen

prp" =D N, e Q" (3.5a)
j=1

u~u' = Z Nju; eV, (3.5b)
j=1

L~L"=) N € gt (3.5¢)
j=1

axa =Y Ny e MMI'UTy) or M*(D), (3.5d)
j=1

where p;, u;, L; and 4, are nodal values, N; are polynomial shape functions of order
k in each element, n., is the number of nodes per element, N ; are polynomial shape
functions of order & in each element face/edge, and ng, is the corresponding number
of nodes per face/edge. Note that for L" the nodal values are matrices, whereas
for u" and @" the nodal values are vectors. The vector 1, is defined globally over
the mesh skeleton (faces/edges). Its dimension depends on the formulation and
corresponds to the number of nodes on I' UT'y or on I'. More precisely

DNef

dim(1) = ngq Z nf_
k=1
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where n.: is the number of element faces/edges in the mesh skeleton and n%_ is
the number of nodes in the k-th face. The number of element faces/edges in the
mesh skeleton always includes those on the interior, i.e. those belonging to T
But, depending on the formulation used, n.s also includes the faces/edges on the
Neumann boundary, I'y.

The HDG formulation solves the problem in Equation (3.4) in two phases,
see [12-16,19,30]. First, an element-by-element problem is defined with (L, wu,
p) as unknowns, and then a global problem is set up to determine the traces
of u, denoted by @, on the element boundaries. The local problem determines
L; := Lig,, u; := ulg, and p; := plg, for i = 1,...,ne with a new variable u
along the interface I' acting as a Dirichlet boundary condition. There are however
several options for the detailed implementation. They are presented and discussed
in the following sections.

3.3 HDG formulation

HDG formulation is applied to the strong form given in Equations (3.4), which
is a first order system of partial differential equations over each element. This is
the classical formulation and can be found in series of papers, see [14-16,19, 30].
As seen in section 3.2, in the HDG scheme, the global unknowns are restricted to
the mesh skeleton, more specifically,on I' U 0€). Velocity and pressure on the mesh
skeleton characterizes the complete problem, as a result of which, once velocity
and pressure are know on the mesh skeleton, they can be obtained everywhere
else.

The velocity field on the mesh skeleton is denoted by w(x) and it is unknown
everywhere except for the Dirichlet boundary. To determine velocity gradients,
velocity and pressure (i.e. L, u and p) inside every element €Q; the velocity & on
0); is imposed (assumed known). In the HDG method, first, the local element-by-
element problem with Dirichlet boundary conditions is defined. Second, a global
problem is defined to determine w. The following two sections give a detailed
description of the strong and week forms of the local and global problems, respec-
tively.

3.3.1 The HDG local problem

For the strong form of the problem defined in Equation (3.4) and the definitions
on the mesh skeleton (u, p;), a local element-by-element Stokes problem can be
defined for each element. It comprises of the first three equations in Equation
(3.4), which are already described element-by-element, along with the velocity
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conditions along the mesh skeleton, w. Thus the local problem equations are,

L+Vu=0 in€;, fori=1,...,ng
V.-(vL+pl)=s inQ;, fori=1,..n4
V-u=0 in€;, fori=1,.. ng (3.6)
U =up on 0$2; N T'p,
u=1u on@Qi\FD.

Note that the local problem is a Dirichlet problem. Therefore, pressure is
known up to a constant. There are several choices to remove this indeterminacy
but here the mean pressure, p; on the element boundary is imposed, namely

/ pdl'=p; fori=1,.. 1. (3.7)
o%;

It is worth noting that @ is imposed in the local problem assumed as known.
This allows this problem to produce an element-by-element solution L;, u; and
p; as a function of the unknown @ € Lo(I' UT'y) in each face. Note that these
problems can be solved independently element by element. However, since w is
actually an unknown, in order to ensure the well-posedness of the local problem,
it is essential to establish that the net flux of @ is zero in each element. This is
the so-called compatibility condition and it is defined as

up-ndl + / w-ndl =0. (3.8)

o;NI'p ou\I'p

for i = 1,...,ns. This condition, which is incorporated in the global problem, also
ensures the solvability of the global problem. This will be clear in the next section.

The weak problem associated to Equation (3.6) and (3.7) becomes: find (L, u, p)
in the appropriate functional spaces for ¢ = 1, ...,n.; such that

(G,L)o, — (V-G,u)g, = — < V-G, 0 >p0\r, — < V-G, up >s0,nrp, VG
—(Vv,vL)q, — (V -v,p)o,+ <v,n- (VL + pI) >s0,= (v, 8)q,, You
—(Vg,u)g, = — < ¢, U1 >p0,\rp — < ¢ UD - T >0, s Vq
<p,1>a00,= pi

(3.9)

where the test functions (G,v,q) belong to the corresponding functional test
spaces, and the unknown velocity w along 9€2;\I'p has been replaced by the the
velocity along the mesh skeleton @ as indicated by the fourth equation in Equation
(3.6).
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It can be seen that the second equation in Equation (3.9) requires integration
of (vL+pI) along the element boundary. For this, it is standard in HDG to define

the trace of the fluxes, denoted by (Vﬁ)I ), as follows:
—_— - (vL I — NI
n-(vL)+ pl := n- (L +pl)+7(u ’lfD) ond2; N p (3.10)
n-(vL+pl)+7(u—u) elsewhere

where 7 is stabilization parameter. The selection of this parameter has an impor-
tant effect on the stability, accuracy and convergence properties of the resulting
HDG method. This has been discussed and analyzed for a large number of prob-
lems by Cockburn and coworkers, see, for instance, [12-16,19]. Also, it has been
proved in past papers that 7 ensures the superconvergence of the post-processed
solution, see [31,32].

The weak problem presented in Equation (3.9) is rewritten for the discrete
spaces and each term is identified with the corresponding part in the final system
of equations. The equation thus obtained characterizes the so-called local problem
for the strong form given in Equation (3.6), after substitution of the numerical
fluxes defined in Equation (3.10) into the weak form presented in Equation (3.9).
This is presented in Equations (3.11). This local problem is solved for each element,
that is, for i =1, ...,ns

ArrL; A,y Arat;
75 h Y h Y Ah Y
(G,L )QZ —(V . G,U )QZ =—<n- G,u >o0\T'p
(3.11a)
fr,
—<n-G,up >s0,nrp:
AuLLi Auuui
EV L h - h h
v,vL")q,— <v,vn - L" >y, — <v,7U" >pg,
A%Pi Aujzﬁi
+ZV-'U h) ~ - N 7 s (3.11b)
D)o, — < U, PN >pg, = — <V, TU >90,\T'p
fu
— <V, TUDp >HQ,nT'p —(’U,S)Qi
A,jiui Aiﬁﬁ’b fp
(Vg,u")g, =<gq,n-u >o0,\lp T < ¢, T - UD >o0,n'p;
AppP;
(3.11d)

h
<p 71>89i:pia

These equations allow to determine the coefficients characterizing (L;, u;, p;)
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as functions of (1, p;), and the system shown in Equations (3.11) becomes:

L. fL AL’& ngdnen,l
Al w b= £, + Aui u; + Oasnn,t Pis (3.12)
. fp A'pﬁ Oneml
Pi 0 ), Otnme, /. 1

for i = 1,...,n, where

ALL ALU 0 2

N 4Nen,Nen

AuL Auu A

A, = u
7
Onenyngdnen A'pu Onen
01020, O1nune. App i

For implementation purposes, some auxiliary vectors are defined. Equations
(3.12) can be written as

L;
u; :zf—i-Zfﬁi—l—zfpi, fori=1,...,ne1, (3.13)
P;
where
fr AL@ Ongdnen,l
f A
A=Ay b ozoar| A and 7 = Af { Oneonert
f, Ay Op.. 1
0 . 01 neanen /. 1

7 7 7

Here A} are generalized inverse of the rectangular matrix A; satisfying the fol-
lowing properties:

(1) Matrices A} of dimensions ((nzdnen—i—nsdnen—l—nen), (02 nen + NggNen + Nen + 1))
are generalized inverse of A; as © = Ajy is a solution to the equation
A,x = y for any y such that the equation A;x = y is consistent,

(2) Matrices A; and A satisfy the condition A;AA; = A,

(3) A A is idempotent and R(A;A]) = R(A;) or R(AA;) = R(A;) where
R(-) denotes the rank of the matrix,

fori=1,... n4.
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3.3.2 The HDG global problem

The local problem described in the previous section for each element allows to
represent the approximations (L;,u;, p,;) in terms of the velocities on the mesh
skeleton, 1;, and a vector of boundary mean pressures p;. The global problems,
which will be dealt with in this subsection, are used to determine the aforemen-
tioned variables, 01; and p;. The global problem is constructed imposing continuity
of velocities and fluxes along the mesh skeleton, which are the so called trans-
mission conditions, the Neumann boundary condition and the element-by-element
compatibility condition. The transmission conditions were already introduced in
(3.4) to ensure inter-element continuity when the broken computational domain
formulation was presented,

[u®@n]=0 onl,
{[[n~(—pI+uL)]] =0 onl

Note that the first equation in the transmission conditions imposes continuity of
u along I'. But w = w on I' as imposed by the local problems in Equation (3.6).
Hence, continuity of the primal variable, [u ® n]] = 0, is imposed automatically
because © is unique for adjacent elements. In summary, the global problem is
simply

{ [[n . (—pI + VL)]] =0 on F, (314)

n-(vL+pl)=—-t only,

with the compatibility condition

/uD-ndF+ / uw-ndl=0.

oQ;N'p 8Q1\FD

The discrete weak form equivalent to this global problem becomes: find 4" €
M" and p € R® such that

( Nel

Z{ < pu,mn- (VLh +phI) >0\ + < l'l’aTuh =00\
=1

Nel
< h h
— < K, TU >0,\T'p }:— E < p,t >p0,nr N VMEM
=1
~h .
L <n-u',l >o0\[p= — <M+ up, 1 >00NTp for i = 1,...,ng.

These equations allow to identify the different terms, that will contribute to
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the final global system of equations.
(Aar)iL; (A{mj\)iui (Agp)ip;

Nel y N ~ ~ N\
h h h

=1
(Aai)iﬁi (fa):

e ™~

Nel P
/‘h 7 N
—< MK TU >8Q¢\FD } = - Z < Mat > 9Ny 5
=1

(3.16a)

(Bpa) it (£):
la ~ 7\

~h - ™ .
<n-u',1>s0,\r, = — <n-up,l >s9,r, fori=1,...,n..
(3.16b)

which can be written in matrix as

Nel LZ Nel
D ABiS w o+ (Al p = {fa) (3.17a)
i=1 P; i=1
(apﬁ)ﬂli = (fp)z fori = ]., coy Doy, (317b)

where
Bi = [ AQL A{m Aﬁp L for i = 1, ey Ney.

This equation clearly identifies the element-by-element contributions of dif-
ferent matrices and vectors. Upon introducing the local solution (see Equations
(3.13)) into Equations (3.17a), we get

Nel Nel

> {Bz‘{zf + Ziu; + Zippi} + [Adal; ﬁ,} => {fi};.
i=1

=1

which can be written as
Nel Nel

S { [BZ' + Asal i + Bizfpz-} = { (£}, - Bizf}.

i=1 i=1

Therefore, the elemental contributions to the global system

KU =1f (3.18)
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are
o = [ BZf+ Ay Bz’ o [ f, — Bz
K Z:A1 A, 0 L’ f zA1|: £, L'

It is very clear that the global system is a non-symmetric matrix. Nevertheless,
this system has only velocity as unknowns on the mesh skeleton, 0€;\I'p, and
one unknown mean pressure per element. It is worth noting that the number of
nodes on the mesh skeleton depends on the degree of the polynomials used for
approximation, and this number is significantly lower than the number of nodes
per element for higher values of the degree of the interpolation polynomial. Since
the HDG method is a high order method, this feature is a huge advantage for
the method. Also independent of the degree of the approximation polynomial
for pressure, there is only one unknown pressure that has to be computed in each
element in the global problem. Thus using a high degree approximation polynomial
will be advantageous for the HDG method.

