SISSA

Scuola
Internazionale
Superiore di
Studi Avanzati

Mathematics Area - PhD course in
Mathematical Analysis, Modelling, and Applications

Reduced order methods for laminar
and turbulent flows in a finite volume
setting: projection-based methods and

data-driven techniques

Adyvisor:
Candidate: Prof. Gianluigi Rozza
Saddam N Y Hijazi Co-advisors:

Dr. Giovanni Stabile
Dr. Andrea Mola

Academic Year 2019-20

Q~\|\RTUT5



ABSTRACT

This dissertation presents a family of Reduced Order Models (ROMs) which is specifically
designed to deal with both laminar and turbulent flows in a finite volume full order setting.
Several aspects associated with the reduction of the incompressible Navier—Stokes equations
have been investigated. The first of them is related to the need of an accurate reduced pressure
reconstruction. This issue has been studied with the help of two main approaches which
consist in the use of the Pressure Poisson Equation (PPE) at the reduced order level and also
the employment of the supremizer stabilization method. A second aspect is connected with
the enforcement of non-homogeneous Dirichlet boundary conditions at the inlet boundary at
the reduced order level. The solutions to address this aspect include two methods, namely,
the lifting function method and the penalty method.

Different solutions for the treatment of turbulence at the reduced order level have been
proposed. We have developed a unified reduction approach which is capable of dealing
with turbulent flows based on the Reynolds Averaged Navier—Stokes (RANS) equations
complemented by any Eddy Viscosity Model (EVM). The turbulent ROM developed is
versatile in the sense that it may be applied on the FOM solutions obtained by different
turbulent closure models or EVMs. This is made possible thanks to the formulation of the
ROM which merges projection-based techniques with data-driven reduction strategies. In
particular, the work presents a mixed strategy that exploits a data-driven reduction method
to approximate the eddy viscosity solution manifold and a classical POD-Galerkin projection
approach for the velocity and the pressure fields. The newly proposed turbulent ROM has
been validated on benchmark test cases in both steady and unsteady settings with Reynolds
up to Re = O(10).
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CHAPTER 1

Introduction and Motivation

In this chapter the notions of reduced order modeling are introduced. This chapter also outlines
the motivation behind developing Reduced Order Methods (ROMs) in a finite volume setting for
both laminar and turbulent flows. The first section gives motivations for the work conducted
in this thesis. In addition it provides details about the thesis contents. Then the second section
offers a broad review of the works done in the literature on projection-based ROM, turbulent
ROM:s and data-driven ROMs. The next section explains the added contributions of this thesis.
Finally the thesis structure is laid out in the last section.
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2 1. Introduction and Motivation

1.1 Motivation and Contents of the Thesis

In Computational Fluid Dynamics (CFD), the scientific community has been recently trying
to cope with the growing demand for simulating industrial problems. These problems which
come from various engineering fields are characterized in being governed by conservation laws
resulting in a system of Partial Differential Equations (PDEs). Several numerical methods for
solving systems of PDEs have been developed in the last decades. These methods include the
finite difference (FDM), the finite element (FEM), the finite volume (FVM), and the spectral
element method (SEM).

In the recent years we have seen considerable breakthroughs and progresses in computational
sciences and scientific computing. However, solving CFD problems numerically in an efficient
way remains a huge challenge and a task which demands greater efforts. In particular, such
challenging situations are manifested in the context of Parametric PDEs (PPDEs), where
one seeks to solve systems of PDEs for a large set of different input parameters. This may
happen in applications like optimization, real-time control and uncertainty quantification. In
the aforementioned problems, the computational cost of resorting to a classical numerical
method for solving the PDEs system could be prohibitive. Reduced Order Methods (ROMs)
[71, 120, 24, 23, 11] have been proposed for the goal of reducing the cost imposed by standard
numerical methods and to achieve significant computational speed up. This chapter gives a
brief overview on the state of the art of ROMs in the context of PPDEs, and on the relevance
of developing ROMs for FVM-based discretization and for turbulent flows.

The main objective of this thesis is to carry out reduced order simulations for turbulent flows
and fluid problems of interest in the industrial community. The first part of this thesis is
focused on ROMs for fluid problems discretized with the finite volume method [110, 148].
The objectives of this thesis originate from the following points:

e Currently, the usage of the FVM for solving fluid dynamics problems in the industrial
community is prevailing and predominant. In fact, most of the CFD solvers used for
tackling real-life applications are based on the FVM, we mention Fluent [8] and STAR
CCM+ [2] (commercial codes) and OpenFOAM [1] (open-source code). These CFD
solvers are well equipped with the computational tools needed for tackling problems
coming from various engineering fields.

e Most of the CFD problems in which the industry is interested are turbulent problems.
For these problems, the cost of running the full order simulations could be significant.

e CFD researchers and engineers demand novel methods which could eventually reduce
the computational burden caused by the full order model simulations. This can be seen
for example in shape optimization problems, in which the fluid dynamics problem is
required to be run for different configurations.

These observations and demands motivate investing efforts in constructing ROMs for FVM-
based discretization, and thereafter introducing turbulence treatment at the reduced order
level. In this thesis, the full order CFD solver is chosen to be OpenFOAM, this choice
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is justified by the fact that it is an open-source code. In addition, OpenFOAM offers
well-established documentation and tutorials for various benchmark CFD problems. As a
consequence, the reduced order models proposed in this thesis have taken into consideration
the full order modeling techniques utilized by OpenFOAM, especially when it comes to
turbulence modeling.

The work carried out in this thesis can be divided into two main parts. At first, ROMs for
FVM-based discretization are presented, by adapting ROMs techniques used in the finite
element environment to work also in a finite volume setting. The second part involves the
construction of reduced order models tailored to work with turbulent flows.

The next section reports the relevant contributions on reduced order modeling for the finite
volume method, as well as the efforts made for the reduction of turbulent flows. The final part
of the next section addresses the ROMs which involve the usage of data-driven methods.

1.2 Literature Review

In this section, I will review works in the literature which are focused on ROMs developed in
the finite volume setting. In addition, I will address different approaches for the treatment
of turbulent flows at the reduced order level. We shall start by introducing the concept of
projection-based ROMs in the next subsection. Then ROMs designed to computationally
reduce turbulent flows are presented followed by data-driven reduced order methods. Finally,
the notion of hybrid ROMs is introduced.

1.2.1 Projection-based ROMs

The paradigm of projection-based ROMs [23, 13, 19, 7, 22] is a popular reduction approach
which has been used in numerous CFD applications. Projection-based ROMs are based on
the notion of casting the high-order numerical solution manifold onto a low-dimensional
manifold. The construction of such a ROM involves then the projection of the governing
equations onto this low-dimensional space. Such a low-dimensional manifold or reduced order
space can be generated by the use of different methods. Examples of such methods are the
Reduced Basis (RB) with the greedy approach [71], the Proper Orthogonal Decomposition
(POD) [132, 42], the Proper Generalized Decomposition (PGD) [50], or by the Dynamic
Mode Decomposition (DMD) [130]. As for the projection techniques which can be employed,
Galerkin projection and Petrov-Galerkin projection are considered the most used ones. In
this thesis, the POD technique is chosen for the generation of the reduced order space and a
Galerkin projection is applied for the construction of the projection-based ROM. In this case
the ROM is often termed as POD-Galerkin ROM, for references on POD-Galerkin ROMs see
[114, 4, 26, 93, 33, 12].
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In literature, earlier works on ROMs based on the finite volume discretization include
[49, 67, 69, 66, 68]. In these works, the Reduced Basis (RB) approach has been extended
to work in general linear evolution schemes such as finite volume schemes. In [103], the
authors presented a POD-Galerkin ROM for the finite volume method. The ROM has been
constructed to reduce the Navier—Stokes equations for both laminar and turbulent flows.
Another POD-Galerkin ROM is presented in [137], where this ROM has been dedicated
to deal with the reduction of the problem of vortex shedding around a circular cylinder
in a finite volume environment. Stabilization techniques have been extended to work also
in finite volume ROMs [139]. In particular, the last work presents a POD-Galerkin ROM
which employs the supremizer stabilization method in order to obtain a stable pressure
ROM field. The supremizer stabilization method ensures that a reduced order version of the
inf-sup condition is met, initially it was constructed for finite element POD-Galerkin ROM
in [16]. The POD-Galerkin ROMs in [103, 137, 139] differ in the methodology adapted for
the reduction of the Navier—Stokes equations. Further details on the approaches employed
in these works are recalled in section 2.4, section 2.5 and section 2.6. We mention works in
which numerical analysis has been used for the study of ROMs for turbulent flows and ROMs
for pressure approximations [124, 90, 34]. The last works present different ROMs frameworks
for the computation of the reduced pressure field.

Recently, the work [140] tackles the issue of geometrical parametrization for FVM-based
POD-Galerkin ROM. The authors in [140] propose a reduced order model which is fully
consistent with the SIMPLE algorithm [117]. The SIMPLE algorithm is the full order solver
approach for steady flows in OpenFOAM and it is a segregated approach. Other works
which deal with geometrical parametrization in FVM-based ROM include [98, 164] which
focus on inviscid Euler equations. Also addressing the issue of geometrical parametrization,
the contributions [154] and [161] deal with turbulent compressible Navier—Stokes equations
and PDE-constrained optimization problems, respectively. Extension of the FVM-based
POD-Galerkin ROM for thermal mixing problem is presented in [57]. Another POD-Galerkin
ROM for the problem of buoyancy-driven enclosed flows is developed in [141].

1.2.2 ROMs for turbulent flows

Turbulent flows are ubiquitous in nature and in real world applications. Turbulence as a
physical phenomenon is characterized by being chaotic, disorder, non-stationary and multi-
scale [156]. Turbulent flows can be seen in civil, aerospace and naval engineering, for example
we mention the flow around circular cylinders [91], the flow around aircraft wing tips [3]
and the dynamics of rowing and sailing boats [54, 102]. These kinds of applications are of
significant interest in the industrial community. Understanding the underlying dynamics of
such flows and capturing the quantities of interest from engineering perspective is of paramount
importance. Therefore, numerical simulations of the Navier—Stokes equations are carried
out to address these issues. However, the task of simulating the Navier—Stokes equations for
turbulent flows is not straightforward. In more details, simulating the Navier—Stokes equations
for all the scales in the case of turbulent flows, which is known as the Direct Numerical
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Simulations (DNS) approach, is not feasible. The argument for this claim is based on the
Kolmogorov length microscales. If one simulates the NSE using the DNS approach (or without
any form of turbulence modeling), then the computational grid has to be fine enough to
capture all the length scales up to the Kolmogorov length microscales n [94]:

V3 i W
_ (v _u 1.1
n - =7 (1.1)

In the above relations ¢ is the turbulent dissipation rate, L is the integral length scale which
is the largest scale in the energy spectrum, v is the kinematic viscosity and u’ is the root
mean square of the turbulent velocity fluctuation field which is present in the Reynolds
decomposition assumption (see 3.1). Consequently, the number of points needed for the

NoL_ (“'L)i, (1.2)

n 14

where one can see that the term inside the brackets is basically a form of the Reynolds number.

discretization of the domain is:

Hence, the number of cells N? inside a box which has the dimension of the integral length
scale scales up with the Reynolds number as follows:

N3 Res. (1.3)

The relation above indicates that spatial refinement is needed for flows with high Reynolds
number. It has to be remarked that the temporal resolution of the numerical scheme has
to be also refined in order to make sure that fluid particles do not cross more than one cell
within a time step. The last considerations render the task of carrying out DNS simulations
for turbulent flows prohibitive in terms of computational cost.

To overcome the problems caused by the DNS approach, turbulence is treated usually with the
help of modeling strategies. These modeling strategies include mainly the idea of averaging
and obtaining under-resolved solutions which reflect, to the best extent, the physics of the
problem under interest. The first common approach in the CFD community is called Reynolds
Averaged Navier—Stokes (RANS) equations. This approach solves for the time-averaged part
of the fluid dynamics variables. On the other hand, there is another approach named Large
Eddy Simulations (LES) [28, 126] which is based on the concept of filtering. In LES, the
Navier—Stokes equations are filtered to some scale, and the large scales are simulated while
the small scales are modeled.

After giving this short introduction on turbulence, we will proceed to address the reduction
approaches dedicated to deal with turbulent flows. POD-Galerkin ROMs have several issues
when it comes to the reduction of turbulent flows. Most of the issues are related to energy
stability problems [35]. In more details, the POD method retrieves the modes which are
representative of the high-energy scales. This results in ROMs which are not dissipative since
the turbulent small scales are the ones responsible for the dissipation of the turbulent kinetic
energy [107].
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A brief overview of the reduction strategies proposed to deal with turbulent flows will be
outlined. The works [25, 116, 153, 9] propose to include dissipation via a closure model. The
work [44] shows numerically that the POD modes have similar energy transfer to the one of
the Fourier modes. This may suggest that LES ideas could be beneficial in POD-Galerkin
ROMs given the analogy with LES which is based on the energy cascade concept. In [77], it
is suggested that the usage of the H' inner product instead of the L? one in the generation of
the POD space could result in more dissipative ROMs. This is justified by the fact that small
scale modes have H! norm value that is higher than their L? norm value. In [15, 14, 5], the
reduced order space has been enriched in order to better account for the truncated modes.
In [5] for example, the POD modes have been enriched with dissipative modes associated
with the gradient of the velocity fields. A priori analysis is performed on the POD modes,
and a rearrangement of them is done in a way that leads to the enforcement of the energetic
dissipative modes within the first orders of the reduced order basis. The ROM in [5] has been
tested on an aeronautical injector with Reynolds number of 45000.

Minimum residual formulation has been constructed in the reduced order model in order
to accurately reduce turbulent flows [36, 37, 145, 60]. Other works include the use of the
Dynamic Mode Decomposition (DMD) [6, 48, 146, 97]. The work [52] presents a constrained
formulation to deal with long time instabilities in the context of turbulent flows.

The efforts to reduce turbulent flows in the ROM community include the development of
turbulent ROMs which are designed to work with specific turbulence model at the full order
level. Such ROMs are developed in [38, 147, 113, 152, 112]. In [38], the ROM is dedicated
to reduce flows modeled with the Smagorinsky turbulence model [134] for steady flows in a
finite element setting. In the last work, the non-linear eddy diffusion term is approximated
using the Empirical Interpolation Method (EIM). Also the work in [147] is designed to deal
with the Smagorinsky turbulence model. In this Smagorinsky-ROM, it is assumed that the
projection matrix coefficients (which come from the projection of the eddy viscosity term onto
the velocity POD modes) are time dependent. Later, these coefficients are updated during
the time integration of the momentum equation at the reduced order level. The Variational
Multi-Scale (VMS) method has been employed in several VMS-ROM works see [27, 136, 76].
In addition, Smagorinsky VMS-ROMs are constructed for turbulent flows as in [39, 18].

It is important to highlight one of the main differences between the works mentioned in this
subsection which is the presence or the absence of a turbulence modeling strategy at the full
order level. Therefore, one may divide these ROMs into two categories, the first is called
ROMs with FOM turbulence modeling and the second is referred to as ROMs without FOM
turbulence modeling. For example, the works [15, 14] are based on DNS full order model
snapshots without turbulence modeling and so they belong to the second category. On the
other hand, in [5] LES full order turbulence modeling is employed. Likewise, the turbulent
ROMSs which are based on the Smagorinsky turbulence model such as [147, 38] are considered
in first category.
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1.2.3 Data Driven and Hybrid ROMs

The majority of the works reported in the previous subsections are for projection-based ROMs.
In this thesis, we also address ROMs which employ data-driven techniques, for references
on data-driven ROMs see [78, 118, 101, 123, 86, 64, 70, 111]. For instance, we mention
the work [65] in which the reduced order model uses regression for the approximation of
the maps between time-parameter values and the projection coefficients onto the reduced
modes. We remark that the data-driven ROMs mentioned are not necessary designed to deal
with turbulent flows. Data-driven techniques can be implemented to approximate certain
variables or certain quantities in the reduced order formulation, while other variables are still
approximated using classical projection-based techniques. In the latter case, we refer to the
reduced order model as hybrid/combined /mixed ROM. Hybrid ROMs have been constructed
in previous works, in this subsection we will report hybrid ROMs developed for the reduction
of the Navier—Stokes equations whether for laminar or turbulent flows.

In [160], a hybrid ROM is presented, where data-driven filtering techniques have been utilized.
The last ROM employ data-driven methods for the approximation of a correction term which
has been added in order to model the interaction between truncated and resolved modes.
This hybrid ROM has been tested on a 2D channel flow past a circular cylinder at various
Reynolds number values.

Calibration methods in reduced order modeling are considered as data-driven approaches.
These methods have been implemented in the formulation of hybrid ROMs such as in [56, 43].
In the last two mentioned contributions, the calibration methods have been implemented in
the context of POD-Galerkin ROMs for the purpose of reducing the Navier—Stokes equations.
The approach in [56] assumes that pressure gradient term which appears in the projected
momentum equation is approximated as the product of a calibration matrix and the reduced
velocity vector degrees of freedom. The entries of the calibration matrix are then computed by
solving a minimization problem of a functional which has dependence on the interpolated L?
projection coefficients of the velocity. On the other hand, the calibration procedure in [43] is
done differently. In more details, the hybrid ROM [43] involves the tuning of the polynomial
that defines the reduced order dynamical system. The reduced order polynomial is therefore
different from the original one, where it minimizes a certain meaningful functional. This
functional has basically two properly weighted terms, one accounts for the error committed
between the projection coefficients (which come from the data) and the reduced order solution,
the second term penalizes the difference between the original polynomial and the one which
solves the optimization problem.

The hybrid ROM in [115] presents an empirical pressure model for the approximation of the
pressure term in the projected momentum equation. Linear regression technique has been
used to fit the coefficients of the empirical pressure model from the data.

We mentioned earlier works on ROMs which are focused on the variational multi-scale (VMS)
method which focus on turbulent flows. The aforementioned works are based on projection
techniques. Recently, a hybrid ROM has been presented in [109] which makes use of the VMS
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method. In this hybrid ROM (referred to in the article as DD-VMS-ROM), projection-based
techniques are used to separate the scales into three categories which are resolved large scales,
resolved small scales and unresolved scales. Then the terms which represent the interactions
between the three categories of scales (which are called the VMS-ROM closure terms) are
identified. Later, the VMS-ROM closure terms are modeled using data-driven approach. The
main difference between turbulent VMS-ROMs and the DD-VMS-ROM is that in the former
the VMS closure models are utilized to help the dissipation of energy from the ROM, unlike
in DD-VMS-ROM where the VMS-ROM closure terms constructed by the usage of data are
not required to be dissipative.

Modeling projected terms at the reduced order level and modifying the reduced order matrices
entries in the reduced dynamical system is the main pattern observed in the last mentioned
works. Moreover, one can notice that these hybrid ROMs concentrate on reproducing the
velocity field. The pressure field and the turbulence variables have not been considered in the
reduced order model formulation.

1.3 Thesis Contributions

The main objective of this thesis is to construct ROMs for industrial fluid dynamics problems.
The prerequisites for achieving this goal are the following:

e To extend ROMs techniques and methodologies to work in the finite volume environment.
This is important because of the fact that the FVM is widespread in the industrial
community.

e To have ROMs developed specifically to deal with turbulent flows. Since these flows are
common in real applications and in industrial problems.

The first part of this thesis deals with the issue of FVM-based ROMs. It offers a survey of
projection-based ROMs developed for FVM-based discretization. In addition, the ROMs
have been equipped with needed techniques for the reduced treatment of non-homogeneous
Dirichlet boundary conditions. Furthermore, a fully offline/online decoupled procedure for
computing the fluid dynamics forces is developed for the aforementioned ROMs.

In the second of part of this thesis, the attention is shifted to the treatment of turbulent
flows. In chapter 3, a hybrid ROM is proposed for the treatment of turbulent flows. The
novelty of this ROM is in its generality and versatility, where it is designed to work with full
order models in OpenFOAM based on different turbulence closure models. In contrast to
the hybrid ROMs mentioned in subsection 1.2.3, this ROM has introduced a reduced order
approximation of the velocity u, the pressure p and the eddy viscosity v;,. The motivation
behind having a reduced order version of the pressure and the eddy viscosity fields can be
summarized by the following points:
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e Having an accurate reconstruction of the pressure field at the reduced order level is
vital. This is because of the need to recover certain performance indicators which highly
depend on the pressure field. An example of such performance indicators is the fluid
dynamics forces acting on the surface of bodies immersed in the flow.

e The reduced eddy viscosity is essential for having a stable reduced order model since
the full order model itself has been stabilized by presenting the eddy viscosity into its
formulation.

The hybrid ROM proposed in this thesis assumes that each of the fluid dynamics variables
of velocity w, pressure p and the eddy viscosity 1, has a different set of reduced degrees of
freedom. The model utilizes classical projection techniques for the approximation of velocity
and pressure at the reduced order level. In ideal situation, similar projection procedure has
to be employed for the specific turbulence model equations. However, this would mean that a
turbulent ROM has to be developed for each different turbulence model. Given the abundant
number of turbulence models available, the last option would be problematic. This is because
of the implications in terms of the number of different ROMs needed to be developed and
monitored at the same time for potential updates. Consequently, unlike the case of velocity
and pressure, the reduced eddy viscosity in the hybrid ROM proposed here is approximated
by the data-driven techniques.

1.4 Thesis Structure

This thesis comprises of 5 chapters which are organized as it follows:

e The first chapter Introduction and Motivation. introduces the general notions of reduced
order modeling. It also addresses the motivations and contents of this thesis. It gives
an idea of why it is relevant to develop reduced order models for problems in CFD
in a finite volume setting. The first chapter provides a broad review of the literature
contributions on projection-based ROM, turbulent ROMs and data-driven ROMs.

e The second chapter Projection-based ROMs for the NSE in F'V deals with the problem
of interest at the full order level which is the incompressible Navier—Stokes equations. It
explains how the finite volume discretization of this problem is done and then it lays out
the algorithms employed for solving the governing equations. In the same chapter, the
POD method for the generation of reduced order spaces is presented. After that, several
POD-Galerkin ROMs are proposed, these ROMs are used for the reduction of laminar
flows. The last sections of this chapter deal with the issues of non-homogeneous boundary
condition treatment and the offline/online decoupling procedure for the computation of
the forces.

e The third chapter Hybrid ROMs for the Turbulence Treatment in the NSE is dedicated
to the treatment of turbulence at both the full and the reduced order levels. At first,
turbulence modeling with the Reynolds Averaged Navier—Stokes (RANS) equations is
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introduced. Then a hybrid POD-Galerkin ROM is proposed for the goal of reducing
turbulent flows. This hybrid ROM utilizes interpolation using radial basis function for
the approximation of the turbulent viscosity. The interpolation procedure is done in
two different ways which are addressed in detail in this chapter.

The fourth chapter Applications and Numerical Results presents the results of the ROMs
developed in both the second and the third chapters. The results are for benchmark
cases in computational fluid dynamics. These cases include the angle of attack for
the airfoil (studied in uncertainty quantification context), the backstep problem in
turbulent setting and the flow around a circular cylinder in turbulent setting as well.
The reduction methodologies are compared to each other on several fronts.

The final chapter Conclusions and Outlook outlines the conclusions which are drawn
from the results of the work carried out in this thesis. It also gives several future paths
for the extension of the work presented here.



