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Abstract

This thesis studies projection-based reduced-order models (ROMSs) in the context of
computational fluid dynamics. Proper Orthogonal Decomposition (POD) is employed
to compute the reduced-order basis from snapshots, which are assumed to represent the
finite element solution of a partial differential equation. All investigations involve either
convection-diffusion-reaction equation or the incompressible Navier—Stokes equations.
The main contribution of the thesis can be divided into three parts.

Firstly, a Streamline-Upwind Petrov—Galerkin reduced-order model (SUPG-ROM) is
investigated theoretically and numerically for convection-dominated convection-diffusion-
reaction equations. Numerical analysis is utilized to propose the scaling of the stabi-
lization parameter for the SUPG-ROM. Two approaches are used: One based on the
underlying finite element discretization and the other one based on the POD truncation.
The resulting SUPG-ROMs and the standard Galerkin ROM are studied numerically on
several convection-dominated test problems aiming at answering several questions. One
of the choices for the stabilization parameter is recommended.

Secondly, an alternative approach for the computation of the ROM initial condition is
derived for problems, for which the standard approach, that is usually used in the liter-
ature, results in the ROM initial condition being polluted by spurious oscillations. The
principal idea of the method consists in modifying the conventional ROM initial condi-
tion in a post-processing step by a filtering procedure. Numerical studies are performed
in order to investigate the influence of the filtered initial condition on the ROM results.
With respect to the minimum and maximum values of the ROM solution, which char-
acterize the under- and overshoots, ROM results could be partly significantly improved
compared to the results obtained with the standard ROM initial condition.

Thirdly, three velocity-pressure reduced-order models (vp-ROMs) for incompressible
flows are investigated numerically. One method computes the ROM pressure solely based
on the velocity POD modes, whereas the other two ROMs use pressure modes as well.
One of the latter methods denoted by SM-ROM is developed within the framework of
this dissertation. Moreover, the impact of the snapshot accuracy as well as of utilizing
different linearization techniques on the ROM results is investigated numerically. Based
on weakly divergence-free velocity snapshots, SM-ROM could reproduce the results of the
finite element simulations in many cases better than the other vp-ROMs. Together with
the fact that SM-ROM does not need any specification of additional pressure boundary
conditions, which is required in the other methods, SM-ROM can be considered to be
superior to other vp-ROMs for the computation of the ROM pressure.
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1. Introduction

1.1. Motivation

A great number of important dynamical processes in nature can be modeled by partial
differential equations. However, the simulation of such equations by means of, e.g.,
finite element or finite volume methods can become computationally very expensive
or for some practical problems in the applied sciences even not feasible. Especially,
the numerical treatment of control and optimization problems in realistic engineering
applications is often very challenging as repeated numerical simulations of large-scale
dynamical systems are required.

One possible remedy is a simplification of the model from the physical point of view,
which relies on the experience and intuition of the engineers or physicists. Another
one is the so-called reduced-order modeling that is a mathematical approach serving to
overcome high computational costs of the simulations. The underlying thesis is concerned
with the latter technique. Its main idea is to approximate the large-scale problems by
much smaller ones, which yield somewhat less accurate results but can be solved with a
considerably less computational complexity. In the last decades a lot of effort has been
made to develop various methods of model reduction. An overview of many currently
existing approaches for the reduced-order modeling can be found, e.g, in [121].

For stationary linear state-space systems, some popular reduced-order approaches are
the Moment Matching Approximation and the Balanced Truncation Method. The former
method was proposed in [37,/43] and is based on projecting the dynamical system onto
Krylov subspaces, which are computed by an Arnoldi- or Lanczos process. The latter
approach, introduced in [148], is based on transforming the state-space system into a
balanced form so that its controllability and observability Gramians, which are solutions
to the two Lyapunov equations, become diagonal and equal.

For the sake of the model reduction of parametrized nonlinear problems, the most
popular techniques are the Reduced Basis (RB) method and the Proper Orthogonal De-
composition (POD). Both approaches apply the Galerkin projection of the dynamical
system onto a subspace, which is spanned by basis functions containing some relevant
characteristics of the sought solution. The difference in both strategies consists in the
computation of the so-called reduced or reduced-order basis of that subspace. The RB
method was developed in [49,110], see also [60] for an extensive overview of the progress
and application fields. It is usually applied to build bases for stationary problems, in
which the solution is sought for a large number of parameters. POD was first intro-
duced in [103] in order to detect and analyze coherent structures in turbulent flows from
experiments. It provides a low-dimensional basis computed from a known ensemble
of experimental data or numerical solutions, the so-called snapshots, which optimally
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captures the dominant features of the data. POD is most commonly applied to build
reduced-order bases for time-dependent problems. For the computation of the reduced-
order basis of time-dependent parametrized problems, the so-called POD-greedy strategy
was proposed for linear evolution equations in [57], the viscous nonlinear Burgers’ equa-
tion in [106], and the Navier-Stokes equations in [145]. It is based on combining the
POD method in time with the RB approach in parameter space. In this thesis, the
main attention will be paid to the POD-based reduced-order models (POD-ROMs) for
time-dependent problems.

POD models have been successfully applied in various areas. The probably most
active fields within this context are optimization and control, see [141] for more details.
Some examples for the utilization of the POD include design of practical, real-time
feedback controllers for dynamical systems in [§], optimal control describing the laser
surface hardening of steel in [64], inverse problems in [15], flow control in [20,[107], and
calibration of models in option pricing in [120]. In optimization problems, expensive
function evaluations lead to an enormous amount of computing time at each iteration
step. Here, the reduced-order models (ROMs) can replace the dynamical system given
by the partial differential equation in the objective function resulting in a suboptimal
solution approach, which can substantially accelerate the optimization algorithm. At this
point it is meaningful to clarify, which snapshots to employ for the computation of the
reduced-order basis as it is by no means guaranteed that the reduced-order model based
on the snapshots associated with a certain control function or a parameter value is able to
approximate the probably somewhat different dynamical behavior of the system related
to a different control function or parameter value. To overcome this difficulty, several
approaches have been proposed in literature such as the Trust-Region and Optimality
System POD methods in [6] and [90], respectively. Moreover, in [4] the POD-ROMs
computed at different parameter values were interpolated to obtain a new POD-ROM
that is valid also in the intermediate zone between the original parameter values. Other
application areas of the reduced-order modeling based on POD are the parametrized
fluid-structure interaction, e.g, see [14,31], and the uncertainty quantification for partial
differential equations with parametrized random inputs, e.g., see [136].

1.2. Main Contributions

The underlying thesis is concerned with the POD-based reduced-order modeling in the
context of computational fluid dynamics, for which the incompressible Navier—Stokes
equations, governing the motion of numerous fluids, play the central role. A lot of
research has been dedicated to this topic in the last decades, e.g., see [2,(19,69,96,107} 136,
144[/145]. The main contribution of the dissertation consists of three parts. Firstly, a new
reduced-order model for the computation of the pressure field is developed. Secondly,
two versions of the stabilization parameter for a Streamline-Upwind Petrov—Galerkin
reduced-order model are determined by means of the numerical analysis. Thirdly, an
alternative approach for the computation of the ROM initial condition is derived for
problems with polluted data. The motivation and description for these developments
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are presented in the following.

In many, probably even most published reports on reduced-order models based on
the POD for incompressible flows, only velocity models are considered. Usually it is
assumed that the velocity snapshots are divergence-free and due to the properties of the
POD procedure also the velocity POD basis functions are divergence-free. It leads to the
cancellation of the mixed velocity-pressure term and thus of the pressure contribution in
the reduced-order model for the Navier—Stokes equations. However, from the practical
point of view, the pressure is needed in many computational fluid dynamics applications,
e.g., for the simulation of fluid-structure interaction problems and for the computation
of relevant properties, such as drag and lift coefficients at solid bodies. In the literature,
there exist several proposals for the computation of the pressure field in the framework
of reduced-order modeling. One class of pressure ROMs consists in defining a ROM
for the pressure that only uses the velocity POD modes [108,|138]. A second class of
pressure ROMs employs pressure POD basis functions in addition to the velocity POD
basis functions, e.g., see |2,26,136]. The pressure POD basis functions can be computed
separately from the velocity POD basis functions (i.e., the decoupled approach) |2} 26,
108,|136,|138|, or together with them (i.e., the coupled, monolithic approach) [19,145].
In the former case, the computation of the reduced-order pressure can be considered
as a post-processing step after having obtained the velocity solution. In this thesis,
the decoupled approach will be considered. Three different pressure ROMs will be
comprehensively numerically investigated. Two of the models proposed in [2,/108] utilize
the pressure Poisson equation, whose derivation requires the pointwise divergence-free
velocity field. However, this assumption is in general idealized. The third pressure ROM,
referred later as SM-ROM, was first introduced in [26][] and is part of the contribution
of the underlying dissertation. Its derivation is based on a residual-based stabilization
mechanism for the incompressible Navier—Stokes equations, which is a mathematically
well understood method [21]. The advantage of SM-ROM over the two other studied
pressure ROMs consists in the fact that its derivation requires the velocity snapshots to
be only discretely divergence-free (but not pointwise), and it does not need any ad hoc
treatment of external forces and pressure boundary conditions.

The application of most turbulent models for the simulation of turbulent flows with
finite element methods requires a choice of some stabilization parameters, [75]. In the
framework of POD-based reduced-order modeling, the stabilization parameters from the
finite element method were used in the literature, like in 88|, or an optimization problem
for the determination of the parameters was solved, as in [19]. Certainly it is desirable
to have some support for the choice of stabilization parameters coming from numerical
analysis, as such parameters should be generally valid for a wide range of settings. To
the best of the author’s knowledge, the first contribution to this approach in the con-
text of reduced-order modeling was provided within the framework of the thesis. The
results were published in [44]. To avoid the effects of the velocity-pressure coupling and
the nonlinearity present in the Navier—Stokes equations, a stabilized ROM for scalar
convection-dominated convection-diffusion-reaction equation is investigated for this pur-

!Schyschlowa is the maiden name of the author, Swetlana Giere.
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pose. The employed stabilization approach is the Streamline-Upwind Petrov—Galerkin
(SUPG) method, which is one of the most popular stabilization schemes in the framework
of finite element methods. As a result of the analytical considerations, two stabilization
parameters are proposed. Omne of them is based on the finite element resolution and
the other one is based on the POD spatial resolution. The ROMs combined with both
versions of the stabilization parameter are extensively studied numerically on several
test problems.

In the literature, the standard approach to determine the initial condition for a ROM
consists in projecting the full-order initial condition, i.e., the finite element initial con-
dition or interpolated initial condition of the continuous problem (if available), in the
L? sense onto the POD basis. However, depending on the origin of the underlying snap-
shots, it can be observed that the ROM initial condition computed this way can be
polluted by spurious oscillations. A good quality initial condition is essential for the
numerical methods to produce accurate solutions. Therefore, it is desirable to be able
to construct an initial condition that suppresses spurious oscillations as good as possible
but still approximates well the full-order initial condition. For this purpose, an alter-
native approach for the computation of the ROM initial condition is proposed in this
thesis. The principal idea consists in modifying the standard ROM initial condition in a
post-processing step by a certain filtering procedure revived from the derivation of the
Large Eddy Simulation [75], which is one of the most popular turbulence models. Nu-
merical simulations of the convection-dominated convection-diffusion-reaction equation
are performed to compare the effect of both versions of the ROM initial condition on
the ROM results. Although it was motivated by the fluid dynamical applications, the
proposed approach for the computation of the ROM initial condition can be extended
to other types of problems with polluted data.

1.3. Outline

This thesis is organized as follows: Chapter [2]focuses on two partial differential equations,
namely the convection-diffusion-reaction equation and the incompressible Navier—Stokes
equations, which build a basis for the main investigations in terms of reduced-order
modeling in the dissertation. In particular, the numerical methods are discussed, which
are utilized to construct snapshots employed in the later chapters. Moreover, selected
analytical results for the Streamline-Upwind Petrov—Galerkin method applied to the
convection-diffusion-reaction equation are presented.

Chapter [3] is divided into two sections. In Section the Proper Orthogonal De-
composition is motivated and derived for continuous and discrete settings. Furthermore,
some practical aspects associated with the POD are addressed. Section describes
the Galerkin projection on the POD space resulting in a projection-based reduced-order
model. The standard approach for the computation of the initial condition for the
reduced-order model is supplemented by a new filtering procedure for the sake of sup-
pressing possible oscillations for a certain type of problems. Moreover, the treatment of
the boundary conditions and implementation issues are discussed.
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Chapter [4| deals with the Streamline-Upwind Petrov—Galerkin reduced-order model
for convection-dominated problems governed by the convection-diffusion-reaction equa-
tion. Numerical analysis is carried out in order to propose two different versions of the
stabilization parameter. Subsequently, extensive numerical investigations are presented
on three test problems, which aim to answer four different questions.

Chapter [9|is devoted to the POD-based reduced-order modeling of the incompressible
Navier—Stokes equations. The reasoning for the cancellation of the pressure contribution
from the standard Galerkin ROM under some typical assumptions is provided. The
velocity ROM as well as three different reduced-order models for the computation of the
pressure field are derived and discussed. Thereafter, comprehensive numerical studies of
three different aspects are performed.

Finally, Chapter [6] summarizes the findings of this dissertation. Additionally, some
open questions and proposals for further developments are outlined.

Definitions of the function spaces, norms, scalar products, and inequalities, which are
most commonly utilized in this thesis, are presented in Appendix [A]
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This chapter describes two partial differential equations, which will be employed for
theoretical and numerical investigations within the framework of the thesis. In particular,
some algorithms for the numerical solution of the equations with the Galerkin finite
element method and with stabilized methods will be derived. Moreover, results of the
error analysis necessary for the latter examinations will be presented.

The chapter consists of two sections and is structured as follows: Section intro-
duces the time-dependent scalar convection-diffusion-reaction equation and Section
concerns itself with the time-dependent incompressible Navier—Stokes equations.

2.1. Convection-Diffusion-Reaction Equation

Many processes in nature and industry such as transport of species or scalar physical
quantities by a flow field, e.g., temperature or concentration, are modeled by the time-
dependent scalar convection-diffusion-reaction equation which is given by

Ou—eAu+b-Vu+cu=f in (0,7] x Q,
u=20 on [0,T]xT, (2.1)
u(0,z) = u’(x) in Q.

Here, Q is a bounded domain in R? d € {1,2,3}, with the boundary I', b(t,x) and
¢(t, ) denote convection and reaction fields, respectively, € > 0 is a constant diffusion
coefficient, ug(x) is a given initial condition, and 7" is the length of the considered time
interval.

A detailed discussion of the properties of the solution of and of its numerical
approximation can be found in |11§], or in [131] for a shorter version.

2.1.1. Weak Formulation

Let X = H}(Q) = {ve H'(Q): v=0o0onT}. The weak or also called variational for-
mulation of the time-dependent convection-diffusion-reaction equation is obtained
by multiplying it with the test function v € X and integrating the equation over ).
Finally, the weak form reads as follows: Find w : [0,7] — X such that

(Oru,v) + a(u,v) = (f,v), YvelX, (2.2)
where a(-, -) denotes a bilinear form in X defined by

a(u,v) = (eVu, Vu) + (b - Vu,v) + (cu,v) . (2.3)
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The first term on the right-hand side of ({2.3)) is obtained by using integration by parts
and the Gaussian theorem as follows

— /EAUU de = — /EVU -nvds + (eVu, Vv). (2.4)
Q r

The boundary term vanishes due to the prescribed homogeneous Dirichlet boundary
condition in (2.1). To guarantee the coercivity of a(-,-), an additional assumption on
the reaction and convection fields has to be made, which is given in Lemma 2.1

Lemma 2.1 (Coercivity of a(-,-)). Let b(t,-), V - b(t,-), c(t, ) € L>®(Q) for almost all
tel0,7). If

1
<c - §V . b) (t,x) >0, VY(t,x) € [0,T] x 0, (2.5)
holds, then a(-,-) is coercive, i.e., for allv € X one has
a(v,v) > e[| Vo|[§ = elvlf.

Proof. Applying integration by parts and the product rule, one obtains
1
(b-Vu,v) = —3 ((V-b)v,v).
Inserting this relation into (2.3)), setting u = v, and applying the assumption ({2.5) yields

a(v,v) = (eVv, Vo) — % (V- b)v,v) + (cv,v) > €| Vol|2.

2.1.2. Galerkin Finite Element Method

Let X3 C X denote a conforming N-dimensional finite element space spanned by
piecewise polynomials of order m € N, i.e.,

XhI{UhEXh:Uh|K€Pm(K), VKGE},

and let {cph’i}fil denote the finite element basis functions. Let the family of triangula-
tions {75} of the domain 2 be shape-regular. Thus, the following local inverse inequality
for finite element functions holds, e.g., see [29, Thm. 3.2.6],

||Uh||m,K < MHinv hl[;m ”UhHl,K’ V’Uh € Xha (26)

for 0 <1 < m, where hx is the size (diameter) of the mesh cell K € T;. Values of piny
for different situations can be found in [59]. They are usually of order one.

By replacing the space X in by X}p, one obtains the time-continuous Galerkin
finite element formulation of , which reads as follows: Find wy, : (0,7] — X}, such
that

(Orun, vp) + alup, vp) = (f,vn),  Vop € Xp. (2.7)
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Equation has to be equipped with an appropriate finite element approximation
up (0, z) of u%(x).

Equation is still continuous in time. To discretize it in time, a temporal dis-
cretization scheme has to be applied. Here, a one-step 6-scheme will be employed.

Let At denote a fixed time step. Let uj and f" be the finite element solution and
the right-hand side evaluated at nAt, respectively. The fully discretized Galerkin finite
element method reads as follows: For n = 1,2,... find u} € X} such that Vv, € X,

(uft, vp) + Atba(ujt,vp) = (up o) — At(1 = 0)a(u) ™", vy) (2.8)
+ At(l - 0) (fn_lv Uh) + Atf (fna Uh) :

Parameter 6 has to be chosen. In Table some well-known one-step #-schemes are
listed.

Table 2.1.: Some one-step #-schemes.

6 | Name of the scheme

Forward Euler scheme (FE)
Backward Euler scheme (BE)
Crank—Nicolson scheme (CN)

= = O

Problem (2.8]) in matrix form is obtained by using the unique finite element represen-
tation of the solution

N
up, = Z Uly i Phi» (2.9)
i=1

and by testing the equation with each finite element basis function separately. Hence,
the system of linear equations has the form

(M, + AtOAR) up = (My, — At(1 = ) A7) up = + At(1 = 0) f 7" + Atof7,  (2.10)

T
with uff = (uf 1, uf ) and
(Mp);; = (pnjsni)s 4,j=1,...,N, (2.11)
(AR)ij = (Vo Veoni) + (0" - Von g, oni) + ("ongipni), 4,7=1,...,N, (2.12)
fhz (fn790h1 ) Z:L-"aN- (213)

In many applications, the convection coefficient b has a much greater magnitude than

the diffusion coefficient ¢, i.e.,
b
L
€

Such problems are called convection-dominated problems. A characteristic feature of
solutions of such problems is the presence of sharp layers. It is a well-known fact that



2. Studied Partial Differential Equations

1.0 I T T T
- ==1.0
- =01
0.8 H— <=0.0001
0.6 |-
3
04 | =
0.2 |
00 1 1 1 1

0.0 0.2 0.4 0.6 0.8 1.0

T

Figure 2.1.: Example Solution of the continuous problem for different values of €.

the Galerkin finite element method performs poorly for such problems as in general it is
hard to resolve all the small scales which are important for the solution using practicable
triangulations, particularly in higher dimensions. As a result, its solutions are strongly
polluted by non-physical oscillations. To give a better understanding of the situation, it
is enough to consider the steady-state version of , i.e., neglecting the first term on
the left-hand side, in one dimension, see Example [2.1]

Example 2.1. Consider a one-dimensional boundary value problem given by

—eu’+u' =1 on (0,1), u(0)=u(l)=0, (2.14)
with the solution 1— 1
u(e) = - ) B ()
1—exp (—g)

The solution becomes steeper at the right boundary when choosing a smaller value of ¢,

see Figure 2.1]
In the steady-state case, it is known that with appropriate regularity assumptions and

fulfillment of the conditions of Lemmal[2.1] the application of the Lemma of Céa [23|, p.55]
yields the error estimate

lu—unllx <C

max{|[b[| oo (qy » €l oo ()} inf |ju— vyl CeR
€ v €Xp, i 7

where u and wuj, are the solutions of the corresponding steady-state versions of and
, respectively. In the convection-dominated case, the first factor of the estimate
becomes very large. Therefore, it cannot be expected that the Galerkin finite element
method gives a satisfactory numerical solution, unless the dimension of X} is so high
that the second factor in the estimate gets extremely small.

Indeed, such unsatisfactory behavior of the Galerkin method can be very well observed
for problem in the convection-dominated regime. Figure shows the Galerkin
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e =0.1 e =0.0001
T T T I I T T
0.8 | === exact solution - = oxact solution
— 5dofs — 100 dofs
— 15 dofs 1.5 H — 400 dofs
0.6 H — 25dofs — 800 dofs

1.0
3 0.4 3
0.2 0.5 AT
0.0 0.0 ks
00 02 04 06 08 1.0 00 02 04 06 08 1.0

Figure 2.2.: Example Galerkin finite element solution for ¢ = 0.1 (left) and ¢ =
0.0001 (right) using different numbers of degrees of freedom (dofs).

finite element solution for ¢ = 0.1 and ¢ = 0.0001. For the former value of ¢ it is
sufficient to use around 15 degrees of freedom in order to obtain a good approximation
of the solution, whereas for the latter value of € (convection-dominated case), one can
see strong spurious oscillations over the whole domain for 100 degrees of freedom, but
even choosing 800 degrees of freedom does not yield a satisfactory approximation of the
solution at the boundary x = 1. N

2.1.3. Streamline-Upwind Petrov—Galerkin Method

To overcome the poor performance of the Galerkin finite element method for convection-
dominated problems, a so-called stabilized discretization is necessary. During the last
few decades, a variety of such discretizations have been proposed, e.g., see [11}[76,84] for
reviews and numerical comparisons of many of these proposals. However, the question
of finding a perfect discretization, i.e., a discretization which gives solutions with sharp
layers and without spurious oscillations, is still open. One of the most popular stabilized
finite element methods is the Streamline-Upwind Petrov—Galerkin (SUPG) scheme, also
known as Streamline-Diffusion Finite Element Method (SDFEM), proposed in [24}66].
Solutions computed with this method possess usually steep layers but also contain spu-
rious oscillations in a vicinity of the layers.
The SUPG method adds weighted residuals, i.e., the terms

Z (R(un), 0n,5b - Vo) e (2.15)
KeTy

to the Galerkin finite element method (2.7)). Here, R(u) denotes the residual of the first
equation in (2.1)), i.e.,

R(u) = O —eAu+b-Vut+cu—f in L*(K) VK €T

10



2. Studied Partial Differential Equations

The parameter d, g for K € T}, is a local stabilization parameter that has to be chosen.
Note that the summation in is necessary as in general Auy, ¢ L?(Q) but Auy, €
L*(K) for each K € Tj,.

Inserting into and rearranging the terms results in the time-continuous
SUPG method which reads as follows: Find uy, : (0,7] — X}, such that

(Deun, vn) + asupc.n(un, vn) + Y Onxc (Orup, b= Vop)
KeTy,

(2.16)
= (foon)+ Y Onk (fb-Vop)g, VYo, € Xy,
KeTy
where the bilinear form agypg (-, -) is defined by
asupa,h(un, v) = (eVup, Vop) + (b - Vupy, vg) + (cup, vp)
_ . . (2.17)
+ Z On i (—eAup + b - Vup + cup,b- Vop)

KeTy,
for all up, vy € Xp.

Remark 2.1. The name ”SUPG” comes from the fact that the method can be considered
as the Petrov—Galerkin method with the test space

span { v + Z on, kb - Vo
KeTy

The name ”SDFEM” comes from the fact that the method introduces artificial diffusion
only in the streamline direction b - V. N

Let At denote a fixed time step and let u}! be the finite element solution at ¢, = nAt.
With the help of a one-step 6-scheme, the fully discretized SUPG method reads as
follows: For n = 1,2,... find u} € X}, such that Vv, € X},

(uz -y vh) + At agupa,h (uy, vh) Z On, K up, — uy L pm. Vvh)
KeTy,

+ At(l — 9) (fn_l,’l)h) + Z 5h,K (fn_l, b" - V“h)K
KeTy, (2.18)

+ A0 | (f"on) + Y On (f7 0" Von) g
KeTy,

— At(1 —0) asupa,h (u?ﬁ‘l, Uh) )

where u (z) = up,(0,z). In Table some popular schemes are presented for different
choices of the parameter 6.

The bilinear form agypgp(-,-) is coercive under some more strict conditions than
in Lemma for the fields b and ¢, and under the condition that the stabilization
parameters {0y x } are appropriately bounded from above, e.g., see [131, Lemma 10.3].

11
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Lemma 2.2 (Coercivity of agupa,i(-,-)). Let the following condition be satisfied: There
s a constant po > 0 such that

0 < po<ultz)= (c — %V : b> (t,z), V(t,xz)e€[0,T]x Q. (2.19)

If the SUPG stabilization parameters are chosen such that

h2
i < min{ o _hK } : (2.20)
2 HCHLOO(K) 2€iu’im}

then the bilinear form agupg u(-,-) satisfies Vo, € X,

1
asupG,h(Vhs vp) = §|th|”§UPG,h’ (2.21)

with the so-called energy norm
1/2
2 2 2
llonllsupa,n = | € lvnlt + Z On,k [1b - Vunllg g + 1o llonllg - (2.22)

KeTy,

For piecewise linear finite elements, the second factor in the condition (2.20) can be
omitted.

Proof. By using integration by parts and assumption (2.19)), one obtains

aSUPG,h(Uhv vh) = (EVU}L, V?}h) + (b - Vup, ’Uh) + (C’Uh, Uh)
+ Z O (—eAvp, +b - Vup + cop, b - Vo)
KeTy

elonl? + pollonlld + Y Snxllb- Voullf «
KETy, (2.23)

+ Z (5th (—eAuvyp, + cop, b - v”h)}(
KeTy

= llonlldupen + D Onx (—eAvy + cvp, b Vop) .
KeTy,

A\

The Cauchy—Schwarz inequality, Young’s inequality, the inverse estimate (2.6[), and as-

12



2. Studied Partial Differential Equations

sumption (2.20) yield the estimate

Z 5;17]( (—5Avh + cvp, b - Vvh)K
KeTy,

<Y Oni (—eBup, b Vou) | +| D s (con, b Von)

KeT;, KeTy,
< Z 5h,K5HAUhH0,K Hb‘vvh||o,17(7L Z On, K ||CUh”0,K Hb'vvhHO,K

KeTy KeTy,

1

<Y ke |Avllg e+ Y 5h,K||cvh||3,K+§ > onr b Vol§ &

KeTy, KeTy, KeTh

— 2 2 2

< Z On, K€ iy h 2‘%’1,}{4‘ Z On, i €l o0 iy [l0nllo 5

KeTy, KeTh

1 2
T3 Z On, i [[b- Vonllg
KeTy,

1 2 1 2, 1 2 1 2
< 5€ lunlt + S0 llvnllo + B Z On,i [|b- Vupllg x = §|”Uh”|SUPG,h‘
KeT,,

Therefore, coercivity (2.21)) of asupgn(-,-) holds. In the case of piecewise linear finite
elements, the term ||Awy||; ; vanishes. As a result, the second constraint in (2.20) can
be omitted. O

The asymptotic value of the stabilization parameter d;, x for the convection-dominated
problems is well known for steady-state problems from the finite element error analysis,
e.g., see [118]. This stabilization parameter depends on the local mesh width hj g and
can be expressed as

on,x = Cohg, (2.24)

where C is a constant to be chosen.

The situation is not completely clear for time-dependent problems. In [84], an ad-
vanced numerical study using various stabilization methods for convection-dominated
problems such as SUPG method, spurious oscillations at layers diminishing (SOLD)
methods, local projection stabilization (LPS) schemes, finite element methods - flux-
corrected transport schemes (see Section with a wide range of parameters is pre-
sented. The best results were obtained with the FEM-FCT schemes showing a good
ratio of accuracy and efficiency. Several choices for the SUPG stabilization parameters
proposed in the literature (e.g., see [30438,86,/102]) depending on the length of the time
step were studied. The investigations showed that the SUPG method with this choice of
stabilization parameters yielded poor results. Indeed, the stabilization parameters de-
pending on the length of the time step do not reflect the fact that the reason for needing
a stabilized discretization is the appearance of layers in the solution, which are spatial

13
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20 degrees of freedom 100 degrees of freedom

1.0

T
== exact solution
— Galerkin

exact solution
Galerkin
SUPG

[l — SUPG

0.5

0.0

-0.5

0.0 0.2 0.4 0.6 0.8 1.0

Figure 2.3.: Example SUPG and Galerkin finite element solutions for 20 (left) and
100 (right) degrees of freedom.

features. Therefore, it is more meaningful to choose 6 x depending on the mesh width
like in the steady-state case.

Finite element error analysis for the problem can be found in [81] and will be
discussed in Section For the general case of time-dependent coefficients of the
problem, an optimal error estimate could be proven for d;, = O(At). For the situation
of steady-state convection and reaction coefficients, an optimal error estimate for o5 x =
O(hg) could be derived in [81]. Numerical studies in [81] reveal that the choice of
dn,xk = O(hk) is more appropriate also in the general case.

Example 2.2. Consider the test case described in Example in the convection-
dominated regime with ¢ = 0.0001. In Figure the exact, the Galerkin, and the
SUPG solutions are shown for 20 and 100 degrees of freedom. While the Galerkin finite
element method produces solutions globally polluted with spurious oscillations all over
the domain even for large numbers of the degrees of freedom (see also Figure , with
the SUPG method it is enough to use only 20 degrees of freedom to achieve an almost
exact approximation of the solution away from the boundary layer at x = 1. N

2.1.4. Error Estimates for SUPG Method

In this section, the main analytical results for the SUPG finite element method of the
convection-dominated convection-diffusion-reaction equation will be presented.

The numerical analysis for the steady-state problems is very well studied and under-
stood, see [118] for a detailed discussion. In the convection-dominated case, the scaling
analysis yields the stabilization parameter ;, k = Cohk and the global error estimate
has the form

1/2

fu—unlly + 572 [ S0 Ib- V- w)Z | <Ol (225)
KeTy

14



2. Studied Partial Differential Equations

where h = maxgeT, hix. The finite element error in the L? norm is of order 1/2 less
than optimal and the L? error of the derivative in the streamline direction is optimal.

Numerical analysis for the SUPG method applied to the time-dependent convection-
dominated convection-diffusion-reaction equation was carried out in [81]. Using
the backward Euler scheme, analysis based on the standard energy arguments proposes
SUPG parameters that depend on the length of the time step. The following result
presents error estimates for this choice of the SUPG parameter.

Theorem 2.1 (Error estimate for d, x depending on the length of the time step).
Suppose b € L>(0,T;L>(Q)), V-b, c € L™ (0,T; L>®(Q)) for the coefficients in ,
and u, Opu € L>(0,T; H™H()), d}u € L*(0,T; H(Q)) for the solution of (2.2). Let
the stabilization parameters fulfill , onx >0, and

At

On i < T (2.26)

for all K € Ty,. Denote dpax = MaxgeT, O,k and Omin = Minge7, On k. Then the
following error estimates hold

Juff —u"|, < C (h LA+ A2 (B2 h4e) + T + || mhuo — u2}|0>

and
1/2

n ) 2
Il < m(_1/2 1/2
At;muh u ‘HSUP% <C|hm™(EY? + 612 + h) 4+ At

max

+hm1sl/2 (hz—i-h—l—s)—i-w—i-ﬂw up — uj||
max 1/2 RUO — Up|lg | >
min

where u™ = u(t,), the constants C' depend on u, Oyu, O?u, b, V-b, ¢, and 7y, is the elliptic
projection from X into Xy, defined by (V(u — wpu), Voy) = 0 for all vy, € Xp,.

A similar result as in Theorem 2.1] can also be obtained for the condition
o(At)hi
HbHL‘x’(K)Minv

with a function o(At) satisfying 0 < o(At) < 1 for all K € Tj, instead of (2.26). In
this case, one obtains error estimates as in Theorem but with an additional factor
(14 202%(k))".

As discussed in Section the stabilization parameters depending on the length
of the time step do not seem to be a correct choice as the difficulty of not being able
to resolve the layers vanishes on sufficiently fine meshes but not for sufficiently small
time steps. In [81], optimal error estimates for the backward Euler and Crank—Nicolson
methods are also derived for stabilization parameters which do not depend on At and
are proportional to the mesh width as follows:

Spxc = min {5,17[(, 1} , (2.27)

(5}17]{ <
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with
1/2 1/2 1/2
On, i = #min E MO/ Ho “0/ “0/ Hle/Q
) 4Minv HbHLoo(Q) 2 4 4 ”CHLOO(Q) 2 HCHLOO(Q) HCHIL{)Z(Q) L>(Q)

However, the estimates could be derived for a simplified setting, i.e., for b, ¢, and u being
time-independent, for the uniform mesh with width A, and stabilization parameters equal
for all mesh cells (65, x = 0y, for all K € Tp,).

In the course of the analysis, a formally steady-state version of problem is used.
Let Ipu(t) € X, for t € [0,T] be Vup, € X}, the solution of

asupc,h(ITpu(t), vn) = (f() — ue(t),vn) + 0n (f(t) — we(t), b~ V),

where u(t) is the solution of the corresponding continuous equation. The use of IIpu
is necessary to introduce some useful estimates for the analysis. Next, error estimates
from [81] for the stabilization parameter defined in (2.27)) are presented.

Theorem 2.2 (Error estimate with d;, = O(h) for backward Euler method). Let t,, =
T < oo, let u, Oyu € L°>°(0,T; H™TH(Q)) and 0 ,u, OPu, Ofu € L*(0,T; L*(Q)). Let
the stabilization parameter be defined as in (2.27). Then the following error estimate
holds

n 2
n n| 2 j 2m—+1 2
lu —uh||o+Atj§1:mu] _“imsum,h < O(R¥™1 4 AP), (2.28)

where the constant C depends on b, ¢, u, lpu, and ipy.

Theorem 2.3 (Error estimate with o, = O(h) for Crank—Nicolson method). Let t,, =
T < oo, let u, du € L=(0,T; H™(Q)), 02u € L*(0,T; H™(Q)) and 9}1xu, dtu,
OMIyu € L2(0,T L*(2)). Let the stabilization parameter be defined as in ([2.27). Then
the following error estimate holds

. . 2
i a.g—1 Jj _ i1
U U Uy, —uy

2 2

<O LAY, (2.29)
SUPG,h

n
o — 3+ ALY
j=1

where the constant C depends on b, ¢, u, pu, hiny, and linearly on T.

Summarizing the results from Theorem [2.2] and Theorem the error estimates can
be formulated alternatively as follows

N N
(Ap)'/? (Z ™ = wlly + > lllu” — UZWSUPG,h> < C(h™ P4 (ank),  (2:30)
n=1 n=1

where h = maxy,,.e7; hx and k is the order of the temporal discretization.
It is assumed that the space X} satisfies the following local approximation property:
For each u € X N H™T1(Q) there exists a function 4, € X}, such that

= nllo g + i [ — i)l + 13 1A — @)l g < CRGE iy g (231)
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for all K € T,. This property is given, for example, for Lagrange finite elements on mesh
cells, which allow an affine mapping to a reference mesh cell.

In the course of the thesis, the Laplacian of the error for a simplified case of the uniform
triangulations, i.e., hg = h for all K € T, will be needed. It can be obtained using the

local approximation property (2.31]), the inverse estimate (2.6)), and the estimate (2.30)
as follows

N
(ADV2Y " 3 1AW = i)l

n=1KeT,

N
< (AHVEY LD AW = ap)llg s + 1A = up)llo x
n=1 \ KeT,

1/2 Y m—11, n -1 NG n (232)
< C(At) E E h w1 e £ IV (@5 —up)llo x
n=1 \K€eT;,

N
<@ ST (kT = )+ B IV =) )
n=1KeT,

< C(A)'/? (hm—l A A 8_1/2h_1(At)k> :

2.1.5. Flux-Corrected Transport Schemes

In industrial applications, it is of great importance that the numerical solution follows

the constraints dictated by physics, e.g., approximated densities, temperatures or con-

centrations should remain non-negative. Flux-corrected transport schemes represent a

methodology that aims to obtain numerical solutions without non-physical oscillations.
The flux-corrected transport schemes have two basic goals:

1. Receive the solution in time by a low-order scheme that incorporates enough nu-
merical diffusion to suppress under- and overshoots.

2. Modify the solution by using the so-called anti-diffusive fluxes limited in such a
way that no new maxima or minima can arise and existing extrema cannot grow.

In the most stabilization approaches, some terms are added to the Galerkin finite
element formulation (2.7). Finite element method flux-corrected transport (FEM-FCT)
schemes, see [91-94,/105], work on the algebraic level, they modify the system matrix
and the right-hand side of the Galerkin finite element formulation . Initially, the
FEM-FCT schemes were developed for the transport equation, i.e., equations of type
with e = ¢ = f = 0. A detailed description of the schemes including the diffusion
and reaction coefficients, and the right-hand side is given in [84], which is the basis of
the underlying exposure.

If the maximum principle holds for the continuous equation, it is crucial not to loose
the discrete counterpart of the property in the course of discretization. This way, un-
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dershoots and overshoots can be avoided. It can be achieved if the system matrix of the
dicretized system is a so-called M-matrix.