3.3.3 Local postprocessing for velocity

The solution of HDG problem defined in Equations 3.18 and 3.12 computes the
numerical solution for both w and L with optimal rate of convergence k+ 1 in L,
norm. This is because the polynomial used to approximate both these variables
are of the same degree. It is known that L, which is the gradient of velocity, will
in reality be one degree lower than wu, if u was to be a polynomial function. This
cognizance is used to develop the concept of superconvergence using local postpro-
cessing, which was proposed in [13,36,37]. Local postprocessing can be used to
obtain a superconvergent solution for velocity, namely w*. This is achieved by solv-
ing the following equations element-by-element, thus proving be computationally
inexpensive.

(3.19)

V.-Vu*=-V- L in €2;,
n-Vu*=-n-L on 0f);,

with additional constraint

/u*dQ:/ ude, (3.20)

where u* € P*1(Q;) and k is polynomial degree of approximation for both w and
L. The weak form of the problem can be written as,

(V’U, V’U/*)QZ = —(V'U, L)QZ Vv € Pk—H(Qi), (321)
(V'LL*, 1)Qi = (Vu, 1)91.. (3.22)

u* converges asymptotically at a faster rate of k + 2 in £5 norm for uniform
degree of the approximation polynomial k.
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3.3.4 Neumann local problems

It is possible to further reduce the number of variables that need to be computed by
solving the global system. This can be done by a minor modification of the previous
formulation which will induce a smaller global problem. It involves prescribing the
Neumann boundary conditions already in the corresponding local problem. This
modifies the original strong forms in Equations (3.6) and (3.14) into the HDG local
and global problems as

( L+Vu=0 in€;, fori=1,.. ng
V.-(vL+pl)=s inQ;, fori=1,..n4
V-u=0 in(;, fori=1,...,nq

u = UuUp on 892 N FD, (323)

n-(vL+pl)=—t on 0€); N Ty,
u=1u on o NI,

\

with the mean pressure, p; on the element boundary imposed in those elements
where the local problem is of Dirichlet type,

/ pdl' = p; WQ, | 09, N Ty £ 0. (3.24)
00,

and
[n-(vL+pI)]=0 onT. (3.25)
with the compatibility condition
/ up-ndl + / w-ndl=0 VQ;|0Q;,NTy #0.
oQ;NC'p 8Qi\FD

It also implies a new definition for the numerical traces of the fluxes, thus Equation
(3.10) becomes

—t on 891 N FN
n-(vL+pl):=<n-(vL+pl)+7(u—up) ond$; NT'p (3.26)
n-(vL+pl)+71(u—u) elsewhere

Upon performing all the steps shown in subsections 3.3.1 and 3.3.2, the local
and global problems in the discrete space for the Stokes problem for the Neumann
formulation are as follow
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A%Li A[ﬂui
(G, Lh)QZ —(V -G, ’th)Qi—i‘ <n-G, u” >00;NT v
A%ﬁi f;é
=—<mn-: G, il,h >8Qi\aQr_ <n- G,’U,D >8QimF;, (3.27&)
AHJELZ' AuAuui
(Vo,vLMg,— <v,vn - L" >p0.ry — <v,7u" >s0,1y
AupP; Al
+ (V . 'U,ph)gi— < v,phn >6Qi\1“N =—<w, Tﬂh >8Qi\3Q

fy
A

— <V, TUp >sq,nrp — < ’U,t >00,NT N —(’U, 3)[21, (3.27]3)

Apu u;
A

“ h h
(ti u )Ql_ < q, n-u >6QmFN

Apat; :,
_ < g.n-a" >agi\3;—|—'< q,m- uj,; >00,1T'p » (3.27¢)
appP;
<p" 1 >0, = pi, (3.27d)
and
. (o)L (Aay)iu;
Z { < w,vn - L") >8Qi\8(;+,< w, Tu” > 00:\00
. (Aay)ip; (Aag)it
<, p'n >aQi\ag;r— < p, TU" >50,\09 } =0 (3.28a)
(Bpa) it (Fp)i
“n-a"1>mmrp == <71 up 1 Soanr fori=1,.. 0. (3.28b)

Equation (3.27) is the weak form of the local problem in Neumann formulation
while Equation (3.28a) is the first equation of the global system. Note that, in
this case, the dimension of @ corresponds only to the degrees of freedom along
the interior skeleton I', which is slightly smaller than in the previous case where
unknowns had also to be determined along the Neumann boundary. In terms of
computation time this formulation is slightly more advantageous.




Chapter 4

Spatial discretization and degree
adaptivity

4.1 Spatial Discretization

This section is dedicated to the presentation of details of techniques employed
during the discretization of the spatial solution domain. Two different formula-

tions are used for the spatial discretization namely, the standard isoparametric
formulation [38] and the NURBS-enhanced finite element method (NEFEM) [24].

4.1.1 Isoparametric formulation

In this formulation, the interpolation functions and their derivatives are defined
in a reference element with local coordinates & = (1, &2, &3) and the isoparametric
transformation is used to relate local and Cartesian coordinates, namely,

DNen

x(§) = Z%Ny‘(ﬁ), (4.1)

where x; denote the elemental nodal coordinates at node j, while N; is the shape
function associated with node 5. When using an isoparametric formulation for
spatial discretization, the primal variable w, the dual variable L, pressure p, and
the hybrid variable w appearing in the HDG formulation of Stokes equations are
all interpolated in this manner as,

Nen

u(z) ~ u'(x()) = Zuij(E),

DNen

L(@) = L' @(§) = _ L;N,(6).

26
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Table 4.1: The reference elements of order k, their approximation spaces and the
dimension of these spaces [39)].

Element Approximation space Dimension

Triangle P&, &) = 8¢ a+b < k sk+1)(k+2)
Quadrilateral Qg (&1,&) = €9¢8,a,b < k (k+1)?

Tetrahedron — Py (&1, &, &) = £885¢5,a+b+c < k Sk+1)(k+2)(k+3)
Hexahedron — Qg(&1, &, &3) = £865¢5,a,b, ¢ < k (k+1)3

Prism Pr(&1,&2) @ Pr(&s) s(k+1)%(k+2)
Pyramid Pi(€1,62,63) © Yoy (%)r_k Pe(&1, &) §(k+1)(k+2)(2k +3)

DNen

p(x) = p"(x(€)) = ijNj@%

Dfn

() > 4 (2()) = Y aNi(6),

where u;, L;, p; and @, are nodal values of the respective variables.

Triangles and quadrilaterals are employed to provide a consistent discretization
of the spatial solution domain, €2, for two dimensional problems. In three dimen-
sions, consistent meshes consisting of tetrahedra, hexahedra, prisms and pyramids
are used. Apart from the pyramid, which requires special attention, optimal nodal
finite elements of arbitrary order are readily defined for all these shapes [39]. For
the pyramid, a recently proposed approximation space [40] is adopted. This space
is well suited for discontinuous approximations and is optimal, i.e. the a priori
error estimate is O(h*!) in the £, norm. The approximation spaces that are
employed are summarised in Table 4.1.

In two dimensions, a Fekete nodal distribution is adopted for the triangle [41]
and a tensor product of one dimensional Fekete nodal distributions for the quadri-
lateral. In three dimensions, the nodal distributions proposed in [42] for the tetra-
hedron and in [40] for the pyramid are used. A tensor product of one dimensional
Fekete nodal distributions is used for the hexahedron and a tensor product of
triangular and one dimensional Fekete nodal distributions is used for the prism.

4.1.2 NEFEM formulation

This formulation considers nodal polynomial interpolation in each element, see [24]
for more details. To ensure reproducibility of polynomials in the physical space,
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NEFEM approach defines the approximation directly with Cartesian coordinates,
x.

The solution domain is considered as an open bounded domain €2, whose bound-
ary 0f), or a portion of it, is parametrized by NURBS curves in 2D, is considered.
For more information on curves, see Appendix A. In 2D every NURBS is assumed
to be parametrized by

C :[0,1] — C([0,1]) C 9Q C R*.

A regular partition of the domain Q = U. Q. in simplices is assumed, such that
QN =0, fori # j. As customary in FE mesh generation codes, it is considered
that every curved boundary face belongs to a unique NURBS. As a result of this
assumption, one element face can not be defined by portions of two, or more,
different NURBS. It is, however, worthwhile to note that the piecewise definition
of each NURBS is independent on the mesh discretization. Thus, within one face,
the definition of NURBS parametrization can change, that is, there is no necessity
for the edges of elements to coincide with knot lines. Note that special attention
must to be paid to the numerical integration over elements affected by the NURBS
boundary representation upon allowing changes of NURBS parametrization to be
independent on the spatial discretization.

When an element does not have any edge or face in contact with NURBS bound-
aries, it is interpreted and considered as a standard FE in NEFEM. In this work
which involves the integration of the HDG method and NEFEM, these elements
not in contact with exterior curved boundaries are treated as standard isoparamet-
ric elements. Therefore, in the bulk of the domain, interpolation and numerical
integration are typical of isoparametric HDG, preserving the computational ef-
ficiency of the HDG method. Specific numerical schemes for interpolation and
numerical integration are required only in those elements influenced by NURBS
boundaries.

4.1.2.1 Curved elements

In NEFEM, curved elements are characterised in terms of the NURBS boundary
representation of the domain. The formal definition of curved faces and elements
in a NEFEM mesh is given in this section.

Let I'. be an edge on the NURBS boundary parametrized by C, and x;, x5 €
0f) the two vertices on the NURBS boundary, see Figure 4.1. The edge is defined
by

L= C([)‘iu A2, ])7

where A and A§ are the parametric coordinates (in the parametric space of the
NURBS) of the end points of ..
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Figure 4.1: Parametrization of a curved triangular element with a edge on the
NURBS boundary [24].

A curved triangular element with an edge on the NURBS boundary is defined
as a convex linear combination of the curved NURBS edge and the interior vertex.
For instance, element represented in Figure 4.1 is parametrized by

¥:R— Q..

(\) = (N, 0) = (1 = 9)C(N) + Vs, (4.2)

where R = [A{, XS] x [0, 1] and @3 is the internal vertex of T, see Figure 4.1.

4.1.2.2 High-order approximation in curved elements

In this work we propose to use a Cartesian approximation for the variables u, L
and p, namely,

DNen

u(@) = u'(2) = Y uNj(@)

DNen

L(z) ~ L"(x) = ZLij(w)a

DNen

p(x) ~ p'(x) = ijNj($>7

where u;, L; and p; are nodal values of the respective variables and N; are polyno-
mial shape functions (Lagrange polynomials) of order k in . This is in contrast to
isoparametric FEM or p-FEM, where the approximation is defined in a reference
element. However, in their cases, as opposed to NEFEM, the definition of the
polynomial basis for high-order curved elements does not ensure reproducibility of
polynomials in the physical space.
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The computation of Lagrange polynomial basis is made more systematic, for
any degree and for any distribution of nodes, by expressing the Lagrange polyno-
mial basis {N;(x)}}=, for a given nodal set with coordinates {x;}7= in terms of

j=
DNen

the polynomial basis { Pj(x)}}e, as

DNen
Ni(@) = S [V P@), (43)
1=1

where the multidimensional Vandermonde matrix is defined as Vj; := P(x;),
for j,l =1,...,ne, [24].

A number of options can be considered in order to define a nodal distribution
in €).. One can make use of an equally-spaced nodal distribution, or a distribution
adapted to curved boundaries. Nodal distributions adapted to curved boundaries
do not represent any implementation advantage in the case of HDG method as
boundary conditions are imposed in weak form, as usual in DG formulations.
However, from [24] it is clear that adapted distributions of nodes induce an im-
portant reduction on condition number, even though a specific nodal distribution
has to be defined for each curved element.