CHAPTER 2

Projection-based ROMs for the
Incompressible Navier—Stokes
Equations in a Finite Volume Setting

This chapter addresses the parametrized incompressible Navier—Stokes equations when dis-
cretized using the finite volume method. Then the algorithms employed for solving the equations
are presented. Later, the POD method is introduced and then projection-based ROMs for
laminar flows are discussed. These ROMs varied according to the equations used at the reduced
order level. The first ROM introduces a uniform approach with the usage of solely the momen-
tum equation. Another ROM which is based on the Poisson equation for pressure is introduced.
Then we present a ROM which employs the supremizer stabilization method with the use of
both the momentum and the continuity equations. In this chapter, the treatment methods
for the non-homogeneity at the Dirichlet boundary are addressed. Finally, the offline/online
decoupling procedure for the computation of the forces is explained.
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2.1 Full Order Model (FOM)

This section presents the full order model starting with the governing equations of interest
which are the incompressible Navier-Stokes Equations (NSE). The NSE are studied here
in a parametrized form, we start with recalling their strong form. Given a parameter
vector u € P < R?, where P is a g-dimensional parameter space. The incompressible NSE
parametrized by p read as follows:

(24 V- (w@u) - Vv (Vut (V) ) ==Vp in@x[0,T]

<V-u=0 in 2% [0,T1], (2.1)
+ Boundary conditions on I" x [0,T1,

| + Initial conditions in (£2,0),

where I" is the boundary of the fluid domain 2 € R?, with d = 1, 2 or 3. w is the flow velocity
vector field, t is the time, v is the fluid kinematic viscosity, p is the normalized pressure field,
which is divided by the fluid density py, and the time window under consideration is [0, T'].
We remark that in this work the parameter p could be a physical parameter such as the
fluid kinematic viscosity or a geometrical one such as the dimension of a certain part of the
domain. We would like to emphasize that the velocity and pressure fields are functions of
time, space and the parameter, that is u = u(t,x; p), p = p(t,x; u). These dependencies
have been dropped in the equations above for the sake of keeping the notation concise.

2.1.1 Finite Volume Discretization

The incompressible Navier—Stokes equations in 2.1 are solved by the finite volume method
[110]. The first step in this method is to choose a suitable polygonal tessellation, then the
PDEs system is written in integral form over each control volume. Denote by Nj the dimension
of the full order model (FOM) which is basically the number of degrees of freedom of the
discretized problem. The momentum and continuity equations are solved with the help of
a segregated approach which adapts the Rhie and Chow interpolation. The discretization
process starts with the momentum equation by writing it in integral form over each control
volume V; as follows:

f iudV + J V- (u®@u)dV - f V.v (Vu + (Vu)T> dV + J VpdV =0. (2.2)
v, 0t v, v, v;

The discretization procedure of all terms in the momentum equation is explained in what
follows. The pressure gradient term is discretized using the Gauss’s theorem:

f VpdV = f pdS ~ > Sepy, (2.3)
Vi Si f
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Figure 2.1: Sketch of a finite volume in 2 dimensions.

where py is the value of pressure at the center of the faces and Sy is the area vector of each
face of the control volume (Figure 2.1).

The convective term is discretized also by exploiting the Gauss’s theorem as follows:

J V-(u@u)dV=J (dS - (u®u)) %ZSf'uf®uf =2Ffuf. (2.4)
Vi Si ! !

In the above equation uy is the velocity vector evaluated at the center of each face of the
control volume. It has to be remarked that velocity values are initially computed at the
cell centres and therefore the values at the center of the faces have to be deduced from the
ones calculated at the cell centres. Consequently, these uz values are interpolated using the
values computed at the cell centers. There are plenty of interpolation schemes which can be
used such as central, upwind, second order upwind and blended differencing schemes. The
mass flux F; is computed using the previous converged velocity in the first iteration and then
updated by Fy = uy - Sy for removing the non-linearity.

As for the diffusion term, it is discretized as it follows:

L V.v (Vu + (Vu)T> dV = L dS v (Vu + (VU)T> ~ Zf:yfsf (Vu);,  (25)

where (Vu); is the gradient of w at the faces. In similar fashion to the computation of
the pressure gradient in (2.3), one may compute (Vu);. As for the computation of the
term Sg - (Vu)y in (2.5), this depends on one particular feature of the mesh which is the
orthogonality. The mesh 2.1 is orthogonal if the line that connects two cell centers is orthogonal
to the face that divides these two cells. If the mesh is orthogonal, and assuming that the two
cell centres are equally distanced to the face, then the term S¢ - (Vu); is computed as it
follows:

u —Uu
Sy (Vu)y = \Sf\N’d‘P,

where uy and up are the velocities at the centers of two neighboring cells and d is the distance

(2.6)

vector connecting the two cell centers see Figure 2.1. On the other hand, non-orthogonal
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correction term is needed for the case of non-orthogonal meshes. The computation of the
correction term [83] is given by the following equation:

uyN —u
Sy (Vu); = |A|% +J - (Vu)y, (2.7)

where the following relation holds Sy = A + J. The first vector A is chosen parallel to S¢.
The term (Vu); is obtained through interpolation of the the values of the gradient at the
cell centers (Vu)y and (Vu)p in which the subscripts N and P indicate the values at the
center of the cells of the two neighboring cells. In the next section, the discretized equations
(written in matrix form) for velocity and pressure are addressed. Additionally, the segregated
pressure-based solver approaches are presented.

2.2 Segregated Pressure-Based Solvers for The
Incompressible NSE

After having introduced the discretization of the different terms in the NSE, one may proceed
to address the algorithm used in solving the discretized system. The algorithm employed in
OpenFOAM is a segregated pressure-based approach. Its version for the case of steady flows
is called the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) [117]. On the
other hand the Pressure Implicit with Splitting of Operators (PISO) [79] algorithm is utilized
for unsteady flows, also one may use the PIMPLE [110] algorithm which is a combined version
of PISO and SIMPLE.

The starting point is the discretized system of the NSE which can be written in matrix form

[Au] [V |u 0
= , (2.8)
[[v 01 0] ]p] "o
where A, is the matrix containing the velocity coefficients which comes from the momentum

equation, Ayu = % +V  (u®u) -V -v (Vu + (Vu)T>. The last system is called a
saddle-point system.

as follows:

The momentum equation in Equation 2.8 can be written as:
u+[A][VO)][p] =0, (2.9)

where A7! denotes the inverse of the momentum matrix in the discretized form. By applying
the divergence operator on the last equation, one obtains

[V O)lu+ [V - OIAL IV Ollp] =0, (2.10)



2.2. Segregated Pressure-Based Solvers for The Incompressible NSE 15

then by exploiting the free divergence constraint on velocity [V - (-)]Ju = 0, one may derive
the following pressure equation

[V ONA TV Ollp] = 0. (2.11)

Thus the matrix A,' acts as the diffusivity in the Laplace equation for the pressure. For
computational reasons, solving Equation 2.11 in this form is inconvenient. This is related
to the fact that A,! is likely to be dense. In addition the product of three matrices could
result in a dense matrix which rises the difficulty of solving the linear system. As a result, a
different approach is used in which the momentum matrix is decomposed into diagonal and
off-diagonal matrices:

[Ay] = [Du] + [LU,], (2.12)

where [D,,] is a diagonal matrix and therefore can be easily inverted, and [LU,,| is the matrix
containing the off-diagonal part of [A,,]. Inserting Equation 2.12 into Equation 2.8, yields
the following modified system

D (VO[] _ [1L0I]
[[V-(-)] []”p]‘[ 0 ] 213)

This gives the following equation for pressure:

[V - OIDL VO] = =[V - OID, N[LU][u]. (2.14)

The last equation is a Poisson equation for pressure with the diagonal part of the momentum
equation acting as a diffusivity, while divergence of the velocity is on the right hand side.
The last derivation of the pressure equation is referred to as the pressure equation as a Schur
Complement.

In the next part of this section, the same derivation will be done without having to use the
assembly of Schur’s complement. The first step is to write the discretized momentum equation,
for each control volume, namely:

apup + Za%u]\; =rp, — VD, (2.15)
N

where P represents a generic cell center and N is the set of neighboring points around it
(Figure 2.1), uy and up are the velocities at the centers of two neighboring cells, a¥% is the
vector of diagonal coefficients of the equations, a¥ is the vector that consists off-diagonal
coefficients and r,, is a term that contains any r.h.s contributions. For sake of simplicity, one
may introduce the operator H(u) = 7, — >y afuy which contains the off-diagonal part of
the momentum matrix and any r.h.s contributions. It follows:

apup = H(u) — Vp, (2.16)
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and

up = (ap) " (H(u) — Vp). (2.17)

Inserting the last expression for wp inside the continuity equation V - u = 0, gives:
V- [(a}) "' Vp] = V - [(ap) " H(u)]. (2.18)

The last pressure equation is equivalent to the one in Equation 2.14, where it can be noticed
that a% is a coefficient in the diagonal matrix [D,,] and that H (w) is the product [LU,|[u].

The mass flux through each face of the control volume is denoted by Fy. Equation 2.17 and
Equation 2.18 are used together with the discretized version of the continuity equation to
update the mass fluxes F.

Fy=wuy-S;p=—(ap)"'Sy- Vp+(ap)™' Sy - H(u). (2.19)

The term (a%)~*S; - Vp is computed in a similar manner to Equation 2.6:

(@2)1S; - Vp = (@) 3 0 — ) = (o — po), (2.20)

d|
where pp and py are pressure values at the centers of two neighboring cells and af; = (a%)™* %

which represents the off-diagonal matrix coefficient in the pressure equation.

At this point, the SIMPLE algorithm may be introduced. The first step in this algorithm is
called the momentum predictor step, where one solves the momentum equation 2.16 for an
initial guessed pressure field p*. Then using the obtained value of the velocity u* from the
last step one may assemble the new off-diagonal vector H (u*). This is followed by solving the
Poisson equation for pressure 2.18 to correct the pressure field. The next step is to assemble
the conservative flux fields F; before going through the cycle again and carrying out the
momentum predictor. This procedure is repeated till convergence is achieved. However, the
pressure correction equation in its current form is prone to divergence [148]. In order to assure
convergence, under-relaxation is employed.

The pressure field which results from solving the Poisson equation in 2.18 is p* + p/, where
the resulted pressure field is seen as the sum of the guessed initial one p* and a correction
term denoted by p’. The under-relaxed pressure field is modified as follows:

P =p"+app, (2.21)
where «, is the pressure under-relaxation factor. If oy, = 1 this means that no under-relaxation
is introduced and this choice of «, is too large for stable computations, particularly when p*
is far away from the final solution. A zero value of o, means that no correction is introduced
at all, which is obviously unwanted. Therefore, the value of o, should be taken in the range
of (0,1) so as to allow to add a correction term which is a fraction of p’. This term should be
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large enough to move forward the algorithm towards convergence and at the same time small
enough to secure stable computations.

Unlike pressure, the under-relaxation for the velocity is not explicit, instead momentum
under-relaxation is implicit, where the discretized momentum equation in 2.16 is modified by
adding artificial terms as follows:

e -«
—apup + apup = H(u*) — Vp* + -
u u

abu. (2.22)

The new added terms consists of the new under-relaxed velocity values denoted by u} and

the old ones denoted by up. These terms cancel each other in case of convergence. Here a, is
the velocity under-relaxation factor, the above equation simplifies to

1 1— Ay,

—apuy = H(u") — Vp* +

u u

abuh. (2.23)

As for the guidelines for choosing under-relaxation factors, there is no straightforward way for
setting their optimum values, where in fact their values depend on the type of problem and
the flow. However, in the literature it is recommended that:

0<a, <1,
0<a,<l, (2.24)

oy, + ap ~ 1.

Let us summarize the important aspects of the SIMPLE algorithm. In the SIMPLE algorithm,
the role of pressure in the momentum equation is to ensure that the velocity field is divergence
free. After carrying out the momentum predictor step, the velocity field does not satisfy the
divergence constraint since the pressure field is a guessed one. Consequently, the pressure
field is corrected and this gives a pressure field which consist into two parts. The first one
is physical and thus consistent with the global flow field, while the other one represents the
correction term which guarantees the continuity. Only the first component of the pressure
field is desired and used in building the physical pressure field. To build this physical pressure
field, the SIMPLE algorithm resorts to the under-relaxing approach explained in this section.
The full SIMPLE algorithm is outlined in Algorithm 1.

The SIMPLE algorithm is used in OpenFOAM for solving the velocity-pressure coupled
system for the case of steady flows. This algorithm may be extended to transient simulations,
however, the most used transient solver in CFD codes is PISO. In the remaining part of this
section, the PISO algorithm is addressed. The PISO algorithm is based on the idea that for
low values of the Courant number (small time steps) the pressure-velocity coupling is much
stronger than the non-linear u — w coupling in the convective term. Thus it suggests that a
repeated number of pressure corrections can be carried out without having to rediscretize the
momentum equation. The PISO algorithm consist into two correction steps for the pressure
field. The first one will yield a conservative velocity field, while the second will give back a
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more physical pressure field. The usage of more than one pressure corrector implies that it
is not necessary anymore to under-relax the pressure field. However, one thing that could
be seen as a drawback of the PISO algorithm is that it is assumed that the momentum
discretization is not needed when the pressure correctors are applied. This last assumption is
only true for small time steps, which forces that the maximum Courant number [45, 46] has
to be under the value of Co,,4, = 0.9.

Algorithm 1 The SIMPLE algorithm

1: Start with an initial guess of the pressure field p* and the velocity field w*.
2: Momentum predictor step : solve the discretized momentum equation for the guessed pressure field p*:

agup = H(u*) — Vp*.

3: Calculate the off-diagonal vector H (u*) after obtaining the velocity field w*.
4: Correct pressure and velocity: the new pressure field is computed based on the obtained velocity field from the last step:

V- [(a})7' V] = V- [(a}) T H (u")].

Then correct the velocity explicitly by:
ap = (ap) ' (H(u") - Vp).

5: Relax the pressure field and the velocity equation with the prescribed under-relaxation factors ap and ay, respectively.
The under-relaxed fields are called p** and u**
6: Assemble the conservative face flux Fy:

Fy=uj-Sy=(a$)” 'Sy H(u™) —al, (0§ — p¥).

7: Set u* = u** and p* = p**
8: Repeat until achieving convergence.

The PISO algorithm starts in a similar way to the SIMPLE, where it uses a guessed pressure
field to carry out the momentum predictor step. Then it assembles the H (u*) vector and
corrects pressure and velocities. The next step represents the key difference between the two
algorithms, where at this point the velocity field has been corrected after solving the pressure
equation. This means that the H vector has been changed and so has the source term in
the pressure equation, which makes the pressure field no longer correct and thus one has to
update the H vector. To address this issue, the SIMPLE the algorithm goes all the way back
to the momentum equation and performs another momentum predictor, and thus it obtains
a new velocity value which will be used to update the H vector for resolving the pressure
equation. On the other hand, in the PISO loop the momentum predictor is just done once.
In more details, rather than solving the momentum equation for the second time, it uses
the corrected velocity field to update directly the H vector and then performs the second
pressure correction step. The PISO complete procedure is structured in Algorithm 2.

There are other transient solvers which could be used for solving the couple velocity-pressure
system. We mention here the PIMPLE algorithm which merges PISO and SIMPLE. The
PIMPLE algorithm contains an outer loop which iterates over the PISO procedure resulting in
a more robust algorithm in terms of stability. The number of times the outer loop is entered is
known as the number of outer correctors of the PIMPLE; if it is set to one then the PIMPLE
replicates the PISO.
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Algorithm 2 The PISO algorithm

1: Perform steps 1 — 4 in the SIMPLE algorithm:

e Solve the discretized momentum equation.
e Update the off-diagonal vector H.

e Solve the pressure correction equation.

e Correct pressure and velocities.

2: Solve the second pressure correction, and obtain the second pressure correction component p”.
3: Correct pressure and velocities, this step gives p*** and uw***.

* %

p * — p* + p/ + p//
4: Assemble the conservative face flux Fy:
Fy=uj-Sy=(ap) 'Sy Hu™") —af (b§* — p5™).
Set u* = u*** and p* = p***

Go to step 1 if convergence is not reached.
Proceed to the next time step if the final time is not reached.

2.3 Proper Orthogonal Decomposition (POD)

The Proper Orthogonal Decomposition (POD) is a technique which was first introduced for
the identification of coherent structures in turbulent flows [133, 9]. The POD has been used
then extensively in the generation of the reduced order spaces [149, 26, 12, 33, 19]. The
method can be described as a process of exploring and compressing information embedded in
high-dimensional spaces, and at the end this procedure retains the important information.
One of the possible ways of carrying out the POD is based on the method of snapshots. In this
thesis, we rely on this method for the generation of the POD reduced order space. The method
starts by sampling the parameter space and computing the FOM solutions for each value of
the parameter samples. Each of the FOM solutions computed is called a FOM snapshot. A
finite discrete parameter set Py = {1, to, ..., par} is sampled from the parameter space P,
the cardinality of Py, is equal to M. In the general case of unsteady flows, the FOM solutions
for the parameter samples are computed for different time instants {t,,ts, ..., tn,} < [0, 77,
this means that the total number of snapshots is Ny = M « Np. The snapshots matrices S,
and S, for velocity and pressure, respectively, will be given by:

S. = {u(x, t1; 1), ..., u(x, tyy; par)} € RN N (2.25)

Sp = {p(x,t; ), ooy P, vy pag)} € RV (2.26)
where N and NI’} are the degrees of freedom for velocity and pressure fields, respectively.

The velocity and pressure POD spaces are the ones that solve the following minimization
problems:
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N, N,

Viop = arg min]\lfs 21 ISy — 21(83, q’)i)Lz(g)qbiH%z(m forall N,=1,...,N,, (2.27)

1 N Np

Vihop = arg minﬁs 21 IS, — Zl(SICL,Xi)LQ(Q)Xi||%2(Q) forall N,=1,..,N,, (2.28)
where §;) and Sg are the n—th velocity and pressure snapshots, respectively, which have been
obtained for a value of the parameter which belongs to the finite parameter set Py, and acquired
at any time instant inside the time window [0,T]. The POD spaces are spanned by the POD
basis/modes, namely V%, = span{[¢;]¥}, and V2, = span{[x:]~%}, with N, << N,
N, << N;}. Therefore, the construction of the POD spaces requires the computation of the
velocity POD basis [¢;]Y4 and the pressure POD basis [x;]7,. Solving the minimization
problems reported above is equivalent to solve the eigenvalue problem of the correlation matrix
of the velocity and pressure fields, respectively [93]. The case of the velocity is addressed as
follows:

), - (58

1) ey (2.29)

where C* € RMs*Ns ig the velocity correlation matrix. One can show that the velocity POD
modes are computed as follows [137],

1 Qo
b; = AL (2.30)
7j=1

N Y -

where V% e RM*Ns i5 the matrix whose columns are the eigenvectors of C* and A% is a
diagonal matrix whose entries are the eigenvalues of C*. Similar procedure can be followed
for the computation of the POD pressure modes [X,]fvjl

The POD space is optimal in the sense that, for any choice of the number of modes, it
minimizes the difference between the snapshots and their projection onto the modes in the L?
norm. In this thesis, the POD is applied on the snapshots matrices which have snapshots
from mixed parameter values and acquired at different time instants. Other procedures for
the generation of the reduced order space can be followed. Examples include the nested POD,
where the POD is applied on the set of snapshots obtained by each parameter value and
then another POD procedure is carried out on the resulting POD modes from the first step.
Another approach is the one utilized in [67], where a POD-Greedy method (POD in time and
RB method with the greedy algorithm in the parameter space) is used for the generation of
the reduced order space.
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2.4 Momentum Equation Solely ROM

After having introduced the POD method in the previous section, one may perform the
projection procedure in order to construct the reduced order system. As mentioned earlier, in
this thesis Galerkin projection is employed resulting in a POD-Galerkin ROM. At this point,
different procedures could be followed for what concerns the construction of POD-Galerkin
ROMs designed to reduce the NSE. In this section, the most simple option is addressed.
This approach consists of the usage of just the momentum equation of the incompressible
Navier—Stokes equations 2.1 at the reduced order level [103].

The assumption on which projection-based ROMs sit is that the dynamics of the PPDEs
system can be described by few dominant modes. These modes when suitably combined, they
give an accurate reproduction of the full order solution. The last assumption translates to the
following decomposition approximation of velocity and pressure fields:

u(z, t; ) ~ up(x, tp) = S0 aits ) i),

. (2.31)
p(x,t; p) ~ pe(x, t; p) = 3575 ailt; p)xi(@),

where u,. and p, are the reduced velocity and pressure fields, respectively, while ¢;(x) and
Xi(x) are the reduced modes for velocity and pressure, respectively. These modes do not
depend on p and t. The reduced order degrees of freedom are denoted by a;(¢; p) for both
of velocity and pressure, the number of these degrees of freedom is N, (notice that NV, and
N, in Equation 2.27 and Equation 2.28 are equal to N, in this formulation). The temporal
coefficients a;(t; ) depend on time ¢ and on the parameter vector p. One can notice that in
Equation 2.31 the velocity and pressure fields share the same temporal coefficients. This last
assumption makes the projection-based ROM simpler as mentioned earlier. However, this
assumption has several limitations and drawbacks as it may be foreseen, in the next sections
these drawbacks will be addressed in greater details.

The velocity POD modes are computed using Equation 2.30. On the other hand, the pressure
modes in this formulation are computed using the eigenvectors and the eigenvalues obtained
in the SVD procedure for the velocity POD modes. Thus, the pressure modes are expressed
as:
1 &
Xi = o AL (2.32)

toj=1

The next step in building the POD-Galerkin ROM is to project the momentum equation of
2.1 onto the velocity POD basis [¢;]7; as follows:

<¢i7 Cu +V-(u®u) -V v (Vu + (V’u,)T) + Vp) = 0. (2.33)
ot @)

The following reduced order dynamical system is obtained after inserting the decomposition
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assumptions of Equation 2.31:
a=v(B+ Br)a—a'Ca— Ha, (2.34)

where a is the vector of reduced order degrees of freedom, and each of B, By, C and H is
either a reduced order matrix or tensor. These terms are computed as follows:

(Bl = (6.V - 8,) . 239
(Br)i; = (qbi,V : (V¢f))L2(Q), (2.36)
(Cijr: = (¢ V - (5 @ Pr)) 1 » (2.37)
(H)ij = (¢i, VX5) 1200 - (2.38)

It is important to mention that the convective non-linear term in the Navier-Stokes equations
is approximated at the reduced order level through a third order tensor C. This last approach
in handling the non-linear term in the momentum equation could potentially increase the
computational cost when the number of reduced velocity modes grows. Other techniques
for the treatment of this term include EIM-DEIM methods [159, 20| and the Gappy-POD
method [37]. At this stage, Equation 2.34 can be solved for the reduced degrees of freedom of
the fluid dynamics fields. This system can be integrated for time values which are outside the
time window in which snapshots were acquired, namely [0,7"]. That case is referred to as
extrapolation in time.

In the context of reduced order modeling, the notion of having two fully decoupled stages
named the offline and the online stages is crucial. The offline stage represents the training
stage which starts by sampling the parameter space. Then the FOM simulations are run
and snapshots are acquired. The last step in the offline stage involves the computation of
the POD modes, as well as any other term which depends on the POD modes such as the
reduced order matrices and tensors. The offline stage is characterized in being of significant
computational cost since the computations depend on the dimension of the FOM. On the
other hand, the online stage involves fast computations which should not depend on the
dimension of the FOM. In the POD-Galerkin ROM developed in this section, the online stage
consists of solving Equation 2.34 for parameter values which could be new ones with respect
to those used in the training of the model.