Remark 2.2. A tridiagonal matrix B is a M-matrix if the following sufficient conditions
hold [58, Theorem 84.3]:

e all diagonal entries of B are positive, i.e., (B); > 0, Vi,
e all off-diagonal entries of B are non-positive, i.e., (B);; <0, Vj # 1,
e B is diagonally dominant, ie., [(B)i| = > [(B)ij|, Vi, and it holds |(B)s| >
Z |(B)sj] for at least one 4. ’
j
q

The matrices in (2.10) do not satisfy the properties of the M-matrix and therefore
have to be modified. The mass matrix M} has to be approximated by the so-called
lumped mass matrix M;, defined by

N . . .
2 (Mp)y, i =7,

(ML)Z‘]' = k=1 (2.33)
0, if i # j,
where ¢, = 1,..., N and N is the dimension of the finite element basis. Moreover, all

positive off-diagonal entries of A} in (2.10) have to be eliminated. It is accomplished by
adding an artificial diffusion operator D™ defined by

min{0, — (Af),; — (A7)} ifi #J,

N
- Y Dg, ifi =,
k=1,k+#i

D = (2.34)

to A} and storing the result as L", i.e., L™ = A} + D". By construction, the row sums
of D™ are zero.

By replacing My and A} by My and L", respectively, in (2.10), one obtains the
algebraic representation of a stable low-order scheme

(M, + AtOL™) up = (Mg — At(1— 0)L" ) up ™" + At(1 = 0) 771 + Atof7,  (2.35)

which is the first goal of the FEM-FCT schemes. Its solution does not show spurious
oscillations, however layers will be smeared because the operator on the left-hand side
is too diffusive.

To achieve the second goal of the FEM-FCT schemes, i.e., to make the equation less
diffusive while the spurious oscillations are still suppressed, the right-hand side of
has to be modified resulting in the system

(M, + AtOL™) ujp = (M, — At(1 = 0)L" ) up ™" + At(1 = 0) 771 + AtOf7 (2.36)

+ f(up,up ).
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In order to derive the representation of the correction term f*(uj,u)™ 1), consider the

difference between the residuals of systems (2.35)) and (2.10))

r= (Mg + AtOL" — (My, + AtHAZ))QZ
— (M — At(1—0)L™ ! — (M), — At(1 — 0) A7) uf ™)
= (Mp — Mp) (uh —w™") + At (0D"up + (1 - 0)D" '™ ") .

Since M7, — Mj, and D are by construction symmetric matrices with zero row sums, the
vector  can be decomposed into so-called skew-symmetric internodal fluxes r;;, 4,7 €
{1,..., N} as follows

N N

i erij . Z |:(Mh)ij (uhi— UZ‘,j) — (Mh); (uZzl - uzjl) (2.37)
=
— AODY (uf —uf;) — At - )DL (ugs ) ],

where r; and u} ;, i = 1,..., N, are the components of vectors r and uj, respectively.
For more details for the derivation of the fluxes r;;, e.g., see [91].
The ansatz for the correction term in ([2.36]) has the form

£ uh,uh Zawrw, i=1,...,N, (2.38)

with the weights o;; € [0,1] to be computed.

Remark 2.3. By construction, the high-order discretization (2.10)) is recovered if all
weights «a;; are equal to 1 and the corresponding low-order system ([2.35) is recovered
when all weights are equal to 0. N

There are linear and nonlinear versions of FEM-FCT schemes. Here, only the nonlinear
FEM-FCT scheme will be discussed as it will be used in the numerical studies. The
description of the linear FEM-FCT scheme can be found in, e.g., [84,91].

The nonlinear FEM-FCT scheme computes an auxiliary explicit low-order solution
uy, at the time ¢, — At which is needed to guarantee the fulfillment of the maximum
principle. Hence, in case of the backward Euler scheme u,; = ngl. In case the Crank-
Nicolson scheme is employed, the auxiliary solution is obtained by solving with
the forward Euler scheme and the time step At/2, i.e.,

dy, = up ' - gM (L” ! - 1) (2.39)

As 4 is computed with an explicit method, the size of the time step has to satisfy a
CFL-like condition to ensure stability, e.g., see [91].

The low-order auxiliary solution @, is used for the computation of the weights «;;. It
contributes to the decision making in which regions the additional diffusion in can
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be eliminated resulting in the weights «a;; close to 1 and in which regions this diffusion
is needed setting the weights «;; close to 0.

Before computing the weights, it is recommended to perform the so-called pre-limiting
(see [91,94]) of the fluxes. The fluxes r;; having the same sign as @; — @; may cause
problems as they flatten solution profiles instead of steepening them where needed.
Therefore, such fluxes have to be canceled, i.e., set

Tij = 0 if T‘i]’(ﬂj *ﬂj) > 0.

The weights «; in ([2.38)) are computed using Zalesk’s algorithm [146], which is moti-
vated and discussed in detail, e.g., in [91].
The algorithm proceeds as follows:

1. Compute the sums of positive and negative fluxes

N N
P = > max{0,ry;}, P, = > min{0,ry},
j=1j#i j=Li#i

2. Compute the distance to a local extremum of the auxiliary solution

Q; = max {0, o max  (Up; — thJ)} , Q; = min {O, - max  (Up, — ﬂh,i)} ,
j

=1, N i J=L, N g

3. Compute the nodal correction factors

Mip).. QF M. O
R = max 1, 7( L)ii @ , R =min< 1, 7( L)”_QZ ,
’ AtPF ' AtP;

4. Limit the fluxes r;; and rj; in a symmetric fashion

o — Jmind RS REY iy >0,
T min{R;,Rj}, otherwise,

where ¢,5 =1,...,N.

2.2. Incompressible Navier—Stokes Equations

The motion of fluids such as water, oil, and air are governed by the general Navier—
Stokes equations. However, numerous engineering applications involve fluids changing
their density only to a lesser extent throughout space and time. Such fluids can be
described by a simplified but still very important variation of the equations, the so-
called incompressible Navier—Stokes equations.

20



2. Studied Partial Differential Equations

Let Q C R, d € {2,3}, denote an open, bounded domain with the boundary I" and
T the length of the time interval. The time-dependent incompressible Navier—Stokes
equations read in the dimensionless form as

Ou—vAu+ (u-V)u+Vp=f in (0,7] x Q, (2.40)
V.u=0 in [0,7]xQ, (2.41)

where u(t, x) and p(t, ) denote the fluid velocity and pressure fields, respectively, f(¢, x)
is the given body force per unit mass, and v = Re™! denotes the dimensionless viscosity
with Re being the Reynolds number. In what follows, bold symbols denote vector-valued
quantities of dimension d.

Equation is called the momentum equation. It follows from the conservation
of linear momentum (Newton’s second law of motion for fluids) stating that the rate
of change of the linear momentum must be equal to the net force (combination of the
internal and external forces) acting on a collection of particles. Equation is called
the continuity or mass equation. It is derived from the conservation of mass (general
conservation law) stating that the rate of change of mass in an arbitrary volume V C Q
must be equal to the flux of mass across the boundary of V. Formulation ({2.41]) represents
an incompressibility constraint for the velocity. For a detailed derivation of the Navier—
Stokes equations, e.g., see [75,(95].

The Navier—Stokes equations and have to be equipped with appropriate
boundary and initial conditions in order to become a well-posed problem. These issues
will be discussed in Section 2.2.11

Remark 2.4. Using the divergence constraint from (2.41)), i.e., V-u = 0, an equivalent
formulation of the convective term in the momentum equation (2.40) can be obtained
with the help of the equality

V- (uv?) = (V-v)u+ (v-V)u.
Setting v = u yields the divergence form of the convective term
(u-V)u=V-(uul). (2.42)

Note that the above reformulations are in general no longer equivalent in the case of the
discretized Navier—Stokes equations as the discrete velocity is generally not divergence-
free. N

Remark 2.5. There are two main challenges when carrying out the mathematical anal-
ysis and the numerical simulations of the Navier—Stokes equations: First, the coupling
of velocity and pressure, and second, the nonlinearity of the convective term. The first
difficulty is characterized by the special way the velocity and the pressure fields are cou-
pled, namely the absence of pressure in the continuity equation . Practically, the
continuity equation can be considered as an incompressibility constraint for the velocity
field. The pressure field in the momentum equation is often referred to be the
Lagrangian multiplier enforcing the incompressibility condition. This particular type of
coupling is called saddle point problem. N
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Remark 2.6. From the point of view of numerical simulations, one has to differ between
the laminar and turbulent flows. There exists no exact definition of these notions. In
practice, a flow is considered to be laminar if all its structures can be resolved on a
reasonable grid. Otherwise, it is turbulent. The latter type of flows is much more
challenging in the sense of simulations as so-called turbulence models are required to
obtain a meaningful solution, see [73./98,111]. <

Remark 2.7. In the special case when the body force, the velocity and pressure fields
do not depend on time, the time derivative d,u vanishes and one obtains the stationary
Navier—Stokes equations. If, in addition, the fluid moves very slowly, i.e., the viscous
transport dominates the convective transport, the convective term in the momentum
equation can be neglected. As the result, one gets the so-called Stokes equations

—vAu+Vp=f in

] (2.43)
V-u=0 in Q.

N

The focus of the presentation in this section lies on the numerical methods for the
solution of the Navier—Stokes equations —. For the results on existence and
uniqueness of solutions, the reader is referred to [40,45,/129]. Moreover, an extensive
compilation of existing results for the Navier—Stokes equations including the uniqueness
and existence of the solutions, error analysis and numerical methods can be found in [75].
The latter reference lays the foundation for the presentation in this section.

2.2.1. Initial and Boundary Conditions

The Navier—Stokes equations and are partial differential equations of first
order in time and second order in space. Therefore, it is necessary to equip them with
an initial condition at ¢ = 0 and with boundary conditions on the boundary I' of the
domain €. It is important that the compatibility condition is fulfilled between the initial
velocity condition and the limit of the boundary conditions for ¢ — 0, ¢ > 0.

Unlike the time-dependent convection-diffusion-reaction equation discussed in Section
the initial condition for the Navier—Stokes equations cannot be chosen arbitrary just
satisfying the required regularity. Namely, the initial velocity field w(0,x) = u%(x),
x € (), has to be divergence-free in some sense on QUT, e.g., see [50].

For incompressible flows, different kinds of boundary conditions can be prescribed.
Here, only the boundary conditions used in the course of the thesis will be discussed.
For a more detailed presentation, the reader is referred to, e.g., [504|75,1154/135].

Dirichlet Boundary Conditions

A widely used boundary condition for the incompressible flows is the so-called Dirich-
let boundary condition, also called the essential boundary condition. It describes the
velocity field on a part of the boundary denoted by I'p with I'p C I' and reads as

u(t,x) =gp(t,z) in (0,7] x I'p. (2.44)
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This kind of boundary condition is usually used to prescribe the inflow into 2 or the
outflow from 2.

In the special case of gp(t,) = 0, the boundary condition is called the no-slip or
homogeneous boundary condition, and the corresponding boundary is denoted by I'y
with I'g C I'p. This condition states that the velocity field does not penetrate the wall,
i.e., w-n =0, and does not slip along the wall, i.e., u-t; = 0, i € {1,2} for R3, where
n and t; are the unit normal and the tangential vectors, respectively, on the boundary
I"g, which build an orthonormal system of vectors.

If the Dirichlet boundary condition is prescribed on the whole boundary of €, i.e.,
I'p = I', then two issues have to be taken into account. The first one consists in the
fact that the pressure field can only be determined up to an additive constant. To fix
its value, an additional condition has to be introduced. Usually, the condition

/p(t, x)de =0, te(0,7T], (2.45)
Q

is used, which states that the integral mean value of the pressure should vanish. The
second issue represents the compatibility condition for the prescribed function gp on the
boundary I". With (2.41)) and integration by parts, it follows that

Oz/V-u(t,a:)d:c:/(u-n)(t,s)ds:/(gD~n)(t,s)ds, vt e (0,7].
Q

T T

Natural Boundary Conditions

This boundary condition is usually used to model the outflow from the bounded domain
 in the numerical simulations and is proven to be well suited for (essentially) parallel
domains, see [61,|135]. The part of the boundary, where it is prescribed, is denoted by
Tout with Tyt € I' and the condition has the form

(WWu—pl)n=0 on (0,7] x Tou, (2.46)

where n denotes the unit normal vector on I'syt. When building the weak formulation
of the Navier—Stokes equations, the left-hand side of appears in the integral on
the boundary. With the condition , the corresponding integral vanishes on I'gy;.
For that reason this condition is also called the natural (as it naturally appears in the
variational formulation) or ”do-nothing” (as it does not prescribe anything at Toyt)
boundary condition. The presence of the pressure in the natural boundary condition
circumvents the problem of the non-unique pressure field, see [115], i.e., for Toyy # 0 there
is no need to employ the condition . Even if it is a widely used outflow boundary
condition, it can cause some undesirable behavior of the numerical solution, e.g., for
problems with more than one outlet (see [115,135] for more details). Furthermore, the
natural boundary condition can cause numerical instabilities in the presence of
a back flow at T'oyi. In [22], a modification of the boundary condition is proposed to
prevent the instability.
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2.2.2. Pressure Poisson Equation

In this section, the equation for the pressure, the so-called pressure Poisson equation,
will be derived and some aspects of the correct boundary conditions will be presented.
An extensive discussion of this topic can be found in [50, Section 3], [75]. The pressure
Poisson equation is obtained by taking the divergence of the momentum equation
and by applying the continuity constraint to it. It has to be assumed that the
velocity w and the pressure p functions are sufficiently smooth up to the boundary.

By taking the divergence operator of , the equation becomes

Ap=V - -vAu+ f—(u-V)u—0wu] in (0,7] x Q. (2.47)

Assuming sufficient regularity, it holds V - 9yu = 9;(V - w) = 0 in (0, T]. Moreover, one
can invoke the rotational form of the Laplacian

Au=V(V-u) -V xV xu,

which yields
V- Au=V -V(V-u)-V-(VxVxu)=0.

Finally, the pressure Poisson equation has the form
Ap=V-[f—(u-V)u] in (0,7] x Q. (2.48)

To ensure the well-posedness of , the equation has to be equipped with appropriate
boundary conditions. Consider the part of the boundary where the velocity in the normal
direction is given, e.g., which is true for Dirichlet boundary conditions onl'p CT.
To obtain the correct boundary condition for the pressure on I'p, the normal component
of the momentum equation restricted to I'p has to be taken. It results in the
Neumann boundary condition for the pressure

Vp-n=wAu+f—(u-V)u—0u)-n on (0,7]xTIp, (2.49)

where n - Oyu = J¢(n - gp) can be used for the last term. In the special case of the ho-
mogeneous boundary condition for the velocity, the boundary condition for the pressure
reads

Vp-n=wAu+f)-n on (0,7]xTIp. (2.50)

If the Dirichlet boundary condition for the velocity is prescribed on the whole boundary,
i.e., I'p = I, then the solution of the pressure Poisson equation with is unique
only up to an additive constant. To avoid it, one can prescribe the pressure at any point
in Q or set prda: = 0. Moreover, in this case it can be shown that for ¢ € (0,7] also
the tangential components of the momentum equation are automatically satisfied
(see |50 Section 3.8.2] for further details).

If not the normal velocity but the normal traction is specified on the boundary I' (or
on the part of it), i.e.,

(Wu—pl)n=w on (0,7] xT,
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where T' C T and w is the force applied by the boundary to the fluid, then it is inherited
by the pressure Poisson equation but it becomes a Dirichlet boundary condition for the
pressure. Consequently, one obtains the boundary condition

p=vn-Vu-n—n-w on (0,T]xT.

However, it is often observed that the viscous part of (2.2.2) becomes small, see [50,
Section 3.8.2], such that the following expression

p=-n-w on (0,7]xT (2.51)
is usually used.

Remark 2.8. In the special case of the natural boundary condition for the velocity
(2.46), the pressure boundary condition on the boundary 'yt becomes the homogeneous
Dirichlet boundary condition, i.e., p = 0 on Igys. <

Note that the pressure Poisson equation ([2.48]) is defined only for ¢ > 0. For ¢ = 0,
it can be derived in a similar way as but one has to be cautious when computing
the pressure boundary condition as the velocity boundary condition is only prescribed
for t+ > 0 and the initial velocity field u(0,z) = u’(x) is divergence-free in some sense,
see Section [2.2.1] Under certain conditions, one can ensure the well-posedness of the
problem, see [504/62], [75, Chapter 7].

2.2.3. Time Discretization - Saddle Point Problem

In order to perform numerical simulations of a flow, the Navier—Stokes equations need
to be discretized in space and in time. First, the semi-discretization in time will be
discussed. There is a number of time-stepping schemes available leading to coupled
problems for velocity and pressure, the so-called saddle point problems, or to decoupled
problems, where velocity and pressure are computed by separate equations. In this
section, several popular time-stepping schemes known from the treatment of ordinary
differential equations, which result in a saddle point problem, will be presented .

In what follows, let At, be the length of the current time step from t, 1 to t,, and
let u™, p™ and f™ denote the evaluations of the functions at the time t,,.

One of the most popular time-stepping schemes for the incompressible flows is the
one-step #-scheme, which is a special case of the general fractional-step 6-schemes, e.g.,
see [75, Chapter 7]. For the Navier—Stokes equations —, it reads: Given
u’(x) = u(0,z), find (u”,p") such that

u” + 0AL, [—rvAu" + (u”" - V)u"] + A, Vp"
=u""' — (1 - 0)At, [-vAu"" + (w7 V)u" ]
+ (1= O)At, "1+ 0AL, T,
V-u" =0,

(2.52)
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where the parameter 6 has to be chosen, see Table for some widely used choices
resulting in the explicit or forward Euler, implicit or backward Euler and Crank—Nicolson
methods.

Both the explicit and the implicit Euler methods are of first order of accuracy. The
resulting ordinary equation is stiff with respect to time. Explicit time-stepping schemes,
such as the forward Euler method, require very small time steps satisfying the CFL con-
dition introduced in [33] to ensure stable simulations. It leads to very high computational
costs and therefore the explicit Euler method is in general not recommended for the sim-
ulation of the Navier—Stokes equations. The backward Euler method is quite popular but
the results are often too dissipative and therefore too inaccurate. The Crank—Nicolson
method produces more accurate results as it is of second order of accuracy. However, it
is only A-stable and sometimes it suffers from instabilities. For more details about the
advantages and disadvantages of the one-step 6-methods applied to the simulations of
the Navier—Stokes equations, e.g., see [75,/135].

Note that the scaling of the pressure term in the first equation of is different
to the one applied to the viscous and convective terms for # # 1. It is an often used
formulation in the literature which does not require the initial condition for the pres-
sure p° = p(0,z). Its derivation can be conducted using the variational formulation
in two steps. In the first step, the one-step #-scheme is applied to the variational for-
mulation only for the velocity in a weakly divergence-free space, a subspace of V. In
the second step, the variational formulation is extended to V' x @), where the pressure
term At,(V -v,p") appears as the Lagrange multiplier inforcing the incompressibility
condition.

It is also possible to scale the pressure term in the same way as the viscous and
convective terms yielding the following formulation: Given (u?, p%), find (u™, p")

u" + 0AL, [-vAu" + (u" - V)u" + Vp"]
=u"t = (1= 0)At, [-vAu" 1+ (u"1 V)u" !+ Vp'
+ (1= 0)At, f" 1 + 0AL, ",
V-u" =0.

(2.53)

In this version of the method, besides the initial velocity also the initial pressure is
needed. In practice, one can obtain it by storing the solution of the simulation of the
developed flow, for which an arbitrary initial condition for the velocity (if none is given)
and the pressure was used. Up to the best of the author’s knowledge, there exits no
extensive numerical comparison of both options (2.52)) and (2.53)) in the literature. For
the numerical computations in this thesis, version will be applied.

2.2.4. Time Discretization - Decoupled Problem

One of the difficulties mentioned in Remark for the numerical simulation of incom-
pressible flows is the special coupling of the velocity and the pressure resulting in a
saddle point problem to be solved. Driven by the motivation to overcome this diffi-
culty, the so-called projection methods or fractional step methods were first proposed
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in [28,[132]. The biggest advantage of the projection methods lies in the fact that they
are very efficient as one only needs to solve decoupled elliptic equations for the pressure
and the velocity in each time step of the simulation. Fractional step methods consist of
three classes: the pressure-correction schemes, the velocity-correction schemes, and the
consistent splitting methods. A detailed overview of the analysis and implementation of
this type of schemes can be found in [53|. In what follows, the main focus will be on the
pressure-correction schemes, see also |75, Chapter 7].

For simplicity of presentation, the Navier—Stokes equations — will be con-
sidered, which are equipped with homogeneous Dirichlet boundary conditions for the
velocity field, i.e., u =0 on (0,7] x I'p =T'. Let At,, denote the length of the time step
with At, = t, — t,—1 for n > 1.

The starting point is the approximation of the time derivative of the velocity field u
at time t,, by the gth-order backward difference formula (BDFgq)

1 3 :
Ou" ~ o | Tqu" + S raut ), Y =0 (2.54)
" j=0 j=0
Especially, it holds
u” —u" !, if g=1,
Gtu" ~ 3.n N1 1, n—2 . . (255)
U 2u +su", it g=2.

Let p" € L?(f2) be given. In particular, assuming that the pressure field p is smooth, p"
is an extrapolation of p evaluated at ¢t of order s with

0, if =0,
pr=< pht if s=1, (2.56)
2t —p2if s =2.

Pressure-correction schemes consist of two steps. The first step is the equation for the
intermediate velocity @ which arises from the momentum equation (2.40|). Here, the
pressure is treated explicitly for s > 0 and ignored for s = 0. The first step reads

q—1
TLu" + ZTq—l—ju”_j —vAw" + (a" - V)a" = f" - Vp" in @,

1
At,, par (2.57)

u"=0 on T,

with the initial condition u(0,z) = @(0,z) = u® in Q. In general, the intermediate
velocity w" is not divergence-free. The second step can be considered as a pressure-

correction step. It has the form
;—z(u"—ﬁ")qLV(p"—ﬁ") =0 in Q,

n
V-u"=0 in Q, (2.58)

u" n=0 on TI.
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The problem (2.58) describes the L? projection of the intermediate velocity @" into the
space of weakly divergence-free functions

L3, (Q)={veLl*(Q): V-v=0, v-nlp =0}, (2.59)

where the divergence and the boundary terms have to be understood in the sense of
distributions and traces, respectively. Moreover, as notified in Appendix [A] there is no
difference in the notation between function spaces for scalar and vector-valued functions
in the framework of this thesis. To prove that the projection is well-defined, it is
necessary to require the H2-elliptic regularity of the domain €, see [53], [133, Remark
1.6]. System — represents the standard form of the fractional step methods,
which is the only form that will be described here. In the literature, the so-called
rotational form can also be found, which includes the gradient of ¥V - 4™ on the left-
hand side of the first equation of , e.g., see [53}/134] for more details.

Note that is a partial differential equation of first order in space unlike the
Navier—Stokes equations, which are of second order in space. Hence, it is not possible to
enforce the same boundary condition for w in as for the Navier—Stokes equations.
As the result, the fractional step methods incorporate two solutions for the velocity field
u" and u". The former one has the correct boundary condition but it is not divergence-
free, and the latter one is divergence-free but does not satisfy the correct boundary
condition. This property makes it difficult to decide which version of both velocities
to consider as the correct one. This issue was intensively discussed in the literature,
see [53] for the overview. Concerning the order of convergence, both velocities give the
same results.

Next, two popular special cases of pressure-correction schemes will be presented.

Non-Incremental Pressure-Correction Scheme

The so-called non-incremental pressure-correction scheme can be reconstructed from the
system ([2.57)-(2.58) by choosing ¢ = 1, i.e., the BDF1 scheme, which is the backward
Euler method, and s = 0, i.e., p” = 0. Thus, the scheme has the form

AL (@" —u"") —vAG" + (@"-V)a" ="  in Q,
1
V-u"=0 in Q, (2.60)
u"-n=0 on I
" =0 on T,
u(0,z) = u(0,x) = u° in Q.

It is the first and the simplest pressure-correction scheme which was proposed by Chorin
and Temam in [28,/132]. Sometimes it is called Chorin’s method in the literature.
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Restricting the second equation in (2.60]) to the boundary I', one can see that a non-
physical Neumann boundary condition

Vp"-n=0 on T (2.61)

is enforced for the pressure. The irreducible error of this scheme is of order O(At),
which makes it meaningless to use a higher-order time-stepping scheme. For further
details concerning the convergence of see [53}|114].

It is possible to reformulate system such that the divergence-free velocity w is
eliminated from the solving process. It can be obtained by substituting «”~! in the first
equation by

e T AN A v/ (2.62)

which is just the second equation at time t,,_;. The second equation is replaced by the
equation for the pressure, which is obtained by taking the negative divergence of the
original second equation. Altogether, one has to solve

1
Ar (@" —a" ') —vAT" + (@" - V)a" + Vp" Tt = " in Q,
1
Ap" = A—V - in Q,
tn (2.63)
u" =0 on T,
Vp"-n=0 on T,
u(0,z) = u(0,x) = a° in Q.

After having solved ([2.63)), the divergence-free velocity u" can be reconstructed by (2.62)).

Remark 2.9. In contrast to , the system requires the initial condition not
only for the velocity u’ but also for the pressure pU. In practice, one can obtain it
by solving the pressure Poisson equation, see Section or by storing the numerical
solution of the developed flow. N

Incremental Pressure-Correction Scheme

The non-incremental pressure-correction scheme ([2.60]) involves no gradient of the pres-
sure in the first step. In [46], it was proposed to include the gradient of the known
pressure field into the first equation of leading to a better accuracy of the ve-
locity solution in the correction step of the method. In [139], this idea was combined
with the second-order time-stepping scheme resulting in the second-order incremental
pressure-correction scheme. Due to the author’s name, the method is often called van
Kan scheme in the literature.

The second-order scheme scheme can be reconstructed from the system —
using ¢ = 2, which results in the BDF2 time-stepping scheme, and s = 1. Altogether,

29



2. Studied Partial Differential Equations

the method reads
1

A7 (3a" —du" '+ u" %) — VAW + (@"-V)a" + Vp" =" in Q,
n
3

(u"—a")+Vx"=0 in Q,
2At, (2.64)

V-u*=0 in €,

u"-n=0 on I

" =0 on T,

where

X" =p"—p"! (2.65)

is called the pressure increment. Restricting the second equation in (2.64) to I" and
using the prescribed boundary conditions for & and u, one obtains the following artificial
boundary condition for the pressure

Vph n=Vp" ' n=...=Vp"n on T, (2.66)

which is non-physical and thus leads to numerical boundary layers. Proofs of the error
estimates that are the same for all second-order A-stable time-stepping schemes can be
found in [36}52,[124]. The irreducible splitting error of this scheme is of order O(At?)
and therefore the use of a higher-order time-stepping scheme would not improve the
accuracy of the method.

Similarly to the non-incremental pressure-correction scheme, also here a system of
equations without any occurrence of u can be obtained by substituting «”~! in the first

equation of (2.64) by
2At,

3

which is basically the second equation of (2.64). The negative divergence of the second
equation of (2.64]) yields the pressure equation. Hence, one obtains the system

un—l — ,an—l

VX", (2.67)

(3a" — 4"t + 4" ?) —vAT" + (@" - V) a" + Vp" !

2At,
4 n—1 1 n—2 n :
+§VX — gvx = f m Q,
3 (2.68)
Ax" = -a” in
X mtnv u in ,
u"=0 on T
Vx"-n=0 on TI.

The divergence-free velocity u" can be computed using equation (2.67]).

Remark 2.10. Both versions of the incremental pressure-correction scheme (2.64) and
([2.68) need to be equipped besides the initial condition for the velocity u® also with
pY and (u!,p'). Moreover, the system (2.68)) even needs p?. In practice, the value of
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p° can be obtained as described in Remark The other values can be computed by
performing the required number of time steps of the non-incremental pressure-correction
scheme or of the incremental pressure-correction scheme combined with a time-stepping
scheme of first order. <

Remark 2.11. When the finite element method is applied to perform the simula-
tions, which is the case in this thesis, it is of advantage to use the schemes
and , which do not incorporate the divergence-free velocity u, see [53]. Otherwise,
the divergence-free velocity has to be recovered by (2.62) or after having solved
the pressure equation (the second equation of and , respectively) in the
weak form. As both equations and require the computation of the pressure
gradient, the resulting velocity occurs to be discontinuous. For this reason, in what
follows only the schemes which do not incorporate the divergence-free velocity u will be
considered. <

Remark 2.12. (Mixed boundary conditions). For the sake of simplicity, the above pro-
jection methods were presented for the Navier—Stokes equations — equipped
with the homogeneous Dirichlet boundary condition for the velocity. However, the most
applications require more complicated boundary conditions. For example, for the nu-
merical investigations in Chapter [5| the boundary conditions

u=20 on (0,77 x Iy,
u = gp on (0,77 x I'ip, (2.69)
(vVu—pl)n =0 on (0,77 x Fous
are prescribed, where I'g, I';,, and 'y are mutually disjoint parts of the boundary I'

with I' = I'g Uiy U gy and I'p = I'g U Iy, see Section [2.2.1} For this setting, the
velocity boundary conditions in the schemes (2.60)) and (2.64) are

" =0, u"-n=0 on I,
o n oo (2.70)
u'=gp, u' -n=gp-n on I

The second equations of (2.60) and (2.64)), respectively, taken into the normal direction
thus yield the following boundary conditions for the pressure and the pressure increment:

Vp"-n=0, Vx"-n=0 on TyUTly,. (2.71)

The choice of the correct boundary condition for the pressure and the pressure increment
on 'yt is not trivial. Based on the discussion in Section the homogeneous Dirichlet
boundary conditions can be prescribed for the pressure and the pressure increment on
Fout> i.e.,

p" =0, x"=0 on Tou. (2.72)

For the intermediate velocity in (2.63]) and (2.68]), it holds
Va"n =0 on Iyy. (2.73)

N
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2.2.5. Linearization

In this section, the second difficulty of the Navier—Stokes equations mentioned in Remark
[2.5]is discussed. Semi-discrete problems obtained in Section 2.2.3|and [2.2.4] are nonlinear
and thus have to be solved iteratively in each time step. For the solution of the nonlinear
saddle point problems, the reader is referred to [18] for more details.

In each nonlinear iteration at time %,,, the initial guess denoted by w is required. For
its value, one can use the solution from the previous time step «™ ! or some extrapolation
of the solution of more than one previous time step.

A popular method for the solution of the nonlinear problems is the fixed point iteration
or also called the Picard iteration. It linearizes the convective term by the following
approximation: Given a known velocity field u}}_,, then

(up - Vup =~ (up_, - V)uy. (2.74)

The semi-discretized problem ([2.52) combined with the Picard iteration reads as follows:
For each n =1,2,... and given uw}_, with £ =1,2,..., find (u}, p}}) such that

up + OAL, [—vAu} + (up_y - V)ui| + At, Vp}
=u"' = (1= 0)At, [-vAu" 4 ("' V)u"
+ (1= O)At, £ + 0AL, £,
V-up =0.

(2.75)

The right-hand side does not change during one time iteration. Equations of type
are called Oseen equations, see |75, Chapter 5].

The semi-implicit methods, also called the IMEX (implicit-explicit) schemes, avoid
the solution of the nonlinear system. The convective term is approximated by

(ul - V)ul ~ (u - V)uf, (2.76)
where u°!d can be obtained from the already computed solutions. The simplest choice
consists in setting u°'d = w1, which can be interpreted as the Picard iteration with only
one iteration step. This method will be simply denoted by IMEX. Another possibility
is to use the linear extrapolation of the previous two time steps as follows

uod Aty

= A (u" ™ — ) (2.77)

see [75] for more details. A similar scheme combined with the Crank—Nicolson method
with a constant length of the time step At was proposed and investigated in |70]. It has
the form

At [((u”—1 +0.5u""% = 0.5u"7?) - V) u”+1/2} : (2.78)

where u"t1/2 = % (u" + u”_l). In what follows, this method will be referred to IMEX-
LE. More details on the relation between (2.77) and (2.78]) can be found in [75].
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In the framework of projection methods, the convective term is usually treated semi-

implicitly or even explicitly to obtain a linear problem. Thus, instead of (a" - V)a" in

(2.60) and (2.64)), one can use any version of the semi-implicit or explicit terms like
(ﬁnfl . V)’fl,n, (,anfl . v),anfl’ (unfl . v),&n7 (unfl . v)unfl'

Another iterative approach to solve nonlinear problems is Newton’s method, which
uses the following approximation of the convective term: Given a known velocity field
uy_,, then

(uf - V)ug = (up_y - Vug + (ug - V)ug_ — (ui_; - V)ug_;. (2.79)
The semi-discretized problem (2.52]) combined with Newton’s method reads: For each
n=1,2,... and given u}_, with £ =1,2,..., find (u},p}}) such that
upy + OAL, [—vAu} + (up_y - V)ug + (uf - V)up_, | + Aty Vg
=u" ' — (1-0)At, 4 [—VAu”_l + (u™ - V)u”_l]

+ AL, (uf - V)up |+ (1 —0)At, f* L + AL, f7,
V-up =0.

(2.80)

In [74], a three-dimensional problem was studied to compare the efficiency of the Picard
iteration and of the Newton’s method. In that case, the Picard iteration was found to
be much more efficient than the Newton’s method. For a more detailed comparison of
both methods in terms of accuracy, convergence and computational cost, the reader is
referred to [75, Chapter 6].

As the stopping criterion for a nonlinear iteration, usually the Euclidean norm of the
residual vector is evaluated. The iteration is proceeded until the norm is smaller than
a certain tolerance number. If the tolerance threshold is too small, then one expects
a very accurate solution but the computational time can grow unproportionally. If the
tolerance threshold is set too large, the computation is more efficient but one possibly
obtains a poor accuracy of the solution. To the best of the author’s knowledge, there is
no general approach to choose a good tolerance number. It depends on the example and
the used numerical methods.

2.2.6. Weak Formulation

The semi-discrete problems presented in Sections [2.2.3] and [2.2.4] will be approximated
by the Galerkin finite element method in Section [2.2.7] whose starting point is the
variational or weak formulation of the problem. At this point, the first difficulty of the
Navier—Stokes equations mentioned in Remark 2.5 has to be addressed. The velocity and
the pressure fields are coupled in such a special way that the velocity and the pressure
spaces cannot be chosen arbitrarly to obtain a well-posed problem. The stationary Stokes
equations possess the same coupling of the velocity and pressure as the time-
dependent Navier—Stokes equations —. As the Stokes equations are linear, the
abstract theory of the linear saddle point problems can be applied to them to investigate
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the well-posedness of the problem, e.g., see [45]. According to the theory, the so-called
inf-sup condition (2.81)) has to be satisfied in order to ensure the uniqueness of the
pressure solution.

Definition 2.1. Let V and Q denote real Hilbert spaces with inner products (-,-)y and
(,*)q and the induced norms |||y, and [|-||, respectively. The (Babuska-Brezzi) inf-sup
condition reads as follows: There is a constant 3 > 0 such that

- (Qa V- ’U)

inf sup ——— > (. (2.81)
9€Q, ¢#0 vV, v£0 ”'UHV ”(IHQ

Consider the Navier—Stokes equations equipped with the boundary conditions

u=20 on (0,7] x Ty,
u = gp on (0,77 x I'ip, (2.82)
wVu—-pl)n=0 on (0,77 x Loy,

where g, I'in, and I'gyt are mutually disjoint parts of the boundary I" with I' = 'y U
Iip UTow and I'p = T'g U Iy, see Section It is the setting required for the
numerical investigations in Chapter The velocity space incorporates the prescribed
essential boundary conditions. Let V' and @ denote the velocity and pressure spaces,
respectively, defined by

V=Hp (Q)={veH (Q): v=00onTp}, Q=L*Q), (2.83)

where the value of w on the boundary I'p is to be understood in the sense of traces. It
can be proven that V' and @ satisfy the inf-sup condition (2.81)), see [113, Proposition
5.3.2]. Furthermore, let ug € H() denote an extension of gp, into § for ¢ € (0, 7).

Next, as an example, one variational formulation for each type of the problems from
Sections and respectively, will be derived. The derivation of the variational
formulation will be first presented for the semi-discrete equations (2.75)) (saddle point
problem) and then for the incremental pressure-correction scheme (decoupled
problem) with the convective term approximated by (@" ! - V)@". For the other prob-
lems, the weak formulation can be built equivalently.

Saddle Point Problem

A weak formulation of the semi-discretized Navier—Stokes equations is obtained
by multiplying the momentum equation (the first equation) with a test function v € V
and the continuity equation (the second equation) with a test function ¢ € Q. Then,
the equations are integrated over ).

For the continuity equation it holds

/(V-u")qdac: (V-u",q)=0.
Q
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Using the integration by parts and the Gaussian theorem, the pressure term in the
momentum equation (2.40|) has the form

/Vp”-vdm:/p”v-nds—(p”,v-'v). (2.84)
r
The first term on the right-hand side is zero on I'c U Ty, as v € V.

The variational formulation of the viscous term is obtained by integration by parts
and the Gaussian theorem as follows

I//Au”vdm = V/Vu”'v -nds+v (Vu",Vv), (2.85)

where the first term on the right-hand side vanishes on I'g U T'p due to the definition of
the space V. The L? inner product of tensors is defined component by component.
Altogether, the weak formulation of (2.75) reads: For n = 1,2,... and given u}_, €
H(Q) with up_—ug € Vandk=1,2,... find (up,py) € H(Q) x Q with up—ug €V
such that
(up,v) + 0AL, [(VVuy, Vo) + ((up_; - V)up,v)] — At, (V- v pk)
= (u" ' v) — (1 - 0)At, [(vVu" 1, Vo) + (" V)u"
+ (1= 0)At, (f771 v) + 0AL, (F",0),

o)) (2.86)

for all (v,q) € V x @ and parameter € to be chosen, see Table Note that the
boundary terms on I'oyy from (2.84)) and (2.85)) cancel out due to the natural boundary

condition imposed on gy, see (2.82)).