The approximation for @ is defined on a reference space, namely,

Dfn

a(@) = " (@(N)) = Y a;N5(€),

where u; are the nodal values of w. The interpolation function N defined on
a reference edge is mapped to the physical space using the NURBS boundary
parametrization C'. Let I', be an edge on the NURBS boundary parametrized by
C, and x, x5 € 0°), the two vertices of the NURBS boundary. The edge is given
by

L= C([)‘iv )‘;])7

where \{ and \§ are the parametric coordinates (in the parametric space of the
NURBS) of the end points of I'.. Furthermore a second mapping, which is a linear
transformation, is used to relate the parametric space [, A§] to the reference face
[—1,1]. Thus the face I, is parametrized as

o:[-1,1] — [A\[,A5] and C: [}, \j] — T,

z(A(§)) = C( <12j) A+ (1245) Ag).

with
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The reason for choosing to define @ is as follows. In an isoparametric formu-
lation, any variable can be fully described along an edge using the values of that
variable on the nodes lying on the edge. In other words, at a quadrature point
for integrating along the edge, & can be described fully as a function of w’s on
the nodes on the edge. This is not true in the case of quantities with Cartesian
approximation in the NEFEM formulation. In this case, a variable at a point on
the curved edge will be a function of the values of the quantity at all the nodes
of the element. As a result of this, upon using a Cartesian approximation for u,
the number of degrees of freedom of u along any curved edge will be equal to ne,
instead of n¢,, which will result in an increase in the size of the global system. In
order to overcome this problem w is defined in the reference space, thus ensur-
ing that the number of degrees of freedom of w along any edge, both planar and
curved, will be equal to ng,.

4.1.2.3 Numerical integration in curved elements

From the weak form of the problem it can be seen that integration has to be per-
formed over element faces/edges and in element interiors. In elements that do not
have an edge or face in contact with NURBS boundaries, integrals are computed
using standard procedures. For an element 2. affected by the NURBS boundary
representation, it is necessary to design specific quadratures. In addition, while
defining suitable quadratures accounting for changes of NURBS parametrization
within an element face/edge, it is necessary to pay special attention.

Numerical integration on curved faces/edges (line/surface integrals, usually re-
lated to the implementation of natural boundary conditions or to flux evaluation
over the face in a DG context) and in curved elements (volume integrals) is pre-
sented in [24]. This section gives a brief summary of the same.

A line integral to be computed along a curved boundary edge given by a
trimmed NURBS, T'. = C([\{, \§]), is written as

/F fai= A; FCN) [ Te(W)] dA,

where f is a generic function (usually polynomial), and ||J¢|| denotes the norm
of the differential of the NURBS parametrization C (which, in general, is not
a polynomial). In order to numerically compute the integral, a 1D numerical
quadrature is used, namely

Nip

| fdlx Zf ) 1Je (Xl wi, (4.4)
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where A; and w; are the coordinates and weights of the n;; integration points
in [, AS).

Since a NURBS parametrization, C, is a piecewise rational function whose def-
inition changes at the breakpoints, it is important that an independent numerical
quadrature be considered for each one of the intervals between breakpoints. This
is to take into account the discontinuous nature of the parametrization.

A very detailed explanation contrasting simple Gauss-Legendre quadratures
and composite quadratures is provided in [24]. The number of integration points
needed to integrate all the polynomials of degree less or equal to 2p, when a
polynomial interpolation of degree p is considered in the NEFEM context, increase
slightly for simple quadratures, when the desired accuracy is increased from 10~°
to 107°. On the other hand, a similar increase in accuracy leads to a higher
increase in computation cost in case of composite quadratures. However in [24],
the authors also mention that the use of composite rules is very attractive as it
allows the error to be controlled in a straightforward manner.

In NEFEM, there is also a necessity to compute integrals in an element €2, with
one edge I'. on the NURBS boundary, see Figure 4.1. Using the transformation in
Equation (4.2), element integrals are computed as

| rig= [ @O0 130 0) dxas,
Qe R

where |Jy| is the determinant of the Jacobian of the transformation . The
integral can be evaluated using 1D Gauss-Legendre quadratures in each direction
as

/Q FAQ =Y N f(&i) [p(Ni V)| wit;. (4.5)
e i=1 j=1
where n;, and m;; are the number of integration points in A and ¥ directions,
respectively, &; == (), 9;), and {\;,w; } 1.7, and {¥;,; }31:1 are the 1D quadrature
points and weights for [A{, AS] and [0, 1] respectively.

4.2 Degree adaptivity

Previous papers have highlighted the effectiveness of high-order HDG computa-
tions for fluid problems compared to low-order approximations [31,32]. High-order
elements provide better accuracy for the same computational cost, or require less
computational cost for a desired accuracy level. However, the discontinuous char-
acter of the solution in the HDG method opens the path to a further optimization:
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p-variable computations, that is, increasing the polynomial degree only where more
accuracy is needed.

Typically, adaptive procedures start from a discretization designed to exploit
the a priori knowledge of the solution (for example, the presence of boundary
layers) and to accurately represent the geometry of the domain. Then, adaptivity
automatically adjusts the elements locally, relying on error indicators or error
estimators computed from the solution itself, in order to provide the necessary
spatial resolution and to accurately capture the solution as it evolves.

In this section, a p-adaptive HDG method for Stokes flow problems is proposed.
A simple and reliable error estimator is derived exploiting the superconvergent
post-process of HDG. Since this involves only element-by-element computations
the computational cost of the error estimator is significantly smaller than the cost
of computing the solution. The error estimator drives the automatic update of
the approximation degree in each element, which is aimed at obtaining a uniform
error distribution below a user defined tolerance. The adaptive process is also very
fast compared with the computation of the solution as no mesh topology changes
are introduced. Despite the simplicity of the proposed error estimator and the
adaptive technique, high accuracy computations are obtained.

4.2.1 Error estimation and adaptive strategy based on Richard-
son extrapolation

The use of a posteriori computable error estimates to drive an automatic adaptive
process is nowadays a common practice to control the accuracy of the computation
and to ensure the quality of the FE solution [46]. Error indicators and error
estimators are the two different approaches can be used for assessing the error [47].
Error indicators are cheap to evaluate but are designed for specific problems and do
not provide error bounds while error estimators are more accurate and can be used
in linear and nonlinear problems [48] and can even produce bounds of the exact
solution [49-52]. However, a posteriori error estimators have a computational
overhead [53] when recovery techniques are used [54] or when equilibrated fluxes
must be computed ,and also in flux-free implementations [50]. Therefore, the
superconvergent postprocess inherent in HDG is a important asset, which can be
readily employed to estimate the error.

4.2.1.1 Richardson extrapolation based size update for h-adaptivity

Based on a priori error estimate, the element error estimate is [55]

o, < Chfi““’/2 fori=1,...,ng, (4.6)

||t = unl
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where u is the exact solution, u; is the FE approximation, h; is the characteristic
element size of §2;, k; is the degree of approximation, C'is a constant that depends
on the element distortion and a measure of the derivatives of the solution u. In
fact, Equation (4.6), is written assuming that k + 1 derivatives of u in 2 are
regular enough, thus stating that the local seminorm in H™"1(€2;) is bounded by
the global one, H™1(Q), see [55] for more details. The one order higher accurate
postprocessed solution obtained in the HDG method can be used to get a measure
of the error even in the absence of an analytical solution, which is
Suppose we are able to estimate the error, that is, we know,

E; ~ ||u—upl||lq, fori=1,.. 5 ng. (4.7)
From Equations (4.6) and (4.7)
E; < ChF™ 2 fori=1, .. na. (4.8)

The desired error is ¢; at element €2;. If the order of the approximation poly-
nomial is not modified, in order to get the desired order of convergence of k; + 1,
the size of the element should be h; to get

~ki+4nsa/2

&; S Chz fori = 1, ceey gl (49)

Equations (4.8) and (4.9) are inequalities as the constant C' cannot be deter-
mined accurately. It is only possible to determine the upper bound of C as a
measure of k + 1 derivatives of u. Accounting for the worst case, where C' is equal
to its upper bound, Equations (4.8) and (4.9) can be considered as equalities.
Dividing (4.9) by (4.8), we get

f/; k)z‘+nsd/2
Si_ (h_> fori=1,.. ng, (4.10)

from which the expression for f/L\, can be written as

N e\ kit nsar)
hz:hz <EZ) for s = 1;---,nel- (411)

Equation (4.10) can be further simplified. In case an element is subdivided into
smaller elements with subelements of equal characteristic size, h; can be written
in terms of h; as

hy = hif; fori=1,.. 10y, (4.12)
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where, f; is the factor by which size of h; is changed (Note that f; < 1 when an
element is divided into smaller subelements). f; can be computed independent of
the size of the element as

c. L/(ki + nga/2)
fi= (EZ) fori=1,...,nq. (4.13)

4.2.1.2 Extending Richardon extrapolation to obtain order update for
degree adaptivity

The path followed in 4.2.1.1 involved modifying the size of the element in order to
obtain results with error smaller than the desired error. An alternate approach to
this would be to modify the approximation polynomial, maintaining the size of the
element in order to achieve the objective of obtaining solutions with errors smaller
than the desired error in each element. Equation (4.9) will then be modified as

i < CRFHART 2 for i — 1 .. ng. (4.14)

where Ak; is the change in the approximation polynomial for each element in order
to maintain the error within the desired value.

Following the same sequence of operations as followed in section 4.2.1.1, the
expression for Ak; can be obtained as

Ap 1o (/)

log (h;)
Since polynomials are used to approximate the solution it is necessary to ensure
that the change in the order of approximation of the polynomial in every element
is an integer. Taking this into account, the expression for Ak; is modified as

Ak = {Mw fori=1,...na. (4.15)

fori=1,...,nq.

log (hi)

where [-] denotes the ceiling function, that is, a function that maps a real number
to the smallest following integer.

4.3 Caveats concerning implementation

4.3.1 Ensuring compatibility of numerical integration along
faces/edges

In the case when varying orders of approximation are used in elements of the solu-
tion domain, approximating the trace of velocity, @, on the shared faces (edges in
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2-D) with the correct order is important to ensure optimal convergence. Thus, on
a face shared by two elements with differing orders of approximation polynomials
in them, @ is interpolated using the polynomial whose order is greatest of the two.
As a result of this care must be taken while integrating terms involving any of the
local variables, L, uw or p, and the global variable .

For clarity, consider two neighbouring elements, €2; and {25, sharing a face I'y5.
The orders of approximation used in €2; and 25, respectively, are k; and ko, with
k1 > ko. On face 'y, u is approximated using polynomial of order k;. While inte-
grating functional composed of local variables and @ on I';5 to compute elemental
contributions of 25, care must be taken to ensure that the quadrature points chosen
are the ones that are capable of exactly integrating functional involving product of
polynomials of degree k;. It is a general practice during implementation to evalu-
ate the interpolation functions and their derivatives only at the quadrature points
required to exactly integrate polynomials of the order of the interpolation function.
However, from the above discussion, it is clear that interpolation functions of order
ko must be evaluated at the quadrature points required for integrating polynomi-
als of order ky. In general, in the case when varying order of approximation are
used in elements of the solution domain, there is a necessity to evaluate lower or-
der interpolation functions at higher order quadrature points to ensure compatible
numerical integration. This is quite important in the context of p-adaptive mesh
refinement as this process results in a mesh with varying order of approximation
within its elements.

4.3.2 Ensuring geometrical compatibility in meshes with
curved elements

When p-adaptive high order isoparametric formulation is used for meshes with
curved edges, in addition to ensuring compatibility during numerical integration,
establishing geometrical compatibility of shared faces and edges (only edges in
2-D) is also crucial. In isoparametric transformation, the nature of a curved face
is decided by the order of the basis functions used for defining the isoparametric
transformation used to relate the local and Cartesian coordinates. For instance
in 2-D, basis functions of k£ = 3, results in an curved edge which at most a cubic
curve. Further, upon increasing the order of the approximation polynomial in the
element containing this curved edge during p-adaptivity, new nodes are placed
along the cubic curve without changing the nature of the curve. However, upon
reducing the order of the approximation, the nature of the curved edge changes.
The curved edge becomes a parabola or a straight line upon reducing the order to
k = 2 or k = 1, respectively. Thus, the situation of geometrical incompatibility
arises only when the order of approximation in a neighbouring element goes lower
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than the initial order of approximation used.

Geometrical incompatibility of the mesh, arising as a result of lowering the
order of approximation in one of the elements below the initial order, is fixed by
changing the nodal coordinates of the faces and edges shared by all the neigh-
bouring elements with this element. The changed nodal coordinates will ensure
the position of nodes on faces and edges shared by elements are same when seen
from any element. This, in fact, results in a modified definition of the isopara-
metric transformation relating the reference space of the face/edge to its physical
coordinates. Even though the order of basis functions used in the transformation
to relate elemental reference coordinates to physical coordinates is higher in the
neighbouring elements, the modified nodal coordinates of the shared face/edge will
ensure that the Jacobian of the transformation of this face/edge is the same when
seen from any element containing it.