2.5 Momentum and Poisson Pressure Equations ROM

This sections presents a POD-Galerkin ROM which is based on the usage of both the
momentum equation and the Poisson pressure equation at the reduced order level. This
ROM approach is first presented in [137]. This POD-Galerkin ROM can be used only for the
reduction of unsteady flows.
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The POD-Galerkin ROM presented in the last section has shown lack of accuracy for what
regards the reconstruction of the pressure field at the reduced order level. An accurate pressure
approximation is imperative as many outputs of interest depend highly on the pressure field.
Consequently, stabilization methods have been considered in order to reproduce the pressure
field in an accurate fashion. In this thesis, two stabilization techniques are addressed. The
first one exploits the Poisson equation for pressure at the reduced order level which makes, the
separation of the pressure reduced degrees of freedom from the ones of the velocity, possible.
The Poisson equation for pressure can be obtained by taking the divergence of the momentum
equation in 2.1 and then taking advantage from the fact that the divergence of the velocity
field is null. The resulting system is the following:

-

%’;—i—V-(u@u):V.l_pl—i—V(Vu—i—(Vu)T)] in 2% [0,77,

(A ==V (V- (u®u)) in 2, (2.39)
+ Boundary conditions on I" x [0,T],

|+ Initial conditions in (£2,0).

We remark that the ROM developed in this section can not be used for the reduction of
steady flows [84, 99]. In fact, among the possible choices for the pressure boundary condition
which is required to render the PPE formulation of the NSE equivalent to the original one,
we selected one which ensures that the velocity is divergence free only in the unsteady setting
(see the remark in section 2 in [84]).

The reduced order decomposition assumptions in this case are:

u(@, t; p) ~ un(x, i p) = Y0 ai(t; p)di(x),
pla,t; ) ~ p,(a, b ) = S0 bi(t; p)xa(),

where one can see that new temporal coefficients denoted by b;(¢; ) have been introduced

(2.40)

for the approximation of the reduced pressure field. It is worth mentioning that the way
the pressure modes are computed now is different to the previous section, where the SVD
decomposition of the pressure correlation matrix CP € RM*Ns has to be done. The entries
of the matrix CP are:

(CP)ij = (Sé,SZ)LQ(Q), (2.41)
then the pressure modes read as follows:
1 i :
Xi = 5 2 SIViE, (2.42)
NSAZP j=1 Py

where AP is the matrix containing in its diagonal the eigenvalues of the pressure correlation
matrix CP and VP is the corresponding matrix of eigenvectors. At this point one may proceed
in performing Galerkin projection of the equations. The momentum equation is projected
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onto the velocity POD modes, while the Poisson equation for pressure is projected onto the
pressure POD space, these projections yield:

(qbi, ‘;‘Z LV (u@u) -V [_pl +v (vu + (vW)D —0, (2.43a)

L2(02)
(in,Vp +V- (u®u))L2(Q) —v(nxVyx,Vxu), —(n R),=0, (2.43Db)

where in the last equation, R is the initial velocity field. Substituting the reduced order
approximations into the projected equations gives the following reduced order dynamical
system:

a =v(B + Br)a —a’Ca — Hb, (2.44a)
Db+ a’Ga—~vNa— L =0, (2.44b)

where the new additional matrices and tensors are defined as follows:

(D)i; = (Vxi, VXj)Lz(Q) , (@)ige = (Vxi, V- (¢ ®¢k))L2(Q) ; (2.45)
(N)ZJ = (n X VXZ, V X ¢j)F’ (L)z = (XZ,’I’L . Rt)r . (246)

The reduced order system Equation 2.44 is a differential-algebraic system of equations (DAE).
This DAE can be solved to obtain at the end the reduced order vector degrees of freedom for
velocity and pressure named a and b, respectively. As mentioned earlier the ROM approach
presented in this section is restricted to work with unsteady flows. Therefore, a different
ROM procedure is needed for the treatment of steady flows.

2.6 Momentum and Continuity Equations ROM using
a Supremizer Stabilization Method

The supremizer enrichment approach introduced in [16] has been successful in stabilizing
POD-Galerkin ROMs. This approach is based on enriching the velocity POD space by
velocity-like modes which solve a supremizer problem associated with each of the pressure
modes or snapshots. This procedure guarantees the fulfillment of a reduced order version
of the inf-sup condition. As it will be shown shortly, employing the supremizer enrichment
technique in the ROM formulation will allow the usage of the continuity equation at the
reduced order level.

It is worth mentioning that there are two versions of the supremizer enrichment technique.
The first one called the exact supremizer enrichment in which one solves the supremizer
problem for each pressure mode x; obtaining at the end the velocity-like mode s(x;). Then
the supremizers [s(x;)]Ys are added to the velocity basis. In the second approach called
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approximate supremizer enrichment, the supremizer problem is solved for each pressure
snapshot S; which gives the supremizer S(S;’;). Then a POD is applied on the supremizer
snapshots matrix which yields the supremizer POD modes. These modes are then used to
enrich the velocity POD space. If we adopt the first approach, the supremizer problem reads

as follows:
Asiz—Vi i Q,VieVp s
X m X POD (247>
s; =0 on 0f2.
The supremizer space is then constructed:
rop = [s(x1), s(x2), -, s(xw, )]- (2.48)
After that the velocity POD space can be enriched with the supremizer modes:
NQILDOD = [le, ey ¢Nu:| @ [817 ey SNS] € RN"}LLX(NquNS). (249)

The enriched velocity POD space V%, and its i-th basis ¢; will still be called Viop and @;,
respectively, for making the notations easier. However, the dimension of the original velocity
POD space N, will still have its meaning, and if the supremizer approach is used in the ROM
formulation then Ng will be mentioned explicitly.

The original velocity POD modes (see Equation 2.30) are a linear combination of the velocity
snapshots which are divergence free. Therefore, the projection of the continuity equation onto
the pressure modes would have made no sense since the velocity modes have zero divergence.
Now after introducing the supremizer modes, one may utilize the continuity equation for the
projection procedure. The velocity and pressure decomposition assumptions are the same
as the ones used in the previous section in Equation 2.40, also the velocity and pressure
POD modes are computed in the same way. The projection of the momentum and continuity
equations reads as follows:

(@-, i}: +V (u®u)—V- [_pI + v (Vu + (Vu)T)]> =0, (2.50a)

L2(02)

The reduced order dynamical system resulted from inserting the reduced approximations into
Equation 2.50, is the following:

Ma = v(B + Br)a —a’Ca — Hb, (2.51a)
Pa =0. (2.51D)

The new reduced matrices M and P are the mass matrix, that due to the additional supremizer
modes is not anymore unitary, and the matrix associated with the continuity equation. The



26 2. Projection-based ROMs for the NSE in FV

entries of the two additional matrices are given by:

(M);; = (s, ¢j)L2(Q) ; (2.52)
(P)ij = (xi, V- ¢j)L2(Q) : (2.53)

2.7 Non-homogeneous Dirichlet Boundary Conditions
Treatment

In simulating physical fluid dynamics problems, it is often required to impose non-homogeneous
Dirichlet boundary conditions on certain parts of the boundary. This might be the case in
inlet-outlet problems, where it is natural to have non-homogeneous Dirichlet velocity condition
at the inlet. In the context of PPDEs, it may be very well the case that this non-homogeneous
boundary velocity vector is the parameter under study. These aspects make the treatment of
the non-homogeneous Dirichlet boundary conditions essential for building an accurate reduced
order model.

The methods employed for the enforcement of non-homogeneous boundary Dirichlet condition
include the penalty method [30, 10, 21, 88, 131] and the lifting function method [59, 62, 73].

Before entering into the details of both methods, we introduce the following notations: let
I'p < I' be the Dirichlet boundary that might be composed by separate boundaries, i.e.
I'p=1p;ulp,y..ulpg. Let Ngeo be the number of velocity boundary conditions we would
like to impose on some parts of the Dirichlet boundary. It is important to clarify that, each
non-zero scalar component value of the velocity field that has to be set at one part of the
boundary, is counted as one boundary condition. As an example, in a two dimensional problem
let Ur,, = (U;,0) and Ur,, = (UZ2,0) be the velocity vectors that must be imposed at the
Dirichlet boundaries I'p; and ['ps, respectively. In this case there are two non-homogeneous
Dirichlet boundary conditions to set and thus Npc = 2. Let Upc,; ; be the non-zero value of
the 2-th component of the velocity vector to be imposed at the reduced order level at the j-th
part of the Dirichlet boundary I'p;. Denote by Upc the vector of all scalar velocities Upc j,
this vector has a dimension of Np¢o, and its k-th element is called Upgcy,.

2.7.1 The Lifting/Control Function Method

In the lifting/control function method, the enforcement of the non-homogeneous boundary
condition is done by introducing a lifting function which carries the non-homogeneity. This
is followed by homogenizing the velocity snapshots by subtracting from each snapshots a
suitably scaled version of the lifting function. This results in a set of velocity snapshots
which have homogeneous boundary conditions. The POD method is applied on the new set
of velocity snapshots giving at the end homogeneous POD modes.
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The non-homogeneous Dirichlet boundary conditions are removed as follows:
U=u— UBC : ¢L, (254)

where ¢, € RVBe “Ni is a matrix of the lifting functions ¢r; ;. Each lifting function ¢, ;
has homogeneous Dirichlet boundary conditions in all parts of the Dirichlet boundary except
in the i-th component at I'p; where it has unitary value. At this point, one can apply the
POD method on the snapshots matrix:

Sa = {@(x, tr; ), .o, W@, iy par)} € RVDN (2.55)

In the online stage the boundary velocity vector given is called Ug which may contain values
different from the ones present in the original velocity snapshots. It is sought to approximate
the reduced order velocity field corresponding to Uj, the ROM velocity field is approximated
as follows:

Ny,
w(@, s Upe) ~ Upe - dp + ) ai()di(). (2.56)
=1

It can be seen above that the boundary velocity vector Ug¢ is assumed to be the parameter
under question. However, in the presence of non-homogeneous boundary condition/s for the
velocity field at a part of the boundary, the same described boundary treatment procedure
has to be followed in all the following cases:

e When building a ROM for the reproduction and extrapolation in time without parameters
(non-parametrized ROM).

e With the parametrized case with the boundary velocity vector being one of the parame-
ters.

e With the parametrized case with the boundary velocity vector not being a parameter.

The way of choosing a suitable lifting function is problem dependent. In the case of the
reduction of unsteady non-parametrized cases, where reduction aims to reproduce time
snapshots and potentially extrapolate in time, a possible choice of the lifting function could
be the average of the offline velocity snapshots. A more general approach for the generation
of appropriate lifting functions is to solve linear potential flow problems with a unitary
boundary condition for each non-homogeneous boundary condition to be set. These problems
are steady ones, therefore, an iterative procedure with a tentative velocity field is carried
out till convergence. While solving each of these potential flows, the value of the starting
guessed velocity field at the Dirichlet boundary has to be zero everywhere except for one scalar
entity where the lifting function is sought. The converged velocity field will be considered
as the lifting function corresponding to the non-homogeneous boundary condition at the
aforementioned entity. Besides the requirement of having unitary boundary condition, the
lifting functions have to be divergence free fields.
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The lifting/control function method can be adapted to work with the ROMs addressed in
section 2.5 (PPE-ROM) and section 2.6 (SUP-ROM). On the other hand, adapting this
method with the ROM mentioned in section 2.4 (U-ROM) is not straightforward. This is
because of the fact that the reduced order degrees of freedom of the velocity are the same as the
ones of the pressure. Therefore, the homogenization of the velocity snapshots in Equation 2.54
has to be accompanied with a procedure that obtains the corresponding pressure snapshots.
This procedure is not easily defined.

As a consequence of the additional lifting function mode/modes, the dimension of the velocity
POD space Vi, will be N,, + Npc and N,, + Ng+ Np¢ for the PPE-ROM and the SUP-ROM,
respectively.

2.7.2 The Penalty Method

The enforcement of the non-homogeneous boundary conditions in the penalty method is
done by presenting a constraint in the reduced order dynamical system. This is done by
adding a term in the reduced momentum equation which has zero value everywhere except on
the Dirichlet boundary. This method has been initially implemented in the context of the
finite element method in [10, 21]. In [59], the authors utilized the penalty method for the
enforcement of non-homogeneous time-dependent Dirichlet boundary conditions for the case
of the flow around a circular cylinder at Reynolds of 100. The POD-Galerkin ROM in [131]
introduced the penalty method in order to account for the time-dependent Dirichlet boundary
conditions, the authors presented a study of the accuracy and the stability of the method
depending on the penalty parameters values. The penalty method has been used also in other
ROMs such as in [87, 88, 81, 103, 137].

The method can be employed to all the ROMs mentioned in the previous sections. For
example the SUP-ROM addressed in section 2.6 will be modified as follows:

Npc

Ma = v(B + Br)a—a"Ca — Hb + 7( 2 (UpciD* — E*a)), (2.57a)
k=1

Pa =0, (2.57b)

where 7 is a penalization factor whose value is set by sensitivity analysis, or by automatic
tuning as recently presented in [142], where an iterative penalty method is presented. Generally
speaking, having a higher value of 7 leads to a stronger enforcement of the boundary conditions
but might ill-condition the dynamical system. The newly introduced boundary matrices E*
and vectors D* are defined as follows:

(E*);; = (¢,-,¢j)L2(FDk), forall k=1,..., Npgc, (2.58)
(D*); = (¢4) 21,y » forall k=1,.., Npc. (2.59)
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Unlike in the lifting function method, the POD is done here directly on the non-homogeneous
velocity snapshots.

2.8 Lift and Drag Forces Offline/Online Computations

In this thesis we are interested in recovering specific performance indicators which are
important in engineering problems. This section addresses one of them which is the forces
acting on the surface of bodies immersed in the flow.

The forces F' acting on the surface of a body denoted by 02y are given by the following
surface integral:

F = (2uVu — pI)nds. (2.60)
0925

As mentioned earlier, having full decoupling between the offline and the online stages is a
vital feature of efficient reduced order modeling. One may approximate the reduced order
forces Fi. by simply computing the following integral after reconstructing the reduced fields:

F, = (2uVu, — p.I)nds, (2.61)
02,

but this would require accessing the original mesh which means that the computational cost
of carrying out this integral will depend on N, (the number of degrees of freedom of the
FOM). Therefore, an alternative approach is needed for having an efficient reconstruction of
the fluid dynamics forces.

The approach which is used throughout this work involves inserting the reduced order
approximations in Equation 2.60. These approximations could be the uniform ones in
Equation 2.31 or the non-uniform ones in Equation 2.40. Assuming the latter approximations,
the forces are computed as follows:

Ny Np

F, = (Q/LV(Z a;(t; p) i (x Zb t; )y I)nds, (2.62)
aﬂf 1=1 =1

= 2“2 a;(t; u)Vi(x)nds — J Z bi(t; m)xinds, (2.63)
002y i=1 on
Nu P

F, = Z a;(t; p) f 2uV i(x)nds — Z bi(t; ) J xinds. (2.64)

i=1 002y i=1 082

Let:
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0, = J 2uV ¢ (x)nds, for i=1,...,N,, (2.65a)
09,

0, = f x;nds, for j=1,.., N, (2.65D)
292

where each of V¢;(x) and x; can be viewed as a velocity and a pressure field, respectively.
The terms (2.65a) and (2.65b) can be precomputed during the offline stage and then stored.

In the online stage when a new time and parameter values of t* and p*, respectively, are
introduced, the full order forces are computed as follows:

F(t*;p*) = f 2uVu(x,t*; p*) — p(x, t*; u*)I)nds, (2.66)
202,

while the reduced order approximation is the following

Ny

NP
Byt 17) = D) lt's p7)8 = D) by (5 4°)6) (2.67)
j=1

i=1

It is important to underline the fact that the above formulas for the reduced forces are valid
just in the case of affine parameter dependency.

2.9 Contents Summary

This section provides a summary of the contents of the current chapter. Firstly, this chapter
has introduced in section 2.1 the mathematical problem which is the Navier—-Stokes equations
for incompressible fluids. The discretization employed at the full order level in this work is
the finite volume discretization which has been addressed in subsection 2.1.1. The numerical
algorithms which are used by the full order solver are then explained in section 2.2.

Then the attention shifts to the reduction methodologies utilized in this thesis. At first,
the POD (section 2.3) as a method for generating reduced order spaces is addressed. Then,
a group of reduced order models (ROMs) dedicated to the reduction of the Navier—Stokes
equations are presented. These ROMs are based on different approaches when it comes to
the reduced solutions. The first one (in section 2.4) uses a uniform approach in which only
the momentum equation is needed for the determination of the reduced solutions. As for the
second one (in section 2.5), it makes use of the Poisson equation for pressure at the reduced
level. The latter ROM assumes that the velocity and pressure reduced solutions are different,
where the usage of the momentum and the pressure equation permits to close the reduced
dynamical system. The third ROM (in section 2.6) is based on a well-known stabilization
approach in the ROM community, which is the supremizer stabilization method. This ROM
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enriches the velocity space by adding to it the supremizer modes, this allows to use continuity
equation at the reduced order level.

In several applications, one may have non-homogeneous boundary conditions for the velocity
field at the Dirichlet boundary. For this reason, the methods for dealing with such conditions
at the reduced order level have been considered in this chapter in section 2.7. These methods
are the lifting function method (subsection 2.7.1) and the penalty method (subsection 2.7.2).
section 2.7 has addressed the differences between these two methods and the possibility of
merging them with the three ROMs presented earlier.

Finally, this chapter has explained how the reduced forces acting on a certain surface can be
computed in section 2.8. This procedure is recommended in reduced order modeling since
it is essential for avoiding a computational cost which is dependent on the dimension of the

FOM.

This chapter focused on laminar incompressible flows in finite volume setting. At this point,
the tools needed to address turbulent flows are partially in place. In the next chapter,
turbulence treatment at the full and the reduced order levels is going to be covered.






CHAPTER 3

Hybrid Projection-based /Data-driven

ROMs for the Turbulence Treatment
in the Incompressible Navier—Stokes
Equations

This chapter focuses on the turbulence treatment of the incompressible Navier—Stokes equation
at both the full and the reduced order levels. Firstly, the turbulence modeling part at the full
order level is explained with direct reference to the methodologies available in OpenFOAM.
The second part is devoted to the construction of versatile ROMs for turbulent flows with the
help of the paradigm of hybrid ROMs. The hybrid ROMs considered in this work employ a
data-driven technique for the approximation of the turbulent eddy viscosity. This data-driven
technique is the interpolation using the Radial Basis Functions (RBF). The interpolation
procedure is presented in two forms, in which different maps are constructed and approzimated.
Finally, other turbulent ROMs are presented.
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3.1 Turbulence Modeling in the Full Order Model

In chapter 2 we have addressed the finite volume discretization of the NSE. In addition, the
solution algorithms for both steady and unsteady flows have been presented. These aspects
(the discretization technique and the solution algorithms) of the full order model have been
discussed taking into account the methodologies available in the full order solver used in
this thesis which is OpenFOAM. In similar fashion, we are going to approach the issue of
turbulence modeling in the full order model, where we have to take into consideration what is
already available in OpenFOAM when we build the reduced order model. There are several
turbulence modeling strategies implemented in OpenFOAM. In this work we relied mainly on
two of them which are the Reynolds Average Navier—Stokes (RANS) equations and the Large
Eddy Simulation (LES). In this thesis we relied on the first option for treating turbulence at
the full order level. It is important to mention that turbulence modeling is a rich field, where
numerous models and techniques could be found in literature but here we aim at presenting
and discussing a small set of them, which are coinciding or closely related with the models
employed in this work’s computations. The next subsection aims to introduce the idea of
Reynolds averaging and the closure problem in turbulence. In subsection 3.1.2 the notion of
the eddy viscosity models is introduced.

3.1.1 The Closure Problem and Reynolds Averaging

One of the main traits of turbulent flows is that several flow properties in such regime exhibit
high frequency random oscillations both in the time and space domains. For such reason,
Reynolds [122] introduced the concept of time averaging, in which all the fields are expressed
as the sum of mean and fluctuating parts. In the majority of cases, the fluctuating component
appears as a vibration around an equilibrium, or average flow solution. In the rather common
case in which fluid dynamics simulations are only aimed at identifying the characteristics
of the mean flow one would ideally want to be able to only to solve for the time-averaged
part of the fluid dynamic variables. To this end, following the Reynolds procedure, after
decomposing all the variables into a sum of mean and fluctuating terms, the momentum and
continuity equations are time averaged giving rise to another system of equations. In such
averaged system, the unknowns are the mean components of all the flow fields. However the
non-linearity of the NSE leads to residual terms in which the fluctuations are still present
in the new system, where the number of equations is not equal to the number of unknowns.
This problem is called the closure problem. This section aims to give an idea about the time
averaging of the NSE and the closure problem.

If we consider a generic fluid dynamics scalar field called o(«,t), then the Reynolds decompo-
sition assumption of o(x,t) is the following:

o(z,t) = 5z, t) + o' (z, 1), (3.1)
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where &(x,t) and o'(z,t) are the mean and the fluctuating parts, respectively. In the case of
steady flows, the mean part 7 is a spatial field without dependence on time that is @ = 7(x).
In this case the mean field is computed as follows:

5(x) = lim ~ L R (3.2)

As for the unsteady case, assuming that the fluctuating and the mean fields time scales are T}
and T5, respectively. Time averaging is done by calculating the following integral

1 t+T
a(x,t) = TJ o(x,7)dr, T\ <T<Ts. (3.3)
t

The overbar notation is used from here on to indicate any time-averaged quantity. We here
recall that the time average of the mean field & («,t) is the mean field itself, while the time
average of the fluctuating part o’(x,t) is zero.

The idea of Reynolds averaging can be used to form a new set of equations for the averaged
part of each fluid dynamics variable starting from the NSE. Before doing that, deriving the
formulas of the time averaging of non-linear quantities is needed. We first consider the time
average of the product of two scalar quantities named ¢ and :

PP = (@ + )W+ ) = o + oY + V@ + ¢ = pp + ¢, (3.4)

where one exploits the fact that the product of a mean quantity and a fluctuating quantity
has zero mean. On the other hand, the quantity ¢7) is not zero and this basically means
that product of the means ¢ is not equal to the mean of the products ¢i. In fact the two
quantities ¢ and v are called uncorrelated if ¢’7)’ = 0, and otherwise they are correlated.

Once these instruments are in place, one may derive the Reynolds averaged NSE. Starting
from the NSE equations 2.1 but written in the scalar form:

5ui
=0 3.5
5@- ’ ( )
ou; ou; op 0S;i
- i +9 J 3.6
7 Yoz, T om o, (3:6)
where the Einstein summation convention has been used, and where S is the strain-rate
tensor, defined by:
1 (odu; Ou;
Sii = = ’ 1. 3.7
The convective term can be written as follows:
ou; 0 (uluj) % 0 (uzuj)

uj&a:j - &’cj _ulﬁxj - &xj ’ (38)
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where Equation 3.5 has been used, this will simplify the momentum equation to:

ou; N 0 (usuy) ~0Op

oluitg) 0P o, 0
ot é’:vj al‘, 61’3-'

(3.9)

The application of Reynolds time averaging to Equation 3.5 and Equation 3.9 leads to the
Reynolds averaged equations, namely:

ou;
= 1
on. 0 (amj + u;u;> op S,
. = — 2 I 11
ot * 8xj 8xz e ﬁlL‘j (3 )

We point out that the averaged continuity equation is identical to the original one, which also
means that the fluctuating velocity component u; has zero divergence. As for the momentum

equation, not all the fluctuating terms appearing in it have vanished. In fact, the term wju]
still appears in the momentum equation because of the non-linearity of the convective term.

The averaged momentum equation can be rewritten as

iy g 08 0Py,
(975 J&xj B (9xz (7.7)]'

, (3.12)

in which the term wju is often referred to as the Reynolds stress tensor R, where R;; = m
The Reynolds stress tensor is a symmetric tensor with 6 unknown components. Therefore,
the Reynolds averaging has brought 6 additional unknowns without any additional equation.
The system composed by Equation 3.12 and Equation 3.10 is called the Reynolds Averaged
Navier—Stokes (RANS) equations. The bottom line in turbulence modeling is to deal with
the Reynolds stress tensor in order to close the system so as to compute the mean flow fields.
This issue in turbulence modeling is the aforementioned closure problem.