Decoupled Problem

According to Remark one can employ the same velocity space V for the variational
formulation of the decoupled problem as for the saddle point problem because
the intermediate velocity u" satisfies the same Dirichlet boundary conditions as w in
(2.86)). However, one needs a different definition of the pressure space for the following
reasons: Firstly, the second equation in involves a higher-order derivative of the
pressure (or more precisely the pressure increment) than the saddle point problem and,
secondly, the decoupled problem is equipped with the homogeneous Dirichlet boundary
condition for the pressure on I'gy:, which has to be incorporated by the definition of
the corresponding space. Thus, the pressure space for the decoupled problem is
defined by

Q= Hi, (Q)={ge H'(Q): g=0onTou}. (2.87)

The variational formulation of (2.68) with (@"~!- V)&" as the approximation of the
convective term and the boundary conditions from Remark [2.12] is obtained by multi-
plying the first equation with a test function v € V and the second equation with a
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test function ¢ € Q. Then the resulting equations are integrated over {2. For the terms
including the gradient of the pressure and the Laplacian of the velocity, similar transfor-
mations with @ instead of u can be undertaken as in and , respectively. Due
to the boundary conditions discussed in Remark the respective boundary terms in
and vanish on the entire boundary I". The weak form of the Laplacian
of the pressure increment on the left-hand side of the second equation in can be
achieved by using integration by parts and the Gaussian theorem as follows

/Aan dx = /Van -nds— (Vx",Vq). (2.88)
Q r

Also in this case the boundary term on the right-hand side vanishes on I' following the
specification of the boundary conditions for the pressure increment, see Remark

Finally, the variational formulation reads: For n = 2,3, ... and given (71"_1, X"_l) €
HY(Q) xQand (&2 x"2) € HH(Q) xQ witha" ' —ul ' € Vand a" 2 —ul ' €V,
find (@, x") € HY(Q) x Q with &" — ug € V such that

g (u",v) + Aty [1/ (Va",Vov) + ((@”—1 . V) a, 'v)] —9 (,&n—1’v)
_ 1 (11"_2,'0) 1 At, { (pn—l’v . ’v) + é (Xn_l,v . ’v)
2 3
1 (2.89)
— 3 (V) () .

for all (v,q) € V x Q, and " = p" — p" L.

2.2.7. Galerkin Finite Element Method

For the sake of clarity, Galerkin finite element method will be presented for a homo-
geneous Dirichlet boundary condition for the velocity field on the entire boundary T'.
Then, the corresponding velocity and pressure spaces have the form

V=H(Q)={ve H(Q): v=00nT},

Q=13(9) = {ge L3Q) - /qua::O}, O = I3(Q) N H'(9).

Implementation issues of the Galerkin finite element method for inhomogeneous Dirichlet
conditions on I'p C I" are discussed, e.g., in [3]. In what follows, the three-dimensional
case will be considered. The two-dimensional representation is obtained equivalently.
The Galerkin finite element method is obtained by replacing the infinite-dimensional
velocity space V' and the pressure space @ (or Q) by the finite-dimensional spaces V}, and
Q@ in the corresponding variational formulation. Here, only conforming finite element
spaces will be considered, i.e., V;, C V and Q) C @ (or Qp C Q) The pair of the finite
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element spaces will be denoted by V},/Qp. Note that for the case of mixed boundary
conditions , one needs to define a different finite element pressure space for the
decoupled problem than that for the saddle point problem.

The velocity space V}, and the pressure space @) are equipped with a basis. For the
vector-valued velocity space it holds

V;, = span {thl}fivf

Nv Nv NU
Phi 0 0 (2.90)
= span 0 U Ohi U 0 ,
0 i=1 0 i=1 Pni) )i

i.e., each basis function has non-zero values only in one of the components and N, is the
number of degrees of freedom in each component of the velocity. The pressure space is
of the form

Qn = span {%Z)h,i}fvfl : (2.91)

where IV, is the number of pressure degrees of freedom. Hence, the finite element velocity
uy, and the pressure pp have the unique representation

3N, Ny
Uh = Z Un,i®hi  Ph = th,ﬂﬁh,i, (2.92)
i=1 i=1

3Ny

N, .
where w;, = (up,;);_y and p, = (pn;);L; are unknown real coefficients.

Saddle Point Problem
The fully discretized Galerkin finite element method for the Navier—Stokes equations
combined with the one-step 6-scheme and the Picard iteration reads: For each n =
1,2,... and given up, ;| € Vj, with k=1,2,.., find (uzk,pzk) € Vi, x Qp, such that
(uZ,kWh) + 0At, [(VVUZ,ka V”h) + ((uz,kq ) V)“Z,mvh)]
— Aty (V- on, 0} 1)
= (u} o) — (1 - 0)At, { (vVupt vp) (2.93)
+ ((up ™t V)upt ) } + (1= 0)At, (7 o) + 0AL, (f7",v1),
- (v ' uz,kv qh) =0,

for all (vp,qn) € Vi, X Qp. In practice, the representation (2.92)) is inserted into (2.93)
and tested with each basis function separately. As a result, one obtains the linear system
of equations

<M,§S+9Atn [ + NS (g ,)] (BES)T> (“ﬁak>=<“i), (294)

BNS 0 Ph i 0
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where
(M) = (Pnjs bni)» 15 =1,...,3Ny, (2.95)
(43%),; = (Vv¢h]> Vo), j=1,...,3N,, (2.96)
(Ni®(un); = (- V) bpjobni) s 6rj =1,...,3Ny, (2.97)
(BR%)y; == (V- ngotni), i=1, Ny j=1,...,3N,, (2.98)
= MpySul™ — (1 - 0)At, [AYS + NS (up )] up™! (2.99)

+<1— O)Atn (F* 1, p) + 0L, (F, ¢pi), i=1,...,3N,.

The matrices M}L\IS, AES, N}Z\IS( L) € R3Nex3Ne consist of 3 x 3 blocks, e.g.,

My 0 0
MM =0 M; 0
0 0 M117

where the expression (2.95)) vanishes, if ¢, ; and ¢, ; represent different components,
e.g., ¢p; = (én,0, O)T and ¢y, ; = (0, ¢n ;5 O)T. Non-zero matrices on the diagonal have
all the same values as ¢, ; and ¢y, ; are of the same form independent of the fact which

component they describe. For more details on the practical implementation and solution
of the linear saddle point systems of type (2.94)), see [55.,[75].

Decoupled Problem

The fully discretized Galerkin finite element method for the Navier—Stokes equations
resulting from the incremental pressure-correction scheme (2.68)) reads: For n = 2,3, ...
and given (@', x77") € Vi x Qp and (@] 2, x}"?) € Vi, x Qp, find (@}, x}) € Vi x Qp
such that

3, . - - e
E(uz,'vh)—i—Atn [V(VuZ,Vvh)—i— (( uy~ ! V) uz,vh)} :Q(uZ l,vh)

1

e e 4, .
—i(uz 2,vh)+Atn[(ph l,V'Uh)—i-?)(xh I,V-vh)

_é(Xh 2 Vo vh)+(.fn7vh):|7

(tha V(Ih) = 72Atn

for all (vp,qn) € Vi, X Qp, and x} = p} — pz_l. In contrast to (2.93)), problem (2.100))

is not a system of linear equations of the saddle point type but consists of two separate
systems of linear equations for the intermediate velocity and the pressure increment,
respectively, which have to be solved one after another.

As up € V), and X7 € Qp, the intermediate velocity and the pressure increment can
be written in the same form as the velocity and the pressure in , namely as

(v : ’&’Za Qh) )

3N, N,
Up =Y Unidpin Xn= Y Xni¥his (2.101)
i=1 i=1
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where @), = (dhl)f’ivf and x, = (Xh,i)f-v:pl are unknown real coefficients. Inserting (2.101])
into (2.100)) and testing both equations with each basis function ¢;, ¢ =1,...,3N,, and
Vi, 1 =1,..., Ny, respectively, yields

3 1
<2M}fs + Aty [AF° + N;?S(azl)]) ajp = M® <2a21 - 2@’#) (2.102)
NS\ T OV It B S
+At, (Bh ) <pZ + §XZ — §XZ + At f7,
2
PNSy" = ——— B, (2.103)

where Qz_l = Xz_l'i'ﬂz_zv the matrices M5, ANS| NNS(.)) BNS are defined as in (2.95)-
(2.98), and

(PY9), = (V¢nj, Vi), i,j=1,...,N,, (2.104)
fii= (" bni), i=1,...,3N,. (2.105)

On the Discrete Inf-Sup Condition

Finite element spaces V}, and @Qj, are real Hilbert spaces. Therefore, the abstract theory
of the linear saddle point problems, see |45], can be applied to the investigation of the
existence and the uniqueness of a solution of the finite element problems of incompressible
flow problems. In particular, the spaces V;, and @} have to satisfy the discrete inf-sup
condition which reads: There is 8 > 0 such that

— (q]‘m V. vh)

inf > 0y,. (2.106)
qn€Qn; ah#0 v, €V}, v, 0 ||'Uh”vh HQhHQh

For optimal convergence, the constant 5 has to be independent of the mesh width h,
see |75, Chapter 3]. It must be pointed out that even for conforming finite element
spaces V, and @y, the fulfillment of the inf-sup condition is not inherited from
the spaces V and @, see details in [75] Chapter 3]. One of the most popular inf-sup
stable finite element spaces are the Taylor—-Hood finite elements spaces, see [65]. They
are given by Py/Py_1, k > 2, on triangular and tetrahedral grids and by Q/Qk—1,
k > 2, on quadrilateral and hexahedral grids. In particular, due to simplicity of the
implementation, the Taylor—Hood finite elements with k£ = 2 are among the most popular
finite elements for the simulation of incompressible flows, see [50]. Another popular pair
of inf-sup stable finite element spaces is the so-called MINI element introduced in [7].
The basic idea is to start with piecewise linear finite element spaces P; for the velocity
and the pressure fields, and then to enrich the velocity space such that the discrete inf-
sup condition is satisfied. It is the lowest inf-sup stable pair of conforming finite element
spaces. For more inf-sup stable finite element spaces and further details, the reader is
referred to [50], [75, Chapter 3].
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The fulfillment of the discrete inf-sup condition is essential for the linear system of
equations , which is a saddle point problem, in order to ensure the uniqueness
of the solution. In the incremental pressure-correction scheme, the projection step,
i.e., the second equation of , serves as stabilization with respect to the discrete
inf-sup condition, if the pressure increment is sufficiently large, see [53,/75]. In this
case, one does not need necessarily inf-sup stable finite element spaces to perform flow
simulations. However, if the stationary flow is reached then the stabilization vanishes.
In such a situation spurious oscillations can occur, if V},/Q}, do not satisfy the discrete
inf-sup condition, see [54].
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3. Reduced-Order Modeling Based on
Proper Orthogonal Decomposition

The focus of this thesis is the investigation of the reduced-order models that are based on
the Proper Orthogonal Decomposition. To build such a model, three major steps have
to be performed. The first step involves obtaining the so-called snapshots. Their origin
could be the result of a scientific experiment or the numerical solution of a parametrized
partial differential equation. Within the framework of this thesis, the snapshots are
assumed to be the finite element solution of a parabolic partial differential equation
(PDE). In Chapter 2] finite element methods were presented for two parabolic PDEs that
lay the foundation for the core investigations in this dissertation. In the second step, the
reduced-order basis has to be computed by means of Proper Orthogonal Decomposition,
which is described in Section Finally, a Galerkin reduced-order model is built using
that computed reduced-order basis. The presentation of this process takes place in

Section 3.2

3.1. Proper Orthogonal Decomposition

The main idea of the Proper Orthogonal Decomposition (POD) is to provide a low-
dimensional basis of a known ensemble of data, e.g., of experimental data or solutions
of numerical simulations, which captures the dominant features of the data. The POD
was introduced in the context of turbulence in [103] as a method for detecting and ana-
lyzing coherent structures in experimental turbulent flows. In other scientific fields, the
same procedure is also called Singular Value Decomposition (numerical mathematics),
Karhuen—Loeve Decomposition (stochastics), Principal Components Analysis (statisti-
cal analysis), Empirical Orthogonal Functions (meteorology), and Singular Spectrum
Analysis (time series analysis). The interested reader is referred to [63}[103}[128}[141}/142]
for a more detailed presentation of this method.

3.1.1. Continuous Setting

Let X denote a real separable Hilbert space with the inner product (-, ) x, which induces
the norm ||-||y, and let [0, 7] be a finite time interval.

Hypothesis 3.1. Suppose that for the Hilbert space X the equality

T

/T(v,d))X dt = /vdt,¢ (3.1)
0

0 X
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3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

holds for all v € L*(0,T;X) and ¢ € X.

Lemma 3.1. With Hypothesis[3.1], the identity

T T T T
/v(t,-)dt,/v(s,- :// © dsdt. (3.2)
0 0 00

is true for all u,v € L?(0,T; X).

Proof. Using the statement of Hypothesis [3.1], one obtains

O]

Let u(t,z) € L?(0,T; X) denote a given function. The goal of the POD approach
consists in finding an orthonormal basis {¢;}/_; of a subspace of X with dimension
r € N which solves the problem

T

arg min
¢1 ’~~'7¢r /

0

dt st. (¢i,d5)x = dij, (3.3)

, 2
= &G(t)gi(x)
=1

where §;; denotes the Kronecker delta function and &;(t) € R, i = 1,...,r, t € [0,T],
denote unknown coefficients. Hence, one seeks the best possible approximation of the
given function u by an orthonormal basis of dimension 7.

Definition 3.1. The solution {¢1,...,¢r} of (3.3) is called the POD basis and its
elements the POD basis functions or POD modes. The space spanned by the POD basis
is called the POD space and is denoted by X, = span{¢1,...,¢,}.

By the general Hilbert space theory, it is known that the best approximation of u in
X, at a given time t € [0,7] can be computed by

T

> (i) x i (3.4)

=1
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Note that this is a separated form since the first factor in each term depends only on ¢
and the second one only on z. Thus, the optimization problem (3.3|) can be reformulated

as
T

arg min
¢17"'7¢7" /

0

2

dt s.t. (¢i7¢j)X:5ij. (3.5)
X

u(t,z) — Z(U, ¢i) x ¢i(z)

=1

Using the orthonormality of the basis functions {¢;};_;, the properties of the inner
product and the homogeneity of the integral, one obtains

T , 2
arg min U — U, @i || di
¢1g7--~7¢r / Z( ¢Z)X¢Z
0 i=1 X
T . .
= arg mln/ U — Z(U, ¢i) x iy u — Z(% 0j)xb; dt.
D1yeesPr 0 i=1 7j=1 X

The first term is a constant for the optimization problem. Altogether, the minimization
problem (3.5)) is equivalent to the maximization problem

argmax/2| u, ¢i)x |Fdt st (i, i)x = 6ij. (3.6)

1’77“

Problem (3.6) is an optimization problem with constraints. Its Lagrangian has the form

T

L(¢1,. s br, A) /Z|u¢lx|2dt ZZM (i, ¢5)x — 0ij]

0 i=1 j=1

where A € R™" with (A),; = Ai;.
First-order necessary optimality conditions are given by

s, L=0, i=1,....m (3.7)
h,L=0, i,j=1,...,n (3.8)
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For any i = 1,...,r and ¢ € X, the Gateaux derivatives for £ have the form
T

/ [(u, ¢i + V) x (i + e, u)x — (u, ¢3) x (¢4, U)X} dt
9y, L = lim 2
e—0 £
2 i [(¢i +ev,05)x — (i, ¢j)x}
— lim =1
e—0 IS
2 Nt |65, 01 + w)x — (85, 00)x]
— lim =
e—0 g
T (3.9)
S/ [(U,&??/))X(%U)X + (u, i) x (€Y, u) x + (u,e9) x (u,e9) x | dt
= lim 2
e—0

9

r

|:>\ij(5¢a ®5)x + iy, 5¢)X}

— lim ? !
e—0 13
T T
=2 [ (G (s v)x dt = YO+ X5)(05,0)x
0 j=1

O, £ = (¢, d5)x — 0ij.

With Hypothesis the final expression of dy, L in (3.9) can be rewritten V¢ € X as
T

r

2/(¢i7U)X wdt, | =Y (i + Aig) (65, 9)x

0 X j=1
T r
0 j=1

X
where the commutativity of the integral and the inner product was used.

Hence, the first-order optimality condition (3.7]) results in

T T

1 .
/((ﬁi,u)x udt = 52()\3'@'4-)\1']')@5]’, 1=1,...,7, (3.10)
0 J=1

with (¢i’¢j)X = (51']', i,j = 1,...,T.

Lemma 3.2. Problem (3.10) is equivalent to the eigenvalue problem
T

/(qbi,u)X udt:)\i@-, izl,...,T, (3.11)
0

where \; = \i.
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Proof. The statement of this lemma will be proven by induction. For r = 1 it holds
i = 1. Hence, expression (3.10) has the form

T
[ @rx udi=xion.
0
Next, assume that for r > 1, the problem (3.10)) is equivalent to
T
/ ¢1, X udt:)\iqﬁi, i:1,...,r. (3.12)
0
Now it has to be shown that the problem (3.10f) for » + 1 is equivalent to
T
/ (b,, X udt = Ny, 1=1,....,r+1. (3.13)
0
Due to assumption (3.12)), it only has to be proven that

T
/ ¢7-+1, X udt = >\r+1¢r+1- (314)
0

Using the orthonormality of the POD basis, assumption (3.12)), expression (3.10]), and
Hypothesis [3.1] yields for any i = 1,...,r

T T

= Xi(@is bri1)x = /(cf)i,u)x wdt, pr1 | = / (u, ¢i) x (u, pry1) x dt
0 X 0
T 1 r+1 1
= /(¢r+1,U)X udt, i | = 3 Z(Aj,r—&—l + A1), ¢ | = §<)\i,r+1 + Art1)-
0 X =1 X

It follows that ;41 = —A,41 for i =1,...,7. Consequently, with (3.10) it holds

T 1 r
(drs1,u)x udt =5 > N1+ Arg1)65 + A r16r1
0 J=1

1 T
=3 D> N1 = Xt 1)05 + Arptr 410041

= )‘r+1,r+1¢r+1-
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To study the solvability and the properties of (3.11)), define an operator R : X — X
for a given u € L?(0,T; X) by

Réo= [ (bou)y udt. (3.15)
J .

With this operator, the eigenvalue problem in X defined by
Rod = Ao (3.16)
has the same form as (3.11)). Next, the spectral properties of R will be studied.

Lemma 3.3. Let R be the operator given by (3.15) and u € L?(0,T; X). Then R is
linear and bounded.

Proof. The linearity of R follows from the linearity of the inner product (-,-)x in the
first argument. By using Lemma and the Cauchy—Schwarz inequality, one obtains

wa—// (60 1) (1), () ) (5,)  dsdt

T

/ 1((¢, w) x w) (&)l [1((¢, w) x w) (s, )| x ds dt

IN

St — 5 TT—
o\% =

[ (@, ult, ) x Hludt, )l x [ (@ uls, ) x Hluls, )l x dsdt

<wu//w B Nt ) dse

\wu/m rxm/m % ds

< H¢||X ||U||L2(0,T;X)v
yielding that R is bounded as u € L?(0,T; X). O

Lemma 3.4. Let R be the linear and bounded operator defined by (3.15)) and u €
L?(0,T;X). Then R has the following properties:

(1) non-negative, i.e., (Rp,¢)x >0, Voe X,

(”) Self-adjoz'nt, 7;'6; (R¢7¢)X = ((Z)va)Xa V¢, w € X;

(#i7) compact.
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Proof. In Lemma it was shown that R is linear and bounded. Statement (i) can be
verified as follows

T T

T
(Réy )y = / (bou)x udt,d| = / (6.u)x (u, @)y dt = / (. 6)x [2dt > 0.
0

0 X 0

Statement (i7) results similarly from

T T
(Rovi)y = 0/ (6y10)x wdt, 0/ Lt
T T
=[x oy di= | [ yuds
0 0 X

T
- e / (bu)udt | = (6, Ry
0

X

(7i7) In a separable Hilbert space, which is the case for X, an operator is called compact
if it maps weakly convergent sequences into strongly convergent ones, see [87]. Let {¢n}
be an arbitrary weakly convergent sequence in X. By the definition of R, one obtains

T T T
lim Rey, = hm (Pn,u) x udt:/ lim (¢pn,u)y udt :/ u)y udt =Ro.
0 0

n—00 n—00
0

The second equality holds because of the continuity of the integral and the fact that the

integrand is integrable for every element of X. O

Lemma 3.5. The operator R defined by (3.15)) has the following spectral properties:
(1) all eigenvalues of R are non-negative,

(ii) eigenfunctions of R corresponding to different eigenvalues are mutually orthogonal.

Proof. (i) The non-negativity of the eigenvalues follows directly from the non-negativity

of R (see Lemma [3.4).
(i) Let A and 8 with A # [ be the eigenvalues of R corresponding to the eigenfunctions

¢ and 1, respectively. The fact that R is self-adjoint yields

Since A # 3, it follows that (¢,v), = 0. O

Now, a theorem will be formulated which is crucial for the solution properties of the

eigenvalue problem (3.16]) .
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Theorem 3.1 (Hilbert—Schmidt). Let X be a separable Hilbert space. Let T : X — X
define a bounded, self-adjoint, compact operator. Then there exists a sequence of nmon-
zero real eigenvalues {\;}ien with A\; — 0 as i — 0o, and a complete orthonormal basis
{¢i}ien of X consisting of the corresponding eigenfunctions so that T ¢; = A\;¢;.

Proof. The reader is referred, e.g., to [117]. O

Corollary 3.1. There exists a complete orthonormal basis {¢;}ien of X and a sequence
of real non-negative eigenvalues {\;}ien so that

Ropi = iy with Ay > A > ... >0, (317)
where \; — 0 as i — oo.
Proof. The statement follows directly from Lemma[3.3] Lemma[3.4] and Lemma[3.5 [

Remark 3.1. The number r which denotes the rank of the POD basis may not exceed
the number of positive eigenvalues of R denoted by #{A1, \a,... : A\; > 0}. N

Each element v € X can be expressed as

o0

v = Z(v,@)x@-

i=1

Consequently, the operator R has the following spectral decomposition

Rv = Z)\Z(U,(ﬁl)x(;sz (318)

i=1

By now, only the first-order necessary condition (3.7) was considered. It was shown
in [140] that there is no second-order sufficient condition for the solution of (3.7). As
a result, it is still not clear if the eigenfunctions of the eigenvalue problem j3.11i or,

equavalently, (3.17)), really solve the optimization problem (3.6)).

Fori=1,2,..., consider
T T T
/ (i) Pt = / (i 1t) (1, 00) x df = / (66, ) x wdt,
0 0 0 X

= (Roi,di)x = Ai-

If one uses the orthonormal basis {¢; }ien, the eigenfunctions ¢, ..., ¢, corresponding
to the r largest eigenvalues yield the largest value of the functional in the optimization
problem as the eigenvalues are arranged in descending order. In the following
theorem the optimality of the POD basis will be assured.

Theorem 3.2 (Optimality). Let {¢;}ien and {\i}ien be the eigenfunctions and the
corresponding eigenvalues of the eigenvalue problem (3.17)) with Ay > Xo > ... >0, and,
re N, r <#{Ai, o, ... 1 \; >0}. Then {¢;}]_; solves the optimization problem (3.6]).
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Proof. The proof follows the lines of [140]. Let {¢;}{_; be the eigenfunctions of
corresponding to the first largest eigenvalues {\;};_;, and {¢;}|_; be any other orthonor-
mal set in X of dimension 7.

The goal is to show that

T T

[ X wanstarz [30|(wd)
=1 =1

0 = 0o J=

2
) dt. (3.19)

The left-hand side can be rewritten as follows, see the proof of Lemma (1),

T ' T T
/Z (u, @) x> dt =D (R, di)x = D i (3.20)
o i=1 i=1 i=1
Since {¢;}ien is a complete orthonormal basis of X, the following holds
- > e - 2
6= (501) di 1= |(60:0) |
i=1 i=1
for every j =1,...,r. Accordingly, one obtains
T ) T
/’(u,q%)X‘ dt = /(@,u)Xu,qBj :<Rq3j’&j)x
0 0 X
oo N B (o] 5 2
= (Z Ai <¢ja¢i)x ¢i,¢j> => X\ (% ¢j)X‘
i=1 x =l
© - 2 s - 2
A (S o [CESNRED S CEON
i=1 i=1
r - 2 e - 2
= e (6063) | - > wzom (661) |
S)\T—'_Z()\’L_)\T) <¢i,ggj)X2, jzl,...,’l“.
i=1
Summing up the last expression for j = 1,...,r yields
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/T (wd5) | ar D S (qbz-,éj)X)Q] (3.21)
0

<
j=1 j=1 L i=1
T T B 2
- A+ (i — A, ‘( 5 ) ‘ 3.22
5 et i 3 (008) (3:22)
1= 20 J=
L =1 _
< D = A =DM (3.23)
i=1 i=1
which, together with (3.20]), verifies the assertion. O

Remark 3.2. (Role of the POD eigenvalues). With (3.11]), one can represent the POD
eigenvalues by

T T
h= iy = | [@uxudio] = [Guoy Gy 621)
0 X 0
In the literature, the expression (u, u) y sometimes refers to the energy of the system. In
the case that the function u(t, z) represents the velocity field and X = L?(12), then the

value of (u, u)y is proportional to the kinetic energy. Let {¢;}5°; denote the orthonormal
basis of X as an extension of the POD basis {¢;}]_;. Then, by using 4) and u(t,z) =

Z (¢i,u) x ¢i, one obtains

i=1

T T . -
/(u,u)x Z/ Z bisu) @,Z(dy,u)xqu dt
0 0 =1 j=1 X

(o) o T

= ZZ/ biu) x (@5, u) x (P, d5) x dt (3.25)

i=1 j=1

Z/ ¢17 ¢17 dt = Z N

=17 i=1

Hence, every POD eigenvalue \; reflects the respective contribution to the energy of the
system. <

3.1.2. Discrete Setting

In practice, one wishes to find the best low-dimensional approximation of an ensemble
of data. The origin of the data can vary, e.g., representing known numerical solutions
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or experimental measurements. In case the data represents numerical solutions of a
partial differential equation with, e.g., a finite element method, then each element of the
given data is a finite element solution evaluated at a particular time instance for time-
dependent problems or at a particular parameter value for parameterized problems. In
this work, it will be assumed that the data is the finite element solution of a time-
dependent partial differential equation.

In what follows, let X denote a Hilbert space with the properties given in Section
B:Id and X; C X a finite element space of dimension N which is spanned by a nodal
finite element basis consisting of finite element basis functions {pp;}Y ,, i.e.,

Xy, = span{pn,1,. .., on N}
Let {u1,...,up} C X} denote the given data. Moreover, consider the time grid
0<t1<...<ty<T (3.26)
of the finite time interval [0, 7).

Definition 3.2. The space Xg spanned by the given ensemble of data, i.e.,
Xg =span{uy,...,up},

1s called the snapshot space, and the elements of the data u;, 1 = 1,..., M, are called
snapshots. In general, the snapshots are not linearly independent. Therefore, it holds
R < M with R = dim(XRg).

Each snapshot u; can be interpreted as a finite element solution at the i-th time

instance t; € [0, 7
wi(z) =u(ty,x), 1=1,....M
The goal of POD is to find an orthonormal basis {¢y.1,- - -, ¥ror ), called POD basis, of
rank r < R with
Pro,i Espan{gph,la"'ﬂoh,N}v i:17"'7rv

that provides the best possible approximation of the given snapshots. It can be formu-
lated as an optimization problem similarly to (3.5)) in Section

M

arg min W,
$Pro,15---sPro,r 1

, 2

Um — Z(Uma (Pro,i)XSOro,i
=1

st (Projis Proj)x = 0ijy  (3.27)

X

where the integral over time interval is approximated by a quadrature formula with
appropriate positive weights wy,.

Example 3.1. Let the time grid (3.26) be uniform with At = % In case of a
trapezoidal rule, the weights in (3.27)) are equal to

1 1
wlngt, wm =At, m=2,...,M—1, wMziAt.

As the value of At is a constant for the optimization problem (3.27)) and thus does not
influence the solution, it can be set to 1 without loss of generality. N
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3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

Definition 3.3. The space X, spanned by the POD basis, i.e.,

Xr - Span{(/)ro,lv cee 730ro,7‘}

is called the POD space, and the elements of the POD basis are called POD basis func-
tions or POD modes.

The POD space X, is a subspace of X,. Altogether, the following inclusions hold
X, C XpC X CX. (3.28)
Usually one has the following dimensional relations
r<R<M < N. (3.29)

The theoretical results presented in Section for a continuous setting of POD can now
be applied with only minor changes to the discrete case. Consequently, the minimization
problem (3.27)) is equivalent to the following maximization problem

M r
2
arg max Z Zwm |(tm, Pro) x|~ St (Prois Proj)x = 0ij, (3.30)

Pro,1,--,Pro,r -
’ " m=1i=1

and the POD modes can be determined by solving the eigenvalue problem

M
Z Wm (@ro,ip um)X Um = )\2 Pro,is t=1,...,m (331)
m=1

with Ay > ... > A, > 0. Due to the inclusion relation (3.28)), one can represent the
snapshots and the POD modes with respect to the finite element basis as

N

ui(x) = Zui’jgoh,j(x), i=1,...,M, (3.32)
j=1
N

(Pro,z‘(w) = Z @ro,i,jQOh,j(«T), 1= 17 A (333)
j=1

with the finite element coefficients vectors u; = (uw)é\le and ¢ = (goro,iyj)év:l, respec-
tively. Hereinafter, the finite element coefficients vector of a function v will be denoted
by v.

In practice, the coefficients in are summarized into a so-called snapshot matrix

U € RVXM 45 follows

u171 . e uM71

UILN  UMN
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3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

where the i-th column corresponds to the finite element coefficients of the discrete solu-
tion at the time instance t;, ¢ = 1,..., M, from the time grid .

The rank of the snapshot matrix U is equal to the dimension of the snapshot space,
i.e., rank(U) = R.

Let G € RY*N denote a symmetric, positive definite Gramian matrix which describes
the inner product (-,-)x, i.e., for u, w € X} it holds

(u,w)x = u' Gu. (3.35)

Example 3.2. Set X = L?(Q), where Q C R, d € {2,3}, denotes a bounded domain.
It holds then for u, w € X; C X

N N N N
(wyw) = | Y ujong, Y wigni | =YD ujwi (g oni) = Myw, (3.36)
=1 i=1 =1 i=1

where M, € RV*V is the mass matrix defined in (2.11]). Therefore, it holds G = Mj,.
Similarly, for X = H{ () one obtains

(Vu, Vw) = u" Apw, (3.37)
where Aj, € RV*N denotes the stiffness matrix defined in (2.12). In this case, it holds
G = Ah. <

Using notations (3.34]) and (3.35)), the eigenvalue problem (3.31f) can be written in

matrix form as an eigenvalue problem in RV as

UWU Gg .= Aig i=1,...,r (3.38)

ro,i’

where W = diag{w;,...,wa}, i.e., W is a diagonal matrix with (W),m = wm, m =
1,..., M. Since all the weights w,, are positive, it holds holds

W= WY2W/2 = w22,
where W1/2 = diag{\/&1, . .., /wa}. Let U be defined by
U=UW'2, (3.39)
with
rank(U) = rank(UW'/?) = rank(U) = R, (3.40)

as W1/2 € RM*M jg 3 non-singular matrix. Then, the eigenvalue problem (3.38) can be
rewritten as

ffﬁTGgmﬂ. = iy

ro,i’

i=1,...,m (3.41)
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Example 3.3. (Trapezoidal rule). For the weights w;, ¢ = 1,..., M, originating from
the trapezoidal rule (see Example ({3.1])), one has

1 1
—, 1,...,1,—
\/i —— \/§

M —2 times

w2 = diag

To obtain the matrix U, one just has to multiply the first and the last column of U with
1

7 <
Remark 3.3. Note that (3.41)) is an eigenvalue problem in RY with N being the di-
mension of the finite elment basis. Usually N is very large, and therefore the solution of
the eigenvalue problem is very expensive. In Section [3.1.3] a more efficient way for the

computation of the POD basis will be introduced. N

Remark 3.4. In practice, the POD basis is computed not from the snapshot matrix
U which consists of the so-called raw snapshots but from a modified one, ensuring that
its columns satisfy the homogeneous Dirichlet conditions of the problem. The detailed
discussion of this issue is presented in Section [3.2.3 N

3.1.3. Method of Snapshots

The straightforward way to compute the POD modes is to solve the eigenvalue problem
in RN. However, in practice it can be very expensive since N, the dimension of
the finite element basis, is usually very large. An alternative way to obtain the POD
basis was introduced in [128], known as the method of snapshots. The basic idea is to
transform the large eigenvalue problem in RY into a much smaller one in RM
(as M < N) by applying some algebraic manipulations. As a result, the POD basis
functions can be obtained with much less computational effort.
Multiplication of with UTG from the left-hand side yields an eigenvalue problem
in RM
UTGUE, = Ng, i=1,...,m, (3.42)

with { := U TGfm ;- The matrix G € RV*N defined by ([3.35) is symmetric and positive
definite. Thus, it holds G = GT/2GY2 and the matrix UTGU can be rewritten as

0TGU = (GWU)T (620 (3.43)

Due to the equality , one can easily verify that UTGU is a symmetric, positive
semi-definite matrix with rank(U7 GU) = R. Therefore, the eigenvalue problem is
solvable and its solution consists of real, non-negative eigenvalues A;, ¢ = 1,...,r, with
A1 > ... > A, and corresponding orthogonal eigenvectors §Z,, i=1,...,r.
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Now, multiplication of (3.42)) with §ZT from the left-hand side results in || §llx =
)\Z(QTQ) By setting

¢ . oi=1,...,r (3.44)

eTe.

24 24

1 =~
=2 U¢ = —0
fro,l ”Ué”X Al(égpél) = \/>\>’L

one obtains the eigenvectors of (3.41]). This can be verified by inserting (3.44]) into (3.41])
and using the definition of gz as follows

007Gy, = 007G [ ————¢,
| A(E]E)

1 -~ .
= UUtcuuTGy .

\/ A (gg; JGTUUTG%J.) o

= )\igro i
2 (T ’
\/)\Z (soro,inro,i)
N—————

Altogether, the method of snapshots employs the following algorithm:

1. Solve ([3.42)) and obtain §oi=1...,m
2. Recover the POD basis coefficients Proi by (3.44) from §ri=1,...,r.

3.1.4. Connection with Singular Value Decomposition

In this section the relationship between POD and Singular Value Decomposition (SVD)
will be discussed.

Theorem 3.3 (Singular Value Decomposition). Let S € R™*"™ denote an arbitrary real
matriz with rank(S) = d < min{m,n}. Then there exist orthogonal matrices V, € R™*"
and Vo € R™™ and real numbers o1 > o9 > ... > o4 > 0 and such that

D 0

ViE SV, = (0 0

) =: 3 e R™"™, (3.45)
where D = diag{o1,...,04} € R4 gnd zeros in denote zero matrices of appro-
priate dimensions.

Moreover, the columns {v;;}i', of V1, the so-called left-singular vectors of S, and the
columns {vy ;}i%1 of Va, the so-called right-singular vectors of S, are the eigenvectors of
SST and STS, respectively. The non-zero eigenvalues of SST and STS are the squares
of o1,...,04, which are the non-zero singular values of S.
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Proof. E.g., see [123]. O

Multiplication of ([3.41) with G'/2 from the left-hand side and using the fast that
G = GT/2G/? yields

G'PUUTGTPG P = \GVPp i=1,...,r (3.46)

ro,i’
or

U0T¢ =N\ i=1,...,r (3.47)

Tro,i ro,i’
where

U=G"?0=G""UW'? and ¢ . =G"%

Troi”

(3.48)

Let ® € RV*E denote the so-called POD matrix columnwise consisting of the finite
element coefficients vectors of the POD modes, i.e.,

o= (fm,p . gm) : (3.49)
and let ® € RV*E be the matrix with the vectors {@ro i}le as columns defined in ({3.48)),
i.e., 7

5 _ [ ~ _ 1/2
o= (21001 8y, ) = G2 (3.50)

According to Theorem the eigenvectors {@roi}le of UUT in (B.47) are the left-

singular vectors of U. Thus, instead of solving the eigenvalue problem or applying
the method of snapshots ( together with ), one can compute the SVD of U
to determine the POD basis.

Consequently, the POD basis {¢r0};_, can be computed by applying the following
algorithm:

1. Compute SVD of U, which results in U = dX=7.

2. Recover the POD basis coefficient vectors Yoot =1L...m from the first r

)

columns of by computing

o =G1% (3.51)

Tro,i Tro”

3.1.5. Practical Aspects

In practice, the POD basis is usually computed with the method of snapshots, see
Section by solving the eigenvalue problem or by building the SVD of a
slighly modified snapshot matrix, see Section Numerous computer software pack-
ages are available to carry out these procedures. For instance, the linear algebra module
numpy.linalg for Python and MATLAB provide several routines to solve eigenvalue prob-
lems and compute the SVD. Both are based on the routines of the LAPACK package. In
this thesis, the POD modes are computed with the method of snapshots in the C/C++
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Figure 3.1.: Velocity (right) and pressure (left) POD eigenvalues for flow around a cylin-
der problem (Example for different values of the Reynolds number.

code MooNMD [78] using the routine dsyev_ from the LAPACK library. The lower
threshold value for the eigenvalues is set to 10710,

In applications, the POD basis serves as a low-dimensional basis of the reduced-order
model, see Section One of the important parameters for the accuracy of the model
is the dimension of the used POD basis. In the literature, there exists only a heuristic
approach for the choice of the rank of the POD basis. It is based on the ratio of the
modeled energy to the total energy of the system, the so-called energy ratio, denoted by
E(r) . In Remark it was shown that for every i, the POD eigenvalues \; reflect the
ith fraction of the system’s energy. Therefore, the energy ratio £(r) is given by

_ 217:1 Ai
E(r) = SIW (3.52)

where A; are the POD eigenvalues from . For example, if one wishes the POD
basis to contain at least 99,9% of the total energy, then r is chosen to be the smallest
integer such that £(r) > 0.999.

POD is most effective for problems for which the POD eigenvalues A\;, ¢ = 1,...,7,
decrease rapidly. In this case only a few POD modes are needed to approximate the
elements from the snapshot space with good accuracy. Otherwise, a lot more POD
modes are required.