Once the geometrical compatibility of the mesh has been ensured, it becomes
imperative to ensure perfect placement of the interior nodes in elements with
k > 3 so as to obtain optimal rates of convergence of the variables. Previous
studies [24,25] have proved that the position of the interior nodes greatly influences
the rate of convergence in high order methods. Incorrect placing of these nodes will
result in a loss of high order accuracy of the methods and the rate of convergence
obtained will always be 2 [24,25], irrespective of the order of the approximation
function. This is fixed by considering a linear elastic model to deform the modified
mesh, hence an a posteriori approach [43].

The equation governing the static deformation of a linear elastic medium, §2,
with closed boundary I, is considered in the form

V-o=0 inQ,, (4.16)

where the sub index e represents the elements whose faces/edges have been mod-
ified for geometrical compatibility of the mesh. The stress tensor is given by

o = Atr(e) + 2ue, (4.17)

where ¢ is the deformation tensor and A and p denote the Lamé coefficients for
the medium. This constitutive relation is often expressed, alternatively, in terms
of Young’s modulus E and Poisson’s ratio v for the medium [44,45]. The solution
to Equation (4.16) is sought subject to appropriate boundary conditions. In the
current context, these conditions will be zero displacement up on the face nodes.
The elastic parameter values £ = 10 and v = 0.49 are used as it has been found
that this combination allows the minimum scaled Jacobian to be maximised and, at
the same time, allows the condition number of the linear system to be minimised
[43]. Thus by elastically deforming the elements whose faces/edges have been
modified will ensure accurate placement of the interior nodes.




Chapter 5

Numerical examples

5.1 Validation of HDG for Stokes equations

The first set of examples are performed in order to validate the code written to
solve Stokes’ equations using the HDG method. Validation of the code is done
using convergence plots for both the 2-D and 3-D cases. In both these cases, the
workability of the code is shown for both the classical and Neumann formulations
of HDG, and also for meshes with different types of elements, namely, triangles
and quadrilaterals in case of 2-D, while tetrahedrals and hexahedrals in case of
3-D. Finally results obtained using hybrid meshes comprising of multiple element
types are also shown.

5.1.1 The 2-D case

In order to illustrate the results of HDG for Stokes equations for a 2-D case, the
model problem in (3.1) is solved in € :=]0, 1[x]0, 1[ with 'y = {(z,y) € 0QJy = 0}
and I'p = 0Q\I'y. The source and boundary conditions are taken such that the
analytical solution is given by

w— (Qay — b exp(—Ay) Cos()\m))
bA exp(—Ay) sin(Azx)

and
p = 0.

This test case, proposed by [56], is used to test the performance of the HDG
for a two dimensional flow that presents a boundary layer type behaviour. The
coefficients appearing in the analytical expression of the velocity are set to a = 1,
b =1 and X\ = 10, leading to large variations of the velocity at the bottom of the
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computational domain. The problem is solved in meshes with triangular elements,
quadrilateral elements and those containing a mixture of both kinds of elements.

5.1.1.1 Meshes with triangular elements

(a) Mesh 1, k=4 (b) Mesh 2, k=3
(c) Mesh 3, k=2 (d) Mesh 4, k=1

Figure 5.1: Two dimensional triangular meshes.

Five computational meshes are considered with characteristic element size, h, equal
to 1/2\/5, 1/4\/5, 1/8\/§7 1/16\/§ and 1/32\/5 respectively and the order of the
approximation, k, in each mesh, is increased from k = 1 to k& = 4. Figure 5.1
shows the first four meshes with the nodal distribution corresponding to a degree
of approximation k = 4, k = 3, k = 2 and k = 1. The total number of elements and
global degrees of freedom in each mesh and for different degree of approximation
is summarized in Table 5.1.

Figure 5.2 shows the numerical solution for velocity and pressure computed
with quadratic and cubic approximation, k = 2 and k = 3, in the first and second
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of the meshes shown in Figure 5.1. The postprocessed solution, see Section 3.3.3,
is also represented in each case. It can be clearly observed that postprocessing
offers a significant improvement in the solution.

Table 5.1: Total number of elements and global degrees of freedom in each mesh
with triangular and for different degree of approximation

Ngot

h Ngp k
1 2 3 4

1/2v/2 16 113 153 193 233
1/4/2 64 481 657 833 1009
1/8v2 256 1985 2721 3457 4193
1/16v/2 1024 8065 11073 14081 17089
1/32v/2 4096 32513 44673 56833 68993

An h-convergence study is performed to validate the implementation. The
five meshes described above are considered and the relative error of the numerical
solution u;, and the postprocessed solution w} in the £5(€2) norm, defined as

[ =)~ ) v
up —u) - (up —u) dQ)
llewllea) = | 72 (5.1)

/u'udQ
0

and in the H'(Q) norm, defined as
(1/2)
(Vup — Vu) : (Vu, — Vu) dQ
el @ = lleullzaw + | =2 (5:2)
/ Vu: Vu dQ2
Q

are evaluated in each case.

Figure 5.3 shows the error of the numerical solution and the postprocessed
solution as a function of the element size in logarithmic scale for a degree of
approximation from k = 1 up to k = 4, for velocity, postprocessed velocity (5.3c
and 5.3d) and pressure (5.3a and 5.3b) in both the £5(Q2) and H'(€) norms. The
convergence rates are reported in Table 5.2 showing that, in all cases, the optimal
rate of convergence for the numerical solution u; and pressure p, is obtained,
namely k + 1 in the £5(2) norm and k in the H!(©2) norm. The table also shows




41 Numerical examples

that optimal rate of convergence is obtained for the postprocessed solution wuj,
namely &k + 2 in the £5(2) norm and & + 1 in the H'(Q2) norm.

Finally Figure 5.4 shows the error of the numerical solution and the postpro-
cessed solution obtaned using the Neumann formulation of the HDG method as
a function of the element size in logarithmic scale for a degree of approximation
from k£ = 1 up to k = 4, for velocity, postprocessed velocity (5.4c and 5.4d) and
pressure (5.4a and 5.4b) in both the £5(2) and H'(©2) norms. In this case too the
convergence rates are reported in Table 5.3 showing that, in all cases, the opti-
mal rate of convergence for the numerical solution w;, and pressure p;, is obtained,
namely k + 1 and k in the £5(92) and H!(Q) norms, respectively and the optimal
rate of convergence of k + 2 and k + 1 respectively in the £5(2) and H'(Q) norms
is obtained for the postprocessed solution uj.

Table 5.2: Rates of convergence for the numerical solution of velocity and pres-
sure and postprocessed solution for 2D Stokes problem for meshes with triangular
elements using classical formulation of HDG.

o el le I

u u* P ‘ u u*p
1 20 30 20|11 20 1.0
2 30 40 3.0(21 3.0 20
3 40 50 4031 40 3.0
4 50 60 50]41 50 4.0

Table 5.3: Rates of convergence for the numerical solution of velocity and pres-
sure and postprocessed solution for 2D Stokes problem for meshes with triangular
elements using Neumann formulation of HDG.

o el le Il

u u" p ‘ u up
1 20 30 20|11 20 1.0
2 30 40 30|21 3.0 20
3 40 50 40|31 40 3.0
4 50 60 5041 50 4.0
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4 IS \/ v A B N s . e
(a) Pressure, Mesh 1, k =3 (b) Pressure, Mesh 2, k = 2
(c) Velocity, Mesh 1, k =3 (d) Velocity, Mesh 2, k = 2
(e) Velocity postprocessed, (f) Velocity postprocessed,
Mesh 1, k=3 Mesh 2, k =2

Figure 5.2: Numerical solution for Stokes problem in 2D obtained with two
different meshes with triangular elements.
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Figure 5.3: h-convergence for different degrees of approximation £ for 2D Stokes
problem for meshes with triangular elements using classical formulation of HDG.
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Figure 5.4: h-convergence for different degrees of approximation k for 2D Stokes
problem for meshes with triangular elements using Neumann formulation of HDG.
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5.1.1.2 Meshes with quadrilateral elements
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(c) Mesh 3, k=2 (d) Mesh 4, k=1

Figure 5.5: Two dimensional quadrilateral meshes.

Seven computational meshes are considered with characteristic element size, h,
equal to 1/2, 1/4, 1/8, 1/16, 1/32, 1/64 and 1/128 respectively and the order of
the approximation, k, in each mesh, is increased from £ = 1 to k = 4. Figure 5.5
shows the first four meshes with the nodal distribution corresponding to a degree
of approximation k = 4, k = 3, k = 2 and k = 1. The total number of elements and
global degrees of freedom in each mesh and for different degree of approximation
is summarized in Table 5.4.

Figure 5.6 shows the numerical solution for velocity and pressure computed
with quadratic and cubic approximation, £ = 2 and k = 3, in the first and second
of the meshes shown in Figure 5.5. The postprocessed solution is also represented
in each case. In this case as well it can be clearly observed that postprocessing
offers a significant improvement in the solution.
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Table 5.4: Total number of elements and global degrees of freedom in each mesh
with quadrilateral and for different degree of approximation

Ngot
h Ne k
1 2 3 4

1/2 4 25 33 41 49

1/4 16 129 177 225 273

1/8 64 7T 801 1025 1249
1/16 256 2433 3393 4353 5313
1/32 1024 9985 13953 17921 21889
1/64 4096 40449 56577 72705 88833
1/128 16384 162817 227841 292865 357889

An h-convergence study is performed to validate the implementation. The
five meshes described above are considered and the relative error of the numerical
solution uy, and the postprocessed solution w} in the £2() norm and H*'(Q) norm
are evaluated in each case.

Figure 5.7 shows the error of the numerical solution and the postprocessed
solution as a function of the element size in logarithmic scale for a degree of
approximation from k& = 1 up to k = 4, for velocity, postprocessed velocity (5.7c
and 5.7d) and pressure (5.7a and 5.7b) in both the £5(Q) and H'(2) norms. The
convergence rates are reported in Table 5.5. From the figure and the table it can
be seen that, in all cases, the error in computation is asymptotically approaching
the optimal rates of convergence for the numerical solution wu; and pressure py,
namely k + 1 and k, respectively in the £5(2) and H'(Q2) norms. The table also
shows that the error in the computation of the postprocessed solution u; also
asymptotically approaches the optimal rate of convergence, namely k+2 and k+1
respectively in the £5(2) and H'(2) norms.

Finally Figure 5.8 shows the error of the numerical solution and the postpro-
cessed solution obtaned using the Neumann formulation of the HDG method as
a function of the element size in logarithmic scale for a degree of approximation
from k = 1 up to k = 4, for velocity, postprocessed velocity (5.8c and 5.8d) and
pressure (5.8a and 5.8b) in both the £5(2) and H'(2) norms. In this case too the
convergence rates are reported in Table 5.6 showing that, in all cases, the error
in the computation of the numerical solution w;, and pressure p, asymptotically
approaches the optimal rate of convergence, namely k + 1 in the £5(€2) norm and
k in the H'(Q) norm, while that of the postprocessed solution, w}, approaches its
optimal rate of convergence of k + 2 in the £5(2) norm and k + 1 in the H'(Q)
norm.
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(a) Pressure, Mesh 1, k =3 (b) Pressure, Mesh 2, k = 2
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(c) Velocity, Mesh 1, k =3 (d) Velocity, Mesh 2, k = 2
(e) Velocity postprocessed, (f) Velocity postprocessed,
Mesh 1, k=3 Mesh 2, k =2

Figure 5.6: Numerical solution for Stokes problem in 2D obtained with two
different meshes with quadrilateral elements.
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Figure 5.7: h-convergence for different degrees of approximation k for 2D Stokes
problem for meshes with quadrilateral elements using classical formulation of HDG.

Table 5.5: Rates of convergence for the numerical solution of velocity and pressure
and postprocessed solution for 2D Stokes problem for meshes with quadrilateral
elements using classical formulation of HDG.