3.1.2 The Eddy Viscosity Models (EVMs)

Over the years the closure problem has been addressed by several methodologies, characterized
by different computational costs and accuracy of the results. Among others we mention
methods which consists in deriving a transport equation for the Reynolds stress tensor
components. Such closure models are obtained by taking moments of the NSE, that is by
multiplying the NSE by a fluctuating quantity and then taking the mean. However, this
procedure will result in additional non-linear terms containing fluctuation products averages
which at the end increase again the number of unknowns. Specifically, these additional
unknowns include a correlation term involving fluctuating velocity components coming from
the convective term, and also other correlation terms from the diffusive part and a term
which amounts to a fluctuating velocity-pressure correlation. Overall, the procedure brings
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in 22 new unknowns, which makes the closure problem even more apparent, and forces to
approximate the unknown correlations in terms of the known mean flow fields. To avoid such
complexity, several algorithms in RANS turbulence modeling are based on the Boussinesq
eddy viscosity assumption [32]. The Boussinesq assumption (or hypothesis) states that the
Reynolds stress tensor is proportional to the trace-less strain rate tensor S, namely:

2
Rij = 2Vt8ij - gk‘éij, (313)
where k = %m is the turbulent kinetic energy and v, is the so-called artificial or eddy

viscosity. The turbulence models which employ the Boussinesq eddy viscosity assumption
are often called the Eddy Viscosity Models (EVMs). In these models, the eddy viscosity is
approximated making use of either algebraic relations or transport-diffusion PDEs for other
quantities which have an algebraic relationship with the eddy viscosity. The first group of
EVMs is the algebraic models or the zero-equation models. As an example we mention the
mixing length turbulence model [119]. First examples of PDEs-based model are represented
by the Spalart—Allmaras model [135]. In such model one solves for a viscosity-like variable
called 7, where the eddy viscosity is related to 7 through an algebraic relation. Richer EVMs
are based on solving two additional transport-reaction-diffusion PDEs for specific turbulent
flow variables. Among which we here mention the k — ¢ and the k —w models [85, 92]. In
these models, k, € and w represent the turbulent kinetic energy, turbulent dissipation and
the specific turbulent dissipation rate, respectively. The turbulent kinetic energy from the
turbulent velocity fluctuations u) is measured per unit mass:

1— 1
k= iu;u; = §(u’12 +uh® + uf’), (3.14)
while turbulence dissipation rate ¢ is the rate at which turbulent kinetic energy is converted
into thermal internal energy, and it is defined by:
. ou); ou

B 6a:k 6a:k )

(3.15)

As for w, it represents the conversion rate of turbulent kinetic energy into thermal internal
energy per unit volume and time. It is defined implicitly in terms of k£ and ¢, one of its varied

definitions is:
€

:TB*’

w

(3.16)

where 5* is a constant equal to 0.09.

The first form of a two equations turbulence model was presented by Kolmogorov in [92] which
is a k — w model. Later on, other forms of the £ — w model were proposed with significant
improvements such as in [125, 157, 158]. In [95] the standard k — ¢ is presented. Another
two equations model called the SST k — w has been presented in [104], this turbulence model
merges the £ —w model proposed by Wilcox and the k — ¢ model. In fact, it has combined the
advances in both standard version of the £ — ¢ and the £ — w models. The SST k — w is used
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extensively in the CFD community, as it is a good compromise for flows with detachment and
recirculation. This model also has been utilized in this thesis, for this reason we have chosen
to report its complete turbulence equations.

The turbulent kinetic energy k equation is

ok ok . 0 ok
E+U]57%:P_B Wkﬁ—aix] [(V‘f‘O’kVt) a:L']] 5 (317)

and the second PDE for the specific turbulent dissipation rate w is the following:

ow ow

— 4+ ui— 02 ak &w
6t ]al'j

0 ow
= af)? - 2y —_— 2(1 — Fy)— ——. Nl
af2? — pw” + oz [(V—I—awyt) 6xj] + 2( 1) w 3z; 3z, (3.18)

As for the terms and the constants which appear in the two equations above, they are defined

as follows:
ou; 1( odu; OJu,
P = mi L~ 108* = t_ Q. = A/ 2W.. W..
min (Rm al'j’ OB Wk) ) VVz ) (ax] al'Z) ) s WZ]VVZJ?
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v, = : 6= Fipr + (1 — F) o,
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Fy = tanh (argy), arg, = min | max (5*wy’ y?w | 7 CDyyy?

1 0k
CD;,, = max <2p0w28&u7 1010> ,

w 0x; 0x;
VE 500y)
Brwy’ yPw
or1 = 0.85, 0w = 0.65, B = 0.075,
Oro = 1.00, 0uo = 0.856, (35 = 0.0828,
B* =0.09, a, =0.31.

Fy = tanh (argg) , arg, = max (2

Hence the RANS equations complemented by the SST k — w turbulence model are written as
follows:
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.
XLV -(ueu) =V- [—pI + (v +w) (Vﬂ+ (VU)T>] in £2x[0,T7,
V-u=0 in 2 x (0,71,
Vt:m, in 2 x [0,7T],

J % 4w VE = P— fwk + V- [(v + o) V], in 2> [0,T],  (3.19)
%J +uw-Vw = an—ﬁwQ+V- [(y+awyt)VWJ
+2(1 - 1) %2V - VE, in £2 % [0,T1,
+ Boundary conditions on I" x [0,T1],

(Tt Initial conditions in (£2,0).

The RANS equations have been utilized extensively in literature for modeling turbulence in
different fields. In [55] one may find an application of the RANS in aerodynamics. In the
last work, the RANS equations have been used for modeling high-speed aerodynamic flow
transition. In [89], the work employs the RANS equations for simulating steady turbulent
problems in automotive engineering using the Spalart—Allmaras turbulence model. The RANS
equations has been used also in studying wind dynamics in civil engineering, in [108] the
authors present a three dimensional study involving the use of steady RANS for the prediction
of mean wind pressure distributions on windward and leeward surfaces of a medium-rise
building with and without balconies. In [53], the RANS equations with the & — ¢ model
are used to describe the hydrodynamic flow around the boat. The work [47] presents an
application of the RANS equations for the design of sailing yachts.

3.2 Hybrid Projection-based /Data-driven ROM for
Turbulent Flows

In section section 3.1 we have addressed turbulence modeling at the full order level. The focus
now shifts to the treatment of turbulence at the reduced order level. We have mentioned that
turbulence is simulated using the RANS equations with the help of a suitable eddy viscosity
model. Thus, the construction of a turbulent ROM has to take into account the fact that
the full order model involves several different turbulence variables. This is the case due to
the abundant number of EVMs available to the user of OpenFOAM for closing the RANS
equations.

The methodology which could be adapted at the reduced order level could involve decomposing
each turbulence variables such as k, ¢, w or 7 into a finite sum of spatial modes multiplied
by temporal coefficients as was done with velocity and pressure in Equation 2.40. This is
followed by carrying out the POD procedure onto the snapshots of each turbulence variable.
After that, a Galerkin projection of the additional transport-diffusion PDEs can be done
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resulting in a reduced version of each turbulence PDE. A set of reduced equations is obtained
from the projection of the momentum, the continuity and the turbulence additional equations.
These reduced equations are then coupled and the reduced solution for velocity, pressure and
each of the turbulence variables could be obtained by solving the coupled system. Yet, the
last approach has several issues and is deemed inconvenient, in particular for the following
reasons:

e The approach renders the task of solving the reduced order system in the online stage
complex. This is because of the additional equations which have to be treated at the
reduced order level, where the turbulent additional equations are characterized usually
of having high level of non-linearity.

e The approach forces the creation and the maintenance of a ROM for each turbulence
closure model available at the full order level. This customization of the reduced order
model is clearly not practical, for instance a popular library such as OpenFOAM is
well-supplied with various closure models. All of which would require a separate and
specific reduced order model.

The last mentioned approach has been ruled out in this work due to the fact that the goal is
to design unified reduction methodologies which work with multiple full order model solvers,
each coming with its own specific implementation of several different turbulence models. To
this end, the proposed approach in this thesis involves the extension of the decomposition
assumption in Equation 2.40 only to the eddy viscosity v, without doing the same for the
other turbulence variables such as k, €, w or . This essentially means that a reduced order
version of the eddy viscosity (v4,) is introduced, namely:

Ny,
v(@,t;p) ~ v (@t ) = . gt wmi(), (3.20)
i=1

where 7;(x) is the i-th eddy viscosity POD mode and g;(t, p) is the i-th coefficient of the POD
expansion. If one considers the above expansion as an extension to those used in sections 2.5
and 2.6, then it can be seen that the reduced eddy viscosity assumes a different set of degrees
of freedom to a;(t, ) and b;(t, ), which are the reduced velocity and pressure solutions,
respectively. Indeed, in principle, g varies over time responding to variations of a and b. This
reflects at the reduced order level, the fact that the turbulent viscosity in every EVM depends
on the mean flow field variables. At this point, one has to find a suitable way to compute the
eddy viscosity reduced solution [g; (¢, ,u)]ZN:”{. Since the specific turbulence equations of each
EVM will not be used, the approach chosen for the computation of the reduced eddy viscosity
coefficients is based on data-driven methods and in particular interpolation with Radial Basis
Functions [96, 105]. In detail, the reduced turbulent model treatment starts with computing
the eddy viscosity modes making use of the snapshots method as explained in section 2.3.
First, we define the eddy viscosity snapshots matrix:

SVt = {Vt(watl;u‘l)a"'al/t(watNT;u’M)} € RNLZXNS, (321)
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where Sf,t is the i-th column of the eddy viscosity snapshots matrix S,,. Then the eddy
viscosity correlation matrix is computed

Cc),; — (si ,SJ') . 3.92
( ) J vy vt LQ(.Q) ( )
The eddy viscosity modes are then expressed as:
1 O
Ui N Z SZtV;;’t, (3.23)
B ) ]:1

where the matrix A¥* contains in its diagonal the eigenvalues of the matrix C** and V** is
the matrix whose columns are the corresponding eigenvectors of C**.

The next step consists into the training of the RBF using the data of the snapshots acquired.
N,

Later, during the online stage the coefficients [g;(¢, p)],Z% are interpolated.

We will extend the SUP-ROM presented in section 2.6 for the turbulent case with the
decomposition assumption 3.20. This means that the momentum equation is projected onto
the modes of the velocity and the continuity equation is projected onto the modes of pressure,
with the usage of the supremizer stabilization approach. These projections will result in the
following DAE:

Ma = v(B + Br)a —a’Ca + g" (Cry + Cr3)a — Hb, (3.24a)
Pa =0, (3.24b)

where g is the vector containing the reduced order degrees of freedom of the eddy viscosity,
and the new terms in the DAE above are defined as follows:

(CTl)ijk = (¢z> 77]V : Vd)k)Lz(Q) y (325>
(Cra)i = (6 V- 0(Ve])) | (3.26)

L*(92)

The system 3.24 has N, + N, equations while the number of unknowns is N, + N, + N,,.
This problem is solved, as mentioned, by employing an interpolation technique to obtain the
vector g. Thus for the vector g we are using a data-driven approach known in the literature
as POD-I [151, 150, 127]. We would like to mention that the ROM in section 2.5 can be
extended to the turbulent case as done above but the drawback of not working in the steady
case will persist, therefore we have firstly extended the SUP-ROM. We remark that the system
in 3.24 will have the penalty additional terms in case of using the penalty method for the
treatment of the non-homogeneous boundary conditions.

The reduced order model that is put forward makes use of the projected momentum and
continuity equations to obtain the reduced solution of the velocity and the pressure. On the
other hand, it employs data-driven techniques for the approximation of the eddy viscosity
solution manifold. These kind of ROMs are termed as Hybrid ROMs because they merge the
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classical projection-based methods with data-driven techniques. It is often common to label
the projection-based methods with the term intrusive, while the term non-intrusive is used to
describe the methods which employ the usage of the data. In this thesis we will refer to the
ROM given by the reduced DAE in 3.24 as H-SUP-ROM.

The data-driven methods are helpful in approximating the maps between various terms and
quantities which appear in the FOM formulation of the NSE. In this thesis, the data-driven
method selected is, as mentioned, interpolation using RBF. This method is used for the
purpose of approximating the coefficients [g;(¢, u)]fvz”{ in 3.24. In order to do this, one has to
make use of the data available for what concerns the eddy viscosity. This task can be done by
properly choosing the maps needed to be approximated, or in other words, by choosing the
suitable independent variable of the RBF interpolation. In the upcoming subsections, we are
going to present two different methodologies for carrying the out the interpolation step with

their corresponding hybrid ROM.

3.2.1 Hybrid ROM with RBF Interpolation Based on the
Time-Parameter Values

In this subsection, we are going to assume that the independent variable of the RBF interpo-
lation is the vector that merges the time and the parameter values. In order to render the
methodology clear, we are going to set up the following conventions and notation, let X, ; be
the set given by:

X[J,,t = PM >< {t17t27 "'7tNT}7 (327)

here X, ; is the Cartesian product of the set containing the time instants at which snapshots
were acquired and the discretized parameter set. The set X, ; has a cardinality N, and its
1-th member will be denoted by m;“ It can be seen that there is unique correspondence
between the elements of X, ; and the columns of the matrix of snapshots (for all fields) used
in the offline stage for the construction of the reduced basis.

The parameter sample introduced in the reduced order model at the online stage is denoted
by p* . In order to have an accurate ROM result, the value of u* should be close enough
to the values of the parameter samples used in the offline phase. Let t* be the time instant
at which the ROM solution is sought, where ¢; < t* < ty,.. We refer to z* = (t*, u*) as the
online time-parameter combined vector.

Let g,; be the offline L? projection coefficient which results from the projection of the r-th
eddy viscosity snapshot S onto the [-th eddy viscosity mode 7;, as follows:

grg = (Srt,m)[p(g), for r = 1,2, ...,NS and [ = 1,2, ...7Nyt. (328)

vV,

At this point, one may define the problem of the interpolation as follows. Given the set
X, t, the corresponding eddy viscosity snapshots [Sf;t]ZN;l and the corresponding coefficients

[gr,l]ivjﬁ”:tl, approximate the vector g in (3.24) for the online time-parameter vector z*. The
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interpolation in this case is done on the scalar coefficients of the reduced eddy viscosity
expansion [g;(t*, ,u,*)]f-vz”{ (or denoted shortly by [gi(z*)]f»v:”{), which means that one has to
perform one interpolation for each of the N,, modes used in the online stage.

It is worth remarking that the procedure described implies that each of the modes coefficients
is interpolated independently from the others. Therefore, we may fix the eddy viscosity mode
to be the L-th one 7, where L is an arbitrary integer index, 1 < L < N,,. The goal of the
interpolation is to approximate the following map [G] in g, = G (t, p):

Gp:R™ SR, forany L=1,2..N,,. (3.29)

In order to approximate this map, firstly, we form the set of observations which consists
of the coefficients of the L? projections of all the offline snapshots onto the eddy viscosity
mode 7y, namely Y, = [gnL]fEl e RNs,

gr(z*) = go(t*, u*).

The goal will be to approximate the value of

Interpolation using RBF is based on the following formula:

N
Gr(z) = Y wi (i, (Hz - mim‘ LQGRW)) , for L=1,2,.,N,, (3.30)
j=1

where (;; for j = 1,..., N, are the RBF functions, z = (¢, i), where here ¢ refer to any time
instant inside the snapshots window and p is a parameter value which lies in the parameter
space P, and wy, ; are the weights of the radial basis functions which have to be computed

during the training stage. In order to compute the weights, we will make use of the data
obtained by the FOM:

Gr(xl,,) = gip, for i=1,2.. N, (3.31)

which implies that,

N,
> wr iy (‘
j=1

It is possible to rewrite the last equation as a linear system:

"Bz,t — a:fl’t L2(Rq+1)> =01, for i=12..N,. (3.32)

ASw, =Y, (3.33)

where (Af)i; = (1, ‘

m'ﬁm — th‘ L) ) the linear system can be solved to obtain the
weights wp, the latter will be stored in order to use them during the online stage. In this work,
the linear system above is solved by a linear solver which is based on a QR decomposition
with column pivoting, this solver has achieved relatively fast performance with acceptable

accuracy.
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In the online stage, the value of g(z*) = [gi(z*)]fv:”f may be computed as follows:

z¥—x

J
it

Ns
gi(2%) ~ Gilz*) = Y wi Gy (] LQ(RQH)) , for i=1,2,...,N,,. (3.34)
j=1

The strategy of the RBF interpolation in this subsection has the deficiency of not being accurate
for values of time t* which lie outside the snapshots window [0,7] (the RBF interpolant
is trained with time values which lie inside the aforementioned range, and therefore, it is
not logical to expect that it could give accurate approximation for values of t* that do not
fall in [0,7]). This could be considered as a major issue in several applications in reduced
order modeling as extrapolation is generally regarded as a rather complex task compared
to interpolation. In addition, the strategy of treating time as a part of the interpolation
independent variable might not have physical sense. In fact, in several applications the flow
could be periodic, which could make the absolute value of the time variable not relevant to
the dynamics of the fluid fields. For such reason, we have tried to circumvent this problem
by adopting a different methodology for the RBF interpolation, as explained in the next
subsection.

3.2.2 Hybrid ROM with RBF Interpolation Based on the Velocity
Projection Coefficients Values

The RBF interpolation methodology discussed in the last subsection is quite simple and
straightforward. However, this methodology is limited to work with steady flows and unsteady
flows without the capacity of carrying out extrapolation over time (outside the offline time
window snapshots [0,7]). The H-SUP-ROM with the methodology presented in the last
subsection has been put forth in [72], where it has been applied on a steady problem. This
subsection suggests a different way of carrying out the RBF interpolation, in which the velocity
projection coefficients (or a form of them as we will see) are to be the independent variable of
the interpolation. The justification of this choice will be provided in the following discussion.
The approach carried out in this subsection has been presented in [74].

Before addressing the interpolation independent variable choice though, it is important to
introduce a modification to the way the eddy viscosity field was decomposed at the reduced
order level in Equation 3.20. Primarily, we suggest to split the FOM eddy viscosity field as
follows:

vi(z,t; p) = iz p) + vz, s ), (3.35)

where basically we have divided the eddy viscosity into two contributions. The first one
corresponds to the time-averaged viscosity field for the parameter p, while the second term
represents the time varying part. The rationale behind this proposal is based on the fact
that the parameter variation is largely seen in the mean part 7;(x; ). On the other hand,
parameter changes do not affect to great extent the small oscillations in the field vj(x, t; ). In
fact, we have noticed that, in the numerical examples discussed in this work, we may drop the
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dependency on the parameter for what concern the time varying field, i.e. vj(x,t; p) ~ vj(x,t).
This decomposition will turn out to be beneficial in the approximation of the reduced order
eddy viscosity. The splitting of the eddy viscosity into two terms, one which is time dependent
and the other which is parameter dependent, renders the approximation of v, an easier task.

The reduced order approximation of the 14 is now modified as follows:

Vt(w7t;ll’) ~ Vtr(m7t;u’) =

Ms

AML; +291 )i (3.36)

.
Il
—

where the averaged part 7;(a; ) is approximated by the first sum in the above decomposition,
and the second sum approximates the time varying part v/(«,t). In this formulation, one
may look at the fields [7;]M, as additional eddy viscosity modes. The number of these fields
is M which is the number of parameter samples used in the offline stage (or the dimension
of the discretized parameter set P)s). Each of these fields is computed by taking the time
average over the offline snapshots which only correspond to one of the parameter samples
inside Pys. In other words, the field 7; is computed by taking the average of the eddy viscosity
fields acquired at different time instants but correspond to the i-th parameter in P,;. As
for [g,]M, they represent the degrees of freedom corresponding to the averaged fields, these
coefficients are important for periodic regime problems. They are parameter dependent,
and in case of testing the ROM in the online stage for the i-th parameter inside the offline
parameter set (i.e. p* = w;), which is a reproduction test in the parameter space, then
the vector g = e, where e is the unit vector of dimension M consisting of zeros except
for the its ¢-th component in which it has the value 1. The value of g for cross validation
tests (extrapolation in the parameter space) can be fixed by linear interpolation, for example
if p* lies at the distances di and di in the parameter space from its closest two offline
parameter samples p; and po, respectively (i.e. [[u* — pllp2gey = 7, [B* — poll e =
dy, di <||p* — pill poray  and  d <[|p* — Wil p2gey forall i =3,4,..M), then g can

be approximated as d*cf i eM + d*ci i e} Finally the dynamical system of the H-SUP-ROM
is modified as follows:

Ma =v(B+ Br)a—a"Ca+g'(Cr1+ Cra)a +g" (Cry + Crz)a — Hb,  (3.37a)
Pa =0, (3.37h)

where the two new tensors are defined as:

(Cr1)iji = (qﬁiﬁjv : V¢k> , (3.38)

L2(Q)

Cr2in = (6 V- 1,(VoD)) | . (3.39)

L2(£2)

At this point, we may come back to tackle the main issue in this subsection which is how
we could choose the interpolation independent variable in such a way that leads to a hybrid
ROM which could extrapolate over time. The suggested solution is by taking the velocity L2
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projection coefficients as the independent variable of the RBF interpolation. This choice is
inspired by the fact that the eddy viscosity is ultimately depending on the mean velocity field
and its gradient. The spirit of this choice is established on the fact that the eddy viscosity 1,
is a function of the time history of the velocity field w. In other words, if we call the FOM
eddy viscosity and the velocity at time t" by v;* and u", respectively, then one may express
the eddy viscosity as ' = v4(u',u?, ...,u™). In order to mimic the dependency between the
velocity field and the eddy viscosity field at the reduced order level, we have to take into
account the time evolution aspect of the last equation. This is done by assuming that the
eddy viscosity reduced vector g is function of the velocity coefficients a, along with their time
derivative a, that is:

g"=g"(t")~g"(a",a"). (3.40)

The last formula (3.40) represents an approximation of the relationship that exists between
eddy viscosity and velocity fields. This approximation has been successfully used in the
numerical examples that we considered in this work. However, the eddy viscosity is evolved
through a PDE, albeit in many cases not directly but passing through an algebraic relationship
with turbulence variables which in turn evolve through PDEs. Thus, it is possible that the
approximation 3.40 could be eventually improved by including other fluid dynamics variables
appearing in the turbulence model PDEs.

We proceed now to the training phase of the RBF in this formulation. This phase is conducted
in the ROM offline stage. First, the L? projection coefficients of the velocity modes onto the
snapshots are computed. Then, those corresponding to the supremizer are dropped, and the
time derivatives of the projection coefficients are calculated using a backward Euler scheme.
The velocity projection coefficients with their corresponding derivatives are put together to
train the RBF. More in detail, the procedure starts from the solution snapshots, namely:

Sl“lsu Sulap Sul,w
S S Spaw

S.=| .8 =| "|.s,=| "], (3.41)
SI-LM YU SIJ'M Y SHM SVt

where the snapshots matrices for all the variables have been expressed as M vertically aligned
submatrices with each one of the submatrices containing the time snapshots corresponding
to a single parameter sample. Then one may define the L? velocity projection coefficients
a:’“w 2 € RNu:

ay, 2= [(S}, . P1)r2) - (Sp, wr OV 22

3.42
for r=1,2,...,Np, k=12,.. M. ( )
Let

allll'kzL2 aiksz

a2 2 a/3 L2
Al,k _ l—l'/‘c: c R(NT_l)XN”,AZk _ l—l'/j:: c R(NT—l)xNu’ (343)
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at this point, we can compute the time derivative vectors which are needed for the RBF
interpolation by simply using the backward differentiation scheme as follows:

r—1

a” —a
al, .= "’“”At pel” for =23 Np, k=12 ..M, (3.44)
1225

where At,,, is the time step at which snapshots were acquired for the parameter sample py.
This yields the following matrix of time derivative velocity coefficients:

d2

“k7L2
. A, — A as, ;o
Ay = TR < | T e RINTTDN, (3.45)
1275 .
- N
auZ,LQ

In order to build the matrix which contain all the data observation needed to train the RBF,
one has to merge the L? projection coefficients of velocity starting from the second time
snapshot with the time derivative coefficients. This gives the following matrix:

A, — [Az,k Ak] e RIONT—1)x2Ny, (3.46)

As for the eddy viscosity, one has to compute the projection coefficients of the eddy viscosity
modes onto the snapshots corresponding to the time-varying part in Equation 3.35. In other
words, the time-averaged part corresponding to the k-th parameter in the training set Pas
which is 7;(@; pi.) has to be subtracted from each eddy viscosity snapshot, as follows:

G2 = (SLk’Vt — (@ o) i) 122, for r=2,3,... Np,

(3.47)
1=1,2,.,N,, and k=12, ..M.