In Figure the distribution of the POD eigenvalues is depicted (semilogarithmic
plot) for the flow around a cylinder problem, see Example at different values of the
Reynolds number (Re = 100, 200, 600). In all cases the flow is laminar. One can see that
with an increasing value of Re, the POD eigenvalues decrease slower, i.e., the higher the
values of the Reynolds number, the more POD modes are needed to capture a certain
energy level of the system. For convection-dominated problems, the POD eigenvalues
decrease slowly, e.g., see Example or [137] for the decay of the POD eigenvalues in
the case of a turbulent flow.
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3.2. Galerkin Reduced-Order Modeling

This section presents how the POD basis (see Section can be utilized to build a
projection-based reduced-order model using the Galerkin projection. Moreover, such
practical aspects as treatment of the initial and boundary conditions as well as efficient
implementation are addressed.

3.2.1. Galerkin Projection

Galerkin projection, or Galerkin method, introduced by the Russian mathematician
and engineer Boris Galerkin (1871-1945), is an approach that approximates an infinite-
dimensional partial differential equation into a system of ordinary differential equations
by projecting the equation into a finite-dimensional space. The Galerkin method is
closely connected with the weak formulation of the partial differential equation. One
of the popular applications of the approach is the Galerkin finite element method, see
Sections [2.1.2] and [2.2.7] for its application to the time-dependent scalar convection-
diffusion-reaction equation and the time-dependent incompressible Navier—Stokes equa-
tions, respectively. In a similar way, one can also derive a so-called projection-based or
Galerkin reduced-order model (ROM) using the r-dimensional POD basis, see Section
B.1

For the sake of simplicity, the derivation of the Galerkin ROM based on POD will
be carried out for a prototypical example of a parabolic partial differential equation,
the heat equation. It is the special case of the convection-diffusion-reaction equation
with zero convection and reaction fields, i.e., b = 0 and ¢ = 0, and € = 1. The
heat equation equipped with the non-homogeneous Dirichlet boundary condition and
the initial condition is given by

ou— Au = f in (0,7] x Q,
u(t,x) = gp(t, x) on [0,7]xTp=T, (3.53)
u(0,x) = u’(x) in Q,

where Q C R?, d € {2,3}, is a bounded domain with Lipschitz boundary T.

Assume that gp(t,-) € H/?(I'p) for all t € [0, T]. By the trace theorem (e.g., see [1]),
there exists ugy(t,-) € H'(Q), which is an extension of gp into Q. Furthermore, assume
that f(t,-) € L2(Q) and u® € HY(Q) with u® — u,(0,-) € H}(Q) for all t € [0, T].

The time-continuous weak formulation of problem has the following form: Find
w: (0,T) — HYQ) with u(t,-) —u,(t,-) € HE(Q) for all ¢ € [0, 7], such that

(Dpu,v) + (Vu, Vo) = (f,v), Yo € HH Q). (3.54)

The second term on the left-hand side is obtained from the Laplace term by applying
integration by parts and the Gaussian theorem, see .

In the framework of the Galerkin method, instead of H}(f2), one considers in a
finite-dimensional subspace of H}(£2). By choosing this subspace to be a finite element
space X; C H(Q), one recovers the Galerkin finite element formulation for (3.54).
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Substitution of Hg(2) by the POD space X, C H}(Q2), spanned by the POD basis
{¢roi}i_q, see Section results in the Galerkin reduced-order model (G-ROM).

Let uyo(t, ) denote the reduced-order approximation of the solution function u(¢,x)
in X, by the POD basis {¢r0}i_;

T
u(t, ®) ~ tiro(t, ®) = ug(t, @) + up(t, @) = ug(t, ) + > i(t)pro (), (3.55)
i=1
where «;, ¢ = 1,...,r, are the unknown ROM coefficients that have to be determined,

and ugy(t, ) is the extension of the Dirichlet boundary condition into the domain €.

Finally, the reduced-order model based on POD associated with (3.54]) reads as follows:
Find u, = uyo — ug: (0,7] = X, such that

(8tur7 SOrO,i) + (Vum VSDrO,i) = (fa SDrO,i) - (atugv SDrO,i) - (vum VSDIO,i) ) (3-56)

with ¢ = 1,...,7. Using the definition (3.55)), the Galerkin ROM ({3.56|) can be written
in matrix form as follows: Find a = (a;);_; : (0,7] — R” such that

Mot + Avor = iro + Lo (357)
where the dot over «(t) denotes the time derivative, and

(Mro)ij = (‘Pro,ja Qpro,i) y L=l
(Aro)ij = (Vérojs Voroi), 4,5 =1,...,m,
froi = (f,¥r04), i=1,...,m,
lioi = — (Okug, Proi) — (Vug, Vo), i=1,...,m,

with the initial condition obtained by one of the approaches presented in Section [3.2.2]

The ROM is thus a system of r ordinary differential equations (ODEs). In prac-
tical applications, the dimension of the POD basis r should be chosen to be small, e.g., of
order O(10), to obtain efficient ROM simulations by applying any ODE solver. The solu-
tion consists of the ROM coefficients «(t), from which the reduced-order approximation
Upo(t, x) in can be constructed.

Note that for , the POD basis must satisfy homogeneous Dirichlet boundary
conditions on the Dirichlet boundary as X, C HZ(Q). In Section the presented
algorithms for the computation of the POD basis were carried out for a general case
disregarding any boundary conditions. A detailed discussion about the treatment of
different Dirichlet boundary conditions within the framework of POD will be carried out
in Section

3.2.2. Initial Condition

In the literature, the intital condition o for a projection-based reduced-order model
based on the POD like ([3.57)) is usually obtained by projecting u® — ug in the L? sense
onto the POD basis as follows

04(.) = (uO - u27 901'077:) ) 1= 17 A (362)

)
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where ug = (ugy(t,-)). Consequently, the reduced-order approximation of the initial

condition 1" has the form
,
u’ =l = ug + Z Ao (3.63)
i=1

It represents the best possible approximation of the given initial condition u in the
POD space X, in the L? sense. Unless noted otherwise, any projection-based ROM in
the thesis will be equipped with this initial condition.

However, there might be different goals than the optimality of the ROM approximation
of the initial condition in the L? sense. Depending on the origin of the POD basis, the
initial condition , although optimal in the L? sense, can be polluted by spurious
oscillations, e.g., see the top row of Figure[4.28] A good quality initial condition is crucial
for the numerical methods to produce accurate solutions. Therefore, it is desirable to be
able to construct a ROM initial condition that suppresses spurious oscillations as good
as possible but still approximates well the function u°.

A possible way to achieve this goal originates from turbulence modeling. Turbulent
flows contain tiny eddies that cannot be resolved by the realistic computational meshes.
For that reason, the idea of the Large Eddy Simulation (LES) is to replace the solution
u by some kind of the spatial average w, e.g., obtained by the convolution of the solution
with the Gaussian filter function. Averaging the Navier—Stokes equations —
defined in R? yields the Navier-Stokes equations for the averaged solution with the
additial term V - wu?, which has to be modeled. The approximation of the additional
term is called the closure model. One of the approaches to model V - uu? is based on
the approximation of the Fourier transform of the Gaussian function using a rational
approximation resulting in the rational LES, see [41,/75]. The closure model includes an
operator that describes an elliptic, second order Helmholtz equation to be solved

— 2 AT+ T = u, (3.64)

where 4 is the filter width usually chosen to be p = O(h). In turbulence modeling,
the problem is called differential filter. It represents an approximation of the
convolution operator with the Gaussian filter in R%. The differential filter is also utilized
in further turbulence models such as Approximate Deconvolution Models and the Leray
a-Model, see [75] for more details.

Thus, the ROM initial condition can be filtered in a post-processing step by
computing the Galerkin approximation of the Helmholtz equation with respect to
the POD basis {¢ro.1,- .., ¢ror}. Finally, the following problem has to be solved: Find

ro

T
) with @2 — ug = > &0 € X, such that
i=1

/1'2 (Vﬂ’?m vSoro,i) + (ﬂ?o, Soro,i) = (Ugo, Soro,i) ) 1= 17 - T (365)

where 4%, is the ROM approximation ({3.63)).
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Next, the convergence of the filtered ROM initial condition for the special case of a
family of uniform triangulations will be investigated. Using the triangle inequality yields

e = ol < [|u” = kol + [k — 5ol (3.66)

The first term on the right-hand side can be expected to be small by the construction
of uY,. In order to obtain an estimation of the second term on the right-hand side, the
difference 4% — @’ has to be employed as a test function in . By shifting the
second term on the left-hand side to the right-hand side of the equation, and by using
the Cauchy—Schwarz inequality as well as the global inverse estimate, cf. , one
obtains )
laro = ivollg < 42| Vitzo ||V (0 = o) [l

= Ch_lﬂszagoH()Hu?o - a(T)OHO'
It must be noted that the inverse estimate is applicable as it is assumed that X, C Xj,.
With p = O(h), it holds

(3.67)

|ufy — g, = O(h). (3.68)
On the one hand, the filtering procedure yields the solution that does not represent
the best possible approximation of u° in the L? sense anymore but because of
the function @Y, is still a good approximation of u® with the convergence of at least first
order in the L? sense. On the other hand, @%, can lead to a better approximation of u° in
the sense of other quantities of interest taking advantage of the suppression of spurious
oscillations.

To the best of the author’s knowledge, the utilization of the differential filter in the
post-processing step to the ROM initial condition computed by is new. In Figure
the plots in the bottom line show the results of the filtering procedure
applied to the initial conditions depicted in the top row. In Section 4] the filtered
initial condition will be employed to investigate its impact on the results of the ROM
simulations.

3.2.3. Boundary Conditions

In Section it was described how a projection-based Galerkin ROM based on
POD can be obtained by applying the Galerkin projection to the weak formulation of
the underlying PDE. Note that the POD basis functions that utilized as ansatz and test
functions have to fulfill homogeneous Dirichlet boundary conditions.

In Section the algorithms for the computation of the POD basis are based on
snapshots that do not necessarily vanish on the Dirichlet boundary. In fact, every POD
mode ¢ ; can be interpreted as a particular linear combination of the snapshots, see
, yielding that the POD modes computed from the raw snapshots representing
the finite element solution are in general non-zero on the Dirichlet boundary. Hence,
some attention has to be paid to the treatment of the boundary conditions within the
framework of the computation of the POD basis and building a ROM in order to obtain
POD modes that are zero on the Dirichlet boundary.
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3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

There are several suggestions in the literature on how to deal with inhomogeneous
Dirichlet boundary conditions. First, the treatment of steady Dirichlet boundary condi-
tions will be depicted, and subsequently three approaches for the time-dependent case
will be presented. As Neumann/outflow boundary conditions are usually homogeneous
in applications, no attention is paid to this type of boundary conditions.

Steady Dirichlet Boundary Conditions

Let the snapshots {u,,}M_, represent the finite element solution of the problem with
the steady Dirichlet boundary condition

u(t,xz) =g(x) on [0,7]xI'pcCT. (3.69)

In this case, the POD is applied not to the raw snapshots {u,, }}/_, like it is presented
in ([3.27), but to the modified snapshots {um, — ug}M | where ug is an extension of g
into  which fulfills the boundary condition . Afterwards this function has to be
added to the reduced-order approximation of u as it is done in . In the literature,
the most popular choice for u4 is the time average of the snapshots, i.e.,

Ug =Ty = — Y U (3.70)

Thus, the POD modes are computed from the snapshots’ fluctuations. This approach is
often called the centered-trajectory method. For flow problems, using the average of the
snaphsots for u, has a big advantage as it preserves the linear properties of the solution
such as divergence in the case of the velocity field.

The modified snapshots {u,, — ug}%zl satisfy homogeneous Dirichlet boundary con-
ditions. Due to , the POD is a linear procedure. Consequently, the POD basis
functions also satisfy homogeneous Dirichlet boundary conditions and can be used to
build a ROM.

Time-Dependent Dirichlet Boundary Conditions

In the literature one can find several suggestions on how to treat time-dependent Dirich-
let conditions in the ROM applications, e.g., see [20,/47,48,56,/116]. In all cases it is
assumed that the Dirichlet boundary conditions are given in the separated form, i.e.,
they can be expressed as a product of two functions depending only on space and on
time, respectively. In this section, the following Dirichlet boundary condition will be
considered

u(t,z) =wt)gr(x) on (0,T)xTIpyg, k=1,...,K, (3.71)

where I'n =T'p 1 U...Up g, Ip; NIp;j =0 for i # j, i,j = 1,..., K. Note that the
steady-state Dirichlet boundary condition is a special case of , i.e., v is a constant
forall k =1,..., K. Three methods for the treatment of the boundary condition of type
(3.71) will be presented.
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3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

Method 1. The method presented here is often used in the literature for X = 1 in
, e.g., see [20,25,116]. To the best of the author’s knowledge, its generalization for
K > 1 was initially introduced in [56] for the Navier—Stokes equations.

Similarly to the time-independent case presented in Section , the goal is to
obtain a POD basis, which is zero on the Dirichlet boundary. For this purpose, the
original snapshots u1, ..., uys have to be modified. The following algorithm is suggested
in [56]:

1. Choose K vectors ék e RX, k=1,..., K. For the sake of simplicity, the vectors
will be chosen here such that

Bk,j: jk> jakzlv"'aKa

where J;;, denotes the Kronecker delta function, see [56] for a detailed description
of the choice ofﬁk, k=1,....K.

2. Generate K solutions ugy, k =1,..., K, that satisfy the Dirichlet boundary con-
dition
us k() = Prjge(x) on [0,T)xTpy, j=1,...,K. (3.72)

Such solutions can be obtained, e.g., by solving the steady-state version of the PDE
by the finite element method with the boundary condition (3.72)), or by taking the
solution of the time-dependent PDE at a particular time step such that (3.72) is
fulfilled.

3. Modify the snapshots uq,...,uy by

K
wi(@) = > wt)us(®), i=1,...,M, (3.73)
k=1

where the known functions 7 are evaluated at the same time instances as the cor-
responding snapshots. The modified snapshots (3.73)) fulfill homogeneous Dirichlet
boundary conditions on the entire Dirichlet boundary I'p.

4. Compute POD basis functions {¢ro,i};_; as described in Section or

Finally, the computed POD modes can be used to build the ROM as described in Section
Moreover, the function u, in the reduced-order approximation (3.55) is defined by

K
ug(t, ) = Z Ve (t)us k().
k=1

Remark 3.5. For many applications one has Dirichlet boundary conditions of type
(3.71) with K = 2 such that

u(t, ) = {’yl(t)gl(w) on [0,T]xTIpy, (3.74)

g2(x) on [0,T] xIpa,

63



3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

i.e., the boundary condition on I'p 2 is time-independent with v2(¢) = 1. In this case, one
can run the above algorithm for K = 2 generating additionally two solutions ug; and
ug,2 by solving the fully discrete system as described in the algorithm. Alternatevely,
one can apply a similar approach for the steady Dirichlet boundary condition on I'p 2
as presented in Section For this sake, define ugs by

| M
usp(®) = o7 > (ui@) — i ti)usa(z)). (3.75)

i=1

Finally, the modified snapshots {u; — 1 (ti)us1 — US,2}£1 are also zero on the entire
Dirichlet boundary I'p but no additional problem has to be solved to generate ugs. <

Method 2. The approach for the treatment of time-dependent Dirichlet boundary con-
ditions that will be presented next was introduced in [56] in the context of the
Navier—Stokes equations. In contrast to Method 1, the snapshots {u1, ..., ua } generated
using the boundary conditions are not modified to fulfill homogeneous Dirichlet
boundary conditions on I'p before the POD application. The algorithm reads as follows:

1. Compute POD basis functions {¢yo;}7_; from the raw snapshots {u,, }*’_,. Hence,
the resulted POD basis functions are non-zero on I'p, see the discussion at the
beginning of the Section.

2. Compute a new basis {@ro,; };;f as a linear combination of the POD basis functions
{¢ro,i}i—1 such that each ¢y, j = 1,...,r — K, satisfies homogeneous boundary
conditions on I'p. The construction of such a basis will be explained below.

3. Set the ROM approximation of u(t, x) as
U(t, m) ~ urO(t¢ m) = Z ai(t)()@ro,i(x) (376)
i=1

and build a projection-based ROM using {@ro };;f as test functions. To enforce
the correct boundary conditions, and obtain the same number of equations and
unknowns, K more equations have to be added to the system:

uro(t,mk) :Wk(t)gk(mk), k= 1,...,K,
where xj, is any point on I'p j, for which g(xy) # 0.

Altogether, the time-continuous projection-based ROM for the heat equation with
boundary conditions (3.71]) has the form: Find u.(t, ) = >"._; ;(t)¢ro,i(x) such that

(&turm 951“0,@') + (vurm V95r0,i) = (fa %51“0,1') > 1=1,...,7r = K,

Uo(t, ) = ve(Wgr(zr), k=1,..., K. (3.77)
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3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

Next, the construction of the basis {gbroﬂ-};;{( in step 2 of the above algorithm will
be presented. For this purpose, one has to choose an arbitrary point oy with gg(xx) # 0
on each boundary part I'p i, k = 1,..., K, and solve the problem

'
@ro,j(mk):Z/Bij,i(pro,i(mk):07 k:]-u"'7K> jzla"'7T_K‘
=1

The unknown coefficients 3; ; can be computed as the solutions of the systems of
equations

Agj:Q, 7=1,....,r— K, (3.78)
where
SDro,l(xl) T ‘PrO,T(xl) Qg1
A= : : eR™, p.=| : |€R"
‘-Pro,l(xK) ce Soro,r(xK) Qjr

To ensure that is not over-determined, one has to choose r such that » > K. The
solution of is equivalent to determining ker(A). In [56], it is done by using the
QR decomposition of AT
It is known that
ker(A) L im(AT), (3.79)

where im(A") = {ATb}ycgx. From the QR decomposition of AT, ie., AT = QR, it
follows that ~ R
QTim(AT) = Rb, Vb e RE.

As R e R™K igan upper triangular matrix and r > K, the last r — K rows of R are zero.
This means that the last r — K rows of QT are orthogonal to im(AT), or, equivalently,
that the last r — K columns of Q are orthogonal to im(A”). Due to the relation B-79).
the last r — K columns of @ are elements of ker(A), i.e., they solve (B.78).

Therefore, the basis functions ¢, 5, j = 1,...,7 — K, can be constructed by

Broj = > QK4jiProi- (3.80)

=1

Method 3. The third method consists in treating the time-dependent Dirichlet bound-
ary conditions of a reduced-order model in the weak sense. This approach was proposed
in [47,/48] in the context of reduced-order modeling for the Navier—Stokes equations and
it is also known in the framework of finite element methods as the penalty method,
see [39).

In [47,48], the Dirichlet boundary conditions of type for K = 2, see (3.74), is
considered, i.e., on I'p 1 a time-dependent and on I'p 2 a steady boundary condition is
imposed. For the sake of simplicity, the method from [47] will be presented for the heat
equation, see Section The algorithm reads as follows:
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3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

1. Modify the snapshots {u,,}M_, by
Um — Ug2, m=1,..., M,

where ug 2 is the function that satisfies the time-independent Dirichlet boundary
condition on I'pa (see Section [3.2.3)), e.g., the snapshots’ average. Thus, the
snapshots {u,, — ugg}%]zl satisfy the homogeneous boundary condition on I'p ».

2. Compute POD basis functions {¢y,;}i_; as described in Section or
from the modified snapshots {u,, — ug72}%:1. Note that the basis functions ¢y,
i =1,...,r, satisfy the homogeneous boundary condition on I'p 2 but not on I'p .

3. Build a ROM as it was described to build (3.56)) using {¢r0}i_; as the test func-
tions and the reduced-order approximation of u(t,x) of the form

,
u(t, @) = uro(t, @) = ugo(t, @) + ur(t, @) = ugo(t, ) + Z a; (1) pro.i ().
i=1

In contrast to (3.56)), here it holds span{¢io 1, .-, ¢ror} ¢ HE(Q). Consequently,
the boundary term

—/Vurogoi-nds, i=1,...,n7
T'pa

arising from integration by parts of (Auye, ¢roi), see (2.4)), does not cancel. The
time-dependent boundary condition on I'p 1 is enforced in a weak sense by adding
the following term to the ROM

Yo —
—/m’nglgorovids, i=1,...,7,

€
I'pa

where € is a parameter to be chosen. It weights the importance of the fulfillment
of the boundary condition versus the fulfillment of the underlying equation.

Altogether, the time-continuous projection-based Galerkin ROM for the heat equation
reads as follows: Find u, = uy, — ug2 such that

1

(atura SDro,i) + (VUT, v‘Pro,i) - / vur‘Pro,i ‘nds — g / UrPro,i ds

I'p I'pa

= (f7 SOro,i) - (atug,% (Pro,i) - (Vug,Qa v@ro,i) (381)
+ / Vg 2proi -1 ds + / wwm,i ds.
€

I'pba I'pa

Remark 3.6. The algorithm above can be modified by, e.g., treating the steady bound-
ary condition on I'p o the same way as the time-dependent one on I'p 1. In this case, step
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3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

1 can be skipped and one computes the POD basis {¢ro;}_; from the raw snapshots
{u;}M_,. In step 3, the ROM has to be modified by setting ug2 = 0 and additionally
inforcing the Dirichlet boundary condition on I'p 9, i.e., adding the boundary terms

Uy —
- / VioPro,i - 1 ds — / %mcpm,i ds

FD72 FD,Q

on the left-hand side of (3.81]). The approach can be extended straightforwardly for
the boundary condition of type (3.71) with K > 2. In this case, the reduced-order

.
approximation has the form u(t, ) &~ uy(t,2) = > @i(t)¢ro,i(x). Moreover, one has to

i=1
add
/vum@m n ds — Z / Uro = WhIk , ds, i=1,....m, (3.82)
k= 1FD .
to the ROM obtained in step 3 of the above algorithm. N

3.2.4. Implementation

In practice, one has to disretize the problem in time in order to solve it numerically.
For the sake of simplicity, let At denote a fixed time step. The superscipt n, n = 1,2, ...,
of a function denotes the evaluation of the function at time t,, = nAt. The projection-
based Galerkin reduced-order model of the heat equation combined with the
one-step 6-scheme reads: For n =1,2,... find u’ = uy, — ug € X, such that

(uy, Soro,i) + 0At (Vu,, Vro, i) = (U?_l’ ¥ro 7,) (1-0)At (vun ! s Vioro z)
+ (L= 0)AL (f", prou) + OAL (f”,wroz + (u g T g,apm) (3.83)
— At (GVug (1-— G)Vug L V(pm’i) , =1,.

where 6 has to be chosen, e.g., see Table
Its corresponding matrix-vector form reads: Find o" = (af');_; € R" such that

[Myo + 0AtAre] @ = [Myo — (1 = 0)AtAro] "' + (1= O)ALF™ 1 + OALS" + 17,

(3.84)

where Mo, Ay, and [ are defined by (3.58)), (3.59), (3.60)), resprectively, and
= (ul™t = Ul o) — AL (OVU] + (1 — )Vl ™!, Vipro) | (3.85)
a?:(uo—ug,@roz), i=1,...,r (3.86)

The computational process for the reduced-order modeling based on POD can be inte-
grated into the already existing finite element software used to compute snapshots. Thus,
one does not need to provide any new assembling routines for the ROM setting. By ap-
plying some algebraic manipulations, one can switch between the finite element and the
reduced-oder model presentations as it can be considered as a basis transformation.
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3. Reduced-Order Modeling Based on Proper Orthogonal Decomposition

One of the core goals of the reduced-order models is computational efficiency. The
computational time of a ROM can be divided into offline and online stages. The offline
stage includes the computations that have to be performed only once, before the time
iteration loop. The offline stage usually comprises the computation of the POD basis
functions and all parts of the system that do not depend on time. The online stage
consists of computations that have to be repeated at each iteration inside the time loop.
Therefore, any computations involving the complexity of the finite element dimension
N > r should be avoided in the online stage.

Let the Dirichlet boundary condition in be of the form

u(t,z) =w(t)gr(x) on (0,7 xTI'pyg, k=1,...,K.

Next, the practical computation of the Galerkin ROM will be presented applying
Method 1 in Section for the treatment of the time-dependent Dirichlet boundary
conditions. The implementation of the other two methods can be carried out similarly
and therefore will not be described here.

Let the POD basis functions {¢yi};_; be constructed following the algorithm of
Method 1 in Section and let ® € RV*" denote the matrix consisting of the fi-
nite element coefficients of the POD modes columnwise, see (3.49)). Hence, the function
ug fulfilling the correct Dirichlet boundary conditions on I'p reads

K
ug(t,x) =Y () usk(e), (3.87)
k=1

where ug, € X, k = 1,..., K, are obtained as described in Step 2 of the algorithm.
Hence, in what follows, u, is to be understood as the finite element representation of
the extension of the Dirichlet boundary condition into Q.

With , the reduced mass and stiffness matrices in can be represented by

M,y = " M®, A, = dT AP, (3.88)

where My, and Ay are the finite element mass and stiffness matrices, defined by
and , respectively. Note that the reduced mass matrix M, is the identity matrix
if the POD basis is computed with respect to the L? inner product. The computation
of My, and A,, can be conducted in the offline stage by assembling Mj; and Aj, and
subsequently by multiplying the matrices with ® as shown in .

Expression [\ defined by can be computed efficiently in the online stage due to
the separated form of the function uy. For this sake, r-dimensional vectors

T Myugyp, ®TApugy, k=1,... K, (3.89)
are constructed only once before the time loop. At each time iteration, one needs to
compute

K

ly=>

k=1

O = O Mis = AOE + 02977 Mgy (3:90)

—
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Similarly to [;,, the source term f” can be obtained with a low computational effort

in the online stage if the source field f can be formulated in the separated form by
f(t,x) = v¢(t)gs(x). In such a case, in the offline stage one has to assemble the finite
element vector Ipn = ((gfs0n,1)s---5 (95, cph,N))T. At the nth time step, one computes

£ BY
_ T
Lo =72 g (3.91)
Let uj denote the finite element solution at time ¢,, n > 0. Similarly to (3.86)), the

ROM solution o™ at time ¢,, can be reconstructed from uj by

a" = &7 My (u} - Uy)- (3.92)

Vice versa, the reduced-order approximation of the finite element solution is given by
up = uy + Pa”. (3.93)

The reduced-order models of more complicated equations like the convection-diffusion-
reaction equation and the Navier—Stokes equations — include additional
terms compared to . Their implementation will be discussed in Section and
Section respectively.
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4. SUPG Reduced-Order Models for
Convection-Dominated Problems

This chapter presents a projection-based Streamline-Upwind Petrov—Galerkin reduced-
order model (SUPG-ROM) for convection-dominated problems which are described by
the convection-diffusion-reaction equation . The ROM is based on the Proper Or-
thogonal Decomposition, see Section 3.1} and investigated theoretically and numerically.
A large part of the results presented in this chapter can be found in [44]. To the best of
the author’s knowledge, the SUPG-ROM was first studied in [88] and later on in [19], in
both papers for the Navier—Stokes equations. Numerical analysis is utilized to propose
the scaling of the stabilization parameter for the SUPG-ROM. In this respect two ap-
proaches are applied: One based on the underlying finite element discretization and the
other one based on the POD truncation. For the numerical investigation of the deter-
mined stabilization parameters, the SUPG finite element method was used on realistic
meshes for computing the snapshots, leading to some noise in the POD data. The result-
ing SUPG-ROMs and the standard Galerkin ROM (G-ROM) are studied numerically.
Another objective of the numerical investigations consists in exploring the impact of the
accuracy of the snapshots and of the utilized initial condition on the ROM results.

4.1. Introduction

Reduced-order models based on POD are already used for many complex systems. There
are situations where G-ROMs are efficient and relatively accurate (see [63,/97,(107]).
However, in other situations, a G-ROM might produce inaccurate results [10]. One
of the main reasons for these inaccurate results is that the underlying G-ROM can be
numerically unstable, e.g., the G-ROM solution can blow up in a nonphysical way, see [5,
16/,85] for the compressible Navier-Stokes equations and [13,127] for the incompressible
Navier-Stokes equations. Various stabilized ROMs have been proposed, see [5,/9,/12,
13,19} |71} /8811127,/144]; see also [34,35,[109] for similar work in reduced basis methods.
This chapter focuses on ROMs for convection-dominated convection-diffusion-reaction
equations and these ROMs’ potential numerical instability due to the unresolved layers.
For the stabilization of the ROMs, the Streamline-Upwind Petrov—Galerkin is employed.

The finite element Streamline-Upwind Petrov—Galerkin method is one of the most
popular stabilized finite element methods, see Section The method contains a
stabilization parameter to be chosen, whose asymptotic value for steady-state problems
is well known from finite element error analysis (e.g., [118]); it depends on the local mesh
width. However, the situation is not completely clear for time-dependent problems. For
general problems, optimal estimates can only (to the best of the author’s knowledge)
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be derived for parameters dependent on the length of the time step. For a simplified
situation, estimates can also be proven for parameters dependent on the mesh width;
see [81] and Section for details. From the practical point of view, the latter choice
seems to be more appropriate since the difficulty of not being able to resolve the layers
vanishes on sufficiently fine meshes but not for sufficiently small time steps.

As in the finite element SUPG method, the question of appropriate stabilization pa-
rameters for SUPG-ROMs arises. SUPG-ROM parameters depending only on the spatial
resolution are preferable for the same reasons as in the finite element method (see the
discussion in Section . A ROM based on finite element data has two parts to its
spatial resolution: The spatial resolution from the finite element space and the spatial
resolution from the space of POD modes used in the ROM, which is a subspace of the
finite element space. One can ask on which spatial resolution the stabilization parameter
for the SUPG-ROM should depend. This is the main question studied here.

The question of appropriate stabilization parameters for the SUPG-ROM is addressed
by means of a numerical analysis of this problem. To the best of the author’s knowledge,
the use of numerical analysis to propose the SUPG-ROM stabilization parameter is first
introduced in [44]. In the literature so far, simply the stabilization parameter from the
finite element method was used, like in [88], or an optimization problem for the deter-
mination of the parameter was solved, as in [19]. Motivations for these approaches with
numerical analysis were not provided. Without any doubt it is desirable to have some
support for the choice of stabilization parameters coming from numerical analysis, since
parameters determined with considerations from numerical analysis should be valid for
a wide range of settings (e.g., with respect to the diffusion coefficients and the convec-
tion vector). As a result of the analytical considerations, two stabilization parameters
will be proposed. One of them is based on the finite element resolution and the other
one is based on the POD spatial resolution. The resulting ROMs will be denoted as
FE-SUPG-ROM and POD-SUPG-ROM, respectively.

Solutions of the convection-dominated convection-diffusion-reaction problems de-
scribing such physical quantities as, e.g., concentration or temperature, can take values
only in a certain interval. Especially for the simulation of strongly coupled systems, e.g.,
like in [80], it is of great importance to employ numerical methods producing solutions
without or at least with small under- and overshoots. The reason is that non-physical
solutions serving as an input to other equations could cause instabilities or completely
incorrect model results. In the context of finite element methods, there exist schemes
that aim to prevent the under- and overshoots of the solution, e.g., the FEM-FCT
scheme presented in Section One of the objectives of the numerical studies will
be to provide an answer to the question if the employed ROMs based on the physically
meaningful snapshots are able to yield solutions without or with very small under- and
overshoots.

In some situations, the reduced-order approximation of the initial condition computed
in the standard way by can contain some spurious oscillations, e.g., see the upper
row in Figure In order to reduce those oscillations, a filtering post-processing
procedure of the initial condition was proposed in Section Within the scope of
the numerical investigations in this chapter, the impact of the utilization of the filtered
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initial condition on the ROM results will be studied.

The chapter is organized as follows. Section [£.2] gives formulations of the G-ROM and
the SUPG-ROM. The core of Section |4.3|is the proposal of two stabilization parameters
for the SUPG-ROM, using a numerical analysis of the SUPG-ROM. The SUPG-ROMs
and the G-ROM are studied numerically in Section [4.4] on three convection-dominated
convection-diffusion-reaction problems.

4.2. ROM Setting

In this section, the SUPG reduced-order model for the convection-dominated problem
(2.1)) will be derived.

Let X = H}(Q), and X;, C X denote a conforming finite element space spanned by
piecewise polynomials of order m used to compute the snapshots. Let Xp be the R-
dimensional space of the snapshots, and X, the r-dimensional POD space spanned by the
POD basis functions {¢ro 1, ..., ¢ror} with 7 < R. The POD modes are assumed to be
computed with respect to the L? inner product, which is the most common choice found
in the literature. To compute the POD basis functions, the centered-trajectory method
is utilized, i.e., the POD modes are computed from the fluctuation of the snapshots
up' — ip, m=1,..., M, where uy, is the average of the snapshots, see Section

The projection-based G-ROM for can be built as described in Section by
projecting the continuous problem into the finite-dimensional POD space X,..

Let the ROM approximation of the solution u be expressed by

u(t, ) = upo(t, ®) = up(x) + up(t, ),

where u, (t,x) = Y 7| @i(t)¢roi(x) with the unknown coefficients {c;}7_;. Then, the
Galerkin reduced-order model for (2.1)) reads: Find w, = uy, — up: (0,7] — X, such
that Vv, € X,

(Opur,vr) + (eVuy, Vo) + (b - Vu,, v.) + (cuy, vy)

= (f,v.) — (eVap, Vu,) — (b- Vap,v,) — (ctup,v,) . (4.1)

In many engineering applications, one has to deal with the convection-dominated regime,
see Section An important question is how to compute a solution in the POD space
X, which is as accurate as possible compared with the solution of the continuous problem.
To achieve this goal, it might be necessary in the convection-dominated regime to add
some stabilization to the finite-dimensional problem similarly to the finite element
methods presented in Section [2.1] Here, the SUPG stabilization, see Section [2.1.3] of
will be considered.

Let the superscript n of a function denote the evaluation of the function at the time
instance t,, and let At denote the fixed time step. The backward Euler/SUPG reduced-

order model reads as follows: For n = 1,2,... find ] = u), — u, € X, such that
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Yo, € X,
(up = up ™", 0p) + Atasupa,r (uf), vr) = At (7, 0r)
ALY ke (f1 0" Vor) e = D G (uf —ulTLBT Vun) (g
KeT;, KeTy,
— Atagupa,r (@n, vr),
where

asupG,r(ur, vr) = (eVuy, Vo) + (0" - Vu, v.) + (c"up, vy)
+ 3 G (—eBup + 6" Vup 4 M, b7V (43)
KeT;,
for all u,, v, € X,
Remark 4.1. The bilinear form agypg,,(-,) consists of the same terms as the bilinear

form (2.17) but with the SUPG-ROM parameter 6, x instead of dj, x on the underlying
triangulation 7p,. <

Remark 4.2. Note that by setting d, x = 0 in (4.2)), the Galerkin ROM (4.1]) discretized
with the backward Euler scheme in time is recovered. N

Similarly to (3.84)), one can formulate the problem (4.2) in the matrix-vector form as
follows: Find a” = (a}');_; € R" such that

(M, + 0ALS,] o™ = Mo~ + OALS*" + 1, (4.4)
where
(M) = (Progs proi) + 3 / Ok Pro b Vipros dm, i,5=1,....r, (4.5)
KeT, 'K

(Sro)ij = (5V§0r0,j7 v@ro,i) + (bn : V(Pro,jy V@ro,i) + (Cngpro,jv (Pro,i)

#30 [ ok (el £V Vs o)V Vi dw (40
KeT, VK
t,j=1,...,m,
fr"‘(ﬁ = (™, ¢roi) + Z / SOk "0 - Vroidr, i=1,...,r, (4.7)
KeT, ' K

L = (eVin, Vroi) + (0" - Vn, Viore i) + (", ¢roi)

— Z / (5T7KAﬂhbn . chm,i dx + Z / (57~7Kbn -Vapb" - V‘Pro,i dx (4.8)
K K

KeTy KeTy,
+ Z / OpkC"upd" - Vro, dx, i,j=1,...,r,
KeT, 7K
oz? = (uo — Uy, cproﬂ;) , 1=1,...,r (4.9)
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Remark 4.3. The fourth term of S;, with the piecewise defined Laplacian is well-defined

as the POD basis functions ¢y, ¢ = 1,...,r, are, by construction, linear combinations
of finite element basis functions, see Section [3.1.2] The term vanishes when less than
second order finite elements are used. <

The computational efficiency of the reduced-order models is of crucial importance.
Therefore, within the time loop it is desired to avoid computations of the complexity of
the finite element dimension. In Section the implementation of the terms in
which do not include the reaction and the convection fields was discussed. All terms
with b and ¢ can be efficiently computed if the convection and the reaction fields can be
written in the separated form as

b(ta m) = 'Vb(t)gb(m)’ C(ta :D) = ’Yc(t)gc(m)'

For the sake of brevity, only the implementation of the third term of Sy, will be described.
The computation of other terms can be carried out following the same idea. Let Ci,
denote the reduced-order matrix with the entries

(Cro)ij = (cn@ro,jy Soro,i) , L,y =1,...,m

Its computation comprises two steps. In the first step, which is the offline stage, one has
to assemble the finite element matrix C}, with the time-independent part of the reaction
field once, i.e.,

(Ch)’LJ = (QC‘PhJa‘Ph,i), Za] = 17"'7N'

In the second step, which is the online stage, C}, is obtained at every time iteration by

Coo ="0TCHL®, n=1,2,....

4.3. Stabilization Parameter Based on Numerical Analysis

In this section, numerical analysis is used to propose scalings of the stabilization pa-
rameter of the SUPG-ROM . In what follows, C' denotes a generic constant which
does not depend on the mesh width A and on the size of the diffusion . The in-
vestigation is restricted to the case of uniform meshes. Therefore, 6, x = 9, for all
K € Tp. Thus, the SUPG-ROM can be reformulated as follows: For n = 1,2,...
find u)! = upy, — up € X, such that Vv, € X,

(U:«l —u _17 Ur) + AtCLSUPG,r (U;Lv Ur) = At (fn’ Ur)

" 4.10
+ Até, (f*,0" - Vo) — 6, (u” uﬁfl, b - er) — Atagupa,r (Up, vr) . ( )

n_
The analytical study for the proposal of the stabilization parameter §, in (4.10|) is based
on considerations of the error between the solution u of the continuous problem (2.2))
and the solution wu,, of (4.10). Here, it is assumed that the SUPG finite element method

(2.18) is applied to generate snapshots needed for the computation of the POD basis.
As a first step, the error is split in the form

U —Uro = (U —up) + (up — Pr(up)) + (Pr(un) — tro), (4.11)
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where uy, is the finite element solution and

T
Pr(“h) = up + Z (uh — Up, SOro,j) Pro,j (4-12)
j=1

is the L? projection of a finite element function into the space X,.