L e le Il

u u" p ‘ u up
1 19 27 1608 1.7 06
2 29 38 27,19 27 1.7
3 39 48 37129 38 27
4 49 58 47139 48 3.7
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Figure 5.8: h-convergence for different degrees of approximation k for 2D Stokes
problem for meshes with quadrilateral elements using Neumann formulation of

HDG.

Table 5.6: Rates of convergence for the numerical solution of velocity and pressure
and postprocessed solution for 2D Stokes problem for meshes with quadrilateral
elements using Neumann formulation of HDG.

o el le Il

u u" p ‘ u u*p
1 19 27 1608 1.7 0.6
2 29 38 27,19 27 1.7
3 39 48 37129 38 27
4 49 58 4.7|39 48 3.7
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5.1.1.3 Hybrid mesh

(a) Mesh with k=1 (b) Mesh with £k =3

Figure 5.9: Two dimensional hybrid meshes.

A computational mesh comprising of both quadrilateral and triangular elements
is considered in which the order of the approximation, k, is increased from k£ = 1
to k = 6. Figure 5.9 shows the two of the meshes with the nodal distribution
corresponding to a degree of approximation £k = 1 and k = 3.

Figure 5.10 shows the numerical solution for velocity and pressure computed
with linear and cubic approximation, £ = 1 and k£ = 3, in the hybrid mesh shown
in Figure 5.9. The postprocessed solution is also represented in each case. Even
with in the case of the hybrid mesh it can be clearly observed that postprocessing
offers a significant improvement in the solution.

An h-convergence study is not performed here as the implementation of the
code has been validated for meshes with only triangles and only quadrilateral el-
ements, as shown in subsections 5.1.1.1 and 5.1.1.2. The solution obtained with
these meshes are visually inspected and they show great agreement with the ana-
lytical solution.
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Figure 5.10: Numerical solution for Stokes problem in 2D obtained with two
different degrees of approximation in a mesh with both triangular and quadrilateral
elements.
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5.1.1.4 Comparison of triangular and quadrilateral meshes

From the discussion in subsection 5.1.1.1 and 5.1.1.2, it could be seen that in
both the cases, i.e, meshes with triangular and quadrilateral elements, the error
in the computation of the variables was asymptotically converging at the optimal
rate of convergence. Also it is worth noting that in the case of meshes with
triangles with only four mesh refinements, the optimal rates of convergence were
seen. However, in the case of quadrilateral meshes, six levels of mesh refinement
were not sufficient to see the error converge at the optimal convergence rate. At
face value, this seems to be indicating that triangular meshes perform better than
meshes with quadrilateral elements. This is, however, not completely true.

—A—u, Quadrilaterals

A1r —&—u*, Quadrilaterals|
-A -u, Triangles
2F -% -u*, Triangles

logy, (error)
Sy

L L L L = Iy
*
0 50 100 150 200 250 300

\/dim(ﬁ)

Figure 5.11: Comparison of triangular and quadrilateral meshes: error of u;, and
u; in the £5(£2) norm as a function of \/dim(w) for the HDG formulation with
triangular and quadrilateral meshes

Figure 5.11 shows the evolution of the error of u;, and w} in the £2(€2) norm
as a function of the square root of the number of degrees of freedom of the global
system of equations, i.e. ngos = dim(w@). From this plot it can be clearly seen that
to compute a solution with a given error, quadrilateral meshes require less degrees
of freedom in the global system. This is key in terms of computational time as
a smaller global system ensures lesser computational time to solve the system of
equations. Thus,in the case of meshes with quadrilateral elements, though the
error in the computation of the variables seems to approach the optimal rate
of convergence with more levels of mesh refinement than in the case of meshes
with triangular elements, it appears that due to the smaller size of global system,
quadrilateral meshes are bound to be computationally cheaper than triangular
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meshes when the solution has to be computed with a certain level of accuracy.

5.1.1.5 Comparison of classical and Neumann formulations of HDG
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(c) A =10 (d) A =40

Figure 5.12: Comparison of classical and Neumann formulations: Analytical
solutions (top) and error of u;, and u}, in the £5(€2) norm as a function of /dim(u)
(bottom), for different values of A

Here, a h-convergence study is performed in order to check the optimality of the
approximation using the formulation with Neumann local problems and to com-
pare the accuracy of the two HDG formulations considered in this work. Figure
5.12 shows the evolution of the error of u; and wuj, in the L5 norm as a function of
the square root of the number of degrees of freedom of the global system of equa-
tions. Two different cases are considered. In these cases the value of coefficient A
appearing in the analytical solution is changed from 10 to 40 to produce a very
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thin boundary layer. The degree of approximation is increased in each mesh from
p=1top=4.

From Figure 5.12 it can be seen that there is a very small improvement in
the solution using the Neumann formulation which can be seen in the case when
A = 40. However, in both the cases there is not much difference in the case of
the postprocessed solution. Finally the Neumann formulation comes with slightly
lower degrees of freedom of the global variable. It is important to stress that the
differences between the formulation with Dirichlet and Neumann local problems
are noticed even if a global measure of the error is employed. Obviously, the extra
accuracy provided by the formulation with Neumann problems is expected to be
more relevant if the output of interest is defined near the Neumann boundary or
on the Neumann boundary.

5.1.2 The 3-D case

In order to illustrate the results of HDG for Stokes equations for a 3-D case, the
model problem in (3.1) is solved in §2 :=]0, 1[x]0, 1[x]0, 1[ with 'y = {(z,y,2) €
0y =0} and I'p = OQ\I'y. The source and boundary conditions are taken such
that the analytical solution is given by

bexp(a(x — 2) + by — 2)) —aexp(a(z —y) + b(x — y))
u= |bexpla(y —z)+b(z —x)) —aexp(a(z — 2z) + b(y — 2))
bexp(a(z — y) + b(z — y)) —aexp(aly — x) + b(z — z))

and
p = sin(zyz).

This test case, proposed by [57], is used to test the performance of the HDG for a
three dimensional flow. The coefficients appearing in the analytical expression of
the velocity are set to a = 1 and b = 0.5. The problem is solved in meshes with
tetrahedral elements, hexahedral elements and those containing a mixture of four
kinds of elements, tetrahedrons, hexahedrons, prisms and pyramids.

5.1.2.1 Meshes with tetrahedral elements

Three computational meshes are considered with characteristic element size, h,
equal to 1, 1/2 and 1/4 respectively and the order of the approximation, k, in
each mesh, is increased from k£ = 1 to £k = 3. Figure 5.13 shows the second
and the third meshes with the nodal distribution corresponding to a degree of
approximation k = 2 and k = 1.

Figure 5.15 shows the numerical solution for velocity and pressure computed
with quadratic and cubic approximation, £ = 2 and k = 3, in the meshes shown in
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Figure 5.13. The postprocessed solution is also represented in each case. In this
case the solution and the postprocessed solution appear to be almost similar and it
seems that postprocessing does not offer a significant improvement in the solution.
This is because of the nature of the problem chosen which is very simple and hence
is being captured very well by a coarse mesh with low degree of approximation.

(a) Mesh 2, k =2 (b) Mesh 3, k=1

Figure 5.13: Three dimensional tetrahedral meshes.

An h-convergence study is performed to validate the implementation. The
three meshes described above are considered and the relative error of the numerical
solution uy, and the postprocessed solution w} in the £5() norm and H'(2) norm
are evaluated in each case.

Figure 5.14 shows the error of the numerical solution and the postprocessed
solution as a function of the element size in logarithmic scale for a degree of ap-
proximation from k = 1 up to k = 3, for velocity, postprocessed velocity (5.14¢ and
5.14d) and pressure (5.14a and 5.14b) in both the £5(Q) and H'(Q) norms. The
convergence rates are reported in Table 5.7 showing that, in all cases, the opti-
mal rate of convergence for the numerical solution w; and pressure py, is obtained,
namely k + 1 and k, respectively, in the £o(€2) and H'(Q) norms. The table also
shows that optimal rate of convergence is obtained for the postprocessed solution
u}, namely k + 2 and k + 1 respectively, in the £5(Q) and H'(2) norms.

Finally Figure 5.16 shows the error of the numerical solution and the postpro-
cessed solution obtaned using the Neumann formulation of the HDG method as
a function of the element size in logarithmic scale for a degree of approximation
from k = 1 up to k = 3, for velocity, postprocessed velocity (5.16¢ and 5.16d)
and pressure (5.16a and 5.16b) in both the £5(Q) and H!(2) norms. In this case
too the convergence rates are reported in Table 5.8 showing that, in all cases, the
optimal rate of convergence for the numerical solution u; and pressure pj, is ob-
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Figure 5.14: h-convergence for different degrees of approximation k for 3D
Stokes problem for meshes with tetrahedral elements using classical formulation

of HDQG.

tained, namely k + 1 and k in the £5(2) and H!(2) norms and the optimal rate
of convergence of k + 2 and k + 1 is obtained for the postprocessed solution uj,

respectively in the £5(Q) and H!'(Q2) norms.
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Figure 5.15: Numerical solution for Stokes problem in 3D obtained with two
different meshes with tetrahedral elements.
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Table 5.7: Rates of convergence for the numerical solution of velocity and pressure
and postprocessed solution for 3D Stokes problem for meshes with tetrahedral
elements using classical formulation of HDG.

o el le Il
u uw p u u p
1 20 30 21 11 20 1.2
2 29 40 32 21 31 22
3 4.0 50 42 31 41 3.2
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Figure 5.16: h-convergence for different degrees of approximation k for 3D

Stokes problem for meshes with tetrahedral elements using Neumann formulation
of HDG.
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Table 5.8: Rates of convergence for the numerical solution of velocity and pressure
and postprocessed solution for 3D Stokes problem for meshes with tetrahedral
elements using Neumann formulation of HDG.

o el le Il

u u" p ‘ u u* p
1 20 30 2111 20 1.2
2 29 40 32|21 31 22
3 40 50 42|31 41 3.2

5.1.2.2 Meshes with hexahedral elements

Four computational meshes are considered with characteristic element size, h,
equal to 1, 1/2, 1/4 and 1/8 respectively and the order of the approximation, k,
in each mesh, is increased from k£ = 1 to £ = 3. Figure 5.17 shows the second
and the third meshes with the nodal distribution corresponding to a degree of
approximation k = 2 and k = 1.

(a) Mesh 2, k=2 (b) Mesh 3, k=1

Figure 5.17: Three dimensional hexahedral meshes.

Figure 5.18 shows the numerical solution for velocity and pressure computed
with quadratic and cubic approximation, k£ = 2 and k£ = 3, in the meshes shown in
Figure 5.17. The postprocessed solution is also represented in each case. Similar to
the results presented in the previous section with tetrahedral elements, in this case
too, the solution and the postprocessed solution appear to be almost similar and it
seems that postprocessing does not offer a significant improvement in the solution.
As stated earlier this is because of the simple nature of the problem chosen which
is being captured very well by a coarse mesh with low degree of approximation.
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An h-convergence study is performed to validate the implementation. The
four meshes described above are considered and the relative error of the numerical
solution uy, and the postprocessed solution w} in the £2(€2) norm and H!() norm
are evaluated in each case.

Figure 5.19 shows the error of the numerical solution and the postprocessed
solution as a function of the element size in logarithmic scale for a degree of ap-
proximation from k = 1 up to k = 3, for velocity, postprocessed velocity (5.19¢
and 5.19d) and pressure (5.19a and 5.19b) in both the £5(€2) and H'(2) norms.
The convergence rates are reported in Table 5.9. From the figure and the table it
can be seen that, in all cases, the error in computation is asymptotically approach-
ing the optimal rates of convergence for the numerical solution w; and pressure
pr, namely k + 1 and k, respectively in the £5(2) and H!(€2) norms. The table
also shows that the error in the computation of the postprocessed solution uj also
asymptotically approaches the optimal rate of convergence, namely k+2 and £+ 1
respectively in the £o(€Q) and H'(Q2) norms.