Let G € ROTD he the vector containing the coefficients in (3.47) for a fixed i and k.
The combined matrices and vectors for all parameter samples are denoted by A and G},
respectively, and are defined as follows:

Ay éi,l

. A . G,

A= | 77| e RN G | T g ROV, (3.48)
Ay Gin

The maps to be interpolated are the following [Gz]fvz”{ in g; = G;(a,a), where:
G :R*™ LR, for i=1,2,..,N,,. (3.49)

This approximation is based on the interpolation points given in each row of the matrix A
and the vector G;. The interpolation procedure relates the m-th row of A which is a vector
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called @, € R*« with the m-th element of G; denoted by [Gi]., € R.

In this formulation, the interpolation equation is the following

Gontne ~ @[, ) FOr i = 1,2, Ny, (3.50)

Ns—M
Gi<&0nline> = Z wi,j@',j(‘

J=1

where @ouline := [@online, @online] € R?M is a combination of the reduced velocity vector and
its vector derivative. The FOM data is used to establish the following relation

Gi(@r) = [Gilm, for m=1,2,...,N,— M, (3.51)

Ns—M
Z wiJQ,j <H6;2n2 — &]L2 R2Nu> = [Gz]m7 for m = 1, 2, cey Ns — M. (352)
j=1

In the online stage one can approximate g(a*,a*) = [¢;(a*, d*)]ij\ilz

El

gil(a*,a") ~ Gi([(@*,a")]) = Y, wigy (|[(a*,a")] - @,

j=1

o) (3.53)

We would like to remark that the H-SUP-ROM in its different versions discussed in this
section is compatible with both the penalty method and the lifting function method. The
interpolation discussed in this subsection could be done with the velocity coefficients coming
from the lifting modes when the lifting function approach is employed. If that is the case,
then the maps [Gi]i”{ in g; = Gi(a,a) are:

Gy R¥Neet2Nu LR for i=1,2,..,N,,. (3.54)

It is also important to underline that the homogenized set of velocity snapshots &g in
Equation 2.55 has to replace &, in Equation 3.41 in case of the use of the lifting function
method.

The H-SUP-ROM in Equation 3.37 can be solved by time integrating the dynamical system
in the case of unsteady flows, or by simply solving the algebraic system in the case of steady
flows. In this work, we used a Newton method for solving the reduced dynamical system. The
Newton method computes the Jacobian in a numerical way. In the general unsteady case,
it is recommended to choose a time step which is consistent with the one used during the
FOM simulations. The time advancement scheme for computing the derivative of the reduced
vector a is chosen as first order backward Euler scheme or a second order one.
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3.3 Turbulent ROMs based on the Uniform-ROM and
the PPE-ROM

In the last section, we have introduced the H-SUP-ROM proposed for the reduction of
turbulent flows. The H-SUP-ROM is based on the projection of the momentum and continuity
equations with the supremizer approach to obtain the reduced velocity and pressure degrees of
freedom, while it employs a data-driven strategy for closing the system through approximation
of the reduced eddy viscosity coefficients. In this section, we are going to address other relevant
ROM formulations which may reduce turbulent flows under certain specific conditions.

The first turbulent ROM addressed here is an extension of the ROM addressed in 2.4 to
which we refer as the Uniform-ROM or U-ROM. In this case, the extended ROM involves the
approximation of the reduced eddy viscosity field through the use of the velocity degrees of
freedom as it was done with the pressure field. In other words, the reduced eddy viscosity is
given by:

Ny
(1,' t:l"’) ~ Vtr T t?ﬂ’ 2 7#’ 771 (355)

where the eddy viscosity modes [1;()]~7, in this case are computed using the SVD decompo-
sition of the velocity correlation matrix:

S\ SthU“ (3.56)
S 7 ]_

The corresponding DAE for this turbulent ROM, which is only based on the projection of the
momentum equation, is:

= l/(B + BT)CL — aT(C —Cr1 — CT2)a — Ha, (357)

where the vector a represents the degrees of freedom of the velocity, pressure and the eddy
viscosity. This ROM can be used for the reduction of both steady and unsteady flows. It has
also the advantage of being of low computational online cost, as the system 3.57 has relatively
small size. However, as mentioned earlier, this formulation undermines the reduced pressure
approximation. In addition, numerical evidences have demonstrated that this ROM is prone
to long-term instabilities when the system 3.57 is integrated for long times (see section 4.3).
Furthermore, the U-ROM has the limitation of not being compatible with the lifting function
method described in subsection 2.7.1. The lifting function method requires a homogenization
process for the velocity snapshots. The proposal of having unique set of reduced coefficients
[a;(t, p)]X, is directly affected by the homogenization process of the velocity snapshots. The
process of modifying the velocity snapshots suggests that such process should follow for the
pressure and the eddy viscosity snapshots which is not well defined. In the next chapter,
we will present a comparison between the turbulent U-ROM and the H-SUP-ROM with the
penalty method used for the enforcement of the non-homogeneous boundary conditions.
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At this point, one may proceed to the extension of the PPE-ROM presented in section 2.5.
There are two different ways of extending such ROM. The first one is based on assuming that
the reduced eddy viscosity field shares the same temporal coefficients with the velocity field as
proposed in 3.56. In this formulation the velocity and the eddy viscosity fields will have the
vector a as their reduced vector, while the pressure field will still be computed using different
set of coefficients represented by the vector b. This ROM is called Semi-Uniform-PPE-ROM
or SU-PPE-ROM. We recall the reduced approximations of this ROM:

w(a, b ) ~ 3l w)gi(e), Pl tip) ~ Zb (e (35)
nl b ) ~ it (), (359

i=1

with the POD modes computed as follows:

1 &, 1
(:bi = W Z uj‘/z’j v Xi = N, Ap ij ij (360)
S 1 j=1
1 &
M= N e vi; Vi (3.61)
S 1 ]:1

The FOM momentum and Poisson equations for the RANS turbulent modeling read as

follow:
TV - (u@u) =V- [_pI—l- (v+1y) (Vﬁ—i— (Vu)Tﬂ in 2 x[0,77],
) Ap=-V-(V-(a®u))+ V- lv. (yt (Vﬁ+ (Vu)T)>] in (2, (3.62)
+ Boundary conditions on I" x [0,T],
+ Initial conditions in (£2,0).

\

The Galerkin projections of the momentum and the Poisson equations give the following DAE:
a= l/(B + BT)CL — CLT(C —Cr1 — CTz)a — Hb, (363&)
Db+ a” (G — Cps — Crg)a —vNa — L = 0. (3.63b)

The additional tensors appearing in the reduced Poisson equation come from the divergence
of the eddy viscosity term in the FOM momentum equation in Equation 3.19. Their entries
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are defined as:

(CT3)ijk = (VXm UJV ’ V¢k)L2(Q) ) (364>
(Cra)in = (VX V- 1,(VED)) (3.65)

L*(92)

The SU-PPE-ROM can not be used for the reduction of steady flows. This is related to the
boundary conditions which have to be satisfied at the full order level. We have mentioned this
issue in section 2.5, where it is related to the way the PPE is derived from the momentum
and continuity equations of the NSE or the RANS. The derivation of an equivalent system
to the one formed by the NSE requires an additional boundary condition for the divergence
of the velocity or the pressure [84, 99]. In this work, the PPE formulation adopted involves
an additional Neumann boundary condition for the pressure field. This latter condition is
needed in order to make sure that the velocity field is divergence free for all time instants.
The fulfillment of such condition can happen only in the general unsteady setting (see the
remark in section 2 in [84]).

3.3.1 Hybrid ROM based on the PPE-ROM

In this subsection, we address the second choice for the extension of the PPE-ROM for the
goal of reducing turbulent flows. The second methodology proposes to employ the reduced
approximation of the eddy viscosity fields as the one used in the case of the H-SUP-ROM.
That means decomposing v; as done in Equation 3.20 or in Equation 3.36, where this implies
that the coefficients of the reduced eddy viscosity will be computed by the interpolation
strategy explained in the last section. This ROM will be called H-PPE-ROM. Its DAE will
read as follows:

a=v(B+ Br)a—a'Ca+g" (Cri+ Crs)a+ g (Cri1 + Crz)a — Hb, (3.66a)
Db+ a’Ga —g" (Crs + Crs)a — g" (Crs + Crg)a —vNa — L = 0, (3.66b)

the additional tensors Crs and Cp4 account for the parameter contribution of the eddy
viscosity in the Poisson equation, they are calculated as:

(Crs)ijr = (VXi;ﬁjV : V¢k> L@’ (3.67)

(Cra)ijn = (in,v-ﬁj(w{)) . (3.68)

L2(%2)

Like the case of the PPE-ROM, its hybrid turbulent extension works just for non-stationary
flows. The H-PPE-ROM has an advantage over the H-SUP-ROM in having less unknowns in
the dynamical system because of the fact that the supremizer reduced degrees of freedom are
not present in the H-PPE-ROM formulation. This often results in a slight advantage in terms
of speed up during the online stage.
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3.4 Contents Summary

In this section, we will give a recap of what has been presented in this chapter. The chapter
is dedicated to the construction of turbulent ROMs for the incompressible Navier—Stokes
equations. It starts with providing an overview of turbulence modeling at the full order
level in section 3.1. The closure problem is addressed in subsection 3.1.1 and then the eddy
viscosity models with the RANS formulation are considered in subsection 3.1.2.

Section 3.2 focuses on the development of a ROM which is capable of reducing turbulent flows.
It presents a hybrid ROM which is based on both projection-based methods and data-driven
techniques. The latter ROM is an extension to the one presented in section 2.6, and it employs
interpolation using RBF for the approximation of the reduced eddy viscosity. Two different
interpolation methodologies are presented in subsection 3.2.1 and subsection 3.2.2.

Finally, section 3.3 addresses other turbulent ROMs which are extended versions to the ones
put forward in section 2.4 and section 2.5.

The main objective of this chapter is to provide a general reduction methodology for turbulent
flows when the FOM is based on the RANS equations. This goal has been accomplished
thanks to incorporating data-driven techniques in the ROM formulation.

The turbulent ROMs will be applied in the next chapter on different CFD problems. Compar-
isons on various fronts will be made.



CHAPTER 4

Applications and Numerical Results

In this chapter, the reduced order models developed in this thesis are tested on benchmark
CFD cases. The reduction methodologies are applied on different CED problems such as
Uncertainty Quantification (UQ) problems and also turbulent problems. The results highlight
the differences between the proposed reduction methods in several aspects. The first section of
this chapter presents a numerical test for a UQ problem, in which the UQ technique employed
is the non-intrusive Polynomial Chaos Ezpansion (PCE). In the same UQ problem, we will use
the SUP-ROM developed in this work for the reduction of the parametrized problem. This test
1s aimed at evaluating the reliability and the accuracy of the SUP-ROM when considered as
the input of the PCFE instead of the FOM. This numerical test represents an interesting aspect
in reduced order modeling for UQ) problems. The second section addresses the application
of the hybrid ROM constructed in the third chapter on a steady turbulent case. The results
include the comparison with the turbulent uniform ROM introduced in the previous chapter.
As for the third section, it deals with the unsteady case of the flow past a circular cylinder.
This numerical case is considered in turbulent setting with Reynolds number Re = O(10).
The hybrid and the non-hybrid turbulent ROMs are used for the reduction of this case. The
results address the issues of long-time integration and ROM stability, accurate extrapolation
in the parameter space and versatility in terms of the turbulent closure model employed at the
FOM level. The finite volume C++ library OpenFOAM® (OF) [1] is used as the numerical
solver at the full order level. At the reduced order level the reduction and resolution of the
reduced order system is carried out using the C++ based library ITHACA-FV [138].
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4.1 Applications of ROMs in CFD Uncertainty
Quantification (UQ) Problems

In this section, we aim at merging the ROMs developed in this thesis with other approaches
in Uncertainty Quantification (UQ). The objective of this numerical study is to limit the
computational cost associated with the simulations required by the non-intrusive UQ algo-
rithms. In fact, we aim at proposing a framework in which we provide the UQ algorithms
with a computational asset that improves the performance of these algorithms. That asset is
represented by the fast online computations performed by the ROMs developed in this work.
To this end, the UQ algorithm chosen in this work is the non-intrusive Polynomial Chaos
Expansion (PCE). Reduced order models have been used extensively in UQ problems, we
refer the reader to the following works on ROMs in UQ available in literature [41, 40, 63].

In the first part of this section we will introduce physical problem of interest, on which we will
apply the UQ and the ROM. Later we will address the PCE and we will give an overview of
this UQ algorithm. Finally, we will present numerical results for the PCE and the SUP-ROM
which are aimed at both comparing the two approaches and also to show that they could be
combined for having better efficiency.

In CFD problems, input parameters uncertainties could affect the results of the numerical
simulations resulting in a significant impact on the outputs of interest. In this section, we
are going to study the methods which have been developed to evaluate these uncertainties.
In particular, the method considered in this section is the non-intrusive Polynomial Chaos
Expansion (PCE), which has been applied to the results of CFD simulations. In the context of
the PCE method, random variables or random processes are represented in terms of orthogonal
polynomials. The PCE method proposes the decomposition of the random variable into
separable deterministic and stochastic components [100, 75]. The principal challenge in PCE
consists in obtaining the deterministic coefficients of the expansion. In the framework on non-
intrusive PCE, which is designed to require no changes to the CFD solver, the deterministic
coefficients are computed in a post-processing phase which follows the simulations. In this
case, a sampling based approach is employed for the identification of the coefficients as done
in [80, 121]. In such settings, samples in the input parameter space are predefined and then
numerical simulations are conducted for each sample. After that, the output of interest of the
latter simulations is available, one may obtain the PCE coefficients, where the orthogonality of
the polynomials is exploited to compute the deterministic coefficients in the expansion through
integrals in the sampling space. However, the computational cost will grow significantly as
the parameter space dimension increases, due to the fact that the sampling points chosen are
quadrature points for such integrals. This represents a problem which has to be circumvented
since the computational cost of the CFD simulations associated to the output evaluation
at each sampling point is of considerable amount. In order to solve this problem, we relied
in this work on a regression approach which is based on least squares minimization for the
computation of the PCE coefficients.
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In this work, we apply the PCE method to results obtained both with the full order solver
and with the reduced order one. The goal of applying the PCE on the ROM results is to
explore the possibility of offering further reductions of the computational cost. In addition,
these tests have the objective of assessing how the PCE results are influenced by the use
of the ROM developed in this work which is a POD-Galerkin based one. Thus, we will
apply the POD-Galerkin ROM on the results obtained by solving the incompressible steady
Navier—Stokes equations. The ROM-based PCE results will be compared to the original PCE
results on the FOM data, and as a result, it will be possible to evaluate the ROM reliability
as an output evaluator for the PCE.

In the next subsection we are going to introduce the physical problem, which is the flow
around an airfoil, a classical benchmark in the field of aerospace engineering. Then we will
explain the methodology on which the PCE is based. The output of interest in the considered
problem is the lift coefficient C; which comes from the non-dimensionalization of the lift force
L. The latter is defined as the component of the fluid dynamic force (acting on the surface
of the airfoil) in the direction perpendicular to the undisturbed flow direction. The interest
is in approximating the C; using both the ROM developed in section 2.6 and also the PCE
method. As we mentioned, comparison of the results obtained by both techniques will be
presented. Also, we will propose an idea of merging the two techniques which could reduce of
the computational cost of the PCE.

4.1.1 The Physical Problem

The physical problem of interest is the two dimensional problem of the flow past an airfoil
section with variable angle of attack and inflow velocity. In this problem, uncertainties arise
from possible input parameters variations, where the input parameters consist of the inlet
flow velocity and the angle of attack. The angle of attack in aerospace engineering is defined
as the angle that lies between the flow velocity vector at infinite distance from the airfoil
(U, ) and the airfoil chord, see Figure 4.1. It is important from an engineering perspective to
determine the angle at which the maximum value of the lifting force occurs (the lifting force is
the forces component in the direction perpendicular to Uy). After reaching that angle which
is called the critical angle, the stall phenomenon takes place, where the lift forces acting on
the surface of the airfoil suffer a typically sudden drop. Figure 4.2 shows lift coefficient, which
is computed from the lift forces L as C} = %pU%D’ as a function of the airfoil angle of attack.
The plot refers to the NACA 0012 — 64 airfoil [3, 128], at a fixed Reynolds number of 10°.
The plot shows that the lift coefficient grows by increasing the angle of attack until the point
when the flow separation occurs resulting in a loss of lift force. In the case of low Reynolds
number flows, such as the ones considered in this section, this phenomenon occurs in mild
fashion, unlike the more abrupt stalls manifested at higher velocities like the one in Figure 4.2.
In such plot, the lift coefficient reaches its maximum value at an angle of 17 degrees before
stall happens. The maximum lift coefficient is observed at higher values of the angle of attack
in the case of laminar flows.
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Figure 4.1: The angle of attack on an airfoil.
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Figure 4.2: The lift coefficient curve for the airfoil NACA0012.

4.1.2 Non-Intrusive PCE

This subsection addresses the mathematical formulation of the PCE technique. In the context
of Polynomial Chaos (PC) theory formulated by Wiener [155], real-valued multivariate Random
Variables (RVs), such as the one considered in this work in the previous subsection (the lift
coefficient () can be decomposed into an infinite sum of separable deterministic coefficients
and orthogonal polynomials [82]. Such polynomials are considered a group of stochastic terms
which have dependency on mutually orthogonal Gaussian random variables. If we consider
applying these polynomial to the output of interest (in this case the (), the decomposition
assumption gives:

[ee}
Crr (&) = ), CuWi(8), (4.1)

i=0
where the random variable & = (a, U) expresses the uncertainty caused by the angle of attack
and the inflow velocity. Cj; is termed usually as the i*" stochastic mode of the expansion,

while ¥;(£) is the i*" polynomial. However, a truncation of the series above is usually done in
practical applications, that is:

Cr(&) ~ 2, Cuti(8), (4.2)

where here one may see that just the first P + 1 values are computed.
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The orthogonal polynomials used in this work are called Hermite polynomials. These poly-
nomials form a set of orthogonal basis functions in terms of Gaussian distribution [58]. In
(4.2) P + 1 is the number of Hermite polynomials used in the expansion which depends on
the order of the polynomials chosen and on the dimension n of the random variable vector

& = {&,...,&}. In more details, the number P of Hermite polynomials of degree p in an
n-dimensional space, is given by P + 1 = (7; Tﬁ)! [58].

The main problem in the PCE approximation of RVs is the identification of the coefficients in
the expansion, that is Cj; in (4.1). This task can be done making use of different strategies,
among them we mention the sampling based approaches and the quadrature method. In
this work, we decided to use a sampling based approach which is based on the methodology
proposed in [75]. The coefficients estimation begins by writing a discretized version of (4.2),

namely
Cfok Wl(fo) %(50) WP(fo) Clo
Ciy _ (&) (&) . ¥p(&) | | Cn
Ciy U (En) Ya(én) .. Yr(&n)| | Cip

where N is the number of the samples taken. In the case of N = P + 1, then the matrix in the
system above becomes a square one which permits solving the linear system for obtaining the
coefficients C; given the known output coefficients C;}. However, what is practically common
is that one may take a redundant number of samples and then the system can be solved in a

least squares sense, as follows:
C, = (L"L)"'L"C/*, (4.4)

where L, C; and C;* denote the rectangular matrix in (4.3), the PCE coefficients vector and
output vector, respectively.

4.1.3 Application of PCE and the SUP-ROM

In this section, we are going to show the results of the SUP-ROM developed in section 2.6 in
terms of the fluid dynamics fields and outputs of interest for the airfoil problem described
in subsection 4.1.1. Then the results of PCE method on the main output of interest the lift
coefficient are presented. Afterwards, we will make comparisons of the ROM and the PCE
approaches for recovering the lift coefficient. Finally we will evaluate the performance of the
UQ technique on the airfoil problem, both when FOM and ROM simulation results are used
to feed the PCE algorithm. The tests carried out in this numerical example have two main
goals. Firstly, we would like to make a comparison of the performance of the PCE and the
ROM in approximating certain output of interest in such a CFD problem. The second goal
is to study the potential merge of the two approaches for improving the accuracy and the
efficiency.
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4.1.3.1 The ROM Results

In this part we are going to test the SUP-ROM on the FOM results obtained for the
airfoil problem described in subsection 4.1.1. We will start by describing the FOM settings.
The computational domain is depicted in Figure 4.3, the FOM simulations were carried
out using the simpleFoam solver in OpenFOAM, that is based on the SIMPLE algorithm
which is designed for steady flows. The Gauss linear numerical scheme is employed for the
approximation of gradients and Laplacian terms. We used a bounded Gauss upwind scheme
for the convective term approximation. As for the linear solvers, a Preconditioned bi-conjugate
gradient (PBiCG) solver is used for the velocity equations with Diagonal-based Incomplete
LU (DILU) preconditioner, while the Geometric agglomerated Algebraic MultiGrid (GAMG)
preconditioner with a GaussSeidel smoother is used for solving the pressure equation.

We recall that the parameters in this case are the airfoil angle of attack and the magnitude
of the inflow velocity at the inlet. The training stage of the ROM demands an adequate
number of FOM snapshots to be taken. Therefore, we decided to generate 520 snapshots
which correspond to 520 different parameter samples. These samples are generated making use
of the Latin Hyper Cube (LHC) [143] sampling algorithm. In order to generate the samples
for the two parameters using the LHC sampling approach, one has to predefine the mean and
the variance values of each parameter distribution. In all tests conducted in this numerical
example, the mean values are 100 m/s and 0°, while the variances are equal to 20 m?/s* and
300°2 for velocity and angle of attack, respectively. The lift coefficient curve for this case
is depicted in Figure 4.4. It can be deduced from this figure that the lift coefficient seems
to be independent from the value of the inlet velocity, where different samples which have
close values of the angle of attack but different inlet velocities, have resulted in equivalent
value of C;. Thus, we can conclude that input-output relationship can be considered as a
curve in the Cj-a plane. We remark that this is an outcome of the fact that we consider
the non-dimensional C; as an output instead of the dimensional lift forces. In addition, the
Reynolds number variation is not extremely wide which might have contributed to the last
observation about the Cj-a curve.