The first term on the right-hand side of is the finite element error discussed
in Section In the course of the numerical analysis, different types of the inverse
estimates are discussed in Section To estimate the second term in , estimates
of the projection error for the projection from Xj to X, are derived in Section
Next, conditions for the coercivity of the SUPG bilinear form in X, are given in Section
4.3.3] Finally, in Section two different versions of the SUPG-ROM parameters are
proposed.

4.3.1. Inverse Estimates

Assuming that the family of triangulations is quasi-uniform, the local inverse inequality
for finite element functions with the inverse constant pi,, holds. For families of
uniform triangulations, as considered in this analytical study, one can derive from
global inverse estimates of the form

1/2 1/2

Sodonlog | <CRE Y Nllfk | 0 YeneXn, (413
KeTy, KeTy,

where piny is included into the generic constant C'.
Inverse estimates are also known in the context of POD. In [89], the following inverse
estimate was proven:

190rllo < o/l Avoll [ M5 [l e llgs  Vor € Xr, 7€ {1, R), (4.14)

where |[||-]||, denotes the spectral norm of a matrix, M;, and A, are the reduced mass
and stiffness matrices defined by and (3.59), respectively. When L?*(2) is the
norm to generate the POD modes (as in this study), M, in is the identity matrix.
Estimate (4.14) was derived in [89] for the situation that the POD basis is computed
from snapshots in an infinite-dimensional Hilbert space.

In the setting of [89], the POD basis functions are known to belong to the infinite-
dimensional Hilbert space. In practice, however, the POD basis is usually computed from
snapshots of some numerical approximation of the solution of the continuous problem.
Here, the snapshots are computed with a finite element method and belong to Xj.
Consequently, the POD basis functions {¢y.1,- .., ¢ror}, 7 < R, belong not only to X
but also to X}, and Xp, see Section[3.1.2] Hence, two inverse estimates hold for functions
in X,: a POD estimate of form and a finite element estimate of form .
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The POD inverse estimate (4.14)) can be extended to the piecewise defined Laplacian.
Let the reduced Hessian matrix, denoted by H,,, be given by

Hyo)ij= Y / Apro jApro; dx, i,§=1,...,7. (4.15)
KeTy,

Lemma 4.1 (POD Inverse Estimate). For all v, € X,, 1 < r < R, the following
estimate holds:

120l < /I A 119 o (4.16)
where || Av,||, is defined by a sum over the mesh cells as used in (4.15)).

Proof. The proof follows [89]. Let v, = E;zl TjProj and & = (21, ... ,2,)T. Then, one
obtains from the definition of H,,, a standard estimate of matrix-vector products, the
fact that A, is symmetric and positive definite, and the definition of A,

1A, [[§ = 2" Hiow < || Hroll o] (12,01 = I Hrolll,2" 2
= 1 Eollp” AL A A < [ Bl 42, [ 4142
= | Hxolllo || Ase [l y" Aro = 1 Hroll ||| Ase |1 Vorll5,
where |||, denotes the Euclidian vector norm. O

If in the generation of the POD basis, the H'(2) seminorm was used (see, e.g., [68,89])
instead of the L2(f2) norm utilized in the underlying study, then A, in (4.16) is the
identity matrix.

Remark 4.4. The asymptotic behavior of the first factor on the right-hand side of
and will be discussed in a simplified situation. As in [68], it is assumed that the
POD vectors are the Fourier basis in a single dimension with homogeneous Dirichlet
boundary conditions, i.e., ¢roj(z) = sin(mjz) on [0,T]. The single dimension case is
relevant because the considered convection-dominated problems exhibit motion along a
preferred direction. Therefore, the matrices Ao, Hyo, Mrol, and A ! are diagonal and
have the entries

1
(Aro) :/0 (mj)? cos(mjz)? = O(G%), j=1,...,m
1
(Hro)jj = / (725%)?sin(mja)’de = O(*), j=1,...,m
0
—1

(MY = (/01 sin(ﬂjx)de> =0(1), j=1,...,m

(ArJ)jj:(/01<wj>2cos<m)2) =0(G™?), j=1,...,n

Hence, [|Awlly, = O(2), [|Mo!][, = OQ), [[Hwll, = O(*) and [[|[ALH]], = O1).
Altogether, the first factors on the right-hand sides of (4.14) and (4.16) scale like O(r)
and O(r?), respectively. q
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Figure 4.1.: Remark Dependence of the constants from the inverse estimates (4.14))
(left) and (4.16|) (right) on the dimension of the POD basis.

The following numerical example will demonstrate that this scaling can be observed
also in more general situations.

Remark 4.5. Consider a two-dimensional test example for the convection-diffusion-
reaction equation describing a traveling wave with e = 1078, A detailed specifica-
tion of the problem setting is given in Example [£.2| below. In Figure[d.]] the dependence
of the constants from the inverse estimates and on the dimension of the
POD basis 7 is shown. The asymptotic behavior discussed in Remark[4.4]can be observed
also in this two-dimensional case. N

4.3.2. Projection Error

This section presents an estimate for the error between the snapshots and their projection
into the POD space X,.. This error is the second term on the right-hand side of the error

decomposition (4.11)).

Lemma 4.2. Let ap, =0 and let (-,-)
with induced seminorm | - |

o 5 €10,1,2}, be a semi-inner product, see [32],
of H*(Q2). Then the POD projection error in the s-seminorm

S

satisfies

M T 2 R

2

Dol = W Grog) Prog| = D Ailerosl

m=1 j=1 I
Fors =0, (-,-), and | - |, are the inner product (-,-) and the norm ||-||,, respectively. For
s = 2, the definitions of (-,-), and | -|, have to be understood as a sum over the mesh
cells.

Proof. Taking the s-seminorm of the POD truncation error Ef:r 11 (U @rog) Pro, m =
1,..., M, using the definition of the eigenvalues and eigenfunctions of the POD, e.g.,
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see [26, Eq. (6)] or - 3.38) for the matrix-vector representation, and applying the orthog-
onality of the POD basis functions yields
M T 2 M R 2
Do lunt = W o) rog| = D | D (Ui #ro) $roy
m=1 J=1 s m=1 |j=r+1 s
M R R
= Z Z Uh ) ‘Pm,]) Pro,j» Z (uh ; Pro, k) Pro k:>
m=1 \j=r+1 k=r+1 s
M R R
= Z Z Z uh 790r0j uh 7S0ro,k) <90ro,j7 (Pro,k>8
m=1j=r+1 k=r+1
R

( uh ) QOro,j) uzn) QOro,k) <§0r0,j7 Soro,k>s

()\j@ro,j, SOro,k) <‘Pro,j$0ro,k>s
1

I
]
M= M-

+

1k

!
+

i T

R
2
= > Ajleroyl2
j=r+1

O
The result of Lemma |4.2]is similar to results obtained in [69,126).
Corollary 4.1. It holds that
M R
D luil = Pe(wil) = 30 Nlprogl (4.17)
m=1 j=r+1

Proof. By the definition (4.12)) of the projection, it follows that

2
M M r
m m —
E lup’ = Fr( E h — Un) E (UR' = Un Pro,j) Pro,j
m=1 m=1 7=1

S

Since the arithmetic average uj' — uy, is zero, the application of Lemma proves the
statement. O

Corollary 4.2. It holds that

M R
Sl = P(up)f < Ch7 3 A (4.18)
m=1

j=r+1
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Proof. Since X, C X}, one can apply the inverse estimate (4.13]) to the right-hand side
of (4.17)

010412 < Ch™2% | 0ro 2.

The statement of the corollary follows by utilizing the fact that the POD basis functions
are normalized. O

Altogether, there are two ways to bound the projection error: with data from the
POD only, see (4.17)), or with data from the POD and the finite element method, see

(4.18). Note that the sums on the right-hand side of (4.17)) and (4.18)) can be practically
computed.
4.3.3. Coercivity of the SUPG-ROM Bilinear Form in X,

The coercivity of the SUPG bilinear form (2.17)) in X, is essential for the well-posedness
of the SUPG-ROM problem in X,. This property gives first restrictions on the stabi-
lization parameters.

Lemma 4.3. Let either

1 h?
Ogérgmin{ o= } (4.19)
2 el Too ) EHiny
or
1 1
0§6r§min{ o — } (4.20)
2 HCHLoo(Q) 5|HHr0H|2mAr0 H’z
Then 1
a/SUPG,T(UTaUT) 2 §H|U7"H|§UPG,T‘7 vvr S X?"a (421)
with
2 2 2 1/2
llvrllsupa, = (clvrl? + ollorlly + il - Forli3) (4.22)

and i from (Z-I9).

Proof. The proof follows the standard lines as it can be found, e.g., in [118], see also
the proof of Lemma Using integration by parts, the assumption (2.19)), and the
definition (4.22)) one obtains

asupGr (Vr, r) > elvel} + pollvell§ + 6010 Vorllg — 6, Y (—eAvy + cvp, b+ Vo) i
KeTy
(4.23)

= WUTH@UPG,T —or Z (—eAvr + cvp, b Vo) e .
KeTy

By the Cauchy—Schwarz inequality and Young’s inequality, the last term on the right-
hand side of (4.23)) can be estimated by
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O Z (—eAv, + cvp, b - V)
KeTy

< 0, Z (—eAvp, b-Vv,) k| + 6, |(cvp, b - V)|
KeTy

<8 | D elAvllox | 1B Vorly+ drlleorllo b - Vol
KeT,,

)

2 2 2 2

<60 > A ke + Orllel ey Ilurlly + S+ T,
KeTy,

Inserting this estimate into (4.23]) results in

0

2 2 2 2 2

aSUPG,r(UmUT) > |||UT|||SUPG,T — Or Z EQHAUTHO,K - 5T||C”L°°(Q)||UTHO - é”b ’ v,UTHO‘
KeTy

For estimating the term with the Laplacian, one can either use the finite element inverse
estimate (4.13) or the POD inverse estimate (4.16]). Inserting in either case of the
restrictions on the stabilization parameter proves the statement of the lemma. O

Note that the second restriction in (4.19)) and (4.20)) is only necessary if finite elements
are used where the restriction of the Laplacian to a mesh cell does not vanish.

4.3.4. On Error Estimates Involving the SUPG-ROM Solution

The first approach considers the error between u", the solution of the continuous problem
evaluated at time step ¢,,, and the SUPG-ROM solution uy, of directly, using
the splitting

u' =y, = (u" = Pr(up)) + (Pr(up) —uy) =" = ¢ (4.24)

ro

Subtracting the SUPG-ROM problem (4.10) from the continuous equation ([2.2) and
using (' € X, C X as a test function yields

n_ ,n—l1

(3tun - %a C?> + (eVu", V) 4+ (0" - Vu', ¢ + (c"u”, ()
) (4.25)

u — 1

H}bmvgg) — o (f",0" - V().

= aSUPG,r(urm Gr )+ 6 < At

Adding the residual of (2.1)) at time step ¢, tested by b" - V(' and multiplied by 6, i.e.,

Op (uf —eAu™ +b" - Vu" + "u" — 70" - V()
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to (4.25)), and using the fact that it vanishes almost everywhere, one obtains

u — unfl
asurG,r (U, (') =asupa,-(u", (') + <5tun - %7 Cf)

(4.26)
u? — u?_l n n
+ 0y | Opu™ — T,b VG .
A modification of (4.26)) by adding
asupG, (Pr(up), ¢') — asupcr (P (up), ') = 0
and using the definition of n™ and ( from (4.24) results in the error equation
u — unfl
asurG,r (G5 G") = asupg, (", ') + <3tun Y V. Cf)
(4.27)

un

n __ -1
+ 4, <(9tu" ~ “T b - vg@) .

The second approach considers the error between the SUPG finite element solution uj
of (2.18)) with the backward Euler method and the SUPG-ROM solution ujy of (4.10))
and uses the decomposition

up, — uyo = (up, — Pr(up)) + (Pr(up) — ugo) = mp — G- (4.28)

Since X, C X, POD functions can be used as test functions in the finite element

problem (2.18). By subtracting the SUPG-ROM problem (4.10]) from (2.18]) using the

backward Euler method, i.e., 8 = 1, with a test function (;*, one obtains

(ufp — wfs, ¢1) = (up ™" —ufs ', M) + Atasupc n(uf, ¢) — At asupar (ufh, ¢F)  (4.29)

+ Sp(ufy — w0 VG = 8 (ugy, — upy B V) = AHO — 6,) (7, " - V().
The third and the fourth term in (4.29)) can be reformulated by adding a zero term

(0 — o) Z (—eAup +b" - Vup + c"up,b" - V') k
KeTy,
as follows
At asupa,n(up, (') — At asupc,r (U, ¢') = At asupa (U — U, ¢)

+ At(0, — 0y) Z (—eAu} +b" - Vul 4 "ull, b" - V¢ k. (4.30)
KeTh

Using the error definition (4.28) and inserting (4.30)) in (4.29) gives

(1> G = 1G85 = (a5 ¢ + (G G + Atasupa, (0 — ¢ G

+ ALS, — 6r) D> (—eAup +b" - Vup + c"ufl, b - V() (4.31)
KeTy,
+ O (ufy — up " - VG = 0 (ugy — ufy BTV = A8, — 6,)(f7, 0" - V().
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The right-hand side of (4.31]) can be rewritten by replacing f™ by the solution of the
continuous problem (2.1]) at time ¢", i.e.,

(70" -V¢) = 3 (0" — eAu" + b" - Va4 u”, b - V) i
KeTy

The first and the third term on the left-hand side of ([£.31]) vanish as P, (u}!) is a L?
projection of uy into X,.. Finally, the error equation at time " reads

ISPl + At agupa,r (1, ¢ = (¢ ¢ + Atasupa, (), ¢

+ALG, —0r) > (—eAuf —u") +b" - V(uf — u") + c(up — u), b" - V¢ (4.32)
KeTy,

+ 0p, (uZ — uZ_l — Atou™, b"™ - V(ﬁ) — o (uf —u — At b" - VC?) i

Ideally, one would obtain optimal choices for §, by deriving an error estimate from
or . However, it is not known if such a derivation is possible. Even if it is possible,
one has to expect that in the general case J, depends on the length of the time step
like for the finite element error estimate in [81]. Numerical evidence for simulations of
the finite element problem shows that the stabilization parameter should not depend on
the length of the time step; see the discussion of this topic in Section In [81], an
error estimate with the stabilization parameter depending on the mesh width as in the
steady-state case was proven in a simplified case. Here, also a simplified situation will
be considered, which also ensures that the stabilization parameter does not depend on
the length of the time step: The steady-state situation will be studied. To this end, all
dependencies of the previous results on the length of the time step will be neglected in
the following. Thus, the error equation simplifies to

asura,r (¢, ¢") = asupa,r (0", ¢Y) (4.33)
and the error equation (4.32)) to
asupG,r (¢'5 ¢) = asupa,r (M, ')
0 —6) > (—eAuf) —u") + b V() — ")+ (uf) — ), bV . (339
KeTy
Stabilization Parameters Obtained with (4.33)

By the definition of the bilinear form asupg,(:,-) in (4.3), the right-hand side of (4.33)

reads as follows
(eVn", V) + (" - V", ¢ + ("™, )

+ 9, Z (—eAn" +b" - Vn" +c"n", 0" - V') e s (4.35)
KeTy

and its estimate is obtained in the same way as it can be found in the literature, e.g.,
see [118]. With the Cauchy—Schwarz inequality and (4.22)), the first term in (4.35) can
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be estimated by
e (V™" , VG | < el Vi [lo[IVEH o

1/2
< 29, (<19 15) (4.36)

1/2
< 21V oIS lsupa,-
Using integration by parts for the convective term, the triangle inequality, the Cauchy—

Schwarz inequality, and (4.22) gives the estimates of the second and the third term of
(4.35) which read as

(&% -V, GO < I((V-0")n", G + (", " - V()
<V -0 oo ) 1™ o 1S o+l lo 16" - V¢l

IV 0" Lo (g . Lo\ /2 N . 2\ 1/2
= o (ollCB) T 82 g (6107 - VR
/
&9)

IV -b"| oo _ n n
- ( D 52 ) ol lsore,s
Co

(4.37)

and n,_n s n n n n
(", GO < M€l oo gy 1™ lolISH o

1™ o), m o) 1/2
= —————-—-- Ci

17 21l (l15) .

€| oo ()

= 1/2
Co

The estimates of the other terms in (4.35)) can be obtained in the similar way resulting
in

™ol llsupa, -

1/2
O Y e (=AY Ve < e [ D 1A s | 107V
KeTy, KeTy,
1/2 )
1/2
<o | Y A | (arlem-verig) T (439)
KeT,
1/2
< 6,/% Z HAW”HS,K I lsupa s
KeTy,

8, (B -V, b - VCR) < Y267 | (6,16 - V¢ )

e (4.40)
< &62)16™ - Vi o< llsupa, o

and
B, (", b7 - V) < 6, e | e e I o B - V2

(4.41)
< 521 ooy M oIS Nlsupes -
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Using the coercivity (4.21]) of the SUPG-ROM bilinear form, inserting (4.36))—(4.41))
into (4.33)), and including all data from convection and reaction into the constant yields

16 Nsupar < C| (146712 +8Y2) Iy + €42V

2 (4.42)
02 g+ 0 | AR
KeTy,

The second factor on the right-hand side of (4.42)) shall be minimized, thereby providing
information about an appropriate choice of the stabilization parameter.
The straightforward approach consists in decomposing

0= P() = (" — ) + (uf — Pr(u})) (4.43)

and using the error estimates (2.30) and (2.32]) for the first part and the estimate (4.18)
(the finite element option) or (4.17)) (the POD option) for the second part.

The Finite Element Option. Here, in order to estimate the norms including 1™ in

(4.42), the error estimates ([2.30]) and (2.32]) for the first part and the estimate (4.18]) for
the second part of the decomposition of ™ in (4.43|) will be used. Thus, one gets

In"[lg < C(A™ 12 4 Ay),
IV g < C(e™/2hm 12 4 b=t Ay),
16" - V" [ < C(6, /2R 4 hT1A),

1/2
> llag”

g,K S C(hm—l +8_1/2hm_1/2 + h_QAO),
KeTy,

where
1/2

R
Ao=1| D N . (4.44)

j=r+1

The term to minimize becomes
9(6,) = (1 L2y 5%/2) (hm+1/2 4 Ao) 2 2T 4 5i/25;1/2hm+1/2
+ 6120 N 4 612t 4 6121 2pm 12 4 512 p 2 A,
Calculating the first derivative of g with d;, = h yields
q'(5,) :%5;3/2 [ = (A2 4 Do) + 6 (AL B2 4 e 4 £ 2012)

+ AL+ R+ sh*Q)ﬂ .
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By setting it to zero, one obtains the extremum

5 hm+1/2 + Ag

— : 4.45
" R R32 4+ h+ e+ e2R1/2) 4 Ag(14+ A +eh2) (4.45)

The second derivative of g has the following form:

g//(dr) _ 25;5/2[_ (hm+1/2 +AO) +(5¢(hm_1<h3/2 +h+€+€1/2h1/2)

+Ao(1+ A1+ eh_z))} + %5;3/2 [hm—l(lf”/2 +h+te+el/2p/?)
+Ao(1+h7 + eh—g)}

with
1 (4172 4 g)

! *
g (57’) -5 _ > 0.
2 (hm=1(B3/2 + h + € + €V/2h1/2) + Ag(1 + b= + £h=2)) >/

Consequently, 67 is a minimum of g. Concentrating on the convection-dominated case
€ < h and for grid widths h < 1, 7 in (4.45) can be reduced to

hm+1/2 + Ao

hmtl 4 Ag -~
Numerical evidence, e.g., Remark [£.7] below, shows that Ay dominates the finite element
errors, which are theoretically of order /2 gee (2.30). Hence, in this case the

stabilization parameter becomes
oFF = h. (4.46)

The SUPG-ROM using §5F is denoted by FE-SUPG-ROM.
Remark 4.6. Some remarks on (4.46|) are as follows:

e In the convection-dominated case, condition (4.19) for the coercivity of the SUPG-
ROM bilinear form will be satisfied for 6% =.

e There is an explicit impact of the setup for simulating the snapshots onto the
stabilization used in the SUPG-ROM. It is not clear, if this situation is always
desirable, e.g., if the snapshots were computed on a very fine mesh, there would
be only a weak stabilization in the SUPG-ROM.

e For using 6fF, one has to know the mesh width. If even the mesh itself is known,
then it is possible to use also the local mesh width in assembling the terms for the
stabilization, like usually done in the finite element method.

e There is no impact of the number of used snapshots or POD modes on 5%,
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The POD Option. Here, the norms of the second part of the decomposition (4.43)) are
estimated by applying (4.17)) instead of (4.18]).

Hypothesis 4.1. Let the finite element simulation be sufficiently accurate or let suf-
ficiently few POD basis functions be used in the ROM, such that the norms on the
left-hand sides of (2.30) and (2.32)) can be estimated by a constant multiplied by the
respective terms of the right-hand side of .

This hypothesis implies that there is a constant C'y such that
1/2

In"*]lg < Ca Z Aj = CAo,

1/2

R

IVi*[lg < Ca Z Alerosli | = Cad, (4.47)
Jj=r+1

1/2 1/2

R
A & SCOx | D Mlerogls | =Caha.
KeTy, j=r+1

Note that the constant Cx will cancel in further calculations such that its actual value
does not influence the final result.

Remark 4.7. Considering the same problem as in Remark .5 Figure [£.2]shows the dis-
crete versions of the L(0,7T; L?(£2)) and the L' (0, T; H}(£2)) errors of the finite element
solution defined by

N N

1 1

NZHU” —upllo and NZHV(U" = up)llo; (4.48)
n=1 n=1

respectively. The errors are computed for the finite element solution on different meshes
(levels 6, 7, and 8 are introduced in the beginning of Section and for the correspond-
ing values Ay and Ay for different dimensions of the ROM basis. One can observe that
in these cases Hypothesis is satisfied. N

Using the estimate ||b" - V||, < C||[Vn™||,, the factor to be minimized in (4.42) has
the form

9(6,) = (1 +6712 4 65/2) Calo + (81/2 + 6%“) Caly + 5/2C) A

Computing its first derivative yields

1
J(6,) = 55;3/2 (6, (CAAg + CaAL 4+ eCpAg) — Crlg),
which leads to the extremum
5 Ao

= 4.49
" Ao+ Ay + ey ( )
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Figure 4.2.: Remark Numerical verification of Hypothesis with the help of the
test example in Remark

The second derivative of g reads

q"(6,) = —25;5/2 (6, (CAAg + CaAy + eCpAg) — Crly)
1
+ 55;3/2 (Calg + CpAq + CpAs)
1
= —15;3/2 (CaMg + CrA; +eCpAy) + 25;5/201\/&0,
with
1" ok 1 (CAAO)_3/2
g (57“)25 —5/2 >0
(CAA[) + CAAl + €CAA2)

Therefore, 6; from is in fact a minimum of the second factor in . In the
convection-dominated regime, the last term in the denominator of ¢ is small. From
estimate , it can be expected that Ag < A1, at least for small mesh widths. Thus,
an appropriate choice of the stabilization parameter is

A
POD __ 430
5o =1 (4.50)

The SUPG-ROM using §7°P is denoted by POD-SUPG-ROM.

Remark 4.8. For the problem described in Remark [£.5] the values in the denominator
of (4.49)) are presented in Figure Hence, for this example, the assumptions made for
reducing (4.49) to (4.50) are satisfied. The same behavior was observed also for other
test cases. N

Remark 4.9. Some remarks on (4.50) are as follows:
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Figure 4.3.: Remark Curves for Ag, A1, and A5 for the problem from Remark

e If one of the conditions or for the coercivity of the SUPG-ROM
bilinear form is satisfied by 6'°P is not clear a priori. In the numerical simu-
lations carried out in the course of the underlying investigation, where the grids
for computing the snapshots were not extremely fine, it was found that generally
6FOP < 6FE | which implies the satisfaction of (£.19).

e The parameter 57OP is influenced by the number 7 of used POD modes and also
by the simulation for computing the snapshots, since this simulation determines
the eigenvalues and eigenfunctions.

e For computing §7°P, one has to consider all POD modes in the offline step of the

ROM simulation , because they are necessary for the computation of Aj.

e There is no possibility to localize 6¥ SN

Stabilization Parameters Obtained with (4.34))

The goal of this section is to propose the scaling of the SUPG-ROM stabilization param-
eter based on the error equation instead of as it was done in the previous
section. Most terms of the first term on the right-hand side of are estimated in
the same way as it was done in the previous section. Only, instead of ,

5, (b" - V6™ - V) < OOV ol lsupe.

is used, giving the upper bound
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C

(1 612+ 6172) Imgllg + (=172 + 612) 19l
1/2

2
+ 571'/25 Z HAT/;LL”O,K |||<ZL|HSUPG,7"
KeTy

where 7' = up — P,(u}) is defined in (4.28]).
For the estimation of the second term of (4.34]), the finite element error estimates

(2.30) and (2.32)) are utilized, leading to the upper bound
Of6, = 8,[6; /2 (™~ 4 /212 g B2 2 I g -

Inserting these bounds into (4.34) and using the coercivity (4.21]) of the bilinear form
asupG,r (-, ) and 0, = h results in the estimate

16 s, < €| (146,22 4+ 612 lillg + (172 + 612 1193l

1/2
+6,2% | D NAnplg i |+ Ih— o061 (4.51)
KeT,

v (6hm—1 Logl2pme1/2 4 opmo hm+1/2) ] _

The second factor on the right-hand side of (4.51) has to be minimized in order to
determine the SUPG-ROM parameter.

The Finite Element Option. In order to estimate the norms including 7; in (4.51)),
the estimate (4.18) will be used here. Thus, one obtains

1/2

lillo < Cho, [IVhllo < Ch™ Ao, | D &M, | < Ch72A0,
KeTy

where
1/2

R
Ao=1| > N

j=r+1

Therefore, one has to minimize the function

9(6,) = (1 N L 5;/2) Ao + (51/2 + 5}/2) R~ Ao + 61/2h™2 A,
+ |h = 6,]16712Cy,
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where Cp := eh™~ 1 4+ gl/2pm=1/2 4 pm 4 pm+1/2,
The first derivative of g has the form

J(6,) = %5;3/2 [AO (=1 40,1+ h™" +eh72)) — sgn(h — 6,)Co (20, + |h — 6,]) }

To determine the minimum of g(d,), the case-by-case analysis will be employed.

In this case the first derivative of g is
1
g0 = 50, [AO (=1 +6.(1+h " +eh™2)) = Co (5, + 1) |.

Setting it to zero yields the extremum

5 — A0+hC0
" A (I +ht+eh )~ Cy

The second derivative of ¢ is

§'(5:) = 50" (ha + Col)

=5% 7|3 (Ao (L+h™1 +eh™?) — ) 54.

1

2
By the construction of g, the meaningful values of 4, are positive real numbers. Hence,
when evaluating ¢” at §, the last factor has to be investigated. It has the form

3 1
5 (Ao + Coh) — 5(/\0 + hCo) = Ay + Coh > 0.
Hence, ¢, is the minimum of g.
For the convection-dominated setting when € < h and h < 1, one can pick the relevant

terms in d; which gives

. Ao _|_hm+1 +hm+3/2
67“ = hA() — pm+l _ pm+3/2°

As already discussed in Section for deriving 65, Ay dominates the finite element
errors. Therefore, the stabilization parameter becomes

oFE — .

In this case one obtains for the first derivative of g the expression
1
g(6) = 50,2 [AO (=14 6.(1+h™" +eh™2)) = Co (36, — h)]

The extremum obtained by setting the derivative to zero has the form

5= Ao — Coh
" AT+ h T+ eh2) = 3C
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The second derivative of g is

1
g"(6,) = 2652 [2 (Ag — Coh)

= 5652 (Ao (14 h™" +eh™2) = 3Co) &

1
2
Taking into account only positive values for ¢, the last factor of ¢”, i.e., the expression
in the square brackets, has to be evaluated at ¢ to investigate the behavior of the
extremum. Due to the definition of §; it becomes Ag — Cph. From Remark it can
be expected that for sufficiently small h and &, which is the case in the simulations in
the convection-dominated regime, the term is positive. Hence, 4 is the minimum of g.
In the convection-dominated regime, 6y reduces to

5o _p Ao~ Coh
"~ Ay = 3Coh

As the second factor is of the same order, the stabilization parameter becomes

SFE = .

In this case one obtains for the first derivative of g the expression

J6,) = %5;3/%0 (-1+6.(1+h " +eh™?)).

Similar calculations as conducted for the other cases yield the extremum

oF = !
" 14 hl4eh2

The second derivative of g, which has the form
" Lo 5 1 -1 -2 3
g'(0,) = 56, - Ao (1+h7 4eh )5T+§A0},
has to be evaluated at J; resulting in
1
§(5) = 5 (37)72 8o > 0.

Hence, ¢ is the minimum of g. The value §;' can be reduced in the convection-dominated
regime to

6FE = .

Consequently, by using (4.34) the same stabilization parameter for the finite element
option is obtained as in Section
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The POD Option. In this case, the norms including 7; in (4.51) will be estimated
using (4.17). Finally, the function to minimize is

9(0,) = (146712 4+ 612) o+ (/2 + 81/2) Ay + 8122 + | — 8,167 12Co,

where Cp := eh™ 1 4l/2pm=1/2 L pm 4 pm+1/2 and A;, i = 1,2, 3, are defined in (4.47)).
The first derivative of g has the form

1
g(6,) = 56, [ ~ Ao+ (Ao + Ay +eAs) 8, — sgn(h — 6,)Co (26, + |h — 6,]) } .
Like for the finite element option, the case-by-case analysis will be used to calculate
the minimum of g.

In this case the first derivative of g is

1
9/(6:) = 5672 = Ao+ (Ao + Ay +£A2) 3, — G (6, + h)}
with the extremum
5 — Ao + hCy
T Ao+ Ay +ehy —Cy

In the convection-dominated regime, all the terms including € can be omitted. From es-
timate , it can be asserted at least for small mesh widths that Ag <« A;. Moreover,
using the numerical evidence, see Remark [£.7, Ay dominates the finite element error.
Hence, the stabilization parameter becomes

A
pop _ Do
0, B
The first derivative of g has the form
sy Lozl B
9(0r) = 56, Ao + (Mg + Ay +€A2) 6, + Co (30, — h) |
with the extremum
Ao + hCy

oy = .
" A0+A1+€A2+3CO

Using the same argumentation for the convection-dominated regime as in the case when
0, < h, the stabilization parameter becomes

A
POD __ #*0
3P =1

Here, the first derivative of g has the from

1
J(6,) = 55;3/2 — Ao+ (Ao + Ay +eA2) 5, |.
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One has the same situation when regarding the extremum as in the POD case in Section
which yields in the convection-dominated regime the stabilization parameter

A
POD __ 30
3or =1

Remark 4.10. Similarly to the evaluations of g” for the finite element option, d; is the
minimum of g also for the POD option for the considered three cases. N

4.4. Numerical Studies

The numerical investigations aim at answering the following questions:
1. Does the SUPG-ROM yield more accurate results than the G-ROM?

2. Which of the two stabilization parameters of the SUPG-ROM (derived in Sec-
tion and [4.3.4) yields more accurate results?

3. Does the filtering procedure (3.65]) of the ROM initial condition improve the ROM
results?

4. Is the accuracy of the ROM solution proportional to the accuracy of the underlying
snapshots? In particular, are the ROMs based on the physically correct snapshots
without under- and overshoots able to reproduce physically correct ROM solutions?

In total, the results of three test problems will be presented: A hump changing its
height (Example , a traveling wave (Example , and a rotating body problem
(Example [4.3). The former two tests are used to answer the questions 1 and 2. ROM
simulations for a rotating body problem serve to investigate the questions 1, 3, and 4. In
the numerical studies presented below, the analytical solutions of the continuous prob-
lems are known. To generate the snapshots, the Galerkin finite element method ,
the SUPG method with Py, k = 1, 2, finite elements, or the Lagrange interpolation
of the analytical solution in the appropriate finite element space was used. Simulations
with the SUPG finite element method presented in this section were performed with
dn = h (see the discussion in Section . All test problems were defined in the unit
square. For the coarsest grid (level 0), the unit square was divided by the diagonal from
bottom left to top right into two triangles. Uniform grid refinement was applied for
constructing the finer grids, resulting in 16641, 66049, 263169 degrees of freedom (in-
cluding Dirichlet nodes) on levels 6, 7, and 8, respectively, with P, finite elements and
on levels 7, 8, and 9, respectively with P; finite elements. In all cases, the POD modes
were computed with respect to the L?(Q) inner product and with the centered-trajectory
method, i.e., from the fluctuating parts of the snapshots.

Two types of ROMs were studied. The first one is the G-ROM, i.e., the ROM with-
out any stabilization. It is known that solutions of convection-dominated problems
can be approximated accurately with the Galerkin finite element method if the finite

93



4. SUPG Reduced-Order Models for Convection-Dominated Problems

element space possesses sufficient information about the considered problem and its so-
lution. This information can be used to construct suitable grids, e.g., layer-adapted
grids as in [101], or to design appropriate finite element functions, e.g., exponentially
fitted functions as in [125]. For the ROM, the POD modes already contain important
features of the solution. The questions are if the information contained in these basis
functions suffices to stabilize the G-ROM and if yes, how the accuracy of the computa-
tional results compares with the accuracy of the results obtained with the second type
of the studied ROM, namely the ROM with SUPG stabilization (SUPG-ROM) given
by . The same questions were posed in [109], where stabilized ROMs were used
for convection-dominated convection-diffusion-reaction equations. In the “Offline-only”
approach in [109], the SUPG method was used in the offline stage, but not in the online
stage. Thus, the “Offline-only” approach is similar to the G-ROM considered in this
thesis. In the “Offline-Online” approach in |109], the SUPG method was used both in
the offline and online stages.

As already mentioned, Examples[d.T]and [£.2]deal, inter alia, with answering the second
question posed at the beginning of the section. For the sake of clarity, the SUPG-
ROMs using the stabilization parameters 6 from and 6FOP from will
be denoted by FE-SUPG-ROM and POD-SUPG-ROM, respectively. From the practical
point of view, the computation of the stabilization parameter 6F © is much easier than the
computation of 571? OD " The former parameter is equal to the mesh width A; no additional
information is needed. The latter one requires the storage of all R POD modes and
eigenvalues. Moreover, Ag and A; have to be calculated, which can be time-consuming
for problems with a high-dimensional snapshot space Xr. However, these values have to
be computed only once in the offline step. In Example the SUPG-ROM only with
SFE will be studied. Therefore, its notation remains SUPG-ROM.

The fourth question investigated in Example is mainly motivated by practical
applications. In fact, solutions representing, e.g., concentrations are non-physical if
they feature under- and overshoots. Such solutions are often not acceptable for practical
purposes. In applications requiring simulations of strongly coupled systems, e.g., see [80],
the non-physical solutions could cause some instabilities or completely incorrect model
solutions if they serve as an input quantity to other equations. Therefore, it is of great
importance to construct methods producing solutions without or at least with small
under- and overshoots.

To evaluate the results of the performed simulations, several measures of interest
will be monitored. Besides the so-called ”"eye measure”, i.e., looking at the plots of
the obtained solutions, the L2(Q) error at certain times and the discrete analog of the
LY(0,T; L?(2)) error, given, e.g., for the ROM solution by

N
1
la" = uly and g D " = ulo (152)
n=0

respectively, will be considered, where u™ denotes the solution of the continuous problem
at time t,. In addition, the minimum and the maximum values of the solution for
Example will be computed in the vertices of the mesh cells evaluated at different
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times. The L?(Q) error gives some idea of the accuracy of the methods and the smearing
in the numerical solutions. The minimum and the maximum values indicate the under-
and overshoots of the numerical solution.

Remark 4.11. After computing the POD modes, the question is how to design a nu-
merical method that gives a solution that is as accurate as possible in the space spanned
by the first » POD modes compared with the solution of the continuous problem. Since
the numerical method providing the most accurate solution in the r-dimensional space
is not necessarily the method which was used for computing the snapshots, other ROM
methods can be investigated as well. In the numerical studies below, the snapshots are
computed in Examples and with the finite element SUPG method. In the ROM
context, besides FE-SUPG-ROM (which corresponds to the finite element SUPG method
but in the ROM context) two other methods, namely G-ROM and POD-SUPG-ROM,
are used. <

Remark 4.12. When the solution of the continuous problem is not available, one could
compare the ROM results with the solution of the simulation used to compute the
snapshots. Based on own experience, one gets the smallest L? errors with respect to the
finite element solution, when the computation of the snapshots and the ROM involve the
same numerical methods. Note that the method is usually not the best approximation
of the continuous solution in the finite element space. N

The code MooNMD |[78] was utilized to perform the numerical experiments.

Example 4.1. Hump changing its height. This example is taken from [84]. It is defined
in Q = (0,1)2 and (0,T) = (0,2). The coefficients of (2.1)) were chosen to be ¢ = 1076,
b= (2,3)T and ¢ = 1. There is a prescribed solution of the form

u(t, z,y) =16 sin(nt) (1 — z)y(l —y)
1 arctan (25_1/2 (0.25% — (z — 0.5)* — (y — 0.5)%)) (4.53)

2 T

The forcing term f, the initial condition ug, and the boundary conditions were set
such that satisfies the boundary value problem. The solution (4.53)) possesses an
internal layer of size O (1/2).

The finite element problem for computing the snapshots was solved on level 7 with P,
finite elements, such that h = 1.1 - 1072, and the backward Euler scheme was applied
with the time step At = 1073. Since the problem is convection-dominated and the
solution has a layer, the use of a stabilized discretization is necessary, see Figure [4.4
for a comparison of snapshots from the Galerkin finite element method and the SUPG
method . Whereas the solution of the Galerkin finite element method is globally
polluted with spurious oscillations, there are only few oscillations, mainly in the right
upper part of the domain, in the solution computed with the SUPG method.