Finally Figure 5.20 shows the error of the numerical solution and the postpro-
cessed solution obtaned using the Neumann formulation of the HDG method as
a function of the element size in logarithmic scale for a degree of approximation
from k& = 1 up to k = 3, for velocity, postprocessed velocity (5.20c and 5.20d) and
pressure (5.20a and 5.20b) in both the £5(Q) and H'(Q) norms. In this case too
the convergence rates are reported in Table 5.10 showing that, in all cases, the
error in the computation of the numerical solution w;, and pressure p, asymptoti-
cally approaches the optimal rate of convergence, namely k+ 1 in the £5(2) norm
and k in the H'(€Q) norm, while that of the postprocessed solution, u}, approaches
its optimal rate of convergence of k+ 2 in the £5(2) norm and &k + 1 in the H'(Q)
norm.

Table 5.9: Rates of convergence for the numerical solution of velocity and pressure
and postprocessed solution for 3D Stokes problem for meshes with hexahedral
elements using classical formulation of HDG.

o el le fl

u u" p ‘ u up
1 16 25 1508 15 06
2 27 37 26|18 26 1.6

w

3.7 47 36|28 3.7 26
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Figure 5.18: Numerical solution for Stokes problem in 3D obtained with two
different meshes with hexahedral elements.
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Figure 5.19: h-convergence for different degrees of approximation k for 3D

Stokes problem for meshes with hexahedral elements using classical formulation of
HDG.

Table 5.10: Rates of convergence for the numerical solution of velocity and pres-
sure and postprocessed solution for 3D Stokes problem for meshes with hexahedral
elements using Neumann formulation of HDG.

o el le Il

u u" p ‘ u u*p
1 16 25 1508 15 0.6
2 27 37 26|18 26 1.6
3 3.7 47 3628 3.7 26
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Figure 5.20: h-convergence for different degrees of approximation k for 3D

Stokes problem for meshes with hexahedral elements using Neumann formulation
of HDG.

5.1.2.3 Hybrid mesh

Similar to the case in 2D, a hybrid computational mesh comprising of tetrahedra,
hexahedral, prismatic and pyramid elements is considered in which the order of
the approximation, k, is increased from k = 1 to k = 4. Figure 5.21 shows two of

the meshes with the nodal distribution corresponding to a degree of approximation
k=1andk = 3.
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(a) Mesh with k=1 (b) Mesh with £k =3

Figure 5.21: Three dimensional hybrid meshes.

Figure 5.22 shows the numerical solution for velocity and pressure computed
with linear and cubic approximation, k = 1 and k£ = 3, in the hybrid mesh shown
in Figure 5.21. Again, since the problem is very simple with a very smooth solu-
tion field, the postprocessed solution is represented in each case does not offer a
significant improvement in the solution.

An h-convergence study is not performed here as the implementation of the
code has been validated for meshes with only tetrahedral and only hexahedral el-
ements, as shown in subsections 5.1.2.1 and 5.1.2.2. The solution obtained with
these meshes are visually inspected and they show great agreement with the ana-
lytical solution.

5.1.2.4 Comparison of tetrahedral and hexahedral meshes

From the discussion in subsection 5.1.2.1 and 5.1.2.2, it could be seen that in both
the cases, i.e, meshes with tetrahedral and hexahedral elements, the error in the
computation of the variables was asymptotically converging at the optimal rate of
convergence. Also it is worth noting that in the case of meshes with tetrahedrons,
with only two mesh refinements, the optimal rates of convergence were seen. How-
ever, in the case of hexahedral meshes, three levels of mesh refinement were not
sufficient to see the error converge at the optimal convergence rate. Again, this
seems to be indicating that tetrahedral meshes perform better than meshes with
hexahedral elements. This is, however, not completely true.
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Figure 5.22: Numerical solution for Stokes problem in 3D obtained with two dif-
ferent degrees of approximation in a mesh with tetrahedral, hexahedral, prismatic
and pyramid elements.
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Figure 5.23: Comparison of tetrahedral and hexahedral meshes: error of u; and
u} in the £9(£2) norm as a function of /dim(w) for the HDG formulation with

tetrahedral and hexahedral meshes

Figure 5.23 shows the evolution of the error of u;, and w} in the £2(€2) norm
as a function of the square root of the number of degrees of freedom of the global
system of equations, i.e. ngs = dim(w). From this plot it can be clearly seen
that to compute a solution with a given error, tetrahedral meshes require less de-
grees of freedom in the global system. This is key in terms of computational time
as a smaller global system ensures lesser computational time to solve the system
of equations. Thus, in the case of meshes with hexahedral elements, though the
error in the computation of the variables seems to approach the optimal rate of
convergence with more levels of mesh refinement than in the case of meshes with
tetrahedral elements, it appears that due to the smaller size of global system, hex-
ahedral meshes are bound to be computationally cheaper than hexahedral meshes
when the solution has to be computed with a certain level of accuracy.

5.2 Validation of HDG for Stokes equations us-
ing meshes with non uniform degree of ap-
proximation

These examples are performed in order to validate the code written to solve Stokes’
equations using the HDG method using meshes with varying degree of approxima-
tion within the elements. Validation of the code is done using convergence plots
for both the 2-D and 3-D cases. In this case validation is done by ensuring that
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the errors in the computation of the variables converge at optimal rates both when
seen from a global point of view and from a local element-wise point of view.

5.2.1 The 2-D case

In order to illustrate the results of HDG for Stokes equations for a 2-D case with
varying degree of approximation in the elements, the model problem in (3.1) is
solved in Q :=]0,1[x]0, 1[ with I'y = {(z,y) € 0Qly = 0} and I'p = 0OQ\I'n. The
source and boundary conditions are taken such that the analytical solution is given
by

w— (Qay — b exp(—Ay) Cos()\x))
bA exp(—Ay) sin(Azx)

and

p=0.

The coefficients appearing in the analytical expression of the velocity are set to
a=1,b=1and A = 10.

Five computational meshes are considered with characteristic element size, h,
equal to 1/2\/5, 1/4\/5, 1/8\/5, 1/16\/5 and 1/32\/§ respectively and the order of
the approximation, k, in each mesh, is non uniform. Figure 5.24a shows the dis-
tribution of the degree of approximation, k, in the different regions of the domain.
Figures 5.24b, 5.24¢ and 5.24d show three levels of refinement of the mesh with
coloured elements being the element of interest for element-wise h-convergence
study.

An a priori estimate for an elliptic problem stands [58]

llell, < ahfmin®t, (5.3)

where ki, is related with the minimum degree of the complete polynomials in-
cluded in the interpolation. The constant « is independent of the element size h
but it is unknown. This represents a global measure, where h is a characteristic
element size. A local a priori error estimate stands [55]

leillc, < ahfeti=r, (5.4)

where h; and k;, respectively, are the characteristic size of and degree of approx-
imation in the element €); and ngq is the dimension of the problem (two for bidi-
mensional problems, three for tridimensional ones).

Figure 5.25 shows both the local and global error of the numerical solution and
the postprocessed solution as a function of the element size in logarithmic scale
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Figure 5.24: Two dimensional meshes with variable degrees of approximation,
k = 1,2,3 within the elements. Coloured elements are the elements of interest
considered for element-wise h-convergence study with the colours blue, green and

red respectively representing k =1, k=2 and k=3
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Table 5.11: Rates of convergence for the numerical solution of velocity and
pressure and postprocessed solution for 2D Stokes problem for meshes with non
uniform degree of approximation in the elements.

Type of error estimate &k |lew ||l [|ew 2. 1lep ||z
123 20 2.9 2.0
Global 234 3.0 41 3.0
345 4.0 5.1 4.0
1 2.9 4.0 2.8
Local 2 4.1 4.9 3.9
3 4.8 5.8 4.7

for varying degrees of approximation. The element-wise error estimation is shown
for elements with degrees of approximation, £ = 1,2,3. The convergence rates are
reported in Table 5.11 showing that, in all cases, the optimal rate of convergence
for the numerical solution w, and pressure pj, is obtained, namely k,;, + 1 in the
L5(€2) norm for the global error, while k; + 1 + nsa/2 in the £5(€2) norm for the
local element-wise error. The table also shows that optimal rate of convergence is
obtained for the postprocessed solution w}, namely ki, + 2 in the £2(2) norm for
the global error, while k; 4+ 2 + 2sa/2 in the £5(£2) norm for the local element-wise
erTor.

5.2.2 The 3-D case

In order to illustrate the results of HDG for Stokes equations for a 3-D case, the
model problem in (3.1) is solved in 2 :=]0, 1[x]0, 1[x]0, 1[ with I'y = {(z,y, 2) €
0y =0} and I'p = OQ\I'y. The source and boundary conditions are taken such
that the analytical solution is given by

bexp(a(z — 2) + by — 2)) — aexp(a(z — y) + b(z — y))
u=|bexp(a(y —z)+b(z —x)) —aexp(a(z — 2z) + by — 2))
bexp(a(z —y) + b(x —y)) — aexp(aly — x) + b(z — x))
and
p = sin(zyz).

The coefficients appearing in the analytical expression of the velocity are set to
a=1and b=0.5.
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Figure 5.25: h-convergence for different combinations of non uniform degrees of
approximation k in the elements of the meshes for 2D Stokes problem.
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(c) Mesh 2 (d) Mesh 3

Figure 5.26: Three dimensional meshes with variable degrees of approximation,
k = 1,2,3 within the elements. Coloured elements are the elements of interest
considered for element-wise h-convergence study with the colours blue, green and
red respectively representing k =1, k =2 and k =3

Four computational meshes are considered with characteristic element size, h,
equal to 1, 1/2, 1/4 and 1/8, respectively and the order of the approximation, k,
in each mesh, is non uniform. Figure 5.26a shows the distribution of the degree of
approximation, k, in the different regions of the domain. Figures 5.26b, 5.26¢ and
5.26d show three levels of refinement of the mesh with coloured elements being the
element of interest for element-wise h-convergence study.

Figure 5.27 shows both the local and global error of the numerical solution and
the postprocessed solution as a function of the element size in logarithmic scale
for varying degrees of approximation. The element-wise error estimation is shown
for elements with degrees of approximation, £ = 1,2,3. The convergence rates are
reported in Table 5.12 showing that, in all cases, the optimal rate of convergence
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for the numerical solution u; and pressure p, is obtained, namely £y, + 1 in the
L(§2) norm for the global error, while k; + 1 + nsa/2 in the £5(€2) norm for the
local element-wise error. The table also shows that optimal rate of convergence is
obtained for the postprocessed solution u}, namely ki, + 2 in the £2(2) norm for
the global error, while k; + 2 4 2s4/2 in the £5(€2) norm for the local element-wise

error.

Table 5.12: Rates of convergence for the numerical solution of velocity and
pressure and postprocessed solution for 3D Stokes problem for meshes with non

uniform degree of approximation in the elements.

Type of error estimate

k

lew |z, Nlews [le. llep [le
1,2.3 2.0 2.9 2.2
Global 1,2.3 3.0 3.9 3.1
1 3.47 4.48 3.46
Local 2 4.48 5.52 4.47
3 5.50 6.51 5.48
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Figure 5.27: h-convergence for different combinations of non uniform degrees of

approximation k in the elements of the meshes for 3D Stokes problem.
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5.3 Validation of NEFEM-HDG for Stokes equa-
tions

This example is performed in order to validate the code written to solve Stokes’
equations using the NEFEM-HDG method. Validation of the code is done using
convergence plots using a problem that has an analytical solution. The workability
of the code is shown for both the classical and Neumann formulations of HDG

In order to illustrate the results of NEFEM-HDG for Stokes equations for a 2-D
case, the model problem in (3.1) is solved in a domain bounded by the lines x = 0,
y =1 and z = 1 on the left right and top and by the curve y = (1 + cos(57x))/10
with Iy = {(z,y) € 9Q|y = (1 + cos(57z))/10} and I'p = OQ\I'y. The source
and boundary conditions are taken such that the analytical solution is given by

aly = f(2)) = brexp (= A(y— /(2)))

T (ot 1) - mren (<A 1) ) )
with
B (14 cos(5mz)) T
f(x) = 10 ;o fl(x) = ) sin(bmx)
and
p=0.

This test case, is a modification of the one proposed by [56], is used to test the
performance of the HDG for a two dimensional flow. The modification is done
to ensure that the boundary layer follows the curved boundary. The coefficients
appearing in the analytical expression of the velocity are set to a =1, b =1 and
A = 10, leading to large variations of the velocity along the curved boundary. The
problem is solved in meshes with triangular elements.