After carrying out the full order simulations for the 520 samples, one may obtain the POD
modes by applying the procedure explained in section 2.3. However, this problem features non-
homogeneous boundary conditions at the Dirichlet boundary for the velocity field. Therefore,
boundary treatment has to be taken into consideration. In the present test we have utilized
the lifting function method in which the non-homogeneous boundary values in the velocity
snapshots are transferred to one or more lifting velocity fields. In this case, we have two
non-homogeneous boundary conditions to be set, i.e. Ngo = 2. The two conditions correspond
to the xi-component and the zo-component of the velocity field at the inlet. The lifting
functions ¢r,, and ¢r,, are found by solving two linear potential flow problems with the
boundary conditions at the inlet being (1,0) and (0, 1), respectively, for ¢z, and ¢r,,. At
this point, the new velocity snapshots matrix with homogeneous values at the inlet can be
computed. Then the POD velocity modes are obtained by applying the method of snapshots.
Similar procedure is carried out for the pressure snapshots matrix giving the pressure POD
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modes. The cumulative eigenvalues of the correlation matrices built by the snapshots for the
velocity and pressure are reported in Table 4.1. We list their values up to the fifteenth mode,
and it can be seen that 5 modes allow for retaining 99.9% of the energy embedded in the
system. After computing the pressure POD modes, one may solve the supremizer problem for
each pressure mode resulting in the supremizer POD modes which will be used to enrich the
velocity POD space [17]. The last step in the offline stage is to compute the reduced vectors,
matrices and tensors which are needed to solve the system 2.51, and also for the computation

of the reduced approximation of the forces (in Equation 2.65).

N Modes u P
1 0.9033783 | 0.6497208
2 0.9978160 | 0.9649042
3 0.9985026 | 0.9926364
4 0.9990236 | 0.9986204
5 0.9993273 | 0.9996405
6 0.9995563 | 0.9998175
7 0.9996990 | 0.9999221
8 0.9998033 | 0.9999446
9 0.9998687 | 0.9999648
10 0.9999153 | 0.9999754
11 0.9999449 | 0.9999837
12 0.9999651 | 0.9999883
13 0.9999780 | 0.9999914
14 0.9999864 | 0.9999932
15 0.9999916 | 0.9999947

Table 4.1: Cumulative Eigenvalues of the correlation matrices for velocity and pressure.

At this point, all the offline computations are completed and it is possible to proceed to
the online stage. The first test carried out is a reproduction test in the parameter space,
where the same parameter samples used in the offline stage are also used in the online stage.
Figure 4.5 depicts the results of the lift coefficient obtained by the SUP-ROM and compared
to the FOM ones. These results are obtained using 10 modes for the reconstruction of velocity,
pressure and supremizers. The figure shows that the ROM reconstruction of the Cj is not
entirely accurate, as it can be noticed that the SUP-ROM Cj in the range a € [—50, —30]
is not closely reproducing its FOM counterpart. However, the approximation accuracy is
improved significantly by adding more modes to the velocity POD space. Figure 4.6 shows
the lift coefficient obtained by the SUP-ROM with 15 modes for the velocity and 10 for each
of the pressure and supremizers. The ROM Cj in the last figure matches the FOM one to a
higher degree. To measure the accuracy of the ROM reconstruction of the lift coefficients, we
introduce the following L? relative error:

\/ (GO — oy
e =100
S (Cpomy?

%, (4.5)

where n is the number of sampling points, C’f OM and CfOM are the t—th sample point of the
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(a) (b)
Figure 4.3: (a) The OpenFOAM mesh used in the simulations. (b) A picture of the mesh zoomed near the airfoil.
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Figure 4.4: The FOM lift coefficient for the samples taken for the training phase.

lift coefficients for the FOM and the ROM, respectively. The values of ¢ for the SUP-ROM
Cy in Figure 4.5 and Figure 4.6 are 3.5301 % and 1.5644 %, respectively.

We would like to mention that the settings of the numerical test carried out here is identical to
the one presented in [73]. In such work, based on the same problem with identical parametric
setting, it is claimed (in the section named ROM results) that building an accurate ROM
requires aggregating samples from several Gaussian distributions which have different mean
values of the angle of attack. In such way, it is possible to locate enough samples in the
extreme angles of attack region, which is where the stall occurs. However, we can say that
the aforementioned claim is only partially correct. In fact, further improvements in the
lifting function technique used to deal with inflow BCs, resulted in a reduced model able to
obtain low errors in the stall regions without the need of samples grouped in several Gaussian
distributions centered in different parts of the Cj-a curve.

After having conducted a reproduction test in the parameter space, we increase the complexity
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Figure 4.5: The first sampling case which is used for the training of the SUP-ROM : the full order lift coefficients curve
versus the ROM reconstructed one with 10 modes used for each of velocity, pressure and supremizer fields.
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Figure 4.6: The first sampling case which is used for the training of the SUP-ROM : the full order lift coefficients curve
versus the ROM reconstructed one with 15, 10 and 10 modes are used for velocity, pressure and supremizer fields respectively.
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..

J

P-ROM

Figure 4.7: The full order velocity field for the parameter pu* = (98.8548 m/s , 35.3141° ) and a comparison with the
reconstructed field by means of different number of modes for velocity, pressure and supremizer fields. (a) FOM field (b) ROM
velocity field with 5 modes used for all variables. (¢) ROM velocity field with 8 modes used for all variables. (d) ROM velocity

field with 15, 10 and 10 modes used for velocity, pressure and supremizers, respectively.
by considering a general cross validation test in the parameter space. Therefore, we generated
a new set of samples which contains 1000 sample points for the parameters space plot. This
set is also obtained by making use of LHC with the same prescribed values of the means and

the variances as in the first test.

Firstly, we present the results of the ROM fields in Figure 4.7. The plot in part (a) portrays
contours of the FOM velocity field obtained for the parameter value p* = (98.8548 m/s ,
35.3141° ). The similar diagrams in (b), (¢) and (d) depict different reconstructed surrogate
fields obtained employing different number of modes for the same parameter value.

The lift coefficient curve for the 1000 new samples is depicted in Figure 4.8. The results of
the SUP-ROM C; approximation are shown in Figure 4.9, where the number of modes used
in the online stage are 10 for each field in (a) and 15 modes for the velocity and 10 modes
for each of the pressure and the supremizers in (b). The error values for the Cj in the last
figures are 3.7659 % and 1.6079 % for (a) and (b), respectively. This last test has shown that
the SUP-ROM is accurate also in the approximation of the flow fields and other outputs of
interest for parameter values which were not used in the training stage.

4.1.3.2 The PCE Results

The aim of the present section is to evaluate the performance of the PCE algorithm imple-
mented for the fluid dynamic problem at hand. To better describe the amount of simulations
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Figure 4.8: The FOM lift coefficient as a function of the angle of attack « for the second sampling group which is used for the
cross validation test of the SUP-ROM.
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Figure 4.9: A comparison between the FOM and the SUP-ROM reconstructed lift coefficients for the cross validation test (a)
10 modes are used for each of velocity, pressure and supremizer fields. (b) 15, 10 and 10 modes are used for velocity, pressure
and supremizer fields, respectively.
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carried out to both train and validate the UQ PCE model implemented, we present in
Figure 4.10 a conceptual scheme of the simulation campaign carried out in this work.

One of the main features of non intrusive PCE is that it can use any deterministic simulation
software as a black box input source. We will then present different tests in which PCE
has been fed with the output of fluid dynamic simulations based on models characterized by
different fidelity levels. In a first test we have in fact generated a PCE based on the FOM,
and evaluated its performance in a prediction test. The second test consisted in generating
a PCE based on the SUP-ROM used in the previous section. The latter test allows for an
evaluation of how the PCE results are affected when the expansion is based on a surrogate
ROM model rather than the FOM one. Given the relatively high number of samples required
for the PCE setup, it is in fact interesting to understand if the ROM can be used to reduce
the computational cost associated with the evaluation of the solution output for a new sample,
without a significant loss in terms of accuracy.

One of the main assumptions of the non intrusive PCE algorithm implemented is that of
operating on Gaussian distributed input parameters. In fact, we have decided to apply PCE
on the same sampling set that was used in the previous section for the cross validation test
of the SUP-ROM. We recall that it contains 1000 samples which are generated by the LHC
technique with the means of the inlet velocity and angle of attack being 100 m/s and 0°, while
the variances are equal to 20 m?/s? and 300°2.

In the PCE methodology, one has to start by training the PCE (for determining the PCE
coefficients). For this purpose, we decided to divide the 1000 samples block into two groups,
each of which contains 500 samples. This is done by first ordering the samples according
to the angle of attack, and then taking one sample for the training procedure and leaving
the next one for the checking phase. In the first test, we use the FOM () values to feed the
PCE algorithm. By solving system 4.3 in a least square sense, one may obtain the PCE
reconstructed lift values for the 500 checking samples. In Figure 4.11, one may see the resulted
PCE lift coefficient curve for the values of the angle of attack used as check samples. The last
figure shows also the corresponding FOM C; values. The error in this case is 2.4208 %. It can
be deduced that the PCE has given satisfactory results when it was applied directly on the
FOM results.

In the second test we replace the FOM results with the SUP-ROM data as input for PCE.
Thus, the SUP-ROM (] values were computed by running the SUP-ROM solver with 15
modes for the velocity and 10 modes for pressure and supremizers. After using the same 500
samples to compute the PCE coefficients, we used the PCE to predict the lift coefficients for

the remaining 500 samples used for the check. We then compared the value of the predicted
PCE coefficients in this case to both the SUP-ROM values and the FOM values.

The results of the aforementioned test are reported in Figure 4.12. The figure includes
comparison of the PCE predicted C) curve with both its SUP-ROM and FOM counterparts.
The plots show a similar behavior of the PCE predictions obtained using the SUP-ROM and
the FOM output data. By a quantitative standpoint, the PCE predictions present a 2.6522 %
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Figure 4.10: The flowcharts describing the procedure followed in the numerical simulations for the UQ model generation and
validation campaign respectively. The top scheme focuses on the procedure adopted for the generation of the UQ model, and
in particular on the identification of the PCE coefficients. The polynomial surrogate based on the full order model (indicated
in green) has been generated using 1000 Gaussian distributed samples in the «, U space. The same samples have been used to
obtain the polynomial surrogate input-output relationship for the POD-Galerkin ROM (denoted by the yellow box). Note that
the ROM used in this simulation campaign has been trained by means of 520 samples in the «, U space. Finally, the bottom
flowchart illustrates the PCE validation campaign. Here, the same last 1000 samples have been used to obtain the
corresponding output with the full order model, with the polynomial UQ surrogate trained with the FOM simulations (green
box), and with the polynomial UQ surrogate trained with the ROM simulations (yellow box). For both polynomial UQ
surrogates, the set of 1000 samples has been divided into two sets of 500 samples each, one set has been used for the
identification of the PCE coefficients, while the second is used for the validation phase.
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Figure 4.11: The PCE lift coefficient for the checking samples versus that computed by the FOM, the checking samples are
500, the PCE polynomials are of the fourth degree.

error with respect to the SUP-ROM predictions, while the L? norm of the error with respect
to the FOM predictions is 2.8530 %. A summary of the comparisons made is reported in
Table 4.2.

First data Second data Error
FOM SUP-ROM 1.6079 %
FOM PCE on FOM 2.4208 %

SUP-ROM | PCE on SUP-ROM | 2.6522 %
FOM PCE on SUP-ROM | 2.8530 %

Table 4.2: A comparison between the relative error in L2 norm for the results obtained from the SUP-ROM and the PCE,
with the PCE being used on both the FOM and the SUP-ROM results. We remark that the number of POD modes used (if
apply) are 15,10 and 10 for velocity, pressure and supremizer fields, respectively, for all cases. We underline also that 500
samples have been used for testing the PCE wherever it is used.

If we shift the attention to the computational side of the results addressed in the current and
previous sections, we observe that the SUP-ROM has performed positively in that regard.
In more details, the wall time consumed by the FOM in running the steady simulations for
the 1000 parameter samples used in the cross validation test was 10185.5 s. On the other
hand, the SUP-ROM with 15 modes of velocity and 10 modes for each of the pressure and the
supremizers, has computed the lift and drag forces and also exported the reduced solutions in
just 61.3889 s, which means that the SUP-ROM has a speed up of 165. It is worth remarking
that the time taken by the FOM in simulating the 520 offline parameter samples is 5076.38 s.
It can be, therefore, concluded that the SUP-ROM can be used as an accelerator for the PCE
method, whenever the 0.43 % error increment associated with it are considered acceptable.

To summarize, in this numerical example, we studied two popular techniques that are used
often in the fields of ROM and UQ which are the POD and PCE, respectively. The study
aimed at comparing the accuracy of the two techniques in reconstructing the outputs of
interest of viscous fluid dynamic simulations. We have concluded the work with combining
the two approaches so as to exploit the ROM to speed up the many query problem needed to
obtain the PCE coefficients. POD-Galerkin ROMs such as the SUP-ROM can be a reliable
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Figure 4.12: (a) The SUP-ROM lift coefficient versus the PCE lift coefficient curve when the PCE has been applied on the

SUP-ROM output with 15, 10 and 10 modes used for velocity, pressure and supremizer fields respectively. (b) The FOM lift

coefficient versus the PCE lift coefficient curve when PCE has been applied on the SUP-ROM output with same number of

modes as in (a). In both graphs, the PCE coefficients were obtained with polynomial of the fourth grade.

output evaluator for the PCE, as the value of relative error PCE had when it was based
on ROM results was 2.8530 % while the error was 2.4208 % when PCE was based on FOM
outputs. The last result speaks positively for POD-Galerkin ROMs and makes them a valid

tool to be possibly used in the field of uncertainty quantification.

4.2 A Steady Turbulent Case: Reynolds Parametrized
Backward Step Case

In this section we are going to evaluate the performance of the hybrid ROM developed in
section 3.2 on a benchmark test case in a steady setting. The problem considered is the
backward step case. The computational domain is depicted in Figure 4.13. The boundary
conditions for the velocity and the pressure fields are also indicated in the figure, which also
reports the domain size and more specifically the lengths in Figure 4.13 are reported in terms
of the characteristic length is D = 1 m, the physical viscosity is v = 1072 m?/s. The inlet
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Figure 4.13: The computational domain used in the numerical simulations, all lengths are described in terms of the
characteristic length D that is equal to 1 meter.

velocity U is varied between from 1 m/s to 25 m/s, this gives values of the Reynolds number
which lie in the range [1 x 10%,2.5 x 104].

The parameter considered in this problem is the velocity at the inlet U, or in other words the
Reynolds number. The goal of this test is to investigate the performance of the hybrid ROM
(the H-SUP-ROM) at high Reynolds number values. Therefore, we aim at reproducing the
fluid dynamics fields using the H-SUP-ROM for several values of the parameter. In this test,
we are also interested in assessing the H-SUP-ROM ability of reducing steady problems with
the offline snapshots generated by different FOM turbulence closure models. To this end, we
have considered FOM simulations carried out with both the k& — ¢ and the SST k — w models.
In this numerical example, we are going to compare the results obtained by the H-SUP-ROM
to the FOM ones and also to the uniform ROM or the U-ROM addressed in section 3.3.

In the full order simulations, Gauss linear scheme was selected for the approximation of the
gradients and Gauss linear scheme with non-orthogonal correction was selected to approximate
the Laplacian terms. A 2-nd order bounded Gauss upwind scheme was instead used for the
approximation of the convective term. Finally, 1st order bounded Gauss upwind scheme is
used to approximate all terms involving the turbulence model parameters k, ¢ and w. The
linear solver used for the velocity equation uses a symmetric Gauss Seidel smoother, while
the pressure solver is based on the GAMG with GaussSeidel smoother.

100 snapshots were generated in the offline stage by running the FOM which utilizes the
SIMPLE algorithm addressed in section 2.2. This has been done for the two FOMs based
on both turbulence models considered. The 100 snapshots correspond to values of the inlet
velocity which are equally distributed in the range mentioned above, i.e. [1,25] m/s.

In the present case, the non-homogeneous inlet boundary conditions are dealt with by the
help of the penalty method. We remark that the ROM results were sensitive to the value of
the penalization factor 7. Therefore, we have carried out a sensitivity analysis in order to
determine the appropriate value of 7 for both £ — ¢ and SST k — w turbulence models. As
explained in section 2.7, the penalty method allows for the application of the POD procedure
directly on the original snapshots. After applying the SVD on the snapshots of the velocity,
the pressure and the eddy viscosity fields, the POD modes are obtained. The cumulative
eigenvalues decay for the three fluid dynamics variables is presented in Figure 4.14. The plot
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Figure 4.14: Cumulative ignored eigenvalues decay. In the plot, the solid red line refers to the velocity eigenvalues, the dashed
black line indicates the pressure eigenvalues and the dash-dotted blue line finally refers to the eddy viscosity eigenvalues.

suggests that a small number of modes is already sufficient in order to retain the energetic
information in the snapshots.

After obtaining the POD modes, the reduced vectors, matrices and tensors are also computed
and stored. In order to evaluate the accuracy of the two ROMSs considered, one has to consider
taking a cross validation test for the parameter considered in this work. In practice, this
consists in testing the ROM in the online stage with parameter values which were not present
in the offline parameter training set. Therefore, a different set of 80 online parameters U}
(where i = 1,..., Njest = 80) was generated. The online parameters are taken as equally
distributed points in the range [3,20] m/s. This online sample set has values of the parameter
which lie almost mid way between two offline parameter samples, and also it contains values
which are very close to the offline parameter samples. It has to be recalled that the offline
stage contains the training of the interpolation using the RBF for the approximation of
the eddy viscosity reduced vector g in the H-SUP-ROM dynamical system in 3.24. The
RBF interpolation strategy is simply based on approximating the maps between the offline
parameter values U and the L? projection coefficients of the eddy viscosity modes onto the
snapshots. This strategy is basically the one addressed in subsection 3.2.1. The interpolation
using the RBF in this work has been carried out using the C++ library SPLINTER [61].

The online stage needs that a value of the reduced eddy viscosity vector g be available in order
to solve the reduced system of the H-SUP-ROM. This value is obtained by the employing
the RBF interpolant constructed in the offline stage. The RBF interpolant of each eddy
viscosity mode will give an approximated value of its corresponding coefficient in the vector
g as indicated in Equation 3.34. After having approximated g one may solve the algebraic
system to obtain at the end the reduced velocity and pressure vector a and b. Finally, the
H-SUP-ROM fields for velocity, pressure and the eddy viscosity could be recovered. In the
case of the U-ROM, the procedure is similar, where the dynamical system to be solved is the
one defined by 3.57. Obviously, in the case of the U-ROM, the number of reduced unknowns
is smaller than its counterpart in the H-SUP-ROM. In addition, the U-ROM formulation is
purely intrusive, therefore, no interpolation procedure is needed.
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Figure 4.15: k — ¢ turbulence model case, velocity fields for the value of the parameter U = 7.0886 m/s: (a) shows the FOM

velocity, while in (b) one can see the U-ROM velocity, and finally in (c) we have the H-SUP-ROM velocity.
The first turbulence model considered is the k — & model. The FOM field corresponding to all
online parameter values were computed for the sake of comparing the ROMs results to them.
The reduced ROM fields obtained by both the U-ROM and the H-SUP-ROM for the online
parameter value of U* = 7.0886 m/s are compared to their FOM counterparts. The figures of
the velocity, pressure and the eddy viscosity fields are presented in Figure 4.15, Figure 4.16
and Figure 4.17, respectively. The plots suggest that the reduced approximation of the FOM
velocity field is acceptable from a qualitative viewpoint. The same can not be said for the
pressure field. In order to have a clearer picture, we decided to introduce the following L?
relative error defined as:

u—u*
£y = H ”Lz(()) % 100%,810 _

||uHL2(.Q)

lp —p*”L2(Q)
||p||L2(!2)

x 100%, (4.6)

where u* and p* are general reduced order velocity and pressure fields, respectively. The
values of the velocity relative error €, for the H-SUP-ROM and the U-ROM are 0.4444 % and
0.6522 %, respectively. On the other hand, the pressure errors €, are 0.3654 % and 20.9441
% for the H-SUP-ROM and the U-ROM, respectively. The last values indicate clearly that
the H-SUP-ROM was accurate in reproducing the FOM pressure field, while the U-ROM has
failed in giving satisfactory results in that regard.

At this point, we move to the next test which involves the use of the SST k — w model
turbulence model. The FOM simulation were run for the same offline and online parameter
sets with equivalent FOM and ROM settings for the numerical schemes and the treatment
of boundary conditions. We recall that the objective of this test is to assess how responsive
the H-SUP-ROM and the U-ROM results are with respect to the turbulence model used for
the FOM simulations. In Figure 4.18, Figure 4.19 and Figure 4.20, one may see the velocity,
the pressure and the eddy viscosity fields, respectively, for the FOM, the U-ROM and the
H-SUP-ROM for the online parameter value U* = 7.0886 m/s. As in the previous case, it
may be observed that the H-SUP-ROM was successful in recovering the fluid dynamics field
from qualitative standpoint, while the same can not be said for the U-ROM. Considering the
error values for this case, one may deduce that the pressure reconstruction by the U-ROM is
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Figure 4.16: k — ¢ turbulence model case, pressure fields for the value of the parameter U = 7.0886 m/s: (a) shows the FOM
pressure, while in (b) one can see the U-ROM pressure, and finally in (c¢) we have the H-SUP-ROM pressure.
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Figure 4.17: k — € turbulence model case, eddy viscosity fields for the value of the parameter U = 7.0886 m/s: (a) shows the
FOM eddy viscosity, while in (b) one can see the U-ROM eddy viscosity, and finally in (c) we have the H-SUP-ROM eddy
viscosity.
quite poor, as the error value ¢, is 22.3972 % for such intrusive model. On the contrary, the
H-SUP-ROM has achieved a higher level of accuracy with e, = 0.7329 %. As for the velocity
field errors, the U-ROM led to an error of €, = 0.8177 %, while the H-SUP-ROM gives a

value of ¢, = 0.8088 %.

The reader may observe that the FOM fields obtained by different turbulence closure models
have different values across the domain (except for the velocity). For the sake of having a
clear picture of how accurate the reduction carried out by the hybrid ROM regardless of
which turbulence modes was used at the full level, one may consider plotting the FOM and
the H-SUP-ROM pressure fields (obtained by the two turbulence models) for a fixed value
along the x5 axis (the perpendicular axis) versus the values along the x; axis (the horizontal
one). The result of this additional check can be seen in Figure 4.21, here this figure relates the
FOM and the H-SUP-ROM pressure values for the distance of the points in space from the
inlet when the second spatial variable x5 is fixed at % which is half the height of the domain.
The last figure shows the pressure distributions obtained by both the £ — ¢ and the SST
k — w models. Figure 4.21 proves that the H-SUP-ROM is able to capture the flow solution
differences between the two different turbulence models. The latter results accomplishes one
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Figure 4.18: SST k — w turbulence model case, velocity fields for the value of the parameter U = 7.0886 m/s: (a) shows the
FOM velocity, while in (b) one can see the U-ROM velocity, and finally in (¢) we have the H-SUP-ROM Veloc1ty
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Figure 4.19: SST k — w turbulence model case, pressure fields for the value of the parameter U = 7.0886 m/s: (a) shows the
FOM pressure, while in (b) one can see the U-ROM pressure, and finally in (c) we have the H-SUP-ROM pressure.

of the main goals of the hybrid ROM proposed in this work.