For computing the POD basis, every fifth solution was stored such that 401 snapshots
were used. If the finite element method accurately resolved all layers, then the POD
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Figure 4.4.: Example Galerkin finite element method (left), SUPG finite element
method (right) at ¢t = 0.5.

-O.OSBA—EO

Figure 4.5.: Example POD modes ¢ro,1; ¥ro,2, and ¢ 3 (from left to right).

basis would consist just of one mode representing the time-independent part of .
However, such a method is not known so far and in the simulations of convection-
dominated problems one always has to expect numerical artifacts. With the spurious
oscillations of the SUPG method, one obtains 14 POD modes, see Figure [4.5 for the first
POD modes and Figure for the corresponding eigenvalues, where the POD modes
for » > 1 come from the spurious oscillations of the finite element solution.

Figures and present results for the three considered ROMs. In Figure
the temporal evolution of the error in the L?(Q) norm for r = 9 and the errors in the
discrete L1(0,T; L*(2)) norm are shown. Corresponding numerical solutions for r = 9
are depicted in Figure [1.8]

Before answering the first two questions posed in the beginning of this section, the
following important observation should be made: The L'(0,T; L?(Q2)) error in the right
panel of Figure shows that adding more POD modes that represent oscillations (i.e.,
POD modes ¢ro2; ¥r0,3; - - - s Pro,14) Tesults in a continuous increase of the error. This
behavior is in clear contrast with the standard POD-ROM experience, where adding
more POD modes generally reduces the error. The reason for this behavior is that the
POD uses noisy data, resulting in POD modes which contain mostly information on the
numerical artifacts of the finite element solution. As already discussed above, with most
of the finite element methods, the appearance of such modes is inevitable. Unlike the
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Figure 4.6.: Example POD eigenvalues.
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Figure 4.7.: Example 4.1} Errors for different ROMs, L?(2) error (left), L1(0,T; L?(2))
error rlght
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Figure 4.8.: Example 4.1t Solution at t = 0.5 for G-ROM, FE-SUPG-ROM, POD-
SUPG-ROM (from left to right) for r = 9.

present example, in general it is not known which modes are strongly influenced by the
noise. In adding more and more POD modes, it is important that the ROM can suppress
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Figure 4.9.: Example Stabilization parameters for the SUPG-ROMs.

the influence of such noisy modes.

The answer to the first question is given by Figures [£.7] and Both the FE-SUPG-
ROM and the POD-SUPG-ROM yield more accurate results than the G-ROM for r > 2.
The stabilized ROMs can compute good solutions even if POD modes are used which
are strongly influenced by spurious oscillations. Question 2 is answered in Figure 4.7]
The FE-SUPG-ROM performs better than the POD-SUPG-ROM, which seems to be
due to the larger stabilization parameters, see Figure [4.9] N

Example 4.2. Traveling wave. This example is similar to the one used in [51]. It is given
in Q = (0,1)? and (0,T) = (0, 1) with the coefficients of (2.1)) chosen as e € {107%,1078},
b = (cos(m/3),sin(7/3)), and ¢ = 1. The analytical solution is defined by

u(t,z,y) = 0.5 sin(mz) sin(my) [tanh (Wt_%> + 1] . (4.54)
Ve
The right-hand side f, the initial condition ug, and the boundary condition were chosen
such that satisfies the boundary value problem. Solution possesses a moving
internal layer of width O (/).

First, the numerical results for the diffusion coefficient £ = 10~% will be investigated.
The finite element problem using P, finite elements and the backward Euler scheme
with a time step At = 1074 is solved on level 7 with the mesh width A = 1.1 -1072.
Consequently, it holds h =~ O(,/2), i.e., the internal layer is resolved and no stabilization
is needed to obtain a satisfactory finite element solution. One can observe this behavior
in Figure where the Galerkin and SUPG finite element solutions at ¢ = 1.0 are
depicted. As the numerical analysis in Section to derive the scaling of the SUPG-
ROM parameter was carried out for snapshots computed with the SUPG finite element
method, in addition to the Galerkin finite element snapshots also the SUPG snapshots
will be used to build the ROMs.

For computing the POD basis, every tenth solution was stored such that 1001 snap-
shots were used. Note that Example is more complex than Example since the
position of the layer depends on time. The complexity is reflected by the dimension of
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Figure 4.10.: Examplewith e = 10~%: Galerkin (left) and SUPG (right) finite element
solutions at ¢ = 1.0.
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Figure 4.11.: Example with e = 104 POD eigenvalues.

the snapshot space Xg, which is 14 for Example and around 200 for Example
with € = 10~ (see Figure with the corresponding POD eigenvalues).

In Figure the ROM errors in the discrete L(0,T; L?(2)) norm (left) and the
SUPG-ROM parameters (right) are shown for the snapshots computed with the Galerkin
finite element method. In Figure[.13] the same quantities are depicted for the snapshots
computed with the SUPG method. One can see that the difference between the both
figures is very small. The answer to the first question from the beginning of the section
is given by the right-hand side plots in Figures [£.12] and Independently of the
origin of the snapshots, the FE-SUPG-ROM and POD-SUPG-ROM yielded negligibly
better results than G-ROM for smaller values of . The G-ROM based on the snapshots
computed with the Galerkin finite element method gives slightly more accurate results
for larger r, starting at » = 110, than both SUPG-ROMs. All investigated ROMs
built from the SUPG finite element snapshots yielded comparable errors in the discrete
LY(0,T; L?(2)) norm for larger values of 7. Also the second question can be answered
by Figures and Despite of different values of the SUPG-ROM parameters
SFE and 6FOP, both SUPG-ROMs yielded almost the same results with negligibly small
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Figure 4.12.: Example with e = 1074 L(0,7T; L*()) error for Galerkin finite ele-
ment snapshots and for different ROMs.
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Figure 4.13.: Example 4.2 with e = 107*: L(0,T; L?(2)) error for SUPG finite element
snapshots and for different ROMs.

differences.

Now, the numerical results for the diffusion parameter ¢ = 10~® will be presented. It
is a convection-dominated problem. By using realistic meshes with h € [1073,1072], it is
not possible to resolve the interval layer. Therefore, a stabilization method is needed to
solve the finite element problem. To investigate the sensitivity of the numerical results
with respect to the mesh width h, the finite element problem for computing the snapshots
was solved on levels 6, 7, and 8. The backward Euler scheme was applied with a time step
At =107, The SUPG stabilization was applied to the finite element method, just as in
Example In Figure the Galerkin and SUPG finite element solutions evaluated
at t = 0.5 and t = 1.0 are shown. One can see that, in contrast to the Galerkin method,
the SUPG method is able to suppress the global oscillations. Every tenth solution was
stored, resulting in 1001 snapshots, to compute the POD basis. Note that Example
with € = 1078 is even more complex than Examplewith e = 10~* investigated before.
Here, the snapshot space X has the dimension between 800 and 1000 depending on the

100



4. SUPG Reduced-Order Models for Convection-Dominated Problems

C
0.999
i

=0.75

1065

05

5 =075
=025 E

9 05

E—O 25 EO‘ZS
-0.408- E

0.043

0488 C

EO.A Eo. 4

02

o 02
-0.209-%-02 .OQ]é—EO

Figure 4.14.: Example with ¢ = 1078 for level 7: Galerkin (left) and SUPG (right)
finite element solutions at ¢ = 0.5 (top) and ¢t = 1.0 (bottom).
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Figure 4.15.: Example 4.2 with £ = 107%: POD eigenvalues.

underlying spatial level (see Figure with the corresponding POD eigenvalues). The
plot in Figure also shows that the snapshot space X changes with the mesh width
h, its dimension increases with decreasing h. Like in Example[4.1] the studied ROMs use
noisy POD data, which, as explained, is inevitable for convection-dominated problems
on realistic meshes.

In Figures - the errors in the discrete L'(0,T; L?(f2)) norm are shown for
the three considered ROMs and for spatial levels 6, 7, and 8. On every spatial level,
a similar behavior as that in Example [I.] is observed: Increasing the number of POD
modes results eventually in an increase of the G-ROM error. This time, however, this
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Figure 4.16.: Example with ¢ = 1078: L1(0,T; L?(2)) error for different ROMs and
three different spatial levels.
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Figure 4.17.: Examplewith e =1078: LY(0,T; L*(Q)) error for different ROMs, three
different spatial levels, and small r.

error increase is observed later than in Example (around r = 70 for level 6, r = 130
for level 7, and r = 270 for level 8). Like in Example the G-ROM error grows due
to the fact that the impact of noise becomes more and more dominant for modes with
higher indices. Note that the finer the mesh, the higher the threshold rank is. Here, the
threshold rank refers to the lowest POD dimension at which the G-ROM error starts
to grow. Furthermore, below this threshold the discrete L'(0,7T; L?(f2)) errors of the
G-ROM and the SUPG-ROMs are similar.

The answer to the first question from the beginning of the section is given by Figures
[4.16 - [£19] For small numbers of POD modes, all ROMs have a similar error in the
discrete L'(0,7; L?(2)) norm and for large numbers of POD modes, both the FE-SUPG-
ROM and POD-SUPG-ROM yield more accurate results than the G-ROM. With respect
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Figure 4.18.: Examplewith e = 1078 Different ROMs at three different spatial levels
and for very small r: Stabilization parameters (left) and L(0,T; L?(12))
error (right). The G-ROM error curves for all spatial levels are the same.
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Figure 4.19.: Example with e = 1078 for level 7: Solution at ¢ = 1.0 for G-ROM,
FE-SUPG-ROM, POD-SUPG-ROM (from left to right) for » = 30, 130
(from top to bottom).

to the size of the spurious oscillations, the SUPG-ROMs are always better than the G-
ROM. In Figures and the used stabilization parameters 6f'F and 6P for
three spatial levels are shown. Even if the representation of 6F°P in has no
explicit dependence on the mesh width h, the stabilization parameter seems to depend
implicitly on the underlying grid. This behavior is expected as Ay and A; in
are computed using the POD modes and eigenvalues resulting from the finite element
simulation. In particular, the value of §¥°P decreases for finer grids. The difference
between the parameters §F and §7°P becomes more pronounced for large 7. Question
2 can be studied with the results presented in Figures [£.16] — [£.19] Concerning the
spurious oscillations, the results obtained with FE-SUPG-ROM are always better. With
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Figure 4.20.: Examplewith e = 1078: Stabilization parameters for the SUPG-ROMs.

respect to the error in the discrete L'(0,T; L?(Q)) norm, POD-SUPG-ROM performs
slightly better than FE-SUPG-ROM for larger values of r. The explanation of both
observations comes again from the different sizes of the stabilization parameters, see
Figure Since 6FF is larger than 6°°P, the spurious oscillations in the FE-SUPG-
ROM are damped more efficiently than in the POD-SUPG-ROM. To investigate why
the POD-SUPG-ROM for larger r yielded slightly more accurate results than the SUPG
finite element method in Figure [£.16] additional SUPG finite element simulations with
6n = 0O = 0.2h were carried out. The resulting discrete L'(0,T; L?(Q2)) error was
comparable to that of the POD-SUPG-ROM for larger r in Figure [£.16] The plots in
Figures —[A1§ also show that as the mesh width h changes, the ROM results change
as well, but the qualitative behavior of the ROMs (and in particular the answers to the
first two questions from the beginning of the section) remains unchanged. The plots in
Figure however, show that for very low 7 as the mesh width decreases the difference
between the stabilization parameters and the difference between the errors of the two

SUPG-ROMs decrease as well. N

Example 4.3. Rotating body problem. This example describes one full counter-clock
rotation of three disjoint bodies. It is an adaption of the transport problem from [99]
and was extensively studied, e.g., in [91,(94] for transport problems. In [82,84], the test
case was used to study discretizations with a very small diffusion coefficient.

Consider in Q = (0,1)2 and (0,T) = (0,6.28) with the coefficients ¢ = 10720,
b= (05—y2—0.57 and ¢ = f = 0. The initial condition is represented by three
disjoint bodies (slotted cylinder, conical body and hump) as shown in Figure Each
body has its center (zg,yp) and is placed within the radius ro = 0.15. The initial
condition is zero outside the bodies. Let

rla,y) =~/ = a0+~ )
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Figure 4.21.: Example Initial condition.

The slotted cylinder is described by

1, ifr(z,y) <1, ||z —x0| > 0.0225 or y > 0.85,

0, elsewhere,

u(0,z,y) = {

with the center (zo,yo) = (0.5,0.75). The conical body is given by

U(O,l‘,y) =1- 7“(11}‘,3/),

and the center (xo,y0) = (0.5,0.25). Finally, the hump is described by (xo,y0) =
(0.25,0.5) and

u(0,z,y) = i (1 + cos(mmin{r(x,y),1})).

The original version of the example from is a pure transport problem with ¢ = 0.
In this case, an ideal numerical method should yield the initial condition as the solution
after each revolution of the three bodies. With such a small diffusion coefficient ¢ as
used in this study, one can expect that an ideal numerical method nearly recovers the
initial solution at t = 6.28 ~ 2.

For the underlying numerical studies, three sets of snapshots were considered. The first
set of snapshots, which will be denoted by SUPG-FEM, was obtained by approximating
the solution of with the SUPG finite element method, see Section using
the backward Euler scheme for the time discretization (as it was done in Examples
and . To create the second set of snapshots, which will be denoted by FEM-FCT,
the nonlinear flux-corrected transport scheme presented in Section [2.1.5| was used with
the Crank—Nicolson method as time integrator, e.g., see . For both finite element
methods, the piecewise linear finite elements P; and the length of the time step At =
103 were used. The computations were carried out on the spacial level 7, such that
h = 1.1-1072. The third set of snapshots, which will be denoted by Reference, was
obtained by interpolating the solution of the continuous problem using the same
finite element space as for other two snapshot sets. Note that the snapshot sets can
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Figure 4.22.: Example Solution at ¢t = 6.28 for Reference (left), the FEM-FCT
scheme (center), and the SUPG-FEM (right).

be divided into two types: Representing the solution of a discrete problem (FEM-FCT,
SUPG-FEM) and the projection of the continuous solution onto the finite element space
(Reference).

In Fig. the solution for all three approaches is shown for the final time ¢ = 6.28.
One can see that the interpolated continuous solution (on the left-hand side) represents
the optimal solution as it looks the same as the initial condition in Fig. The FEM-
FCT solution (in the center) looks less accurate due to the slightly smoothed corners
but still better than the SUPG-FEM solution (on the right-hand side) which exhibits
some oscillations at the slotted cylinder. In Fig. the time evolution of the L? error,
and the minimum and the maximum values for these three approaches are displayed.
The interpolated continuous solution has the best performance in terms of the L? error
and features no under- or overshoots, i.e., the minimum and the maximum values of the
solution are equal to 0 and 1, respectively. The FEM-FCT method produces a greater
L? error but due to the design of the numerical method, see Section the solution
has no under- or overshoots. Finally, the SUPG-FEM solution performs worse than the
other two approaches in terms of all three measures of interest.

Each set of snapshots consists of 1257 elements, which represent every fifth solution
of the finite element methods, i.e., the solution at times t = 5n - 1073, n = 0,..., 1256,
and the evaluation of the interpolated solution at the same times. Three POD bases
were computed from the fluctuating part of the snapshot sets SUPG-FEM, FEM-FCT,
and Reference with respect to the L? inner product by the method of snapshots, see
Section [3.1.3] The distribution of the POD eigenvalues and the missing energy ratio
computed by 1 — &£(r), r < R, where £(r) is defined by (3.52)), are shown in Fig. [4.24
From the plot, one immediately takes note of the fact that the POD eigenvalues based
on the SUPG-FEM snapshot set fall much more rapidly than the eigenvalues based on
Reference and FEM-FCT. By taking into account only the POD eigenvalues with the
lower threshold of 1071°, the dimension R of the snapshot space X for SUPG-FEM is
only 119 and for the other two sets it is 1256. In the case of Reference and FEM-FCT,
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Figure 4.23.: Example Time evolution of the measures of interest for the finite
element methods used to compute the snapshots.
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Figure 4.24.: Example POD eigenvalues (left) and the missing energy ratio 1 —
E(r) (right), see (3.52), for the finite element methods used to compute
snapshots. The dashed line on the right-hand side indicates the missing
energy ratio of 0.01.

no single snapshot can be represented by a linear combination of the other snapshots
because of the moving inner layers. The steeper descrease of the POD eigenvalues based
on FEM-FCT can be explained by the smearing of the FEM-FCT solution at the inner
layers. The possible reason for the low dimension of the snapshot space Xpg arising
from SUPG-FEM lies in the fact that the SUPG-FEM solution features some spurious
oscillation around the inner layers. This not quite local effect might lead to the linear
dependency of the snapshots. In Fig. the snapshot mean 4y, and the first three
POD modes ¢y, © = 1,2, 3, are depicted based on all three snapshot sets. No essential
differences besides of slightly different value ranges and minor shifts of the forms can be
asserted.

In terms of reduced-order modeling, simulations with G-ROMs and SUPG-ROMs were
run with the backward Euler scheme, see , using the length of the time step At =
1073, To distinguish the ROMs with respect to different snapshot sets, the notations
G-ROM(%) and SUPG-ROM(x) will be utilized, where * can be Ref (short version of
Reference), FCT (short version of FEM-FCT), or SUPG (short version of SUPG-FEM).
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Figure 4.25.: Example Snapshot mean @, and POD modes 10,1, $ro0,2, $ro,3 (from
top to bottom) based on the Reference, FEM-FCT, and SUPG-FEM snap-
shot sets (left to right).
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Figure 4.26.: Example Measures of interest obtained with G-ROMs and SUPG-
ROMs based on three different snapshot sets at the final time ¢ = 6.28.

Unless otherwise stated, all ROMs will be equipped with the initial condition ([3.62)).

The L? errors, the minimum and the maximum values for the G-ROMs and SUPG-
ROMs at the final time ¢t = 6.28 for different dimensions of the POD space and the time
evolution of all three measures of interest for » € {50,110} are depicted in Figs.
and [£:27] respectively. These figures contain the answer to the first question from the
beginning of the section. In terms of the L? error, the G-ROMs performed in general
better than the corresponding SUPG-ROMs based on all three sets of snapshots. It
is noticeable that the SUPG-ROM based on the most accurate snapshot set Reference
produces a considerably larger L? error than the other ROMs. The situation is different
with respect to the minimum and the maximum values. The SUPG-ROMs based on the
snapshot sets representing the numerical solution of a discrete problem, i.e., FEM-FCT
and SUPG-FEM, yielded in general better minimum and maximum values than the
associated G-ROMs. At the first glance, the plots in Fig. reveal that the G-ROMs
based on SUPG-FEM and FEM-FCT snapshots result in similar or even more accurate
minimum and maximum values for some POD dimensions r compared to the SUPG-
ROM:s. If one takes a closer look at the time evolution of these values in Fig. [£.27] one can
see that the SUPG-ROMs produce more reliable results, as the minimum and maximum
values of their solutions do not fluctuate over time as much compared to the G-ROMs.
Both the G-ROM and the SUPG-ROM based on on the snapshot set Reference, which
does not arise from the numerical solution of a discrete problem but from the projection
of the continuous problem on the finite element space, did not result in satisfactory
minimum and maximum values. In particular, the SUPG-ROM(Ref) features a strong
decay of the maximum value in the course of time.

The reduced-order approximation of the initial condition ud = i, +> 1, a¥¢re; with
o’ computed by , which was used for the above ROM computations, is shown
in Fig. in the top row. It is noteworthy that the ROM initial condition for all
snapshot sets exhibits some oscillations not only at the bodies themselves but also in
the smooth region along the trajectory of the rotation. The initial condition based on
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Figure 4.27.: Example Time evolution of the measures of interest for G-ROMs and
SUPG-ROMs based on three different snapshot sets for » = 50 (top) and
r =110 (bottom).

the interpolated exact solution is particularly strongly polluted in the smooth region.
A good quality initial condition is of great importance for the numerical simulations
employing implicit time discretization methods as it directly influences the accuracy of
the solution at the subsequent time steps. In order to obtain a smoother initial condition,
the post-processing filtering procedure proposed in Sectionwas applied with
the filter width u = h to the initial condition given by . The plots in the bottom
row of Fig. [4.28| present the filtered ROM initial condition. It is clearly visible that the
filtered initial condition features much less spurious oscillations than the standard one.
Figures and show the L? errors, the minimum and the maximum values at
the final time for different POD dimensions and their time evolution for r € {50,110},
respectively, for the G-ROMs and the SUPG-ROMs combined with the filtered initial
condition. At this point, the third question from the beginning of this section will be
addressed. According to the plots, the L? errors are slightly larger for all ROMs with the
filtered initial condition than for the corresponding ROMs with the conventional initial
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Figure 4.28.: Example ROM initial condition given by (3.62]) (top) and additionally
filtered by (3.65]) (bottom) based on the snapshots Reference (left), FEM-
FCT (center), and SUPG-FEM (right) for r = 50.

condition. Despite of the smoother initial condition, the SUPG-ROM(Ref) resulted in
by far the largest L? error as it was already observed in Figs. and Also the
minimum and the maximum values of the SUPG-ROM(Ref) solution did not improve
with the smoother initial condition. The maximum value became even worse. This
observation supports the presumption that SUPG-ROM is not suitable for this kind of
snapshots. In contrast, the filtering procedure of the initial condition has a positive
effect on the minimum values of the SUPG-ROMs based on both the FEM-FCT and the
SUPG-FEM snapshots. A close monitoring of the maximum values of the SUPG-ROM
solutions in Figs. Figures [4.29| and reveals a smaller distance to the optimal value
for the SUPG-FEM snapshots and more or less the same distance for the FEM-FCT
snapshots. However, a slightly dissipative behavioral pattern can be observed as the
values are shifted below the optimum. Furthermore, a significant improvement of the
minimum and the maximum values of the solution resulted from the G-ROMs based
on the interpolated exact solution for r € [50,170] and on the FEM-FCT snapshots
for r € [50,190]. Regarding the first question, G-ROM(FCT) behaves in the lower
part of the indicated range of the POD dimensions even somewhat better than the
corresponding SUPG-ROM. The solution of G-ROM(Ref) is notably superior to SUPG-
ROM(Ref) in the range r € [50,170], where it features almost the optimal maximum
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Figure 4.29.: Example Measures of interest obtained with G-ROMs and SUPG-
ROMs based on three different snapshot sets combined with the filtered
initial condition.

value. The performance of the G-ROM based on the SUPG-FEM snapshots could also
be improved by smoothing the initial condition. However, its solution still exhibits
fluctuations of the minimum and the maximum values over time especially for higher
POD dimensions. Thus, SUPG-ROM(SUPG) performed better than the corresponding
G-ROM independently of the utilized initial condition.

Summing up all the presented findings, the fourth question posed at the beginning
of this section will be responded. For the snapshot sets representing the numerical
solution of a discrete problem, i.e., FEM-FCT and SUPG-FEM, SUPG-ROM combined
with the standard initial condition yields better results when it is based on the
more accurate snapshots FEM-FCT. From Fig. [£.26] one can assert that SUPG-ROM
based on the most inaccurate set of snapshots SUPG-FEM achieves the accuracy of the
underlying finite element simulation for » > 70. SUPG-ROM based on the FEM-FCT
snapshots never reaches the optimal minimum and maximum values 0 and 1, respectively,
which were obtained by the corresponding finite element simulation. However, it yields
closer values to the optimal ones compared to SUPG-ROM(SUPG). With the filtered
initial condition, SUPG-ROM(FCT) does better than SUPG-ROM(SUPG) in terms of
the minimum value, but the opposite behavior can be observed for the maximum value.
SUPG-ROM seems to be an inappropriate model for the POD basis computed from the
snapshots describing the interpolation of the continuous solution. The statements refer
to both the unfiltered and the filtered initial condition. There is no obvious relation
between the accuracy of the underlying snapshots and the accuracy of the G-ROM
solutions.

For the most ROMs considered in the underlying investigation, it is sufficient to choose
the POD dimension in the range of [50, 70] to achieve the best possible results.
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Figure 4.30.: Example Time evolution of the measures of interest for G-ROMs and
SUPG-ROMs based on three different snapshot sets for » = 50 (top) and
r =110 (bottom) combined with the by (3.65) filtered initial condition.
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Figure 4.31.:

Example SUPG-ROM(SUPG) solution for r = 50 at ¢t = 6.28 combined
with the initial condition given by ([3.62)) (left) and with the initial condition

additionally filtered by (3.65)) (right).
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5. Velocity-Pressure Reduced-Order
Models for Incompressible Flows

This chapter has three main goals. First, it numerically investigates three different types
of velocity-pressure reduced-order models (ROMs) for incompressible flows. The Proper
Orthogonal Decomposition (POD) presented in Section is used to generate the bases
for the ROMs. One method computes the ROM pressure solely based on the velocity
POD modes, whereas the other two ROMs use pressure POD modes as well. One of
the velocity-pressure ROMs is new and was first introduced in [26]. Two further goals
are to numerically investigate the impact of the snapshot accuracy and of the employed
nonlinear iteration schemes on the results of the ROMs. A substantial part of the chapter
can be found in [26).

5.1. Introduction

By means of the numerical methods for solving the Navier—Stokes equations -
like, e.g., finite elements methods, one can compute more and more details of the
flow field by increasing the dimension of the finite element spaces. However, increasing
the number of basis functions yields large linear or nonlinear systems to be solved in
the simulations. Consequently, the numerical simulation of the flow can be very time-
consuming. It is especially the case, when similar problems need to be solved multiple
times. In addition, the finite element basis is generally defined independently of the
solution, and it only depends on the structure of the computational mesh. In the case
that a priori information on the solution is available, one could transfer this knowledge
to the finite element space by pre-adapting the triangulation of (2.

Reduced-order models aim at reducing the computational cost of full finite element,
finite difference or finite volume simulations by drastically reducing the dimension of the
solution space. The key idea of ROMs consists in utilizing basis functions that already
represent the most important features of the solution. In contrast to finite element
bases, ROM bases are global bases. The focus in this chapter will be on the ROMs, in
which the basis functions are obtained through a POD (see Section [3.1]). Reduced-order
modeling for incompressible flows based on the POD is meanwhile widely used and is an
active field of research, see, e.g., [5,[12}/13,27.|130,144] for recent publications. Here, the
snapshots will be obtained from detailed finite element simulations. It is worth noticing
that generally the snapshots might even come from experimental data [9./63].

Within the framework of this chapter, three main goals will be pursued. One of the
goals consists in investigating three different types of ROMs that compute, besides the
velocity, also the pressure, called here for shortness vp-ROMs. One of these ROMs was
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developed within the framework of this thesis and published in [26]. Furthermore, it will
be studied how the choice of three nonlinear iteration schemes of different complexity
affects the accuracy of the ROMs. Finally, this chapter investigates the impact of the
accuracy of the simulations for computing the snapshots, shortly denoted by snapshot
accuracy, on the vp-ROM results. The motivation and background for these numerical
investigations are presented in the following.

To motivate the use of vp-ROMs, it must be noted that although most ROMs for
incompressible flows do not include a pressure component, there are important settings
in which vp-ROMs are appropriate. From the practical point of view, the pressure is
needed in many computational fluid dynamics applications, e.g., for the simulation of
fluid-structure interaction problems and for the computation of relevant quantities such
as drag and lift coefficients on solid bodies, and for ROM simulations of shear flows [108].
Other reasons for including the pressure are connected to the definition of ROMs. Using
only a velocity ROM leads to a comparatively simple model that can be simulated very
efficiently. The rationale behind velocity ROMs, as it can be found in the literature,
is that all snapshots are divergence-free, hence all basis functions are divergence-free
and consequently the ROM velocity is divergence-free, such that the pressure (which
acts as a Lagrange multiplier of the divergence-free constraint) is not needed. As it will
be clarified in Section [5.3] the same rationale can be applied in the context of finite
element methods and discretely divergence-free velocity fields. In this case, only the in-
tegrals of the product of the velocity divergence and all test functions from the discrete
pressure space vanish. In fact, many numerical methods for computing the snapshots
do not provide pointwise divergence-free flow fields. Even for finite element methods,
the discretely divergence-free property does not hold for many popular discretizations
of the Navier—Stokes equations. Such examples include the case of using the same finite
element spaces for velocity and pressure, where a numerical stabilization becomes neces-
sary, or pressure-correction schemes without reconstructing the discretely divergence-free
solution. Experimental data will generally not be divergence-free as well. Altogether,
the violation of the divergence-free constraint on the snapshots is another reason for
incorporating the pressure into ROMs for incompressible flow simulations. Moreover,
as already pointed out in [19], the availability of the pressure enables the computation
of the residual of the strong form of the Navier—Stokes equations —. Strong
residuals are often needed in stabilized discretizations, e.g., for stabilization with respect
to the violation of the inf-sup condition or with respect to dominating convection.

In the literature, one can find different proposals for an approximation of the pressure
field or its inclusion into the ROM. One class of vp-ROMs consists in defining a ROM
for the pressure that only uses the velocity POD modes [108}/138]. One of the methods
is based on the continuous in space pressure Poisson equation (see Section and the
other one is based on the discretized version of the pressure Poisson equation (see [50]
for a detailed discussion). The former pressure ROM, denoted by VMB-ROM, will be
studied in the numerical studies in Section [5.5] A second class of vp-ROMs employs
pressure POD basis functions in addition to the velocity POD basis functions, e.g.,
see [2,126,|136]. The pressure POD basis functions can be computed separately from the
velocity POD basis functions (i.e., the decoupled approach) [108], or together with them
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(i.e., the coupled, monolithic approach) |19,|145]. In this study, the decoupled approach
will be utilized.

Two vp-ROMs that employ a pressure POD basis will be investigated in this chapter.
The first vp-ROM in this class, here denoted by PMB-ROM, is based on the approach
proposed in [2]. The second vp-ROM, called SM-ROM, was introduced in [26]. SM-
ROM uses a residual-based stabilization mechanism for the incompressible Navier—Stokes
equations. It is based on a mathematically well understood method [21]. The advantage
over the two other vp-ROMs consists in the fact that its derivation requires the snapshots
to be only discretely divergence-free (but not pointwise), and it does not need any ad hoc
treatment of external forces and pressure boundary conditions. Overall, three vp-ROMs
will be considered in the numerical studies. VMB-ROM and PMB-ROM solve the same
equation for the pressure but in different finite-dimensional spaces. PMB-ROM and SM-
ROM work in the same space, but in these methods different equations for the pressure
are solved. All vp-ROMSs can be considered as a post-processing step to a velocity ROM.

In order to exploit their computational efficiency, ROMs are often used in combination
with simple, and therefore potentially inaccurate, numerical methods. Indeed, ROMs
generally avoid the solution of nonlinear systems and use, where possible, explicit time
integration schemes, see, e.g., [130,143]. The second goal of the chapter is to investigate
how strong the actual effect of different linearization techniques, known from the context
of the finite element methods, is on the ROM results with respect to different quantities
of interest.

The third main goal of this chapter is to investigate the impact of the accuracy of
the snapshots, and therefore of the resulting POD basis, on the numerical results of
the vp-ROMSs. The generation of the snapshots might be time consuming. Considering,
e.g., a turbulent flow, then one can perform a direct numerical simulation (DNS), if the
Reynolds number is sufficiently small for this approach to be feasible, or one can apply
more or less advanced turbulence models on more or less fine meshes for this purpose.
All approaches (should) give reasonable approximations of the large and important flow
structures. The main differences will be in the resolved details of the flow. However, the
DNS has to be performed on a very fine mesh and its computing time is usually orders
of magnitude higher than of a simulation with a turbulence model on a coarser grid.
And even simulations with a simple turbulence model, such as the Smagorinsky model,
might be much faster than simulations with an advanced model such as a variational
multiscale method. Since ROMs aim to compute only the most important features
of the solution, and since ROMs generally utilize computationally efficient numerical
approaches, the following question naturally emerges: “How strong are the impacts of
the snapshot accuracy, on the one hand, and of the (simple) numerical method used in
the ROMs, on the other hand, onto the ROM results?” In this chapter, a first step in
numerically investigating this question will be performed. To the best of the author’s
knowledge, the first study of this topic was conducted in [26].

To construct snapshot data of different accuracies, two approaches can be considered.
The first approach uses the same numerical method, but different discretization param-
eters, e.g., different mesh sizes and/or different time steps. The second approach uses
the same discretization parameters, but different numerical methods. In this study, the
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second approach will be utilized.

The chapter is structured as follows: In Section the derivation of the coupled
Galerkin ROM for the Navier—Stokes equations will be carried out. The ROM for the
computation of solely the velocity field, including its fully discretized formulation and
the implementation aspects, will be presented in Section [5.3] Thereafter, the derivation
of three different reduced-order models for the computation of the ROM pressure will
be conducted in Section [5.4] Furthermore, the advantages and disadvantages of the
respective methods will be discussed. Finally, detailed numerical studies on a two-
dimensional test problem describing the flow around a cylinder will be presented.

5.2. Galerkin ROM for Navier—-Stokes Equations

In this section the Galerkin reduced-order model for the Navier—Stokes equations ([2.40))-
(2.41]) will be derived. It will be assumed that the Navier—-Stokes equations are equipped
with the boundary conditions required for the numerical studies in Section [5.5] of the
form
u=20 on (0,77 x Iy,
u=gp on (0,7]xTj, (5.1)
wVu—-pl)n=0 on (0,7] x Tout,

where g, I'in, and I'gyt are mutually disjoint parts of the boundary I' with I' = I'g U
I'in U oyt and the Dirichlet boundary I'p = I'g U 'y, see Section Notice that, in
general, g might depend also on time.

Following the guidelines for the construction of the Galerkin reduced-order model
presented in Section the starting point is the weak formulation of the Navier—
Stokes equations (see Section . Let the velocity space V' and the pressure space
@ be defined by . The time-continuous weak formulation of the Navier—Stokes
equations reads: Find w : (0,7] — H(Q), such that u(t,-) — ug4(t,-) € V for all
t€(0,7], and p: (0,7] — @ such that

(Oyu,v) + (vVu, Vo) + (u-V)u,v) — (V-v,p) = (f,v), YVveV,

(Vowg) = 0,  vgeq O

where ug(t, ) € H'(f2) is an extension of the Dirichlet boundary condition into 2 for
t e (0,7

Furthermore, the finite-dimensional POD bases for the velocity and the pressure have
to be computed by one of the algorithms shown in Sections and Let

{d)ro,l? s ¢ro,ru} (5-3)
denote the velocity POD basis of dimension 7, and
{%0,1, e 77b1"0,7'zg} (54)

the pressure POD basis of dimension r,. Let {u,,}*_; and {p,}}_; denote sets of
snapshots of the finite element velocity and pressure solutions, respectively.
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As the velocity Dirichlet boundary condition on I'p is not homogeneous, one of the
approaches from Section has to be applied to treat the boundary condition in the
ROM correctly. Let the velocity and the pressure POD bases be computed from the
modified snapshots {u;, — ug(tm, -)}i\n/[:l and {pm — 1M, respectively. For possible
definitions of ug (¢, ) the reader is referred to Section Dy, stands for the average
of the pressure snapshots p,,, m = 1,..., M. Note that theoretically the pressure snap-
shots do not need to be modified as for the pressure no Dirichlet boundary is imposed.
However, in the literature the pressure snapshots are often modified in this way, e.g.,
see [2].

The reduced-order approximations of the velocity and the pressure fields read as fol-
lows:

Ty
w(t, @) & Uro(t, ) = Ug(t, ) + r, (£, ) = ug(t, ) + D 2 i(t) o (), (5.5)
i=1
Tp
p(t, @) & pro(t, @) = Py () + pr, (1, ) = D () + Y _ () 1hro 5 (). (5.6)
=1
Vectors a,, = (a1, - - - ,awv)T and Q, = (apvl, el ap,rp)T represent the unknown ROM

coefficients for the velocity and the pressure, respectively.

Altogether, the Galerkin ROM for the Navier—Stokes equations reads: Find (tyo, pro)
with ur —ug: (0,T] = span{¢,,;};*, and pro — Py (0,T] — span{wm,j};":l such that
fori=1,...,ry,j=1,...,7p,

(aturOa ¢ro,i) + (Vvurm v¢ro,i) + ((uro ’ v)urOa ¢ro,i) - (prm V- ¢ro,i)

= ( 7¢ro,i)’
_(V * Uro, wro,j) = 07
(5.7)

with the ROM coefficients of the initial velocity condition

aU,’i(O) = ag,i = (’U,(O, w) - ’U,g(O, m), ¢ro,i(w)) = (uO - Ug, ¢ro,i) ) 1= 17 <oy Ty, (58)

where u” is the finite element approximation of the initial condition and ug the finite
element representation of the function fulfilling the Dirichlet boundary values on the
boundary part I'p.

The Galerkin ROM for the Navier—Stokes equations discretized in time by the one-
step @-scheme (superscript n) and linearized by the Picard iteration (subscript k) reads:

For each n = 1,2,... and given (u?o,k—bp?o,k—l) with k =1,2,..., find (U?O,wp?o,k) with
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v — T
Up,p — Ug € span{¢,, ; };*, and Prok — Pn € span{zprovj}jp:l such that

(U?o,kv ¢ro,i) + 0At [(Vvu?o,kv vqbrO,i) + ((u?‘)’k*l ‘ V)U?O’k’ ¢r07i)]
— At (V . d)ro,i?prbo,k)

= (u?o_l’ ¢r0,i) - (1 - Q)At[ (VVU?O_l, ¢ro,i) (5'9)
(g V)ugs ™ o) | + (1= 0L (P, 60)

+ HAt (fna ¢ro,z’) )
- (v . U;qu., 1/1ro,j) - 07

foralli=1,...,7, 5 =1,...,1p.

5.3. Velocity ROM

In many, probably even most, published reports on reduced-order models based on the
POD for incompressible flows, only velocity models are considered. This approach ex-
ploits the linearity of the divergence operator and of the POD procedure. If the raw
velocity snapshots {u,,}_, are divergence-free, then also the modified ones {u,, —
Ug(tm, ) }M_, are divergence-free if u, is divergence-free. As every POD basis function
®roir © = 1,...,7y, is a particular linear combination of the used snapshots, see ,
then the POD basis functions ¢,,;, i« = 1,...,ry, are also divergence-free. In fact, if
uro and {¢,,;};2, are divergence-free, the pressure term on the left-hand side of the
momentum equation and the continuity equation of drops out.