Five computational meshes are considered with characteristic element size, h,
equal to 1.45 x 1071, 7.32 x 1072, 3.69 x 1072, 1.83 x 1072 and 9.20F x 1073
respectively and the order of the approximation, k, in each mesh, is increased
from £ = 1 to k = 3. Figure 5.28 shows the first three meshes with the nodal
distribution corresponding to a degree of approximation k = 3, k = 2 and k = 1.
The total number of elements and global degrees of freedom in each mesh and for
different degree of approximation is summarized in Table 5.13. .

Figure 5.29 shows the numerical solution for velocity and pressure computed
with quadratic and cubic approximation, £ = 2 and k = 3, in the first and second of
the meshes shown in Figure 5.28. The postprocessed solution is also represented
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Figure 5.28: NEFEM-HDG validation: Two dimensional triangular meshes.

Total number of elements and global degrees of freedom in each mesh

Table 5.13:

with quadrilateral and for different degree of approximation

Ne1

917
3307
11897
47883

1.45E-01 74 233 725
7.32E-02

3.69E-02
1.83E-02

2607
9365
37657

1907
6833

27431
107907 148251

253
884
3489

188595

9.20E-03 13609
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in each case. It can be clearly observed that postprocessing offers a significant
improvement in the solution.

An h-convergence study is performed to validate the implementation. The
five meshes described above are considered and the relative error of the numerical
solution uy, and the postprocessed solution u} in the L£9(£2) norm is evaluated in
each case.

Figure 5.30 shows the error of the numerical solution and the postprocessed
solution as a function of the element size in logarithmic scale for a degree of
approximation from k& = 1 up to k = 3, for velocity, postprocessed velocity (5.30b)
and pressure (5.30a) in the £5(€Q) norm. The convergence rates are reported in
Table 5.14 showing that, in all cases, the optimal rate of convergence for the
numerical solution wu; and pressure p, is obtained, namely k£ + 1 in the £2(2)
norm. The table also shows that optimal rate of convergence is obtained for the
postprocessed solution w}, namely k + 2 in the £9(2) norm.

Finally Figure 5.31 shows the error of the numerical solution and the postpro-
cessed solution obtaned using the Neumann formulation of the HDG method as
a function of the element size in logarithmic scale for a degree of approximation
from k =1 up to k = 3, for velocity, postprocessed velocity (5.31b) and pressure
(5.31a) in the L£2(£2) norm. In this case too the convergence rates are reported
in Table 5.14 showing that, in all cases, the optimal rate of convergence for the
numerical solution uy, and pressure pj, is obtained, namely k+1 in the £5(€2) norm,
and the optimal rate of convergence of k + 2 in the £5(2) norm is obtained for the
postprocessed solution uj.

Table 5.14: Rates of convergence for the numerical solution of velocity and pres-
sure and postprocessed solution in the £5 norm for 2D Stokes problem for meshes
with triangular elements using classical and Neumann formulations of NEFEM-
HDG method.

Formulation
k Classical Neumann
u u* p ‘ u u P

20 31 2021 31 20
3.1 42 30(32 41 3.0
41 53 4141 52 41

W N =
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(a) Pressure, Mesh 1, k =3 (b) Pressure, Mesh 2, k = 2
\'/ \l/ \l l
(c) Velocity, Mesh 1, k =3 (d) Velocity, Mesh 2, k =2
(e) Velocity postprocessed, (f) Velocity postprocessed,
Mesh 1, k=3 Mesh 2, k =2

Figure 5.29: Numerical solution for Stokes problem in 2D obtained with two
different meshes with triangular elements solved using NEFEM formulation.
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Figure 5.30: h-convergence for different degrees of approximation k for 2D

Stokes problem for meshes with triangular elements using classical formulation of
NEFEM-HDG.
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Figure 5.31: h-convergence for different degrees of approximation k for 2D

Stokes problem for meshes with triangular elements using Neumann formulation
of NEFEM-HDG.

5.4 Degree adaptivite HDG for Stokes equations

The last set of examples are performed to show the working of degree adaptive
HDG method to solve Stokes’ equations. One example each for isoparametric
formulation and NEFEM formulation are shown in case of 2-D while an example
using isoparametric formulation is shown in the 3-D case. A comparison of the
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performance of the degree adaptive method is done with the cases of uniform k&
and h mesh refinement.

5.4.1 The 2-D case

5.4.1.1 Isoparametric Formulation

In order to illustrate the results of degree adaptive HDG for Stokes equations for a
2-D case using isoparametric formulation, the model problem in (3.1) is solved in
2 :=]0,1[x]0,1[with 'y = {(z,y) € 9Q|y = 0} and I'p = IQ\I'y. The source and
boundary conditions are taken such that the analytical solution is that proposed
by [56], with the coefficients appearing in the analytical expression of the velocity
toset toa =1,b=1and A = 10. The problem is solved in meshes with triangular
elements.

- ]

(a) Initial configuration (b) € = 0.5 x 1072, after final iteration

6
5.5
5
45
4
35
3
25
2
15
1

(c) e = 0.5 x 1074, after final iteration

Figure 5.32: Distribution of £ in the elements for different tolerance values before
and after degree adaptive mesh refinement
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The desired tolerance of error is set to two different values of € = 0.5x 1072 and
e=0.5x 107" (i.e. two and four significant digits, see [59], which cover the usual
engineering accuracy needs). The element wise error limit is set to 0.5¢. Figure
5.32a shows the initial distribution of k for a mesh with 64 elements. Figure 5.32b
shows the distribution of k after the error in the computation is less than the set
tolerance of £ = 0.5 x 1072 following the degree adaptive mesh refinement process,
while 5.32¢ shows a similar distribution of £ after the error in the computation is
less than the set tolerance of e = 0.5 x 107

Figure 5.33 shows the pressure and velocity profiles after first and final iter-
ations of degree adaptive mesh refined formulation for both the values of the set
error tolerance. These results are obtained with the methodology proposed in Sec-
tion 4.2. From the figure it is evident that there is a considerable improvement
in the solution after the degree adaptive process. However, visual inspection does
not provide a concrete proof of the performance of the degree adaptive method.

In order to compare the performance of the degree adaptive method, error
of uy, in the L£5(€2) norm plotted as a function of /dim(w) in Figure 5.34 for
three different cases, degree adaptive mesh refinement strategy, uniform k and
h refinements. The initial mesh has 64 elements with a characteristic size of
h=1/ 44/2 and uniform degree of approximation of 1 in all its elements. In the
case of uniform k refinement, the value of k£ is increased from 1 to 4, whereas in
the case of uniform A refinement, the characteristic size is decreased linearly from
h = 1/4\/§ to h = 1/32\/5. From the figure it can be clearly seen that adaptive
mesh refinement technique outperforms the uniform h refinement strategy while
it is on par with the uniform k refinement strategy.

5.4.1.2 NEFEM Formulation

Next, in order to illustrate the results of degree adaptive HDG for Stokes equations
for a 2-D case using NEFEM formulation, the model problem in (3.1) is solved in a
domain bounded by the lines z = 0, y = 1 and x = 1 on the left right and top and
by the curve y = (14-cos(57x)) /10 with I'y = {(z,y) € 0Qly = (1+cos(57z))/10}
and I'p = OQ\I'y. The source and boundary conditions are taken such that the
analytical solution is similar to that proposed by [56]. Tt is modified, however,
in order to ensure that the boundary layer follows the curved boundary. The
coefficients appearing in the analytical expression of the velocity to set to a = 1,
b =1 and A = 10. The problem is solved in meshes with triangular elements.
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(a) Velocity, after first iter- (b) Velocity, after final iter- (c) Velocity, after final iter-
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(d) Pressure, after first iter- (e) Pressure, after final iter- (f) Pressure, after final iter-
ation ation, with e = 0.5 x 1072  ation, with ¢ = 0.5 x 10~*

Figure 5.33: Results obtained from degree adaptive HDG for 2-D case using
isoparametric formulation.
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Figure 5.34: Comparison of performance of degree adaptive mesh refinement and
uniform £ and A refinement for 2-D case of HDG using isoparametric formulation:

error of uy, in the £5(€2) norm as a function of /dim(w).
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10

(a) Initial configuration (b) £ = 0.5 x 1072, after final iteration

10

(c) € = 0.5 x 1074, after final iteration

Figure 5.35: Distribution of k£ in the elements for different tolerance values before
and after degree adaptive mesh refinement

The desired tolerance of error is set to two different values of € = 0.5 x 1072 and
e = 0.5x107*, with the element wise error limit set to 0.5¢. The initial distribution
of k for a mesh with 64 elements is shown in Figure 5.35a. Figure 5.35b shows the
distribution of k after the error in the computation is less than the set tolerance of
e = 0.5 x 1072 following the degree adaptive mesh refinement process, while 5.35¢
shows a similar distribution of &k after the error in the computation is less than the
set tolerance of ¢ = 0.5 x 1074,

Figure 5.36 shows the pressure and velocity profiles after first and final iter-
ations of degree adaptive mesh refined formulation for both the values of the set
error tolerance. These results are obtained with the methodology proposed in Sec-
tion 4.2. From the figure it is evident that there is a considerable improvement in
the solution after the degree adaptive process. Again, visual inspection does not
provide a enough evidence of the performance of the degree adaptive method.
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In order to compare the performance of the degree adaptive method, error
of w, in the £5(€2) norm plotted as a function of y/dim(w) in Figure 5.37 for
three different cases, degree adaptive mesh refinement strategy, uniform %k and
h refinements. The initial mesh has 64 elements with a characteristic size of
h = 1/44/2 and uniform degree of approximation of 1 in all its elements. In the
case of uniform k refinement, the value of k is increased from 1 to 4, whereas in
the case of uniform A refinement, the characteristic size is decreased linearly from
h = 1/4\/§ to h = 1/32\/5. From the figure it can be clearly seen that adaptive
mesh refinement technique outperforms the uniform h refinement strategy while
it is on par with the uniform k refinement strategy.
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(a) Velocity, after first iter- (b) Velocity, after final iter- (c) Velocity, after final iter-
ation ation, with e = 0.5 x 1072  ation, with ¢ = 0.5 x 10~
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(d) Pressure, after first iter- (e) Pressure, after final iter- (f) Pressure, after final iter-
ation ation, with e = 0.5 x 1072 ation, with ¢ = 0.5 x 10~*

Figure 5.36: Results obtained from degree adaptive HDG for 2-D case using
isoparametric formulation.
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Figure 5.37: Comparison of performance of degree adaptive mesh refinement and

uniform £ and A refinement for 2-D case of HDG using isoparametric formulation:
error of uy, in the £5(€2) norm as a function of /dim(w).

5.4.2 The 3-D case

In this section the results of degree adaptive HDG for Stokes equations for a
2-D case using isoparametric formulation are illustrated, the model problem in
(3.1) is solved in € :=]0,1[x]0,1[x]0,1[ with 'y = {(z,y,2) € 0Q|y = 0} and
I'p = 0Q\I'y. The source and boundary conditions are taken such that the
analytical solution is that proposed by [57], with the coefficients appearing in
the analytical expression of the velocity to set to a = 1 and b = 0.5. The problem
is solved in meshes with tetrahedral elements.