The final result in this section is for the H-SUP-ROM convergence analysis which is shown
Figure 4.22. These figures show the mean L? relative error for all the 80 samples used in
the cross validation test in the online stage, as a function of the number of modes used. As
previously mentioned, the number of modes used for velocity (NV,), pressure (NN,), supremizer
(Ng) and eddy viscosity (1V,,) was kept uniform in these preliminary tests. The plots indicate
that for the problem considered, the H-SUP-ROM results exhibit fast convergence to the
FOM solution for both k£ — ¢ and SST k — w. Yet, after less then ten modes, the convergence
appears to stall, as the error settles on non zero, but fairly acceptable values. This is likely due
to the fact that as the number of modes grows, the gain in accuracy becomes only marginal
compared to the 1, field interpolation error.
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Figure 4.20: SST k — w turbulence model case, eddy viscosity fields for the value of the parameter U = 7.0886 m/s: (a) shows
viscosity.

the FOM eddy viscosity, while in (b) one can see the U-ROM eddy viscosity, and finally in (¢) we have the H-SUP-ROM eddy
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Figure 4.21: The pressure fields obtained using both k — ¢ and SST k — w turbulence models and the H-SUP-ROM ones. The
plot is for the pressure value along the x1 direction keeping the value of z2 fixed at half the maximum height.
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Figure 4.22: The mean of the L? relative errors for all the online samples versus the number of modes used in the online
stage. The convergence analysis is done for both H-SUP-ROM models obtained with two different turbulence models at the

full order level which are k — e and SST k — w. The errors are reported in percentages, in (a) we have the velocity fields mean
error, while in (b) the pressure fields mean error
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4.3 An Unsteady Turbulent Case: Reynolds
Parametrized Flow Past a Circular Cylinder

In this subsection, the reduction methodologies are tested on a turbulent case. The problem
under study is the classical CFD benchmark of the unsteady flow past a circular cylinder.
We refer the reader to [162, 163, 129] for a deep analysis of this problem. This problem has
been used for testing reduced order methods in numerous works in the literature, see for
example [137, 106, 160, 34, 65]. As the vortex shedding past circular cylinders is an inherently
two-dimensional phenomenon, she case is studied in two dimensions. The computational
grid and the flow domain are illustrated in Figure 4.23. The figure also shows the boundary
conditions set for the velocity and the pressure fields, in which all the distances are expressed
in terms of the characteristic length of the problem the diameter of the cylinder D = 1 m.
The physical kinematic viscosity v is equal to 107 m?/s and the velocity at the inlet is
horizontal and uniform with magnitude Uj,. The number of cells in the mesh is equal to
11644. The case is parametrized through the Reynolds number Re by changing the velocity
at the inlet Uj,. The latter varies inside the range of [7.5,12] m/s which corresponds to
Re €[7.5 x 10*,1.2 x 10°]. The simulations will run and evolve in time until a final periodic
regime is fully developed.

The simulations are carried out using the non-steady solver named pimpleFoam which is based
on merging the SIMPLE and the PISO algorithms described in section 2.2. The pimpleFoam
solver in OpenFOAM has the capacity of adapting the time steps in a way which assures that
the maximum Courant number C'F'L [45, 46] does not exceed a prescribed value which is in
this case has been set to CFL,.x = 0.9. In relation to the time advancing schemes used in
this case, the backward Euler scheme is utilized for the computation of the time derivative
of the velocity field. As for the spatial gradients, a Gauss linear scheme is employed. The
convective term has been approximated with a 2nd order bounded Gauss upwind divergence
scheme which utilizes upwind interpolation weights, with an explicit correction based on the
local cell gradient. Gauss linear scheme is used for the discretization of the diffusive term.
The values of the relaxation factors v, and o, are fixed at 0.7 and 0.3, respectively. Only one
non-orthogonal corrector iteration is used for dealing with the non-orthogonality of the mesh.
As for the linear solvers, a GaussSeidel smoother solver is used for the velocity equation,
whereas the GAMG solver with GaussSeidel smoother is used for solving the pressure equation.
Turbulence treatment at the full order level is carried out by the usage of the SST k& — w
turbulence model.

The first step of the offline stage is to sample the parameter space. Therefore, ten samples for
the horizontal velocity at the inlet are taken inside the range [7.5,12] m/s. The next task is to
take time snapshots for each parameter value after making sure that the flow reaches the final
periodic regime. We emphasize that the objective of the reduction in this numerical example
is to reproduce the fields and other related quantities only for the final periodic regime. As
for the time snapshots, they have to be taken wisely by covering 1.5 — 2 solution cycles of the
periodic regime. This is vital for having POD modes which are representative of the fluid
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dynamics fields across the periodic solution cycle. Thus, in order to properly choose the time
instants at which snapshots will be acquired, one has to compute the time period of the final
periodic regime. This has been done by performing Fourier analysis on the FOM time signal
of lift and drag fluid dynamic forces acting on the cylinder’s surface. The lift coefficient C
is obtained by the lift force L as C) = %pU#D.

Figure 4.24 depicts the lift coefficient time signal for the case of the U, = 10 m/s. This time

To illustrate the aforementioned procedure,

signal is computed with non-uniform time steps, therefore an interpolation procedure on a
uniform time grid has been done in order to allow for the Fast Fourier Transform (FFT)
algorithm. After doing so, the FFT resulted in a vortex shedding period of 0.4299 s. This
period corresponds to a Strouhal number [144] value of 0.2326. We recall that the Strouhal
number is a non-dimensional number associated with the frequency St = J%D. The value
obtained is relatively close to the experimental one of approximately 0.20 [31]. Once the time
period is computed, one may proceed by simulating enough cycles of the solution. In this
case, 1.2 additional seconds were simulated with a fixed time step of 0.0003 s, and snapshots
of the fluid dynamics fields were saved each 0.006 s, which results in a total of 200 snapshots

for this parameter sample.

The procedure of acquiring the snapshots has been repeated for each parameter sample in the
training set. The number of snapshots taken for each parameter sample is Ny = 200 giving a
total number of snapshots N, = 2000. Table 4.3 reports the time steps and the time intervals
in which snapshots were taken for each value of the sampled parameter. The table suggests
that the time step and the time window in which snapshots were saved vary as a result of the
change in the frequency of vortex shedding of the system, which is in turn dependent on the
asymptotic velocity Uy,.

The enforcement of non-homogeneous boundary conditions at the inlet is carried out with the
help of the penalty method [59, 131]. The POD procedure is therefore applied directly on the
snapshots matrices of the velocity, pressure and the eddy viscosity. In that regard, Figure 4.25
shows the cumulative eigenvalues decay of the correlation matrices of the three fluid dynamics
variables. Afterwards, the supremizer problem has been solved for each pressure mode [16],
resulting in the supremizer modes which have been used for the enrichment of the velocity
POD space.

The first attempt for the reduction of this unsteady parameterized problem will be carried out
using the Uniform-ROM and the H-SUP-ROM. At a later stage, we will also investigate the
other turbulent ROMs which are based on the Poisson pressure equation. However, most of
the tests carried out in this section will be focused on the H-SUP-ROM because of its general
reduction formulation (it may be used for both steady and unsteady flows).

Firstly, we recall that in the formulation of the H-SUP-ROM, an interpolation procedure
for the approximation of the eddy viscosity coefficient vector g is required. This procedure
has to be performed at each time step t* of the simulation corresponding to the online
parameter value U . In fact, the vector g(t*,U}) can be computed by employing one of
the two interpolation strategies addressed in sections 3.2.1 and 3.2.2. In the first strategy
introduced in subsection 3.2.1, the interpolation has to be done with respect to the combined
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time-parameter vector. However, this choice restricts the online time integration to be confined
in the window where snapshots have been acquired (for example the 1.2 seconds for the case
of U, = 10 m/s or the window of 1 second length for U, = 12 m/s). In order to allow time
extrapolation in the ROM formulation, we decided to employ the second strategy addressed
in subsection 3.2.2 in which the vector g is obtained through RBF interpolation from the
reduced order velocity coefficients vectors of a and a (Equation 3.40). As the values of the
components of the vector time signal a(t) oscillate between a minima and a maxima over
time, the replacement of of ¢ by a(t) as the RBF interpolation independent variable has in
fact the advantage of allowing extrapolation. Nonetheless, this is true if the values of the
vector a components obtained during the ROM time integration fall within the bounds of the
FOM snapshots. Consequently, it is evident that the accuracy of such interpolation outside
the offline snapshots window is highly dependent on how close the current solution vector a
is to the vectors of the L? projection coefficients (see Equation 3.42) used in the offline stage
for training the RBF.

We would like to remark that in this problem we applied the splitting assumption in Equa-
tion 3.35. Thus, the interpolation using RBF is actually aimed at obtaining the coefficients of
the expansion of the fluctuating reduced eddy viscosity field which approximates the FOM
one v;(x,t). As a result, the contribution of the parameter (which is Uj,) is present only in
the time-averaged part 7;(x; ). At reduced order level, the vector g is dependent on the
parameter. In this example, we have M = 10 which corresponds to the number of eddy
viscosity time-averaged fields, which were computed as the average of the 200 time snapshots
corresponding to each parameter sample. In the online stage, the vector g(U;) is computed
by linear interpolation, while the vector g(¢*) (notice that there is no dependency on the
parameter) is obtained from the RBF interpolation with respect to a and a. Finally, the
initial values for all vectors a(0,U}), b(0,U%) and g(0) are obtained from the inlet velocity
parameter using a linear interpolation (based on the values of the initial L? projection vectors
of a(0,U;,), b(0,U;,) and g(0)). We also mention that in the RBF interpolation, a shape
parameter of the RBF functions has to be tuned. In this work the chosen RBFs are always
of the Gaussian type, where their formula is ¢;; (| [|gen.) = exp(—r2|-|[2an, ), Where 7 is
the shape parameter of the RBF, which plays an important role for the accuracy of the
interpolation. In order to determine a suitable value for this parameter, we relied on the cross
validation algorithm named Leave-One-Out Cross Validation (LOOCV) [51]. This choice
turned out to be sufficient for the tests conducted in this chapter.

At this point, we proceed to illustrate the details of the first numerical test, which is a cross
validation or an extrapolation test in the parameter space. The test is aimed at reconstructing
the time history of the fluid dynamics fields for the online parameter value U = 7.75 m/s,
which was not used for training the ROM. Also, one of the objectives of this test is to obtain
the fluid dynamic forces for time values which go far beyond the offline snapshots time window.
After carrying out the offline phase, all the reduced vectors, matrices and tensors which appear
in the dynamical systems of the U-ROM and H-SUP-ROM (in 3.57 and 3.37, respectively)
are saved for later use in the online stage. The online stage involves solving the dynamical
systems mentioned for the vector a in the case of the U-ROM, and for the two vectors a and
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Figure 4.23: (a) The OpenFOAM mesh used in the simulations for the unsteady case of the flow around a circular cylinder.
(b) A picture of the mesh zoomed near the cylinder.
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Figure 4.24: The lift coeflicient curve for parameter sample U;, = 10 m/s.

b in the case of the H-SUP-ROM. The initial reduced vectors are approximated as the average
of the ones corresponding to the first two offline parameter samples since U, = 7.75 m/s lies
between them. We recall that the reduced vector g(U% ) is time independent and therefore it
does not change during the time integration of the dynamical system. The latter vector has
been approximated as 0.5e}? + 0.5e}! (recall that e is the unit vector of dimension M and
contains zero elements everywhere except in its i-th component in which it has the value 1).
The fields obtained by solving the reduced systems of both ROMs are then compared the
FOM ones. The FOM simulator has been run for enough time to reach the periodic regime,
before extending the simulation at fixed time step of 0.0004 s. FOM snapshots were taken
every 0.008 s, and the total simulation time is 8 s which encompassed 13 solution periods. We
emphasize that the last FOM snapshots mentioned are computed just for the sake of making
the comparison with the obtained ROM fields, and these FOM fields were obviously not used
during the offline stage for the computation of the POD modes. It is also important that
special attention is given to the phase of the FOM snapshots. In more details, the phase of
the first snapshot acquired for all the parameter samples is recommended to be the same.
This is also the case for the FOM snapshots computed for the online parameter for the ROM
assessment. It is assumed that the starting time of the online simulations is equal to 0 in all
the tests considered in this subsection.

The results for the velocity, pressure and the eddy viscosity fields computed by the FOM,
the U-ROM and the H-SUP-ROM at the time instant ¢ = 2.8 s are depicted in Figure 4.26,
Figure 4.27 and Figure 4.28, respectively. The results show clearly that the velocity field
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Parameter sample : U;, in m/s | FOM time step in s | Snapshot acquiring time in s
7.5 0.0004 0.008
8 0.0004 0.008
8.5 0.00035 0.007
9 0.0003 0.006
9.5 0.0003 0.006
10 0.0003 0.006
10.5 0.0003 0.006
11 0.0003 0.006
11.5 0.00025 0.005
12 0.00025 0.005

Table 4.3: Offline parameter samples and the corresponding snapshots data
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Figure 4.25: Cumulative ignored eigenvalues decay. In the plot, the solid red line refers to the velocity eigenvalues, the dashed
black line indicates the pressure eigenvalues and the dash-dotted blue line finally refers to the eddy viscosity eigenvalues.

has been reconstructed accurately by both the U-ROM and the H-SUP-ROM. This can be
seen at both the qualitative and the quantitative levels. The L? relative errors for both the
U-ROM and the H-SUP-ROM are in fact 1.3553 % and 0.6954 %, respectively. As for the
pressure field, the accuracy of the U-ROM is considerably poor in contrast to the case of the
hybrid ROM. The value of the L? relative error for the pressure reduced field is 33.0963 %
for the U-ROM, and it is 4.8085 % for the H-SUP-ROM. The reduced pressure fields figure
illustrates certainly that the U-ROM has failed in approximating the FOM pressure field.
This lack of accuracy can be evidently seen in the region close to the surface of the cylinder,
which clearly affects the accuracy of the reduced approximation of the lift and drag forces.
On the other hand, the H-SUP-ROM reconstruction of the pressure field is acceptable. We
would also like to remark that the number of modes used in the online stage in the case of the
U-ROM is N, = 14, where as for the H-SUP-ROM, the online modes setting is N, = 20 and
N, = Ng = N,, = 10. These choices of the number of the online modes have given the best
results in terms of L? relative error for both ROMs in question among the other attempted
possible choices.

In order to have a better assessment of the accuracy achieved by both ROMs, it is particularly
useful plotting the time evolution of the L? relative error associated with the approximation
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Figure 4.26: Velocity fields for the parameter value U;,, = 7.75 m/s at t = 2.8 s: (a) shows the FOM velocity, while in (b) one
can see the U-ROM velocity with N, = 14, and finally in (c) we have the H-SUP-ROM velocity with N, = 20 and
N, = Ng = N,, = 10.
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Figure 4.27: Pressure fields for the parameter value U;y, = 7.75 m/s at ¢ = 2.8 s: (a) shows the FOM pressure, while in (b)
one can see the U-ROM pressure with N, = 14, and finally in (c) we have the H-SUP-ROM pressure with N,, = 20 and
Np = Ng = N, = 10.
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Figure 4.28: Eddy viscosity fields for the parameter value U;;, = 7.75 m/s at t = 2.8 s: (a) shows the FOM eddy viscosity,
while in (b) one can see the U-ROM eddy viscosity with N, = 14, and finally in (c¢) we have the H-SUP-ROM eddy viscosity
with N, =20 and N, = Ng = N,, = 10.
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Figure 4.29: The time evolution of the L? relative errors of the velocity reduced approximations for both the U-ROM and the
H-SUP-ROM models. The curves correspond to the case run with the parameter value U;,, = 7.75 m/s : (a) shows the error
curve for the U-ROM model. Figure (b) depicts the case of the H-SUP-ROM model. The error values in both graphs are in

percentages.

of each field. Such plot for the case of the velocity field is depicted in Figure 4.29, while
Figure 4.30 shows the error curve for the pressure field. In reduced order modeling, one
should expect that the behavior of the error as function of the time is going to be increasing.
However, ROMs which are able to contain the growth of such error during the integration of
the dynamical system are considered more accurate and favorable. In this regard, it can be
appreciated from the error figures that the H-SUP-ROM has given better results in terms
of curbing the error values, where one can see that by increasing the number of velocity
modes N, the maximum values of ¢, tend to decrease. Also, it may be well observed from
Figure 4.30 that the pressure reduced approximation is not accurate for the U-ROM, while
the H-SUP-ROM has given satisfactory pressure results.

The next result in this test is related to one of the most important performance indicators
for engineers when dealing with problems such as the crossflow cylinder. This performance
indicator is the fluid dynamics forces acting on the surface of the cylinder. These forces
depend on the values of the velocity and pressure fields in specific local areas. Thus, evaluating
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Figure 4.30: The time evolution of the L? relative errors of the pressure reduced approximations for both the U-ROM and
the H-SUP-ROM models. The curves correspond to the case run with the parameter value Uy, = 7.75 m/s : (a) shows the
error curve for the U-ROM model. Figure (b) depicts the case of the H-SUP-ROM model. The error values in both graphs are
in percentages.
the accuracy of the ROM through the global error evaluators discussed so far is not enough,
especially when there is an interest in recovering the forces acting on the surface of a body
immersed in the flow. In the case of the present numerical test for instance, a considerable
pressure or velocity error localized in the small region around the cylinder might have a
substantial impact on the forces values, while having little effect on the global fields errors.
For such reason, the following analysis considers the time evolution of the lift coefficient Cj,
i.e.: the non-dimensionalized vertical component of the fluid dynamic force acting on the
cylinder. It is important to point out that the lift and drag forces exerted by the fluid on
the cylinder are not a direct result of the H-SUP-ROM computations. The reduced system
solution consists in fact in the modal coefficients of the velocity and pressure fields at each
time instant, which are in turn used to obtain the H-SUP-ROM approximation of the full
rank flow field. Such approximation can be obviously used to obtain — through integration of
pressure and skin friction on the cylinder surface — the reduced order approximation of the
fluid dynamic force components and the corresponding force non-dimensional coefficients. Yet,
in the reduced order modeling community it is recommended to refrain from such procedure,
as it involves a possibly expensive operation such as the evaluation of the full rank flow field.
For this reason, the lift and drag coefficients in this work are computed in a fully reduced
order fashion, based on the offline computation of suitable matrices which are then used in
the online stage. The detailed procedure for the online fluid dynamic forces computation has

been laid out in section 2.8.

The resulting lift coefficients curves computed by both the U-ROM and the H-SUP-ROM are
compared to the FOM one. Figure 4.31 shows the time signal of the lift coefficient obtained by
all of the FOM, the U-ROM and the H-SUP-ROM for the parameter value U}, = 7.75 m/s. In
(a), one may see the full history of the lift coefficient for the time range considered in this test,
that is [0, 8] s. The figure on the right in (b) depicts the values of the lift coefficient curves
just in the segment containing the last two seconds. The last figures apparently illustrate
the fact that the H-SUP-ROM outperforms the U-ROM. In fact, it can be concluded from
the previous figures that the U-ROM has an instability problem when it comes to long-time
integration. On the other hand, the H-SUP-ROM () curve is matching its FOM counterpart
to a good degree. The number of reduced modes employed in the online stage is still the same
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as mentioned for the fields results reported above.

In order to have a better assessment of the reconstruction of the lift coefficient by both ROMs
through a quantitative point of view, we introduce the following L? relative percentage error,
in the integration time interval [T'1, T2], between the FOM C; and its reduced approximations
by the both ROMs, namely

i 1C1(#) = C* Ol 1y )
C frm—
L ICO 1z, 1)

x 100%, (4.7)

where C(t) is the time signal of the values of the FOM lift coefficients at all time instants
between T} and Tp. On the other hand C;*(t) is the time evolution of the lift coefficients
computed by the reduced order model — whether the U-ROM or the H-SUP-ROM. Referring
back to Figure 4.31, we calculated the error metric defined above for the full time range of
[0, 8] and also for its corresponding first half [0,4]. The values of the U-ROM ¢, for the two
time intervals are 16.7095 % and 5.1252 %, for the full range and its first half, respectively.
Instead, the H-SUP-ROM approximation of the C; has given two close error values for these
ranges, which are 3.5792 % and 4.0504 %. The latter values of the C; error demonstrate in
fact that the U-ROM has a clear stability problem for long-time integration problems. Such
instabilities have not been observed in the case of the hybrid model. In Figure 4.32, one may
see the behavior of the error mentioned above as a function of the number of modes used in
the online stage. It can be noticed from the previous figures that the H-SUP-ROM has been
capable of recovering the FOM force coefficient with satisfying level of accuracy. Actually, the
error values obtained by the H-SUP-ROM approach values as low as 3 %, while the U-ROM
() is consistently above 16 % off the FOM values.

A further aspect of the results shown in Figure 4.32 will be investigated for the sake of having
a better understanding of the ROMs accuracy. This is done by trying to attribute how much
of the L? error is caused by imprecise reproduction of the amplitude or the frequency of the
lift coefficient oscillations. To this end, we define the relative peak error €., as follows:

PKn,FOM - PKn,*
En,peak = PK o
n,

x 100%, (4.8)

where PK,, poy is the value of the n—th FOM C) peak and PK,, , is the value of the n—th
U-ROM or H-SUP-ROM (] peak. Figure 4.33 shows the relative peak error for both ROMs.
The relative peak error values computed for each of the 29 peaks the time interval [0, 8] s
are presented in Figure 4.33. It has to be remarked that the peak errors are presented for
the values of the number of online modes used for the U-ROM N, which has given the best
results for the relative L? lift error analysis shown previously. Figure 4.33 indicates that the
relative error of the U-ROM increases with time until it reaches values as high as 10 — 20 %.
Unlike the case of the U-ROM, the hybrid ROM has lower values of the relative peak errors
which are below 3.5 % for several modal truncation order for velocity, pressure, supremizers
and the eddy viscosity.
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Figure 4.31: Lift coefficients curves for the cross validation test done for the parameter value U;,, = 7.75 m/s for the time
range [0, 8] s, the figure shows the FOM, the U-ROM and the H-SUP-ROM lift coefficients histories : (a) the full range is
shown (b) the last 2 s C} is shown.
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Figure 4.32: The graph of the L? relative errors for the lift coefficients curve versus number of modes used in the online stage
in both cases of the U-ROM and the H-SUP-ROM models. The curves correspond to the case run with the parameter value
Uin = 7.75 m/s. The error is computed between the lift coefficients curve obtained by the FOM solver and the one
reconstructed from both the U-ROM and the H-SUP-ROM models for the time range [0, 8] s : (a) shows the error curve for
the U-ROM model, where N, is the number of modes used in the online stage for all variables (by construction of the U-ROM
it is not possible to choose different number of online modes for the reduced variables). Figure (b) depicts the case of the
H-SUP-ROM model, where one can see the error values varying the number of modes used for the pure velocity with different
fixed settings for the three other variables (the pressure, the supremizers and the eddy viscosity). The error values in both
graphs are in percentages.

e ¢ 1 |
N, =12,N, = 10, Ns = 10, N,, = 10
-e-N, = 14,N, = 7,Ng = 7,N,, = 7
4-e-N, = 16, N, = 10, Ng = 10, N,, = 10
ilee N, = 20, N, = 8, Ny =8, N,, = 8
! =N, =20, N, = 10, Ns = 10, N,, = 10

20+

10 15 20 25 30

Figure 4.33: The graph of the peaks relative errors for the lift coefficients curves for varied values of the number of modes
used in the online stage in both cases of the U-ROM and the H-SUP-ROM models. The curves correspond to the case run
with the parameter value U;, = 7.75 m/s. The error is computed between the peaks values of the lift coefficients curve
obtained by the FOM solver and the ones reconstructed from both the U-ROM and the H-SUP-ROM models for the time
range [0,8] s : (a) shows the error curve for the U-ROM model, where N, is the number of modes used in the online stage for
all variables (by construction of the U-ROM it is not possible to choose different number of online modes for the reduced
variables). Figure (b) depicts the case of the H-SUP-ROM model. The error values in both graphs are in percentages.
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After having shown the results of a cross validation test for both the U-ROM and the H-SUP-
ROM, now we proceed by testing the two other turbulent ROMs addressed in section 3.3
on the same problem and for the same cross validation test. These ROMs are named as
the SU-PPE-ROM and the H-PPE-ROM. Both ROMs are based on the use of the Poisson
equation for pressure at the reduced order level for the stabilization of the pressure field. The
two ROMSs can be used just for the reduction of unsteady flows, where due to the formulation
of the boundary conditions they can not be extended to the steady case. The difference
between these two ROMs lies in the fact that the SU-PPE-ROM is an intrusive ROM while
the H-PPE-ROM is a hybrid one. The H-PPE-ROM employs an equivalent procedure to the
H-SUP-ROM when it comes to the approximation of the eddy viscosity field.