Finally, the projection-based velocity Galerkin ROM (v-ROM) has the following form:
Find

Ty

uro(t7 $) = ug (t7 $) + uT‘v (t’ $) = ug (t’ $) + Z a’v,i(t)(bro,i(w)v
i=1

such that, for i = 1,..., 7,

(atul"oa (z)ro,’i) + (Vvurm vd)ro,i) + ((uro : V)Uro, (z)ro,’i) = (.fa ¢ro,i)' (510)

Note that (5.10]) requires only the velocity POD basis. Due to the absence of the pressure
in problem ([5.10]), the boundary conditions (5.1)) have to be modified yielding

u=20 on (0,77 x Iy,
u = gp on (0,77 x I'ip, (5.11)
Vun=0 on (0,7] x Toyt.
It must be emphasized that the assumption of divergence-free snapshots as the solution
of a finite element method is idealized. For instance, in the context of inf-sup stable finite

element discretizations there are only very few divergence-free pairs of spaces, like the
Scott—Vogelius element on barycentric refined grids [147]. Most of the inf-sup stable
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pairs, in particular the most popular ones like the Taylor—-Hood finite elements, see
Section are only discretely divergence-free. The magnitude of the divergence of
the finite element solution can be even large [100]. Indeed, the standard finite element
convergence theory shows that the L?(2) norm of the divergence has the same order of
convergence as the error in the L?(Q) norm of the velocity gradient [72].

The reduction from to , however, can be achieved in certain situations by
using the argument that the snapshots are only discretely divergence-free. This situation
holds if the finite element continuity equation is not perturbed by any additional term.
Moreover, the POD modes {¢,,;};*; with the corresponding function ug and {LZJ]}
with p;, should belong to the Velomty and pressure finite element spaces, respectively. In
this case, the pressure term in the ROM drops out and reduces to the velocity
ROM . The above argument does not apply if the continuity equation is disturbed
by additional terms, as in the case of finite element pairs that do not fulfill a discrete
inf-sup condition, e.g., equal finite elements for velocity and pressure, which require
additional stabilizations introducing a control on the pressure through a modification of
the continuity equation .

The velocity ROM is continuous in time and nonlinear due to the convective
term. Therefore, in order to solve it numerically it has to be discretized in time, see
Section [2.2.3] and to be solved iteratively in each time step, see Section [2.2.5

Let t™ denote the discrete times, the functions evaluated at those times with a cor-
responding superscript n, and the length of the equidistant time step by At. The k-th
iteration of the nonlinear solver in each time step is denoted by the subscript k of the
solution. The initial step for each nonlinear iteration at time ¢, is the value of the so-
lution evaluated at t,,_1, see [70] and references therein for other possible choices of the
initial guess.

The velocity ROM combined with the one-step #-scheme and the Picard itera-
tion reads in matrix form: For each n = 1,2,... and given Qg ER™ withk=1,2,..,
find o k€ R"™ such that

(MRS + 0At (ANS + NNS(ulh i 1)) ]y = (1 — O)ALf™ " + 0ALF"
+ M — (1= 0)At (A + NP (uiy )y ™ + 1,
where 6 has to be chosen, see Table and

(5.12)

(Mggs)w (Pro.j Prosi)s ij=1,...,T0, (5.13)
(A%);; = WV obro i Vobroi), ij=1,..,7, (5.14)
(NS (ur: )i = (Ul V) frojs Proi) » ij=1,...,T0, (5.15)
i = (" bro) » i=1,...,7, (5.16)
and finally
loi = (ug_l — Uy, ¢m’i) — At (GVVUZ +(1- H)VVun_l V., Z) (5.17)

—At(@(u?ovk_l-V)uZ—I—(l—H)( n-l V) o 1,¢)r01), i=1,...,1.
The initial condition is given by .
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5.3.1. Implementation

In this section, the implementation of the velocity ROM ([5.12)) equipped with the Dirich-
let boundary conditions of type (3.71)), i.e.,

u="(t)gr(x) on (0,T)xIpy, k=1,... K, (5.18)

with I'p = Uszl I'pg, I'p;NIp; = 0 for ¢ # j, 4,5 = 1,..., K, will be discussed.
Moreover, a zero source term, i.e., f = 0, will be assumed which corresponds to the
definition of the problems considered in Section [5.5

Remark 5.1. The Dirichlet part of the boundary conditions (5.11)) can be interpreted
to be of type (b.18]) for K = 2 with

u = 71(t)g;(x) on (0,7] xTy =Ipy, (5.19)
u = 72(t)gs(x) on (0,7] xT'g=TIpp, '

where gD(taw) = ’Yl(t)gl(w)a and V2 = 17 g2 = 0. <

As in Section the velocity POD basis {¢,,;};, is computed from the modified
snapshots following the algorithm of Method 1 introduced in Section Hence, the
function ug satisfying the boundary conditions (5.18)) reads

K

ug(t, @) = > y(Husk(x), (5.20)

k=1

with the functions ugy € V}, obtained as it is specified in the algorithm.
Let @, denote the velocity POD matrix with the velocity POD modes as columns,
ie.,

o = (¢ro,1) M) ¢ro,rv) S RN”XT”.

With the exception of the contributions from the convective term, i.e., the matrix
NNS(un) and the last term of I”, all other parts of the system can be built
up efficiently following the lines in Section [3.2.4, Thereby, expressions Mo, Ao, Mp,
Ap, @, ug, have to be substituted by MRS, ANS M,IL\IS, Al,js, ®,, ugy, respectively.
Next, the implementation of the contributions from the convective term will be dis-
cussed, i.e., expressions of the form
(Ngs(ul?o—l))ij = ((U'Z_l : v) (:bro,ja ¢ro,i) + ((u;zv—l ’ v) ¢r0,j’ d)ro,i) (521)

and

((u;lo_l : V) u7gl_17 ¢ro,i) = ((Ug_l ' v) ug_la ¢ro,i) + ((ugv—l ’ V) u;l_la ¢ro,i) . (522)

Due to the separated form of ug, see ((5.20)), and the definition of u,,, see (5.5)), the
computation of both terms on the right-hand side of ([5.21)) can be split up efficiently
between the offline and online stages in three steps as follows:
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1. Offline stage: Assemble finite element matrices
{N}L\Is(usﬁ)}?:l and { (¢ro 7,) i=1> (523)

defined by (2.97)).

2. Offline stage: Reduce the matrices by building
{(ﬁvTNflfS(uS,k)q)U}é{:l and {(I)vT (¢ro z) Py (524)
respectively. Each matrix is an element of the space R™ ",

3. Online stage: Compute

K
27271(1)3]\]}11\1 (us )Py and Zan 1(I>TN (Pro,1)®

to obtain the first and the second terms of (5.21]), respectively, at each iteration
step.

Hence, in the online stage the computational complexity does not depend on the dimen-
sion of the finite element space V3, as it is desired in the framework of the reduced-order
modeling.

Similarly, one can split the computation of both terms on the right-hand side of .
In this case, the first step remains the same, i.e., the finite element matrices (5.23]) need
to be assembled. In the second step, instead of , one pre-computes

T ArNS
Dy Ny (usp)tg,, km=1,... K,

. (5.25)
q)UTNfIZIS((bro,i)HSm? i=1,...,m, m=1,... K,

in the offline stage. Note that each expression in ([5.25) is a vector in R"™. Finally, at
each iteration of the online stage, the first and the second summands of (5.22)) can be
obtained efficiently by computing

rn K
Z Z 7]? 1 1(I)TN (uS,k)QS,m and Z Z ag,zlvglilq)f]v}fs(¢ro,i)g5,m7

k=1m=1 i=1 m=1

respectively.

5.4. Pressure ROMs

To the best of the author’s knowledge, the ROMs with a pressure component can be
divided into two classes, depending on if they use pressure POD modes or not. If pres-
sure modes are employed, there are again two principal approaches. In the decoupled
approach, the velocity and pressure snapshots are considered separately. Choosing the
velocity POD modes with the highest kinetic energy and the pressure POD modes with
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the largest L2(£2) norm, one obtains two separate bases. For this approach, it is straight-
forward to choose a different number of POD modes for velocity and pressure, based on
the corresponding distribution of their eigenvalues. In the coupled approach, see [19],
each snapshot, and thus, each POD mode, has both a velocity and the corresponding
pressure component. This approach naturally yields the same number of velocity and
pressure modes. In this thesis the decoupled approach will be considered.

5.4.1. Pressure ROM Based on Velocity Modes

After having solved the velocity ROM (5.10)), the pressure field must be reconstructed
a posteriori using the ROM velocity solution. In this section, the approach proposed
in [108] will be considered. It utilizes the pressure Poisson equation

—Ap=V-((u-V)u) in Q, (5.26)

which is obtained by taking the divergence of the momentum equation of the Navier—

Stokes equations (2.40))-(2.41]), see Section assuming that the source term f is

divergence-free. For the sake of simplicity, the pressure model will be derived for the
stationary Dirichlet boundary condition for w on I'j, such that the function u, in
can be chosen to be the average of the snapshots uy, see Section [3.2.3] Thus, the
problem is equipped with the Neumann boundary condition for the pressure

Vp-n=vAu-n—(u-V)u-n on I'\ Doy, (5.27)

and the homogeneous Dirichlet boundary condition on gy, see also Section The
main idea used in [108] consists in replacing w on the right-hand side of (5.26]) by wuy,
defined by (5.5, which can also be written in the form

ol 2) = 3 031, (5.28)
=0

with a,0(t) = 1 and ¢,,(x) = wp(x). Assuming that all velocity POD functions in
(5.5)) are divergence-free, one obtains in 2
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_Apro = Zzavz aU] ((¢roz : ) d)ro,j)
=0 j=0
Ty To d
= Z Z Qg (t)alhj (t) Z axk ( (Z ¢r0 za ) ro j)
i=0 j=0 k=1
Ty To d d
= Z Z av,i(t)av,j (t) [Z Z 8xk¢;rcl),ia$m¢]r€0,j
i=0 j—O k=1 m=1 (5.29)
=+ Z (bro zazm (Z ro z> ]
__,0_/
Ty To d d
=3 awi(t)aw;(t) (Z > @m?;,iaxw’;o,j) :
i=0 j=0 k=1m=1

where q’)foﬂ- denotes the kth component of the velocity POD mode ¢, ;, 9, denotes the
partial derivative with respect to the k-th component of @ € €2, and d is the dimension
of the domain €.

Problem is an equation in space, in which the functions o, ;(t), oy ;(t) act as
constants. Hence, the solution of has the quadratic form

Tv To

pro t 37 Zzavz av,j ng( ) (530)

=0 j=0
where the functions p;;(x) are obtained by solving

d

—Apiy =) Z Ok @, ;Opmpln ;i Q. (5.31)

k=1m=1

In what follows, the velocity ROM together with pyo(x) given by , will be
referred to as the VMB-ROM (velocity-modes-based ROM). Within the framework of the
numerical studies in Section the coefficients p;; will be determined by applying the
Galerkin projection to on the pressure finite element space ;. Using integration
by parts, the resulting left-hand side can be expressed for all g, € @y by

(=Apij, qn) = (Vpij, Van) — / Vpij - e qn ds. (5.32)
1—‘\Fout

Finally, the following finite element problem has to be solved: Find p;; € @}, such that

(vau Van) = <Z Z k¢:g7iaxm¢fo,ja Qh> + / Vpij nands, Yaqn € Q. (5.33)

k=1m=1 T\ Tout
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By applying the velocity ROM approximation ([5.28]) instead of u, the Neumann bound-
ary condition (5.27)) on I' \ I'y can be represented by

Tv

Vo N = Z Qi (VA(/f)rO’i - (qf)m,i . V) ﬁh) ‘n, (5.34)
i=0

where it was used that the velocity POD modes {¢,,;};>; vanish on I'\ T',y by con-
struction. In order to maintain the quadratic representation as in (5.30]), the right-hand
side can be rewritten leading to the form

1 1
S0 251 257y 1
T 1 ..
v 581 0 0 OK’U,I

§ Ay, 85 = (1 Ayl - av,rv) . . . . o s
i—0 : : . :

1

isrv 0 e 0 av:""v

with s; = (qubm,i — (qbro,i . V) Hh) -n. Finally, the boundary term on the right-hand
side of (5.33)) can be computed by employing the following expressions

sg, if 4,7=0,
3si, if i>0,7=0,

1

Vpii-n =
“ Tsi, if §>0,i=0,

0, otherwise.

Note that p;j(x) = pji(x) and, thus, system has only (r, + 1)r,/2 unknowns.
The functions p;;(x) can be computed in the offline stage. In this way, the ROM pressure
pro(x) can be efficiently reconstructed at each time step by using . It should be
noted that this pre-processing approach does not work if the Navier—Stokes equations
have a time-dependent body force which is not divergence-free.

In [108], the term (Vpro, Py,;) Was even introduced into the momentum equation
to improve the results of ROMs for shear flows. If only the term (Vpro, ¢y, ;)
is of interest, while the explicit computation of p,, is not required, it was proposed
in [42}/108] to approximate this term using linear models in ay, ;(t), resulting in additional
minimization problems to be solved for determining the coefficients in the ansatz.

5.4.2. Pressure ROM Based on Pressure Modes

A second approach for defining a pressure ROM a posteriori consists in reducing the
pressure equation (see also Section using a pressure POD basis computed
from the pressure snapshots. This method was proposed in [2].

Assuming that the reduced velocity ujy has already been computed by the velocity
ROM , and assuming the velocity POD space to be divergence-free, one obtains
the pressure Poisson equation

—Apl =V - ((up - V)upr) in £, (5.35)

ro
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with a homogeneous Dirichlet boundary condition on I'gy; and a Neumann boundary
condition on I"\ T'oyt , using u,, instead of u.

In [2], it was suggested to compute the ROM pressure by applying the Galerkin pro-
jection to on the pressure POD modes {¢ro’i}:£ ;- Employing integration by parts
yields

(—Ap?o, wro,i) = (VP?oa vwro,i) - / VP?O 'n 77/}r0,i ds

I‘\Fout
(5.36)
= (Vo Vehos) = [ (v, (- V) wg) i,
I‘\Fout

where it was used that w; vanishes on I \ Tout by the construction of the POD modes
{@r0,i}i2- Finally, one has to solve the following problem: Find

Tp
p?o =pp + Z a?,iwro,i ) (537)
i=1
such that for i =1,...,7p,
(VP?m vwro,i) = (V : ((u?o : V)uffo) awro,i)
+ / (vAul, — (up, - V)ug) - mipri ds. (5.38)
F\Fout

In the numerical studies presented in Section the velocity ROM together
with (5.38), will be referred to as PMB-ROM (pressure-modes-based ROM).

Note that, although VMB-ROM and PMB-ROM are based on the same equation, the
respective pressures are computed using different discrete spaces. In the VMB-ROM, the
pressure is represented in terms of the functions computed from the derivatives of the
velocity POD modes, see , whereas in the PMB-ROM the pressure is represented
in terms of the pressure POD modes, cf. .

5.4.3. Pressure ROM Based on a Stabilization of the Coupled Problem

A ROM that is based on a coupled scheme for (e, Pro), such as the ROM (5.7)), raises
the issue of the inf-sup condition for saddle point problems [45]. It seems to be hard to
address this question for the general setting of the ROM, unlike for, e.g, finite element
methods, where the approximation spaces are specified beforehand and the correspond-
ing discrete inf-sup condition can be investigated a priori. In the ROM framework
based on POD, however, the approximation spaces are problem-dependent — they are
known only after having performed the underlying finite element simulations, or even an
actual physical experiment [9}/63]. Thus, checking beforehand whether the velocity and
pressure POD spaces satisfy an inf-sup condition is generally not possible. In the context
of finite element methods, the discrete inf-sup condition states, loosely speaking,
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that the dimension of the discrete velocity space is sufficiently high compared with the
dimension of the discrete pressure space. In the case of reduced basis method, several
suggestions exist in the literature on how to enrich the velocity space to verify the inf-sup
condition [96,112,119]. For ROMs based on POD, to the author’s best knowledge, there
are no results on that issue. In the framework of finite element methods, the coupled
velocity-pressure problem can be stabilized by including additional terms in the
variational formulation, in order to overcome a possible violation of the inf-sup condition.
This aspect motivates the new ROM for the pressure introduced in this section. The
idea is to define an equation for the pressure based on a stabilization approach for the
coupled velocity-pressure ROM . Among the stabilizations for incompressible flow
problems [21], the class of residual-based approaches seems to be promising, since these
methods immediately allow the stabilization of dominant convection. These approaches
are also the basis of residual-based variational multiscale methods [17].

A popular residual-based stabilization is the SUPG/PSPG/grad-div method, see [21]
and the references therein. In this approach, the residual of the momentum equation is
tested with the streamline derivative of the velocity and the gradient of the pressure.
Thus, the following stabilization term is added to the momentum equation in (2.93))

Sy = Z (8tuh — I/Auh + (uh . V)uh + Vph — f, 5K7uh, (uh . V)’Uh + 5K7quh)K , (5.39)
KeTy

where K denotes a mesh cell of the considered triangulation 73 of €, and 05 ., and 0 p
are the stabilization parameter functions. The so-called grad-div term is based on the
residual of the continuity equation and it adds the following stabilization term to the

momentum equation in (2.93))

Z (V “up, pgV "Uh)K, (5.40)
KeTy,

where pg denotes the stabilization parameter function. The SUPG term in ac-
counts for stabilizing dominating convection, the grad-div term @ accounts for im-
proving the discrete conservation of mass, and the PSPG term in (5.39) accounts for
stabilizing a violated inf-sup condition.

Note that the SUPG/PSPG /grad-div method has already been used in [19,(145] within
a ROM framework. However, in [19,/145] the ROM pressure was not computed by solving
a separate pressure equation.

Although an explicit treatment of and might be advantageous in terms
of computational efficiency, the stabilization of the inf-sup condition has to appear in
the system matrix in order to become effective.

In the residual for the momentum balance , the viscous term is generally ne-
glected, since it is of little importance in the interesting case of small viscosity. Denote
by

n u?o — u?o_l n n n n
res;,, = T + (u’ro ' v)uro + Vpro - f
an reduced-order approximation of the residual at ¢,,. Then, the right-hand side of the

momentum equation of the coupled system (5.9 at t,, contains the explicit stabilization
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terms
—1 -1 -1
- Z 5K,u (Teslrrlo 3 ('u'?o : v)(:bro,i)](v - Z MK (V : 'u’?o ,V : d)ro,i)K? (5’41)
KeTy, KeTy,
Vi = 1...,r,, where the stabilization parameters are now assumed to be piecewise

constant. In the continuity equation in ([5.9)), the term
Z 5K7p(vp;loﬂvwr0,j)K7 ] - 1,...,7‘p’
KeTh

is included to the left-hand side, i.e., to the system matrix. Moving the velocity-pressure
coupling of the stabilization

— > bkp(rest, — Vo, Vo) o J =1, .7, (5.42)
KeTy,

to the right-hand side of the continuity equation in (/5.9)), the matrix form of the coupled
problem has the form

NS NS NS(,,n NS\T
(Mro + 0At (Aro + Nro (uro,kfl)) (Bro ) ) , (543)

NS NS
Bro CYro

where MYS, ANS, Ngs(uﬁo?kﬂ) are defined by (5.13)), (5.14), and (5.15)), respectively,

and
(Bll"\(ljs)i' = (v'gbro 'ﬂproi)a 1= 17"')T ) .7: 17-‘-7TU7
J 3] ) p
(Ci\(l)s)l] = Z 6K7p(vwro,j7v¢ro,i)l(a 27.7 = 17 e 7rp'
KeTy,

Consider now the ROM matrix for the case in which the velocity snapshots are
discretely divergence-free, e.g., when they are computed with a Galerkin finite element
method with inf-sup stable pairs of finite element spaces. In this case, the matrix BN
vanishes. Hence, the system with matrix results in two decoupled equations.
After having computed the reduced velocity, the right-hand side of the continuity
equation can be evaluated. If the stabilizations of dominating convection and of violating
the mass conservation can be neglected, as for the flow problem considered in
Section the velocity equation corresponding to is the same as that in the

velocity ROM ([5.12)).
Altogether, we propose to combine the ROM velocity equation (5.12)) with

Z 6K:p(vp?o7 V@ZJTOJ)K =
KeTy

u — unfl .
- Z 6K7p (H)Atro+(u?0'v)u?0fnavwro,j> , J=1...,7
KeTy, K

(5.44)
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In what follows, the ROM together with , will be referred to as SM-ROM
(stabilization-motivated ROM). The SM-ROM (j5.12)), was first proposed in [26].

The matrix for the pressure equation in corresponds to the discretization of
a scaled Laplacian. In , the stabilization parameters {dk ,} have to be chosen.
Since there is no numerical analysis for this choice in the context of ROMs, the guidance
provided by the standard finite element theory will be used. For this case, following
the finite element theory, an optimal stabilized method is obtained with dx , = C hi in
, where C' is a generic constant and hg is the diameter of the mesh cell K, [21].
Note that the value of the constant C' has no effect on the SM-ROM, since it appears
on both sides of . Thus, without loss of generality, 6 ), = hx can be used.

It is worth emphasizing that one of the advantages of SM-ROM is that its derivation
requires the velocity snapshots to be only discretely divergence-free but not pointwise
divergence-free, as needed for the derivation of the VMB-ROM and PMB-ROM. Fur-
thermore, being based on a general formulation of the Navier—Stokes equations, the
SM-ROM does not need any ad hoc treatment of external forces and any specification
of additional pressure boundary conditions.

5.5. Numerical Studies

First, this section presents numerical results for the three vp-ROMs introduced in Sec-
tion [5.4] which are summarized in Table Second, the influence of nonlinear iteration
schemes of different complexity and accuracy, employed in the velocity ROM, on the
accuracy of the vp-ROM results with respect to various quantities of interest will be
studied. Third, it investigates the impact of the snapshot accuracy on the results of the
vp-ROMSs. The effect of the dimension of the POD basis on the numerical results is also
monitored.

Table 5.1.: Velocity-pressure ROMs presented in Section VMB-ROM and PMB-
ROM use the same equation for computing the ROM pressure, but the dis-
crete spaces in these methods are different. PMB-ROM and SM-ROM apply
the same discrete space, but different equations for the ROM pressure.

Acronym Description Equations

VMB-ROM velocity-modes based 5.12)), (5.31
PMB-ROM pressure-modes based 5.12)), (5.38
SM-ROM stabilization motivated 5.12), (5.44

Example 5.1. Laminar flow around a cylinder. To allow a detailed discussion of the
results, the numerical studies were carried out for the well understood example of a
two-dimensional laminar flow around a circular cylinder defined in [122]. This problem
is given in

Q= {(0,2.2) x (0,0.41)} \ {x : (x —(0.2,0.2))% < 0.05°},
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see Fig. At the boundary z = 0 the steady-state inflow condition wu(z,0) =
(0.4172(6y(0.41 — y)),0)T is used, at the boundary z = 2.2 the outflow ("do noth-
ing”) condition (vVu — pl)n = 0 is applied, while no-slip boundary conditions are
prescribed elsewhere, see Section [3.2.3] The kinematic viscosity of the fluid is given
by v = 1072 m?/s. The initial condition is a fully developed flow field that has to be
computed in a pre-processing step. Based on the mean inflow velocity U = 1 m/s, the
diameter of the cylinder L = 0.1 m and the kinematic viscosity, the Reynolds number
of the flow is Re = 100. In the fully developed periodic regime, a vortex shedding (von
Kérman vortex street) can be observed behind the obstacle, see Fig.

<— inlet g outlst —+

0im 041m

0.15 Y

;015m

2.2m

Figure 5.1.: Example The flow domain (left) and the coarse grid (right).

p

ful

\\\\-‘I\\\\\\ 2 _1 \\\\c‘]l\\\\l\\\-‘l\
0 2.165237 -1.26882 1.902944

Figure 5.2.: Example Snapshots of the finite element solution.

Quantities of interest are the drag and lift coefficients at the cylinder. In the presented
numerical studies, these quantities were computed as volume integrals by the following
expressions

ca= _LLUQ [(Otu, va) + (WVu, Vog) + ((u - V)u,vq) = (V- vd,p)}, (5.45)
o= _LLUQ [(&:u, v1) + (WVu, Vo) + ((u- V)u,v) — (V- vl,p)}, (5.46)

for functions vq, v € H' () such that vq = (1,0) and v; = (0,1)” on the boundary
of the cylinder and vq = v; = (0,0)” on all other boundaries. Since vq and v are not
discretely divergence-free, the last term in (5.45) and (5.46) does not vanish and the
pressure is needed for computing the drag and the lift coefficients. One can compute
these quantities by boundary integrals defined on the cylinder. The definitions, however,
can be reformulated as integrals on the domain €2, which is numerically advantageous,
see and the discussion therein. The latter approach, extended to the time-dependent
Navier—Stokes equations, see , was used in the present numerical studies. In the
periodic regime, another important quantity of interest is the Strouhal number

_ Ly

St
U )
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which is correlated to the frequency of the vortex shedding v¢. According to [122], the
reference intervals for the functionals of interest are

Maximum drag coefficient: g™ € [3.22,3.24] ,
Maximum lift coefficient: "™ €[0.98,1.02],
Strouhal number: St € [0.295,0.305] .

To the best of the author’s knowledge, there is no known relation between the kinetic
energy or the L? norm, which was the criterion used to compute the POD basis, and
these quantities of interest.

All simulations were performed with the code MOONMD (78] on a grid obtained by
three uniform red refinements of the coarse grid presented in Fig. [B.I} where the reso-
lution of the cylinder was improved with each refinement. The Navier—Stokes equations
— were discretized in space with the inf-sup stable Taylor—-Hood Q2/Q; finite
elements, resulting in 107 712 velocity degrees of freedom and 13 616 pressure degrees
of freedom.

Numerical Methods for Computing the Snapshots

One of the goals of this section is to numerically investigate the effect of the snapshot
accuracy on the results obtained with the vp-ROMs. Different numerical methods on
the same grids in time and space were employed for computing snapshots of different
accuracies.

The most expensive numerical method, denoted by SP-NONLIN, requires the solu-
tion of a nonlinear saddle point problem at each discrete time. The nonlinear problem
is solved by a fixed point iteration (Picard iteration), as described in Section The
second numerical method, denoted by SP-LIN, uses the IMEX version of the Crank—
Nicolson scheme, see Section for more details. Thus, the convective term is dis-
cretized explicitly in the convective component ((uz_l - V)up,vp) and all other terms
are handled implicitly. SP-LIN yields one linear saddle point problem at each time it-
eration. For both methods, the Crank—Nicolson time integration scheme with the time
step At = 0.005 was employed, which showed, among simple time stepping schemes, a
good balance between accuracy and computational efficiency [79}83]. Finally, the third
numerical method is the standard second order incremental pressure-correction scheme
, denoted by PC, which employs the IMEX method and removes even the saddle
point character of the problem. The method is similar to the van Kan scheme [53,/139],
however it utilizes the BDF2 time stepping scheme. For the numerical simulations in
this section the same time step At = 0.005 as for SP-NONLIN and SP-LIN will be
used. At each discrete time, PC requires only the solution of one linear equation for
the velocity, where the equations for the velocity components are decoupled, and one
linear equation for the pressure. PC provides two approximations for the velocity. For
the underlying numerical studies, the non-incompressible velocity approximation, which
satisfies the correct boundary conditions, is used (see Remark for the motivation of
the choice).
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Figure 5.3.: Example Drag and lift coefficients for the finite element simulations.

Clearly, the three different numerical methods possess different numerical costs. In the
simulations for computing the snapshots, SP-NONLIN took about 2.6 times longer than
SP-LIN, and SP-LIN took about 2.2 longer than PC. But it can be also expected that
the three methods exhibit differences in accuracy. This expectation is met by the results
presented in Fig. and Table One can observe that SP-NONLIN, the numerical
method with the highest computational price, is also the most accurate one, as the
results for all reference values are within the reference intervals given in Table The
accuracy deteriorates for SP-LIN and for PC, but one can see that the results of SP-LIN
are still considerably more accurate than the results computed with PC. Accordingly,
three sets of snapshots were obtained: of the highest accuracy, of intermediate accuracy,
and of the lowest accuracy.

Table 5.2.: Example Maximum drag coefficient, maximum lift coefficient, and
Strouhal number for the finite element simulations.

e e St
SP-NONLIN 3.23 0.99 0.301
SP-LIN 3.32 1.32 0.295
PC 3.43 1.62 0.287
reference results from [122] | [3.22,3.24] | [0.98,1.02] | [0.295,0.305]

Impact of the Snapshot Accuracy on the POD Modes

Here, the influence of using numerical methods of different accuracies on the velocity
and the pressure POD bases will be monitored.

From the simulations with SP-NONLIN, SP-LIN, and PC, after having collected snap-
shots over the time interval [0, 2] for each discrete time, three different POD bases for the
velocity and the pressure fields, respectively, were generated from the fluctuating part of
the snapshots (see Section for more details) by the method of snapshots described
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Figure 5.4.: Example Norm of the velocity snapshots’” mean (top) and the first
velocity POD modes: POD basis computed from SP-NONLIN (left) and
PC (right).

in Section [3.1.3] Moreover, the velocity and the pressure POD bases were computed
with respect to the L?(Q) inner product, which is a popular choice in the literature.
Figs. and display the norm of the snapshots’ mean and of the first velocity and
pressure POD modes, respectively. For clarity of presentation, only the most accurate
(SP-NONLIN) and the lowest accurate (PC) numerical methods are considered.

Both Fig.[5.4] and Fig. [5.5]show that, although structurally similar, the maximum and
minimum values are quite different for the two numerical methods.

Next, the POD bases are investigated in terms of the POD eigenvalues {\;}, defined
in (3.41), and the missing energy ratio equal to 1 — £(r) with £(r) defined by (3.52).
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Figure 5.5.: Example Pressure snapshots’ mean (top) and the first pressure POD
modes: POD basis computed from SP-NONLIN (left) and PC (right).

Figure shows {\;} and the missing energy ratio for the velocity and pressure POD
bases for the three sets of snapshots. It can be observed that all sets of snapshots lead
to a similar number of non-zero POD eigenvalues.

Figure [5.6) also shows that there are steep decreases in the eigenvalues of the velocity
POD modes, e.g., after the second and the sixth mode. Similar jumps can be seen in
the eigenvalues of the pressure POD modes after the second, fourth, and eighth mode.
Correspondingly, there are strong decreases in the missing energy ratio. It is interesting
to note that the velocity and pressure jumps in the eigenvalues and the missing energy
ratio seem not to be correlated. This observation supports the point of view that using
a different number of velocity and pressure POD modes might be advantageous. The
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Figure 5.6.: Example POD eigenvalues and missing energy ratio.

study of this issue, however, is outside the scope of the thesis and will not be further
pursued herein.

Assessment of the vp-ROMs

This subsection presents an assessment of the effect of the snapshot accuracy on the
three vp-ROMs introduced in Section [5.4] see Table Within the framework of the
present numerical studies, the same number of POD modes for the velocity and the
pressure fileds is used, i.e., 7, =1, = 1.

Theoretical error estimates in [67], see also [89,|104], show that the total error in the
numerical discretization of velocity-type ROMs consists of three parts: the spatial error
due to the finite element discretization, the temporal error due to the time-stepping
scheme, and the POD error due to the POD truncation. In the present numerical
investigations of vp-ROMSs, however, the spatial and temporal error components are
constant, since the mesh size and the time step are fixed. Thus, assuming that the ROM
estimates in [67,89,/104] can be extended to vp-ROMs, for increasing values of r, one
expects the POD error component of the vp-ROMs to initially decrease, but then to
reach a plateau where the POD error component has the same or a lower magnitude
than the spatial and temporal error components.

The v-ROM of all three vp-ROMs investigated in this section does not in-
clude the pressure term —(pro,V - @y,;). When the POD modes were computed by
solving a saddle point problem (SP-NONLIN, SP-LIN), the motivation for it was dis-
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cussed in Section [5.3} since the velocity snapshots are discretely divergence-free, the
term —(pro, V - @y, ;) vanishes. In the case of PC, when the snapshots are obtained
from a non divergence-free velocity field, this argument does not hold. The impact of
adding the pressure term to the vp-ROMs was numerically tested but it did not yield
any improvement of the results.

An essential motivation for developing ROMs is computational efficiency. For this
reason, one usually prefers to avoid complex and time-consuming numerical methods
in combination with the ROM, see, e.g., [130,/143]. For the numerical studies in this
section, the Crank—Nicolson scheme (6 = %, see Table with the time step At = 0.005
is utilized for the time discretization of the velocity ROMs. In order to investigate the
influence of the utilized nonlinear iteration scheme on the vp-ROM results, three different
methods for the linearization of the velocity ROMs will be employed: the Picard method,
the IMEX, and the IMEX-LE schemes (see Section . The Picard iteration is the
most time-consuming method as it usually involves several nonlinear iterations, which
requires solving a linear system in each iteration. The latter two methods are more
efficient as they involve only one solution of a linear system at each time iteration.
However, the IMEX-LE scheme performs in the framework of the finite element method
significantly better than the IMEX scheme, see [75]. For the underlying test problem
with the same time and space discretization as used for the computation of the snapshots
SP-NONLIN and SP-LIN, the following measures of interest were obtained with the
IMEX-LE scheme: c§*** = 3.24, " = 1.01, St = 0.30. All three values lie within the
reference intervals shown in Table To distinguish the vp-ROMs with respect to the
employed nonlinear iterations methods, the notations v~-ROM(x), vp-ROM(%), PMB-
ROM(x), SM-ROM(x), and VMB-ROM(x) will be utilized, where * stands for Picard,
IMEX, and IMEX-LE.

To assess the behavior of the vp-ROM results, several quantities of interest will be
evaluated for each set of snapshots. As there exists no analytical representation of
the continuous equations — for the underlying problem, the ROM results
will be compared with the corresponding finite element results. Firstly, the impact of
the involved nonlinear iteration scheme on the accuracy of the ROM velocity will be
investigated. For this sake, the mean kinetic energy error defined by

1 o |1 1
= 2 2
Euin = 77 D [5lui'lls — 5 luidlo (5.47)
m=1
or the discretized version of the L1(0,T; L?(2)) error
| M
EROM = 77 > lup =l (5.48)

m=1

can be considered. As both measures yielded qualitatively similar results, only the former
error will be discussed in the following part. For periodic flows, it is not meaningful to
investigate the errors of type , which are based on the comparison of two solutions
at each time step, if the frequencies with the largest amplitudes do not coincide. The
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verification of this fact can be achieved by performing, e.g., the Fast Fourier Transform
(FFT) for one of the velocity components evaluated at a point behind the cylinder.
For this purpose, the y-component of the velocity field at every time instance t,,, m =
1,..., M, will be evaluated at (0.5, 0.2).

Secondly, the time evolution of the drag and lift coefficients computed by the vp-
ROMs combined with the three nonlinear iteration schemes for different values of r will
be monitored. The root mean square (rms) value of the local maxima of the drag and
lift coefficients denoted by ciex o, respectively, will be computed in order to
figure out how periodic the coefficients are in terms of the largest amplitudes. This
investigation is of great importance if the maximum of the drag and lift coefficients cj**
and ¢"** are the measures of interest for the vp-ROM results or if the long-time behavior
of the flow is of interest. In both cases it is desired that ci%x = and ¢, are as small as
possible, e.g., all local maxima of the coeflicients do not differ much.

Thirdly, the error in the Strouhal number, the errors in the mean values of the drag
and lift coefficients ¢q and ¢, and the errors in the rms values of the drag and lift

coefficients defined by

and c

LM 1/2 LM 1/2
Cd,rms = M mzz:l(cd - Cd(tm))2] y  Clrms = [M mz::l(cl - Cl(tm))2] 5

will be investigated. Here, ¢q (or ¢;) denotes the drag (or lift) coefficient computed
with a certain numerical method (finite element method or vp-ROM). The rms values
provide information on the magnitude of the oscillations around the mean value. The
errors are defined as the absolute values of the difference of the quantity of interest
resulted from the vp-ROM simulation and the finite element simulation, which was used
for computing the snapshots. The frequency of the vortex shedding, needed for the
computation of the Strouhal number, was computed using the inverse of the average
period of the lift coefficients.

All simulations were performed in the time interval [0, 2] and the reference values were
computed over five periods for the lift coefficient .

vp-ROMs using snapshots of the highest accuracy. The numerical results for the vp-
ROMs using the snapshots from SP-NONLIN are presented in this part of the section.
The top row of Fig. shows the time evolution of the y-component of the velocity
fields computed by SP-NONLIN and the v-ROMs combined with the Picard, IMEX,
and IMEX-LE scheme evaluated at (0.5,0.2) for r € {3,6,24}. One can assert almost
no difference between the v-ROM results obtained using different nonlinear iteration
methods. For r = 3, all three v-ROMs fail to reproduce the shape of the velocity
component from the underlying finite element method SP-NONLIN. Already 6 POD
modes are sufficient to obtain a rather good approximation of the y-component of the
velocity solution obtained by SP-NONLIN. When using r = 24, all curves coincide. In
the bottom row of Fig. the corresponding frequency-based representation of the
y-component of the velocity fields at (0.5,0.2) computed by the Fast Fourier Transform
is depicted. From the plot, one can conclude that for » = 3 all v-ROMs do not manage
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Figure 5.7.: Example snapshots of the highest accuracy (SP-NONLIN): Time-based
(top) and frequency-based (bottom) representation of the y-component of
the velocity field evaluated at (0.5,0.2).
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Figure 5.8.: Example snapshots of the highest accuracy (SP-NONLIN): Mean kinetic
energy error for different POD dimensions r computed from the ve-
locity field obtained by the v-ROMs combined with three different nonlinear
iteration schemes.

to replicate the correct amplitude of the frequency value of 9. Beginning with r = 6, all
frequencies with the largest amplitudes coincide. Due to this finding, the investigation
of the mean kinetic energy &y, defined by is meaningful. In Fig. the error
is shown for the v-ROMs combined with the three nonlinear iteration methods for the
POD dimensions r = 1,...,24. In contrast to Fig. one can clearly see that the
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three curves behave differently. If the Picard method is employed in the v-ROM, which
corresponds to the same nonlinear iteration scheme used for the computation of the
underlying snapshots, the graph falls as expected when the POD dimension increases
(with the exception of r = 20 and r = 21). One can reach any order of precision if
only the POD dimension is chosen large enough. In the case of other two linearization
schemes, for small values of r the curves fall but then they reach a certain plateau at
r = 6 for the IMEX and at r = 8 for the IMEX-LE methods. However, v-ROM(IMEX-
LE) for larger POD dimensions produces a mean kinetic energy error which is almost
one magnitude smaller than the one obtained with v-ROM(IMEX).