Similar to the 2-D case, the desired tolerance of error is set to two different
values of € = 0.5 x 1072 and € = 0.5 x 10~%. The element wise error limit is set to
0.5¢. Figure 5.38a shows the initial distribution of k for a mesh with 24 elements.
Figure 5.38b shows the distribution of k after the error in the computation is
less than the set tolerance of ¢ = 0.5 x 1072 following the degree adaptive mesh
refinement process, while 5.38¢c shows a similar distribution of £ after the error in
the computation is less than the set tolerance of e = 0.5 x 10~

Figure 5.39 shows the pressure and velocity profiles after first and final it-
erations of degree adaptive mesh refined formulation for both the values of the
set error tolerance. As mentioned previously, these results are obtained with the
degree adaptivity methodology proposed in Section 4.2. From the figure it is ev-
ident that there is a considerable improvement in the solution after the degree
adaptive process. This is however not sufficient to provide a tangible proof of the
performance of the degree adaptive method.
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(c) € = 0.5 x 1074, after final iteration

Figure 5.38: Distribution of k£ in the elements for different tolerance values before
and after degree adaptive mesh refinement

In order to compare the performance of the degree adaptive method, error
of uy, in the L£5(2) norm plotted as a function of y/dim(w) in Figure 5.40 for
three different cases, degree adaptive mesh refinement strategy, uniform %k and
h refinements. The initial mesh has 24 elements with a characteristic size of
h = 1/2 and uniform degree of approximation of 1 in all its elements. In the
case of uniform k refinement, the value of k is increased from 1 to 4, whereas in
the case of uniform A refinement, the characteristic size is decreased linearly from
h = 1/4\/§ to h = 1/32\/5. From the figure it can be clearly seen that adaptive
mesh refinement technique outperforms the uniform h refinement strategy while
it is on par with the uniform k refinement strategy.




85 Numerical examples

"A | 7'4 ﬂ: 7'4 Z

3
3

25
2
15
1

(a) Velocity, after first iter- (b) Velocity, after final iter- (c) Velocity, after final iter-
ation ation, with e = 0.5 x 1072  ation, with e = 0.5 x 107

25
2
15

1

07 07 07
06 06 06
05 05

05
04 04

04
03 03

03
02 02

02
01 01

01
0 0

0
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Figure 5.39: Results obtained from degree adaptive HDG for 2-D case using
isoparametric formulation.
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Figure 5.40: Comparison of performance of degree adaptive mesh refinement and
uniform £ and A refinement for 2-D case of HDG using isoparametric formulation:

error of uy, in the £5(£2) norm as a function of y/dim(w).




Chapter 6

Conclusions and future
developments

The main purpose of this work was to gain a working understanding of the HDG
method and NEFEM, two relatively new approaches in the area of computational
methods based on finite elements, in order to integrate these two cutting-edge tech-
niques seamlessly into one working code for the analysis of problems of interest
to the aerodynamic aircraft design industry. A HDG degree adaptive technique is
proposed for the solution of Stokes flow. The proposed adaptive technique provides
uniform error distributions below a user defined tolerance, automatically placing
the correct polynomial degree in each element. Adaptivity is driven by an error
estimator derived exploiting the superconvergent properties of HDG, and involv-
ing only elemental computations. Thus, the error estimation is an inexpensive
computation compared to the solution.

This study presents numerical examples in two and three dimensions for the
Stokes problems solved using both uniform and non-uniform degrees of approxi-
mation in its elements, using both the isoparametric and NEFEM formulations. In
all the examples, the implementation of the codes developed during this work are
tested for up to order 4. In particular, for any order of approximation, optimal rate
of convergence for both the primal and dual variables are consistently obtained.
The postprocessing technique that enables to compute a solution that converges
with a rate k 4+ 2 for a k-th degree approximation is detailed. This is a unique
feature of the HDG formulation considered in this research and only requires the
solution of an element-by-element problem. An example each is shown to show the
advantages of degree adaptive HDG technique using isoparametric formulation in
2-D and 3-D and NEFEM formulation in 2D.

NEFEM integrated to HDG presents a case of a high-order method that promises
to be devoid of the issues that are preventing the industry from embracing high-
order methods. However, there is a lot of research that needs to done in order to
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prove the competency of the method. The extension of degree adaptive NEFEM
to 3D, proving the competency of the degree adaptive method through more prac-
tical applications are some of the work that need immediate attention and will be
the areas of focus in the work that will follow this thesis.

The research presented here is an intermediate step towards the development
of a 3D DG solver able to tackle realistic flow problems. The incorporation of the
nonlinear terms corresponding to the Navier-Stokes equations are required as well
as the adoption of efficient methods and preconditioners for the numerical solution
of the linear system that arise in each Newton-Raphson iteration during the so-
lution of the non-linear systems of equations. For the compressible Navier-Stokes
equations it is necessary to implement efficient and robust shock capturing tech-
niques that are able to resolve shocks within an element without mesh refinement
in order to fully exploit the advantages of high-order approximations. Finally, the
implementation of a turbulence model is mandatory in order to solve problems of
industrial interest.
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Appendix A

Curves

The two most common ways of describing curves in geometric modeling are implicit
equations and parametric functions [60]. A curve lying in the xy plane can be
represented using the implicit equation of the form f(z,y) = 0. On the other hand,
in parametric form, each of the coordinates of a point on the curve is represented
separately as an explicit function of an independent parameter

CA) = (z(A),y(N) a<A<b

A.1 Power basis form of a curve

A great variety of curves are obtained by allowing the coordinate functions z(u)
and y(u) to be arbitrary. However, while implementing a geometric modeling
system, there are trade-offs. A class of functions that are capable of precisely
representing all the curves the users of the system need and are easily, efficiently,
and accurately processed in a computer are preferred over the others. A widely
used class of functions is the polynomials. Power basis and Bézier are the two
common methods of expressing polynomial functions.
An nth-degree power basis curve is given by

CN) = (z(N),y(V),2(\) = Y _a\' 0<A<1. (A1)
=0
The a; = (z;,y;, 2;) are vectors, hence

n

z(\) = Zm y(\) = ZyA 2(N) =)z

1=0
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A.2 Bézier curves

Bézier curve is yet another polynomial curve. Since both the power basis and
Bézier use polynomials for their coordinate functions, these forms are mathemat-
ically equivalent. The shortcomings of the power basis form are remedied by the
Bézier method. The coefficients {a;} of the power basis form convey very little
geometrical insight about the shape of the curve. Also algorithms for processing
power basis polynomials have an algebraic rather than a geometric essence.

An nth-degree Bézier curve is defined by

(XMzﬁéMAMR 0<A<L (A.2)

The basis functions, {V; ()}, are the classical nth-degree Bernstein polynomials
given by
n!

- i'ln—1)!

The geometric coefficients { P;} are the control points.

Nin(\) MN(1— A" (A.3)

A.3 Rational Bézier curves

Although polynomials offer many advantages, there exist a number of important
curves such as, circles, ellipses and hyperbolas, to name a few, which cannot be
represented precisely using polynomials. It is known from classical mathematics
that all the conic curves, including the circle can be represented using rational
functions, which are defined as the ratio of two polynomials.

An nth-degree rational Bézier curve is defined by

i Ni,n()\)wipi
i=0

C(\) = 0<A<1. (A4)

1=0

The P; = (4, i, 2;) and N;,(\) are as before; the w; are weights.

A.4 B-spline basis functions and curves

Curves consisting of just one polynomial or rational segment are often inadequate
as they have a number of shortcomings. While a high degree is required in order to
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satisfy a large number of constraints and to accurately fit some complex shaped,
these curves are inefficient to process and are numerically unstable. Also single-
segment curves are not well suited to interactive shape design as the control is not
sufficiently local. The solution is to use curves which are piecewise polynomials,
or piecewise rational.

In order to define a B-spline basis function, it is first requires to describe a
nondecreasing sequence of real numbers;, A = {)g, ..., \,} where A\; < \jjq,1 =
0,....,m — 1. The ); are called knots, and A is the knot vector. The ith B-spline
basis function of p-degree, denoted by B, ,(A), is defined as

0 10 otherwise

A=\
)\ier - >\z
A pth-degree B-spline curve is defined by

i - A
Bipa(N)+ "2 B (). (AS)

»() Aigpt1 — Aig1

OO = BB a<i<h (A6)

where the { P;} are the control points, and the {B; ,(\)} are the pth-degree B-spline
basis function, see Equation (A.5) defined on the nonperiodic (and nonuniform)
knot vector

A= {CL, ., a, )\p+17 ---7>\mfp717b7 ...,b},
—— ——
p+1 p+1

(m~+1 knots). The polygon formed by the {P;} is the control polygon.

A.5 Non-Uniform Rational B-Splines (NURBS)

A pth-degree NURBS curve is a piecewise rational function defined in parametric
form as

i Bi,p<)\)wiPi
CcO\) = i=0

Z Bl,p(A)wz
1=0

where the {P,;}, the {w;} and the {B;,(\)} are as before.

a<\A<b, (A.7)




Appendix B

Implementational Detalils

This appendix is devoted to the detailed presentation of the matrices and vectors
appearing in the discrete version of both the local and global problems induced by
the HDG method.

B.1 Isoparametric formulation

The following compact form of the interpolation functions is introduced
N=[M N, ... No.|", N=[N, N, ... No.|%,
N, = [Nin Non ... Noon|”, N, =[Nn Non ... No.n]”,
VN = [(J'VN)T (T VN L (TN,
Ny, = [NlInsd Noly,, ... NnenInsd] )
N, = [NiLp NyILp .. NplI.]",

]T

where n = (ny,...,n,,) denotes the outward unit normal vector to an edge/face
and I, and Iz are identity matrices of dimension nsq and n?,, respectively.

The matrices and vectors appearing in Equations (3.11) and (3.17), computed
for each element ¢ = 1, ..., n.,, can be expressed as

(Al Z Nz, (&g

ne

[ALu [ Z VN Se NT(€e) .

e

[ uL _VZNSe VNT se e I/ZZNgf NT £f g

09; g=1
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[AuU]z = - ZTz Z n d(€f>Ner(£f)

o

Al =) VN(ENT(&)u; ZZN (EINT(&)w
g=1

oQ; g=1

ZN YWNT (¢

app Z Z NT

8Qg1

[Azali Z ZN W

o0 \FDg 1

- 3 B NEN (€]

aﬂi\FD gzl

Aali= D D N(EDN,,(€5)w]

o \I'p g=1
frli= D > Na(€)up(=(€h)w?
0Q;N'p g=1
> Nu, Dwg— > iy Nuy(E)up(@())wg
oyuNrp g=1

0Q;,N'p g=1
nfp
> v N
o\I'p g=1
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N g=1
ip T
[apali = N, (Eé)wé
o\I'p =1
Fli=— > Y n(®(&))uh(w(&))w]
oQ;N'p g=1

e

In the above expressions, & and wg are the ng, integration points and weights
defined on the reference element and & and wjy are the nf, integration points and
weights defined on the reference edge/face.

B.2 NEFEM formulation

The following compact form of the interpolation functions is introduced

—

N*=[N? N§ .. N*JT, N*=[N#, N*, .. N*
N*, = [Nfn Njn .. Nf n]", N, = []V\ffln N#yn ... N*
VN = [(VN])" (V)" . (VNS
N, = [N L. N3L, - Ny L)

X o x T T
N*y2 = [NiLe NiLp .. N&I:]",

nfn]T7
n|”

Dfn )

where n = (ny,...,n,,,) denotes the outward unit normal vector to an edge/face
and I, and I are identity matrices of dimension nsq and n?,, respectively.

The matrices and vectors appearing in Equations (3.11) and (3.17), computed
for each element i = 1, ..., n,, can be expressed as

[Accl ZN" TN (@)
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[AL)i = — ZVN" N (@) wg

Aurli —VZNX VN (x w—yZZNX ON*L (@l )w?

0Q; g=1

ZTZZN*% N (@)
g=

g

Z VN* (@) N*" (z2)ws — ) Z N*,, (zf)N*" ()

0Q; g=1

ZNX VN (x2)ws

app Z Z NxT

891 g=1

[Arali = Z ZNX N* (w(&5))we
o \I'p g=1
> TZZN" N (w(6f)) g

0Q; \FD :

3 ZN"(a:;)ﬁ*Z(m(s;))wé

89‘\FD g*l

=2 ZN" CAl

8Q OFD g—

-Y N (@S @up - Y nZansd BICALT
Z

89 ﬂl"D g—

-y ZNXT k) (ztuf

oQ; OFD g—

[Aarli= > Z N*(z(&))N* ] (wh)w?

89 \FD g= 1
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[Asuli = Z TZZN\X(@'( ;))NXT(wZ)wé

o;Nry; g=1
nf, .
)= > > N ((&)wg
nf,
[Fli=— > D n(apup(@)u
oQ;N'p g=1

In the above expressions, &g and wg are the nf,

defined in the physical space of the element and a:é and w
points and weights defined on the edge/face.

integration points and weights

f f . .
¢ are the nj, integration
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