As mentioned above, we will perform a cross validation test for the SU-PPE-ROM and the
H-PPE-ROM which is identical to the one conducted for the U-ROM and the H-SUP-ROM.
Therefore, the online parameter value is still U}, = 7.75 m/s. The SU-PPE-ROM is applied
with the use of the penalty method for the treatment of the non-homogeneous boundary
conditions. On the contrary, this time the lifting function method will be utilized to enforce
the boundary conditions for the hybrid ROM (the H-PPE-ROM in this case). The lifting
function chosen in this case corresponds to the solution of a potential flow problem with the
inlet velocity being fixed at U;,, = 1 m/s. The problem is solved by running an iterative steady
solver and when the solver completes the iterative procedure, the velocity field obtained at the
end is considered as the additional lifting mode/function which will be added to the velocity
POD modes. The next step involves the homogenization of the velocity snapshots using
this lifting function, this gives new 2000 velocity snapshots which will be stored. The POD
method is then applied on the latter velocity snapshots resulting at the end in the velocity
POD modes. All the reduced matrices, vectors and tensors which appear in the dynamical
systems of both ROMs in Equation 3.66 and Equation 3.63 are computed and stored. The
initial velocity, pressure and eddy viscosity reduced vectors are set in the exact way as in the
previous test.

The first results shown are those of the lift coefficient C; for the same range considered in the
previous test, that is [0, 8] s. Figure 4.34 depict the lift coefficients curves obtained by both
PPE ROMs and the FOM. It can be appreciated from the last figure that the SU-PPE-ROM
has done a better job in matching the FOM for the time history of the C signal compared to
the U-ROM in Figure 4.31. However, it can also be seen that the H-PPE-ROM has given
slightly better fitting of the FOM (). It has to be mentioned that the number of modes
used in the online stage for both ROMs represents in effect the best combination in terms of
accuracy measured by the error e, in Equation 4.7. In Figure 4.34, the number of velocity
and pressure modes is equal to 9 for the SU-PPE-ROM, while the number of velocity, pressure
and eddy viscosity modes is equal to 15 in the case of the H-PPE-ROM. The results from
a quantitative perspective show that the SU-PPE-ROM has an error ¢, = 5.0525 % for
the time range [0,4] s and e¢, = 12.4255 % for the full time range. On the other hand, the
H-PPE-ROM corresponding errors are 2.2445 % and 4.3678 %. In order to better assess the
accuracy of both models, one has to consider doing a convergence analysis for the online
truncation modes, and also to investigate the errors committed in the approximation of the
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Figure 4.34: Lift coefficients curves for the cross validation test done for the parameter value U;,, = 7.75 m/s for the time
range [0, 8] s, the figure shows the FOM, the SU-PPE-ROM and the H-PPE-ROM lift coefficients histories : (a) the full range
is shown (b) the last 2 s C; is shown.

peaks of the C] curve.

The SU-PPE-ROM has given significantly better results in terms of accuracy and stability
compared to the U-ROM. Nevertheless, the constraint of having temporal coefficients shared
between velocity and eddy viscosity could be problematic in specific settings. For example,
if 20 and 12 modes are needed for an accurate reconstruction of the velocity and the eddy
viscosity fields, respectively, then this formulation would restrict the ROM solver to use 8
additional unnecessary eddy viscosity modes for the solution of the reduced DAE. This is
likely to cause stability problems in solving the DAE.

The convergence analysis is presented in Figure 4.35, where one can see that the error values
for the SU-PPE-ROM reaches a minimum when N, = N, = 9 which is the case depicted in
Figure 4.34, for a total number of degrees of freedom of 18. The error has a similar behavior
when compared to the one depicted in Figure 4.32 for the U-ROM, where it can be seen that
there are two minima for the error curve occurring at truncation values of 9 and 14 for the
velocity and the pressure modes, and the error values remain consistently above 10 %. As for
the H-PPE-ROM, it has achieved small error values when the number of the velocity modes
grows up to 13 — 15 modes. The values of the error are lower than 10 % for several truncation
settings, for example it is around 8 % when 13 modes are employed for all reduced variables.
It has to be remarked that in the H-PPE-ROM, the N, variable includes already the lifting
function added for the treatment of the boundary conditions at the reduced order level.

The results in Figure 4.36 report the peaks error for the PPE ROMs for different settings of
the online modes. Again, here it can be observed that compared to the U-ROM, the SU-PPE
ROM has achieved better results which speaks to the necessity of having a separate set of
reduced coefficients for the pressure field. The values of the peaks errors (for the SU-PPE
ROM) have reached as low as 2 % for certain choices of the online truncation. The last figure
illustrates also that the H-PPE-ROM has been successful in recovering the peaks of the C
time signal with errors lower than 2 % for online truncations with N, = 13,14, 15. Another
important result is the one reported in Figure 4.37 and Figure 4.38, where one can see the time

evolution of the L? error for both ROMs in question. It can be appreciated from the previous
figures that the H-PPE-ROM outperforms the SU-PPE-ROM for the error committed in the
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Figure 4.35: The graph of the L? relative errors for the lift coefficients curve versus number of modes used in the online stage
in both cases of the SU-PPE-ROM and the H-PPE-ROM models. The curves correspond to the case run with the parameter
value Uj, = 7.75 m/s. The error is computed between the lift coefficients curve obtained by the FOM solver and the one
reconstructed from both the U-ROM and the H-PPE-ROM models for the time range [0,8] s : (a) shows the error curve for
the SU-PPE-ROM model, where N, is the number of modes used in the online stage for both the velocity and the eddy
viscosity, while N, is the number of modes used for the pressure field. Figure (b) depicts the case of the H-PPE-ROM model,
where one can see the error values varying the number of modes used for the velocity (including the lifting velocity mode) with
different fixed settings for the two other variables (the pressure and the eddy viscosity). The error values in both graphs are in

percentages.
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Figure 4.36: The graph of the peaks relative errors for the lift coefficients curves for varied values of the number of modes
used in the online stage in both cases of the SU-PPE-ROM and the H-PPE-ROM models. The curves correspond to the case
run with the parameter value U, = 7.75 m/s. The error is computed between the peaks values of the lift coefficients curve
obtained by the FOM solver and the ones reconstructed from both the SU-PPE-ROM and the H-PPE-ROM models for the
time range [0,8] s : (a) shows the error curve for the U-ROM model, where N, is the number of modes used in the online
stage for both the velocity and the eddy viscosity, while N}, is the number of modes used for the pressure field. Figure (b)
depicts the case of the H-PPE-ROM model. The error values in both graphs are in percentages.

approximation of the pressure field. In fact, in the case of the SU-PPE-ROM, the error values
at the end of the time integration are above 10 % for all the different truncations. On the
other hand, the corresponding error value for the H-PPE-ROM reaches values of 4 — 7 % at
the final time of the reduced simulations for certain choices of the online modes. It can be also
deduced that the H-PPE-ROM has performed better in that regard than the H-SUP-ROM
(see the corresponding figure in 4.30), where it can be noticed that the pressure error growth
in the case of PPE-based hybrid ROM is more suppressed. The justification of that could
be that the use of the Poisson equation for pressure at the reduced level has introduced a
higher level of consistency between the ROM formulation and the FOM one. In fact, the
FOM constructs a pressure equation from the momentum and the continuity equation as
explained in section 2.2. This procedure is mimicked by the H-PPE-ROM. Nonetheless, we
have to mention that in general the FOM solution algorithm differs from the ROM one, in
that the FOM one is based on an iterative segregated approach, while the ROM one uses a
coupled approach.
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Figure 4.37: The time evolution of the L? relative errors of the velocity reduced approximations for both the SU-PPE-ROM
and the H-PPE-ROM models. The curves correspond to the case run with the parameter value U, = 7.75 m/s : (a) shows the
error curve for the SU-PPE-ROM model. Figure (b) depicts the case of the H-PPE-ROM model. The error values in both

graphs are in percentages.
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Figure 4.38: The time evolution of the L2 relative errors of the pressure reduced approximations for both the SU-PPE-ROM
and the H-PPE-ROM models. The curves correspond to the case run with the parameter value U, = 7.75 m/s : (a) shows the
error curve for the SU-PPE-ROM model. Figure (b) depicts the case of the H-PPE-ROM model. The error values in both
graphs are in percentages.

To summarize the results given by the four ROMs tested in the current problem, we report
Table 4.4 which compares the performance of all the ROMs in terms of the accuracy and
the efficiency. In the table SU stands for the speed up, where here it is calculated as
SU = teff

tonline . . . . . .
export the snapshots, and £, is the corresponding online time. In the cross validation test
considered for Uy, = 7.75 m/s, the value of ¢, is 1540.766 s. This corresponds to the wall
time of running the simulations in parallel on 6 processors, along with the time needed to
reconstruct the fields. We recall that the results reported in the table are for the best choices

of the online modes for the error ¢, in the full time integration range [0, 8] s.

, with #,7; being the wall time needed to run the full order simulations and

The ROM ey, maxXp Eppeak | SU DoF
The U-ROM 16.7095 % 12.67 % 31.80 N, =14
The SU-PPE-ROM | 12.4255 % 4.995 % 30.16 Ny=N,=9
The H-SUP-ROM | 3.5792 % 3.498 % 934 | N, =20, N, =Ng=N,, =10
The H-PPE-ROM | 4.3678 % 1.59 % 12.86 Ny, =N, =N, =15

Table 4.4: Summary of the accuracy and the efficiency results for the ROMs considered in the problem of the flow around the
cylinder.

The cross validation test for U, = 7.75 m/s is now concluded. The objective of the next test
is to measure the accuracy of the hybrid ROM (in this case the H-SUP-ROM was chosen)
for higher Reynolds number and also for longer time extrapolation intervals. Therefore, we
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Figure 4.39: Lift coefficients curves for the cross validation test done for the parameter value U;,, = 11.75 m/s for the time
range [0, 10] s, the figure shows the FOM and the H-SUP-ROM lift coefficients histories : (a) the full range is shown (b) the
last 3 s history of C; is shown.
choose the inlet parameter online sample to be U, = 11.75 m/s, the time range for which the
ROM will be run is [0,10] s. This time interval has 27 solution cycles which is almost double
the number of solution cycles contained in the [0, 8] s considered in the previous case. The
results include the time history of the lift coefficient C; in addition to its corresponding L?
relative error named e¢, and also the peaks error and the reduced approximation of the time

period.

As in the first test, the FOM simulator was run enough time to reach the periodic regime.
Then the simulation was extended for other 10 s starting from a phase which is equivalent to
the one set for the offline samples. The additional 10 seconds were simulated with time step
equal to 0.00025 s. The formulation and the reduction strategy of the H-SUP-ROM are the
same as the ones set in the first numerical test in this section. The C; H-SUP-ROM curve is
reproduced using 12 modes for the velocity and 10 modes for each of pressure, supremizers
and eddy viscosity. Figure 4.39 shows the results for the C; curves over all the whole time
range considered in part (a), while the figure in (b) depicts the lift curves just for the last 3
seconds. These figures clearly suggest that the H-SUP-ROM has been successful in dealing
with such high value of the Reynolds number which is equal to 1.75 x 10°. They also prove the
ability of the hybrid ROM in tackling the issue of long-time integration, as they indicate that
qualitatively speaking the matching between the FOM and the H-SUP-ROM was not harmed
even in the last solution cycles. The value of the error e¢, (as defined in Equation 4.7) is
1.9486 %. The peaks of the FOM C) curve were recovered with maximum error of 2.0526 %
for all the 55 peaks present in the curve. Finally, the average time period computed in by
the FOM solver is about 0.3641 s, while the average time period approximated by the hybrid
ROM is about 0.3642 s. One may conclude that the 0.2 % relative error in the approximation
of the time period is mainly caused by amplitude inaccuracies rather than being a result of
incorrect frequency reconstructions.

After having tested the accuracy and the reliability of the hybrid ROM proposed in this
thesis, it remains to verify that the hybrid ROM meets one important objective which is
the versatility of the ROM framework. This feature of the ROM is measured in terms of its
applicability for different turbulent full order closure models without having to readapt itself
each time the turbulence FOM modeling is changed. For the sake of testing this feature, we
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Figure 4.40: The lift coefficient curves obtained using both k — ¢ and SST k — w turbulence models and the H-SUP-ROM
ones. The case considered is a non-parametrized one with U, = 10 m/s corresponding to Re = 10°. The plot is for the time
range t € [6,8], the H-SUP-ROM achieved relative L? errors (over the range ¢ € [0,8]) which are less than 5 % in both cases.

have done a final test in which we generated FOM snapshots from two different turbulence

closure models which are the the SST k£ — w and the £ — ¢ models. The case under study is
still the cylinder case but without parameters, therefore, the goal of the reduction is just to
reproduce the time snapshots and extrapolate in time. The Reynolds number in this case is

Re = 10°, the FOM simulation were carried out for both turbulence models till the regime

solution is fully developed. Then the acquirement of snapshots was done with time rate of

1.2 sand 1.6 s for kK — e and SST k — w models, respectively. The hybrid ROM chosen is

the H-SUP-ROM with the penalty method for the treatment of the boundary conditions.

The H-SUP-ROM was run for 8 seconds for both turbulence models. The resulted FOM

lift coefficient for both closure models and the corresponding ROM ones are depicted in

Figure 4.40. It is evident from the graph that the H-SUP-ROM proves sensitive to the specific

turbulence model used in the FOM solver, although no additional PDEs for the turbulent

quantities are solved at the reduced level. The value of the errors defined in Equation 4.7

for both turbulence models are below 5 % and the reduced approximation of time period is

accurate in both cases with relative errors below 1 %.

4.4 Concluding Remarks

In this chapter we have presented the results of the application of various POD-Galerkin
ROMs on different CFD problems. These POD-Galerkin ROMs have been developed in this
thesis for the goal of reducing problems discretized by the finite volumes method. In addition,
a number of these ROMs was specifically constructed for the reduction of turbulent flows. The
results shown in this chapter had been presented in the following works [137, 73, 72, 74].
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The applications considered in this chapter included a problem in uncertainty quantification
and two turbulent problems. The uncertainty quantification (UQ) problem is the classical
problem of the flow past an airfoil in steady state and parametrized settings. In this problem,
we applied the SUP-ROM developed in section 2.6 together with the non-intrusive polynomial
chaos expansion (PCE) algorithm. We have shown that the SUP-ROM could be used as an
input evaluator for the PCE. This use of the SUP-ROM offers significant level of reduction of
the computational cost associated with PCE computations.

In the second and third sections, we have considered two turbulent problems. The first one
is the steady problem of the backward step, while the second one is the flow past a circular
cylinder. In these problems, we applied the hybrid ROMs developed in this thesis. The hybrid
ROMs have given accurate results for the reconstruction of the fluid dynamic fields and other
outputs of interest such as the lift coefficient. In addition, they provided acceptable levels of
speed up which speaks for their efficiency. Finally, the hybrid ROMs proved being sensitive
to the FOM results obtained by the use of different turbulence closure models. The latter
result accomplishes one of the important goals set in this thesis.



CHAPTER 5

Conclusions and Outlook

This chapter presents the conclusions which are drawn from the results of the work done in
this thesis. It also gives an idea of possible future extensions which could enhance or complete
the work presented in this thesis.
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5.1 Concluding remarks

This manuscript has dealt with reduced order models for parametrized flows in the finite
volume setting. The work presented in this thesis has two main goals:

e The development of ROMs techniques specifically tailored for finite volumes discretization
schemes. This is particularly relevant since the FVM is widespread to simulate industrial
problems.

e The implementation of ROMs designed for the reduction of turbulent flow problems.
As these types of flows are ubiquitous in real-world applications, there is in fact an
increasing demand to simulate them efficiently.

In the following, we summarize the methodologies developed during the preparation of this
work:

e In chapter 2, we have developed several reduced order methods for the reduction of the
steady and unsteady NSE. These ROMs are based on POD-Galerkin projection approach
using different strategies. The first ROM exploits only the momentum equations and it
assumes that the same set of coefficients for the reduced velocity and pressure solutions.
The second ROM utilizes a pressure Poisson equation (PPE), which is derived by taking
the divergence of the momentum equation and then exploiting the free divergence
constraint on the velocity. The latter ROM assumes two different sets of coefficients
for the reduced velocity and pressure solutions, and computes them exploiting both
the momentum and the pressure equations at the reduced order level. The third ROM
presented in this work employs the supremizer stabilization method [16], which consists
in the enrichment of the velocity POD space in order to fulfill a reduced version of the
inf-sup condition.

e In order to treat non-homogeneous Dirichlet conditions at the inlet boundary, we
employed two different methods, the lifting function method and the penalty method.
The lifting function method introduces a framework in which the non-homogeneity is
transferred from the velocity fields to one or more velocity lifting functions. These
lifting functions are considered as additional velocity modes which are added to the
velocity POD space. Such fields can be obtained by various approaches and the suitable
choice is problem dependent. In this work, the lifting modes are computed by solving a
potential flow problem. We used also a penalty method which add a constraint to the
momentum equation in order to fulfill the Dirichlet condition at the boundary.

e We have developed specific method in order to ensure an efficient offline/online decoupling
for the computation of forces acting on body surfaces. The employed approach consists
in the precomputation of a set of reduced matrices which are then employed together
with velocity and pressure reduced solutions for the goal of computing the reduced
forces. This last procedure does not involve any access to the original FOM mesh.
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e The turbulence modeling at both the FOM and the ROM levels is addressed in chapter 3.
In section 3.1, we give an idea about RANS turbulence modeling used in this work
which is based on the employment of the Boussinesq assumption. The ROM developed
to mimic the RANS equations complemented by eddy viscosity models (EVMs) merges
classical projection-based methods with data-driven techniques. The goal was to develop
a unified approach which could reduce turbulent RANS problems regardless of the
EVM used by the FOM. Making use of the observation that all EVMs are based on
the eddy viscosity field, the offline phase of the turbulent ROM includes the reduction
of such field. At the online stage, the reduced coefficients of the eddy viscosity are
obtained through radial basis functions (RBF) interpolation based on other reduced flow
variables or time-parameter values. The hybrid ROM proposed in section 3.2 is based
on the supremizer stabilization method. We also proposed in section 3.3 other turbulent
ROMs. In section 3.3, an extension to the uniform ROM (proposed in section 2.4) to
turbulent flows is presented. Also, we extended the PPE-ROM (proposed in section 2.5)
by two different ways. The first one assumes that the reduced eddy viscosity and the
reduced velocity solutions are the same. In the second approach, we proposed a hybrid
ROM which is based on the PPE approach with separate reduced solutions for velocity,
pressure and eddy viscosity.

After having summarized the methodologies followed in this thesis, we proceed to the conclu-
sions which can be drawn from the numerical tests conducted in chapter 4. We report the
summary of the numerical tests and the conclusions in the following points:

e In chapter 4, we applied the ROMs developed in this thesis on various problems. The
first one proposed in section 4.1 is an uncertainty quantification (UQ) problem. The
considered physical problem is the two dimensional flow past an airfoil section. Both
the magnitude of the inlet velocity and the angle of attack of the airfoil are variable and
have been the parameters considered. The objective of applying the ROM techniques on
such a problem was that of evaluating possible reductions of non-intrusive polynomial
chaos expansion (PCE) algorithm in UQ. The PCE requires to operate on specific input
results which are usually computed by the full order solver. However, we tried to assess
whether the PCE results could be affected, if one feeds the PCE with the ROM results
instead of the FOM ones. We have shown that the SUP-ROM (developed in section 2.6)
has given accurate results when used as the input evaluator for the PCE algorithm.
These last results demonstrate that POD-Galerkin ROMs are a reliable surrogate input
source for UQ algorithms and that they could be used for offering further reduction of
the computational cost.

e In section 4.2, we considered the turbulent flow over a backward facing step. The
parameterization is based on the Reynolds number (Re = O(10%)) through variations of
the inlet velocity. The solutions of the hybrid ROM based on the supremizer stabilization
method (the H-SUP-ROM) have been compared to those obtained with both the FOM
and the U-ROM (described in section 3.3). The results confirm that the H-SUP-ROM

is able to reduce the turbulent problem with good accuracy even when different EVMs
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are employed at the FOM stage. On the contrary, the U-ROM which leads to good
reduction of the velocity, has failed to provide satisfactory results for the pressure field.

In section 4.3, we considered the unsteady of the turbulent flow around the circular
cylinder. Also in this case the parameterization is based on the Reynolds number
(Re = O(10°)) changing the inlet velocity. The interest was in reproducing the fluid
dynamics fields associated with the final periodic regime, along with other outputs of
interest such as the lift coefficient time history. As in the steady problem, we considered
both the H-SUP-ROM and the U-ROM for the reduction of the problem. The results
shown in this case include the fluid dynamic fields, the time evolution of the L? relative
error of the velocity and the pressure fields, the lift coefficient curve and its corresponding
L? relative error over time as a function of the number of modes and the graph of the
lift peaks relative errors as a function of the number of modes. These results have
suggested that the H-SUP-ROM provides accurate results, and that it outperforms the
U-ROM in several aspects. Moreover, the H-SUP-ROM proved capable of obtaining
stable solutions, as the error with respect to the FOM solution does not significantly
grow over time across several solution cycles. Finally, the comparison with FOM results
generated with different turbulence models confirmed that the H-SUP-ROM is sensitive
with respect to the EVM used at the FOM level.

A further investigation was aimed at evaluating the accuracy gains obtained by means of
the turbulence treatment. In fact, the H-SUP-ROM and the U-ROM differ in two aspects
which are the pressure treatment and the turbulence treatment. Thus, we developed two
PPE-ROMs with and without hybrid turbulence treatment, namely the SU-PPE-ROM
and the H-PPE-ROM, respectively. This allowed for an evaluation of how much error
in the reconstruction of the FOM fields is due to the pressure reconstruction technique
used, and how much error is instead dependent on the eddy viscosity coefficients reduced
approximation. The lift coefficients results for the unsteady cylinder case indicate
that consistent performance improvement is already obtained when the SU-PPE-ROM
is introduced to properly treat the pressure at the reduced level. An even further
improvement is then achieved when the hybrid turbulence treatment is introduced. This
is especially true when several solution cycles are simulated. A final comparison has
been carried out between the solutions of H-SUP-ROM and H-PPE-ROM, which share
the same turbulence model but are based on different pressure treatments. The results
suggest that H-PPE-ROM is slightly more accurate than the H-SUP-ROM. This could
be attributed to the fact the pressure Poisson equation employed in the H-PPE-ROM
mimics the one used by the FOM FV solver introducing a higher level of consistency
between the solvers.

5.2 Outlooks and Perspectives

Finally, we suggest some possible future extensions of the work carried out in this thesis.
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e In this work, we have used data-driven techniques for the approximation of the eddy
viscosity in the proposed turbulent ROMs. In particular, we have resorted to RBF
to interpolate the eddy viscosity coefficients based on time-parameter or the reduced
velocity coefficients. When the interpolation variable is the time-parameter, possible
alternatives to RBF could be Dynamic Mode Decomposition (DMD) which is designed
to study the time evolution of a system and would allow for time extrapolation. On
the other hand, in cases when the reduced eddy viscosity vector interpolation based on
the velocity vector, it would be particularly interesting to employ the Artificial Neural
Networks (ANNs) [29] which is particularly suited for multi-dimensional input-output
maps.

e The applications of the POD-Galerkin ROMs proposed in this thesis is particularly
intriguing in physical problems which show significant qualitative changes of behavior
depending on parameter values. In particular, we are currently working on the problem
of the aerodynamic flow past an airfoil section, in which hysteresis occurs due to angle
of attack variations across the stall region. Capturing this phenomenon not only at the
FOM level but also at the reduced order model is of significant value.

e A possible way to improve the reduced order models developed in this work could be
that of reproducing at the reduced level the segregated approaches like SIMPLE or
PIMPLE used in OpenFOAM solvers instead of the fully coupled approach currently
used.
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