The time evolution of the drag and lift coefficients obtained by the vp-ROMs from
Table for three different POD dimensions together with the Picard, IMEX, and
IMEX-LE linearization techniques is displayed in Fig. [5.9] There is no obviously visible
difference between the behavior of the coefficients with respect to the utilized nonlin-
ear iteration method. It can be observed that PMB-ROM and SM-ROM are able to
reproduce the results of the underlying finite element simulation for the snapshots very
well with already » = 6 POD modes. In contrast, the range of the drag coefficient
computed with VMB-ROM is not correct, even for r = 24 POD modes. With respect
to the lift coefficient, the results with the VMB-ROM are much better. In more detail,
clear improvements in the quality of the reproduction can be seen for all three vp-ROMs
when going from r = 5 to r = 6, which corresponds to a jump in the missing energy
ratio of the velocity POD modes, see Fig. [5.6] For values r > 6 both PMB-ROM and
SM-ROM yield drag coefficients within the reference intervals given in Table For
VMB-ROM, the size of the amplitude of the drag coefficient improved for » = 6 modes,
but not the mean value of the drag. Even increasing the number of modes to r = 24,
the mean value of the coefficient stays considerably below the reference. A closer look at
the presentations of the drag in Fig. [5.9 reveals that also its time evolution is not fully
periodic since the values of the peaks are changing visibly, which is another shortcoming
of the method. Considering the lift coefficient, all three vp-ROMs perform well for r» > 6
independently of the used linearization scheme.

To explain the inaccurate drag coefficient obtained with the VMB-ROM, note that the
drag coefficient depends mainly on the pressure at the cylinder. In the simulations with
VMB-ROM, the main contribution to the ROM pressure is pgo(x), whereas the main part
of the ROM pressure for PMB-ROM and SM-ROM is p;, (). Both functions are depicted
in Fig. [5.10] A closer look at the plots reveals that the pressure difference between the
back and the front of the cylinder is somewhat smaller for poo(x) than for p,(x), which
results in inaccurate drag forces. The same behavior could also be observed for the
other two snapshots sets SP-LIN and PC. Since the mean drag is often very important
in applications, this result shows a considerable shortcoming of this method.

To better assess the periodic behavior of vp-ROMs, Fig. displays the root mean
square values of the local maxima of the drag and lift coefficients for all vp-ROMs.
The less the rms value, the less differ the peaks of the coefficients resulting in a more
periodic behavior. Immediately, one takes note of the fact that the smallest rms values
are achieved with the combination of vp-ROMs with the Picard method, i.e., the same
linearization scheme as employed for the computation of the underlying snapshots. For
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Figure 5.9.: Example snapshots of the highest accuracy (SP-NONLIN): Time evo-
lution of the drag and lift coefficients computed by the vp-ROMs combined
with the Picard, IMEX and IMEX-LE nonlinear iteration schemes (top to

bottom) for r = 3,6, 24 (from left to right).
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Figure 5.10.: Example snapshots of the highest accuracy (SP-NONLIN): Pressure
coefficient poo(x) computed with VMB-ROM (left), pressure snapshots’
average py,(x) for PMB-ROM and SM-ROM (right).
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Figure 5.11.: Example snapshots of the highest accuracy (SP-NONLIN): Cdrms (top)
and ¢} bottom) for the finite element simulation SP-NONLIN, the three
vp-ROMs combined with the Picard (left), IMEX (center), and IMEX-LE

(right) nonlinear iteration schemes.

r > 6 with PMB-ROM and SM-ROM, and for r > 13 with VMB-ROM one gets the
drag coefficient that is at least as periodic as the one obtained with SP-NONLIN. With
respect to the lift coefficient, the three vp-ROMs achieve the accuracy of the finite
element simulation for r» > 15. By employing the IMEX scheme for the computation of
the ROM velocity, all vp-ROMSs yield coefficients, whose peaks vary most of all. With
the IMEX-LE method, the PMB-ROM and SM-ROM almost achieve the rms value of
the drag coefficient obtained with SP-NONLIN. The VMB-ROM performs worse than
the other two vp-ROMs in terms of the drag coefficient, whereas all vp-ROMs perform
comparably well for the lift coefficient.

Another way to investigate the quality of the vp-ROM results consists in the investiga-
tion of their errors with respect to the values of SP-NONLIN in the Strouhal number, in
the mean drag, in the mean lift, in the drag rms, and in the lift rms values. These errors
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Figure 5.12.: Example snapshots of the highest accuracy (SP-NONLIN): Drag mean,
drag rms, lift mean, lift rms, and Strouhal number errors (from top to
bottom) obtained by the vp-ROMs combined with the Picard, IMEX and
IMEX-LE nonlinear iteration schemes (left to right).
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Figure 5.13.: Example snapshots of intermediate accuracy (SP-LIN): Time-based
(top) and frequency-based (bottom) representation of the y-component of
the velocity field evaluated at (0.5,0.2).

are presented in Fig. [5.12] In contrast to Figs. [5.8 and one cannot observe any
obvious relation between the results with the linearization scheme employed in the finite
element simulation for the computation of the snapshots and the vp-ROMs. As already
seen in Fig. VMB-ROM fails to reproduce the correct drag mean value. In terms of
the other measures of interest, its performance is somewhat better than that of PMB-
ROM and comparable or worse than that of SM-ROM. Moreover, it can be seen that
SM-ROM yields often smaller errors than PMB-ROM. For r > 10, PMB-ROM(IMEX)
fails to reproduce the Strouhal number as good as the other vp-ROMs do. The lengths
of the period differ by about one time step At. The same behavior can be asserted for
SM-ROM(IMEX-LE) for some values of r with r > 12.

vp-ROMs using snapshots of intermediate accuracy. After having studied the numer-
ical results of the vp-ROMs based on the SP-NONLIN snapshots, the same measures
of interest will be investigated here for the vp-ROMs built with respect to the SP-LIN
snapshots.

Figure displays the time evolution and the frequency-based representation of the
y-component of the velocity field computed by SP-LIN serving as the reference and
the v-ROM utilized with three different nonlinear iteration methods. Similarly to the
corresponding plots for SP-NONLIN from Fig. the finite element results can be
reproduced quite well already with » = 6 POD modes: the frequencies with the largest
amplitudes coincide for all tested ROMs and SP-LIN. Hence, the consideration of the
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Figure 5.14.: Example snapshots of intermediate accuracy (SP-LIN): Mean kinetic
energy error (5.47)) for different POD dimensions r computed from the ve-

locity field obtained by the v-ROMSs combined with three different nonlinear
iteration schemes.
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Figure 5.15.: Example snapshots of intermediate accuracy (SP-LIN): cfax (top)
and 3%, (bottom) for the finite element simulation SP-LIN, the three
vp-ROMs combined with the Picard (left), IMEX (center), and IMEX-LE

(right) nonlinear iteration schemes.

mean kinetic energy error £y, presented in Fig. is meaningful. It can be asserted
that the error for v-ROM(IMEX) falls with the increasing POD dimension, whereas the
v-ROMs with the Picard and IMEX-LE schemes fall for small values of r, and for » > 7
both curves reach a plateau at €y, ~ 1072, This fact supports the presumption that the
mean kinetic energy error as well as the discretized version of the L'(0,T; L%(Q)) error
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Figure 5.16.: Example snapshots of intermediate accuracy (SP-LIN): Time evolu-
tion of the drag and lift coefficients computed by the vp-ROMs combined
with the Picard, IMEX and IMEX-LE nonlinear iteration schemes (top to

bottom) for r = 3,6, 24 (from left to right).
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Figure 5.17.: Example snapshots of intermediate accuracy (SP-LIN): Drag mean,
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IMEX-LE nonlinear iteration schemes (left to right).
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can reach any magnitude of accuracy, if a large enough value of r is chosen, when
the same linearization method is utilized both for the finite element simulation and the
v-ROM.

In Fig. the time evolution of the drag and lift coefficients for all studied vp-
ROMs is shown. No obvious relation in the results can be observed between using any
particular linearization method within the v-ROM and the IMEX scheme within SP-
LIN. VBM-ROM does not manage to reproduce the range of the drag coefficient also
for this set of snapshots. For r > 6, the drag and lift coefficients can be reproduced
very well by both PMB-ROM and SM-ROM. The root mean square values of the peaks
of the drag and lift coefficients are shown in Fig. [5.15] Similarly to the mean kinetic
energy error in Fig. the clearly best performance of the vp-ROMs is achieved when
the same nonlinear iteration method is employed as in the finite element simulation,
i.e., the IMEX scheme. In this case, all vp-ROMs, except PMB-ROM with respect to
the drag coefficient, feature even somewhat better periodic behavior for both coefficients
than SP-LIN for larger POD dimensions. All vp-ROMs combined with the two other
linearization schemes reach for » > 7 a certain level of the rms value and never reach
the accuracy of the underlying finite element simulation.

The representation of the errors with respect to the values obtained with SP-LIN
in Fig. [5.17] allows a more detailed assessment of the results. In contrast to the rms
values of the peaks of the coefficients in Fig. there is no clear advantage to utilize
the same linearization scheme in the vp-ROMs as in SP-LIN. SM-ROM performs often
better than PMB-ROM, especially with the IMEX-LE scheme with the exception of the
mean lift value. As expected, VMB-ROM features a large error in the very important
for applications mean drag value, but otherwise it produces in many cases even smaller
errors than the other linearizations. For r > 10, all vp-ROMs combined with the IMEX
scheme fail to reproduce the Strouhal number as good as with the other linearization
methods. The lengths of the period differ by about one time step At.

vp-ROMs using snapshots of the lowest accuracy. Finally, the numerical investiga-
tions of vp-ROMSs based on the snapshots which were obtained with the finite element
simulations PC will be presented. Similarly to the former studies for other snapshot
sets, Fig. shows the time evolution of the y-component of the velocity field and
its corresponding frequency-based representation for PC and the v-ROM combined with
the three different linearization schemes. One can assert that in general the frequencies
with the largest amplitudes for the finite element simulation and the v-ROMs coincide,
which is important for the mean kinetic energy error to be a meaningful quantity
of interest. However, the reproduction of the finite element results is visibly worse even
for r = 24 than it was the case for SP-NONLIN and SP-LIN in Figs. and
This trend can be also observed for the mean kinetic energy error shown in Fig. [5.19
In contrast to Figs. and the use of none of the linearization schemes yields an
error of arbitrarily high accuracy, when the POD dimension is chosen to be large enough.
According to previous findings, one would expect this behavior for v-ROM(IMEX) as
PC involved the IMEX scheme for the sake of linearization. Although v-ROM(IMEX)
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Figure 5.18.: Example snapshots of the lowest accuracy (PC): Time-based (top)
and frequency-based (bottom) representation of the y-component of the
velocity field evaluated at (0.5,0.2).
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Figure 5.19.: Example snapshots of the lowest accuracy (PC): Mean kinetic energy
error ([5.47)) for different POD dimensions r computed from the velocity
field obtained with the v-ROMs.

produces the smallest error compared to the v-ROMs combined with the Picard and
IMEX-LE schemes, it stagnates for r > 8 at the level of Eyin ~ 2-1072. One possible ex-
planation for this performance is the fact that the incremental pressure-correction scheme

(2.100)), which was employed to compute the underlying snapshots, includes the BDF2
time discretization scheme in contrast to the v-ROM which utilizes the Crank—Nicolson
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Figure 5.20.: Example snapshots of the lowest accuracy (PC): Time evolution of the
drag and lift coefficients computed by the vp-ROMs for r = 3,6,24 (from
left to right).

method. To investigate if one can achieve any improvement of the results by changing
the time discretization strategy, the v-ROM simulations together with the IMEX and
BDF2 schemes, denoted by v-ROM(IMEX,BDF2), were carried out. The corresponding
mean kinetic energy error is shown in Fig. A clear improvement of the error of
almost one order of magnitude, compared with vp-ROM(IMEX), can be asserted. How-
ever, also for this setting the error does not fall constantly for the increasing dimension of
the POD space but reaches at some point a plateau. The remaining inaccuracy is most
likely caused by the fact that the velocity snapshots are not discretely divergence-free,
which was a necessary condition for the derivation of the velocity ROM in Section [5.3}
Adding the pressure term (pro, V. (/fDm,l-), i =1,...,r, was tested numerically but did
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not yield any improvement of the results. A possible remedy could be, e.g., the applica-
tion of the coupled Galerkin ROM for the Navier—Stokes equations . However, the
investigation of this issue is out of scope of this thesis.

The rest of the measures of interest studied for the other two sets of snapshots were
very similar for vp-ROM(Picard), vp-ROM(IMEX), and vp-ROM(IMEX-LE). For this
reason, only the vp-ROM(IMEX) results will be presented. They will be compared
with the results produced by the vp-ROMs combined with the IMEX scheme for lin-
earization and the BDF2 method for time discretization of the momentum equation.
These vp-ROMs will be correspondingly denoted by PMB-ROM(IMEX,BDF2), SM-
ROM(IMEX,BDF2), and VMB-ROM(IMEX,BDF2).

Figure displays the time evolution of the drag and lift coefficients for the three
types of vp-ROM(IMEX) and vp-ROM(IMEX,BDF2). Again, PMB-ROM and SM-
ROM in both settings were able to reproduce the results of the underlying snapshots
quite well, whereas VMB-ROM failed for the drag coefficient. The deviation of the
peaks from the mean value for both coefficients is depicted in Fig. One can clearly
see that 2 = for VMB-ROM(IMEX) and VMB-ROM(IMEX,BDF?2) is larger than for
the other two types of vp-ROMs. It is in accordance with the situation in Fig. [5.20
where the increase of the peaks of the drag coefficient for VMB-ROM(IMEX) can be
observed even for r = 24. The other two types of vp-ROMs perform in terms of cg'aX
somewhat better if the BDF2 method is utilized instead of the Crank—Nicolson scheme.
PMB-ROM(IMEX,BDF2) even reaches the accuracy of the underlying finite element
simulation for » > 13. The rms value for the maximum lift coefficient is more or less the
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v-ROM(IMEX) v-ROM(IMEX,BDF2)

zq error

Cd.rms €ITOF

@ error

Clrms €ITOF

St (lift) error

5 10 15 20 5 10 15 20
rank rank
e—e PMB-ROM *+—x SM-ROM »—x VMB-ROM

Figure 5.22.: Example snapshots of the lowest accuracy (PC): Drag mean, drag
rms, lift mean, lift rms, and Strouhal number errors (from top to bottom)
obtained by the vp-ROMs.

same for all types of vp-ROMs. By employing the BDF2 and not the Crank—Nicolson
method in the v-ROM, the values become however somewhat smaller but s for PC
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is not reached for any POD rank.

The errors in the mean and rms values for both coefficients as well as the error in the
Strouhal number are presented in Fig. One cannot assert any evident improvement
in the results on the right-hand side of the plot. For some errors, e.g., in ¢4 or St,
the performance could be slightly improved by employing the BDF2 method. At the
same time, other errors were comparable or became larger. In most cases, PMB-ROM
produced somewhat smaller errors than SM-ROM.

Computational Cost

At each time step, the vp-ROMs that were investigated in this report were comprised
of the computation of the ROM velocity solving the v-ROM of the form followed
by the computation of the ROM using one of the pressure ROMs presented in Sections

Three different approaches for the linearization of the convective term were utilized
in the v-ROM: the Picard, IMEX, ann IMEX-LE methods. All other computational
steps, such as computation of the POD basis, the matrices and the right-hand side in
the offline stage, are the same. The latter two methods have more or less the same
computational costs, whereas the computation with the Picard method lasts from two
to three times longer, depending on how many iterations are necessary to achieve the
accuracy threshold of 107! in the nonlinear iteration loop.

Next, the computational complexity of the pressure ROMs will be discussed. The
ROM pressure in PMB-ROM and SM-ROM requires the computation of the pressure
POD modes, which represents the most time consuming part of their offline stage, and
the assembling and factorization of the matrices in and . These procedures
are not necessary for VMB-ROM. However, the pressure coefficients p;;(x) in
have to be pre-computed by solving . In the presented numerical experiments, for
r = 25, the computation of the (r 4 1)r/2 coefficients p;;(x) took about twice as long as
the computation of the r pressure modes. Thus, in the offline stage, the computational
costs of PMB-ROM and SM-ROM are lower than those of VMB-ROM.

In the online stage, the main difference is that VMB-ROM does not require the solution
of a linear system for the pressure at each iteration, as the pressure is recovered as a
linear combination of pre-computed functions p;;(x), see . Thus, it would seem
that the computational cost of VMB-ROM is lower than the computational cost of
the two other vp-ROMs. It could be observed, however, that this is not the case.
In fact, the solution of the r x r linear system in PMB-ROM and SM-ROM requires
only O(r?) operations, yielding relatively low computational times. In addition, the
cost of recovering the finite element approximation is O(rNp), where N, denotes the
dimension of the pressure finite element space. On the other hand, for a given r, the
computational complexity for VMB-ROM is O(r%N,), as the approximation of the finite
element pressure solution is computed as a linear combination of the functions p;;(x),
see , which are represented by N, coefficients. Since r < N,, the computational
costs for VMB-ROM in the online stage is higher than for the other two vp-ROMs. In
our numerical experiments, in the online stage, the computational times of PMB-ROM
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and SM-ROM combined with the IMEX or IMEX-LE schemes were about the same for
moderate values of r (r < 15), representing between 0.01% and 0.06% of the computing
time of SP-NONLIN. For the same range of values of r, VMB-ROM utilized with the

same linearization schemes in the v-ROM was computationally more expensive, taking
between 0.10% and 1.15% of the time of SP-NONLIN. N
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6.1. Summary

This thesis studies projection-based reduced-order modeling in the context of computa-
tional fluid dynamics. Proper Orthogonal Decomposition (POD), introduced in Chapter
is utilized in order to obtain a reduced-order basis from the snapshots, which are as-
sumed to represent the finite element solution of a partial differential equation. All inves-
tigations are based on the convection-diffusion-reaction equation and the incompressible
Navier—Stokes equations. These equations and finite element methods employed for the
computation of the snapshots are formulated in Chapter [2. The main results of this dis-
sertation can be divided into three parts. Their summary is discussed in the following.

Firstly, Chapter [4] presented a theoretical and numerical investigation of a Stream-
line-Upwind Petrov—Galerkin reduced-order model, denoted by SUPG-ROM, for the
convection-dominated convection-diffusion-reaction equation. At a theoretical level, nu-
merical analysis was used to suggest the stabilization parameter applied in the SUPG-
ROM. Two scalings for the stabilization parameter were proposed: One based on the
underlying finite element discretization (which yields the FE-SUPG-ROM with the sta-
bilization parameter 6F ) and one based on the POD truncation (which yields the POD-
SUPG-ROM with the stabilization parameter 6°°P). At a numerical level, the Galerkin
reduced-order model (G-ROM), the FE-SUPG-ROM, and the POD-SUPG-ROM were
tested on two convection-dominated convection-diffusion-reaction problems aiming at
answering two questions: First, whether the SUPG-ROM yields more accurate results
than the G-ROM, and, second, which of the two SUPG-ROMs produces more accurate
results. The numerical investigations yielded that if the finite element discretization
was fine enough to capture the internal layer (and thus no numerical stabilization was
needed to compute the snapshots), then the standard G-ROM yielded accurate results.
The SUPG-ROM gave only negligibly better results for smaller values of the POD di-
mension r. If the finite element discretization was not able to resolve the internal layer,
which often occurs when dealing with convection-dominated problems, the following
conclusions could be drawn:

e On relatively coarse meshes, which is the usual situation encountered in practice,
a SUPG finite element discretization was used to generate the snapshots. This
approach led to POD modes containing numerical artifacts (spurious oscillations).
Thus, the considered ROMs used noisy POD data.

e The standard G-ROM yielded comparable results to the SUPG-ROMSs with respect
to the discrete L'(0,T; L%(Q)) error only if sufficiently few POD modes were used.
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Once the number of POD modes was increased above a certain limit, the noise of
these modes was reflected strongly in the results of the G-ROM.

e Both the FE-SUPG-ROM and the POD-SUPG-ROM yielded results that were
significantly more accurate than those for the G-ROM for larger numbers of used
POD modes. Both SUPG-ROMSs suppressed the noise of the POD modes much
better than the G-ROM.

e The exact meanings of “sufficiently few” and “large” numbers of POD modes in
the previous points depend on the example and the mesh width. In practice,
corresponding values for the number of POD modes will generally not be known.

e In the numerical studies, it was observed that 6°°P was in general smaller than
SFE. Based on the author’s experience so far, it is recommended that one uses
6FE i.e., FE-SUPG-ROM. This choice of the SUPG-ROM stabilization parameter
suppressed the spurious oscillations in the ROM in many situations somewhat
better than 65°P and it was never observed that the results obtained with FE-
SUPG-ROM were notably worse in any respect than the results of POD-SUPG-
ROM. Moreover, the computation of 65" is easier than that of 57 oD,

e The sensitivity study with respect to the mesh width showed that, although the
ROMs yield different results, their qualitative behavior remains unchanged.

Another objective of the numerical studies in Chapter |4 was to investigate, whether the
accuracy of the ROM solution is related to the accuracy of the underlying snapshots. Of
particular importance was the question, whether the ROMs based on physically correct
snapshots, which exhibit no under- and overshoots, are able to reproduce physically cor-
rect ROM solutions. For this sake, three sets of snapshots were employed to compute the
POD bases for the G-ROM and the SUPG-ROM. Two snapshot sets represented numer-
ical solutions of a discrete problem by means of the SUPG finite element method and the
flux-corrected transport scheme, denoted by SUPG-FEM and FEM-FCT, respectively.
The third set of snapshots was obtained by interpolating the solution of the continuous
problem using the same finite element space as for other two sets of snapshots. By
construction, it was the most accurate one in terms of the L? error. The quantitative
behavior of the under- and overshoots was measured by the minimum and maximum
values of the solution. SUPG-FEM produced the largest L? error and was the only snap-
shot set, which exhibited under- and overshoots. The numerical simulations yielded that
the accuracy of the minimum and maximum values of the SUPG-ROM solutions based
on the snapshot sets, which represented the numerical solution of a discrete problem,
i.e., SUPG-FEM and FEM-FCT, correlated with the accuracy of the underlying snap-
shots. The quality of the SUPG-ROM solutions in terms of the L? error was however
similar for both sets of snapshots. Compared to the G-ROMs for all three snapshot
sets, the SUPG-ROMs performed better in terms of the minimum and maximum values
and slightly worse in terms of the L? error. It turned out that the SUPG-ROM is not
a suitable ROM model for the POD basis obtained from the interpolated solution of
the continuous problem. Its solution became too dissipative in the course of time. The
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under- and overshoots of the SUPG-ROM based on the FEM-FCT snapshots could not
be completely overcome as it is the case for the corresponding finite element solution.
However, the distance of the minima and maxima to the optimal values was smaller than
for the SUPG-ROM based on the SUPG-FEM snapshots.

The second part of the results is associated with the computation of the ROM initial
solution. Depending on the origin of the snapshots, the standard ROM initial condition,
which is usually employed in the literature and represents the best approximation of the
full-order initial condition in the L? sense, can be polluted by spurious oscillations. In
Section [3.2.2] a new filtering procedure was proposed that aims at suppressing those spu-
rious oscillations, which consists in utilizing the Galerkin approximation of the Helmholtz
equation with respect to the POD basis in a post-processing step of the standard ap-
proach. The proposed ROM initial condition looses the property of the best possible
approximation of the full-order solution in the L? sense. However, it could be shown for
the special case of a family of uniform triangulations that the new ROM initial condition
still approximates well the full-order initial condition in the L? sense with a convergence
of at least first order. At the same time it can lead to a more appropriate approxima-
tion of the full-order initial condition in the sense of other quantities of interest, e.g.,
indicating the strength of under- and overshoots. In Section the effect of the filtered
ROM initial condition on the G-ROM and SUPG-ROM results with respect to the L?
error as well as the minimum and maximum values of the solution was investigated. For
this sake, three different sets of snapshots as described above were employed to compute
the POD bases. It could be observed that the proposed filtering procedure was able to
noticeably smoothen the standard ROM initial condition, which was plagued by spurious
oscillations. The application of the new approach caused a slight increase of the L? error
for all ROMs. With respect to the minimum and maximum values, the G-ROM and
SUPG-ROM results could be for many settings significantly improved. In particular,
for two sets of snapshots and moderate POD dimensions, one could achieve satisfactory
results even by applying the standard G-ROM without any stabilization. The SUPG-
ROM based on the SUPG-FEM snapshots resulted in a solution with smaller under- and
overshoots than the corresponding finite element solution.

Finally, Chapter [5 deals with the velocity-pressure ROMs (vp-ROMs) for the incom-
pressible Navier—Stokes equations, which comprises the third part of the results. The
first goal of the chapter was to discuss and compare three different velocity-pressure
ROMs. VMB-ROM uses only velocity POD modes, whereas PMB-ROM and SM-ROM
use pressure POD modes as well. SM-ROM was developed within the framework of
this dissertation and published in [26]. The second goal was to investigate the influ-
ence of employing different linearization techniques, known, e.g., from the context of
finite element methods, on the accuracy of the ROMs in terms of several quantities of
interest. The third goal was to perform the first step in answering the question about
the impact of the snapshot accuracy, on the one hand, and of the potentially simple
numerical methods used in the ROMs, on the other hand, onto the results of the ROMs.
For studying these questions, three sets of snapshots with different accuracy were used.
The numerical investigations showed that the snapshots had, irrespectively of the way
they were computed and of their accuracy, a much stronger impact on the ROM re-

156



6. Summary and Outlook

sults than the choice of the numerical methods used in the vp-ROMs. Generally, the
results of the simulation for computing the snapshots were reproduced quite well with
the velocity-pressure ROMs in terms of the drag and lift coefficients, and the Strouhal
number. Altogether, this study clearly supports the approach of performing accurate
(and probably time-consuming) simulations for computing the snapshots in order to
obtain similar results in the ROM simulations.

Concerning the comparisons of the velocity-pressure ROMs, the main conclusion
drawn from the numerical investigation is that the two ROMs that utilize pressure
modes (PMB-ROM and SM-ROM) were superior, both in terms of reproducing the re-
sults of the simulations for computing the underlying snapshots and of efficiency, to
the ROM that uses only velocity POD modes (VMB-ROM). The results obtained with
VMB-ROM for an important quantity of interest, the mean drag coefficient, and in
terms of the periodic behavior of the drag coefficient were not satisfactory. Based on
weakly divergence-fee velocity snapshots, SM-ROM could reproduce the results of the
finite element simulations in many cases better than PMB-ROM. Finally, together with
the fact that SM-ROM does not need any specification of additional pressure boundary
conditions, which is required in PMB-ROM, SM-ROM can be considered to be superior
to other vp-ROMs for the computation of the ROM pressure.

The numerical studies associated with the second goal in Chapter |5 showed that the
employed linearization techniques in the velocity ROM, namely the Picard, IMEX, and
IMEX-LE methods discussed in Section[2.2.5] had different effects on the reproduction of
the finite element simulations depending on the quantity of interest taken into account.
In order to obtain the best possible mean kinetic energy error , the discrete version
of the L'(0,T; L*(2)) error (5.48)), and the periodic behavior of the peaks of the drag
and lift coefficients, it is of advantage to utilize the same nonlinear iteration scheme
in the velocity ROM as in the underlying finite element simulation. However, for the
most accurate set of snapshots, the IMEX-LE method performed better, especially in
terms of the drag coefficient, than the IMEX method. With respect to the errors in the
mean and the root mean squared values of the drag and lift coefficients, as well as the
error in the Strouhal number, one could not observe any clear relation concerning the
nonlinear iteration schemes between the finite element simulations for the computation
of snapshots and the corresponding vp-ROMs. The vp-ROMs combined with the Picard
and IMEX-LE methods yielded in many situations slightly smaller errors than the ones
with the IMEX scheme. However, in contrast to finite element methods, for which the
IMEX scheme is generally considerably less accurate than the other two methods, the
difference in the accuracy of the results between all three schemes is very small in the
context of the vp-ROMs.

6.2. Outlook

In the subsequent studies, it would be interesting to investigate whether the SUPG-ROM
is generally not suitable for snapshots, which do not represent the solution of a discrete
problem. This aspect is especially important for applications, in which the snapshots
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arise from physical experiments and not from numerical simulations. Moreover, it is
desirable to develop a ROM able to suppress the non-physical under- and overshoots of
its solution similarly to the FEM-FCT scheme in the context of finite element methods.

Several research directions could be pursued in the future concerning velocity-pressure
ROMs for the incompressible Navier—Stokes equations. For instance, one can study
whether the conclusions of the numerical studies in Chapter [5| carry over to the case
of structure-dominated turbulent flows. In addition, the rigorous numerical analysis for
discretizations of the new velocity-pressure ROM (SM-ROM) can be a topic of future
research.
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A. Function Spaces and Inequalities

In this chapter, the function spaces and inequalities, which are most commonly em-
ployed in the thesis, will be presented. Let © be an arbitrary domain in R¢, where d
is the dimension of the physical space, and let I' denote the boundary of the domain.
In the framework of this work, there will be no difference in the notation between func-
tion spaces for scalar and vector-valued functions. The reader is referred to [1] for a
comprehensive presentation of the subject matter in this chapter.

Definition A.1 (Lebesgue spaces). For 1 < p < oo, the Lebesgue space denoted by
LP(Q) consists of the all measurable functions f defined on Q for which

[1r@pdw <.
Q

The space L*>(Q) is defined as a vector space of all functions f that are essentially
bounded on Q, i.e., f is measurable and there is a constant C' such that |f(x)| < C a.e.
on Q. The Lebesgue norm is defined by

p
(JIr@raa) ", i 1<p<x. .

esssupgcqlf(x)|, if p=ooc.

ey =

Remark A.1. An important special case is the Lebesgue space L?(f2) as it represents
a Hilbert space. The associated inner product is defined by

(f.9) = / f(@)g() dz, (A2)
Q

and the induced norm, which will be denoted by |[-[|, instead of ||-[[;2(q), is defined by
1£llo = (£, )2 a

Definition A.2 (Sobolev spaces). For any positive integer m and 1 < p < oo, the
Sobolev space denoted by W™P(Q) is given by

WmP(Q) = {f € LP(Q) : D*f € LP(Q) for 0 < |a| < m}, (A.3)

where D*f denotes the weak partial derivative of f (e.g., see [1, Paragraph 1.62] for its
definition).
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The Sobolev norm is defined by

1/p
> ”DafHZ[?,P(Q) , if 0<p< oo,
sy = 4 \oiTem

max || D¢ oo 1 = 00.
0§|a|§m” Fllizeey f p

(A4)

Remark A.2. Sobolev spaces with p = 2 are Hilbert spaces and will be denoted by
Wm2(Q) = H™(S2). They are equipped with the inner product

(f.9)m= > (D*f D) (A.5)
0<|a|<m
and with the induced norm
1/2
Al =1 >, (Df,Df)] (A6)
0<|a|<m

which is denoted for the sake of simplicity by |[|-[|,,, instead of [|-[|yym.2(q). For m =0, it
holds H?(Q) = L?(2) with the corresponding notation (f,g), = (f.g). N

Remark A.3. Sobolev spaces denoted by Wy""(Q) are defined to be the closure of
C3(2) in the space W™P(Q). Here, C5°(2) consists of all functions in C>®(Q2) =
Noo_o C™() that have compact support in Q. In this thesis, the case p = 2 is of
importance, i.e., the spaces Wgn’2(Q) = Hj'(Q).

For 1 <m < oo and for 1 < j < m the functionals |- |; on H™(Q2) defined by

1/2

A= X (10°115) (A7)

laf=j

are called seminorms. If Q is a bounded domain, then |- |, is a norm on Hj*(Q2) and, due
to the Poincaré’s inequality, it is equivalent to the norm ||-||,, (see |1, Corollary 6.31]).
Seminorm ({A.7)) can be induced from the semi-inner product

(f.0)m = > (Df, D). (A8)

laf=m
<

Remark A.4. In the context of finite element methods, often the norms forp =2
and p = oo, , , and the inner product are needed, which are not defined
on the entire domain €2 but locally on the individual mesh cells K € 7T;,. Here, 7Tj, denotes
the triangulation of the domain 2. These norms and the inner product will be denoted
by [|"llo. 5> Il oo (reys 1Ml ics [l ic> () i Tespectively, and are defined equivalently by
replacing 2 by K in the according integral. N
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Definition A.3 (Bochner spaces). Let Y be a Banach space with the norm || - ||y,
and let (tg,t1) denote a time interval. For 1 < p < oo, the Bochner space denoted by
LP(ty,t1; X) is defined by

Lp(t07tl;X) = {f(t’ ',L.) : ||f||LP(t07t1;X) < 00}7

where the norm reads

1/p
t1 P .
)| dt , iof 1< p<oo,
||f||LP(to,t1;X) - Uto 17l ) / P (A.9)

€SS SUDy <<ty ||f”X ) if p=o0.

Lemma A.1l. (Cauchy-Schwarz inequality). Let X be an inner product space with the
inner product (-,-) y, which induces the norm |-|| . Then the so-called Cauchy-Schwarz
inequality holds

(£ 9)xl < flixlgllx  VfgeX. (A.10)

Lemma A.2. (Young’s inequality for convolutions). Let 1 < p,q < oo and % = %4— % —
1>0. For f € LP(Q) and g € L4(Q), it holds f x g € L"(52), and the so-called Young’s
tnequality holds

1 * 9l ) < 1l zoll9ll Loy (A.11)

Lemma A.3. (Young’s inequality for real numbers). Let a,b € R, then the following
Young’s inequality holds

t t=alp 11
ab < —a? + —b1, —+-=1, 1<pg<oo, t>0. (A.12)
p q p q
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Kurzzusammenfassung

Diese Dissertation beschaftigt sich mit projektionsbasierten ordnungsreduzierten Mod-
ellen (ROMs) im Rahmen der numerischen Stromungsmechanik. Proper Orthogonal
Decomposition (POD) wird zur Berechnung der ordnungsreduzierten Basis aus den so-
genannten Schnappschiissen eingesetzt. Es wird angenommen, dass die Schnappschiisse
die Finite-Elemente-Losung einer partiellen Differentialgleichung darstellen. Der Beitrag
der vorliegenden Dissertation besteht aus drei Teilen.

Erstens wird ein Streamline-Upwind Petrov—Galerkin ordnungsreduziertes Modell,
bezeichnet als SUPG-ROM, fiir konvektionsdominante Konvektions-Diffusions-Reakti-
ons-Gleichungen sowohl theoretisch als auch numerisch untersucht. Mittels numerischer
Analyse wird die Skalierung der Stabilisierungsparameter fiir SUPG-ROMs vorgeschla-
gen. Dabei werden zwei Anséitze verwendet: Der eine basiert auf der zugrundeliegen-
den Finite-Elemente-Diskretisierung und der andere auf der rdumlichen Auflésung im
Zusammenhang mit POD. Die resultierenden SUPG-ROMs und das iibliche Galerkin
ROM werden mittels mehrerer konvektionsdominanter Testbeispiele untersucht.

Zweitens wird ein alternativer Ansatz fiir die Berechnung der ROM-Anfangsbedingung
fir Probleme entwickelt, bei welchen der Standard-Ansatz, der in der Regel in der
Literatur verwendet wird, eine durch Stérschwingungen verfilschte Anfangsbedingung
erzeugt. Die Grundidee des Verfahrens besteht darin, die herkémmliche ordnungsre-
duzierte Anfangsbedingung in einem Nachbearbeitungsschritt durch ein Filterverfahren
zu modifizieren. Der Einfluss der gefilterten ROM-Anfangsbedingung auf die ROM-
Ergebnisse wird numerisch untersucht. In Bezug auf die Minimal- und Maximalwerte
der ordnungsreduzierten Losung, die als Maf fiir Unter- und ﬁberschwingungen dienen,
konnten die ROM-Ergebnisse im Vergleich zu denen mit iiblichen ROM-Anfangsbedin-
gungen zum Teil deutlich verbessert werden.

Drittens werden drei ordnungsreduzierte Modelle fiir Geschwindigkeit und Druck (vp-
ROMs) fiir inkompressible Stréomungen numerisch untersucht. Eines dieser Verfahren
berechnet den ROM-Druck allein auf der Grundlage der POD-Moden fiir die Geschwin-
digkeit, wahrend die beiden anderen vp-ROMs auch die POD-Basiselemente fiir den
Druck verwenden. Eine der letztgenannten Methoden, bezeichnet als SM-ROM, wurde
im Rahmen dieser Arbeit entwickelt. Des Weiteren wird die Auswirkung der Genauigkeit
der Schnappschiisse sowie verschiedener Linearisierungsansatze auf die ROM-Ergebnisse
numerisch untersucht. Fir die im schwachen Sinne divergenzfreien Geschwindigkeits-
Schnappschiisse konnte SM-ROM die Ergebnisse der Finite-Elemente-Simulationen in
vielen Féllen am besten approximieren. Unter Beriicksichtigung, dass SM-ROM im
Gegensatz zu den anderen vp-ROMs keine Angabe zusétzlicher Druckrandbedingungen
benétigt, lasst sich hieraus ableiten, dass SM-ROM im Vergleich zu den zwei anderen
untersuchten vp-ROMs am besten zur Berechnung des POD-Drucks geeignet ist.
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