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ABSTRACT

To compute stability analysis numerically with high accuracy, it is crucial to
carefully choose the base flow around which the governing equations will be lin-
earised. The steady-state solution is mathematically appropriate because it is a
genuine solution of the fluid motion equations. In this thesis we introduce an encap-
sulated formulation of the selective frequency damping (SFD) method. The SFD
method is an alternative to Newton’s method to obtain unstable equilibria of dy-
namical systems. In its encapsulated formulation, the SFD method makes use of
splitting methods, which means that it can be wrapped around an existing time-
stepping code as a “black box”. This largely simplifies the implementation of a
steady-state solver into an already existing unsteady code. However this method
has two main limitations: it does not converge for arbitrary control parameters;
and when it does, it may take a very long time to reach a steady-state solution.
Hence we also present an adaptive algorithm to address these two issues. We show
that by evaluating the dominant eigenvalue of a “partially converged” steady flow,
we can select SFD parameters that ensure an optimum convergence of the method.
We apply this adaptive method to several classical two-dimensional test cases of
computational fluid dynamics and we show that a steady-state solution can be ob-
tained with a very limited (or without any) a priori knowledge of the flow stability

properties. Eventually, we study the three-dimensional behaviour of the interac-



tion between two identical co-rotating trailing vortices. We use the SFD method to
obtain steady base flows and compute Tri-Global stability analysis. We show that
there is a fundamental qualitative difference between the least stable eigenmode

observed at Re = 250 and the most unstable eigenmode obtained at Re = 600.
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INTRODUCTION

Flow stability analysis is a major topic in fluid dynamics. From Osborne Reynolds’
experiments on the flow within a pipe in 1883 to the modern simulations executed
on massively parallel super-computers, hydrodynamic stability has been vastly stud-
ied over more than a century. The work presented in this thesis does not focus on
experiments but on techniques to perform flow stability analysis on a computer.

There exists a wide variety of numerical methods to evaluate the linear stability
properties of a flow. Local and global stability analysis aim to obtain the dominant
eigenmode and eigenvalue of the fluid system to determine if an infinitesimal pertur-
bation grows when time goes to infinity. Transient growth analysis focuses on short
term amplification of initial perturbation by taking into account the non-normality of
the dominant eigenmodes. Sensitivity and receptivity analysis use adjoint methods
to determine how to affect a flow to have a maximum impact on a given parameter
(for example the drag coefficient).

The common feature of these methods is that they are all based on the lineari-
sation of the Navier-Stokes system around a base flow !. The choice of this base
flow is crucial to compute an accurate stability analysis, relevant with the physical
features of the flow studied. The mean flow (i.e. an average in time) or the solution
of the Reynolds Average Navier-Stokes (RANS) equations are often used as base
flow. Even though both are not genuine solutions of the fluid motion equations,

they may be useful to detect relevant features of the flow. However, considering a

INote that the nonlinear dynamics of finite perturbations could be studied by integrating a
nonlinear constraint within the adjoint problem formulation [1]. However the starting point of

such an analysis is also the linearisation of the fluid system around a base flow.
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Introduction

strict mathematical approach, a base flow must be a genuine solution of the fluid
motion equations to allow linearisation of the equations system. This is the case of a
steady-state solution of the Navier-Stokes equations which makes it an appropriate
candidate to be selected as base flow.

Throughout this thesis we use a steady-state solution of the Navier-Stokes equa-
tions as base flow to compute linear global stability analysis. When stable flows
are considered, obtaining a steady-state is trivial, one only has to execute a flow
solver and wait until the solution becomes constant in time. When unstable flows
are studied though, obtaining a steady-state is a concrete challenge. The problem
of finding an equilibrium of a nonlinear system has to be addressed.

Newton’s methods are very commonly used to find the roots of a nonlinear sys-
tem of equations. Such methods show a quadratic convergence towards the steady-
solution when provided a good initial guess. However in fluid dynamics this approach
may prove impractical. For challenging flow problems at high Reynolds number, it
may be the case that many complicated bifurcations, at various Reynolds numbers,
must be crossed before finding the required solution. Then the Newton’s method
must be coupled with a continuation method. Also, due to the size of fluid com-
putations, evaluating the Jacobian operator may require impractically large storage
capacities.

As an alternative to classical Newton’s methods, the selective frequency damping
method (SFD) was introduced by Akervik et al. in 2006. This technique consists of
using standard tools of feedback control theory to modify the Navier-Stokes equa-
tions. The augmented system converges towards a steady-state solution when iter-
ated in time. The starting point of the work realised for this thesis was to develop a
steady-state solver into a code that implements high-order discretisation methods.
The SFD method was chosen to be implemented into the Nektar++ toolkit.

Nektar++ [2, 3] is an open source library currently being developed at Imperial
College London. It is a tensor product based finite element package written in C++
that implements high-order discretisation methods (both in space and in time).

High-order schemes provide a more accurate solution than low-order schemes at a

13



Introduction

given number of degrees of freedom (provided that the solution is smooth). As the
eigenmodes returned by a linear global stability analysis are expected to be smooth,
we believe that high-order codes can show very good performances for studying flow
stability.

This thesis is composed of four chapters. In Chapter 1 we review the numerical
methods used to compute all the simulations presented in the other chapters. This
chapter summarises existing and vastly studied techniques, no new notions are pre-
sented there. In Chapter 2 we introduce the encapsulated formulation of the selective
frequency damping method. This technique allows a very easy implementation of
a steady-state solver into an existing unsteady code using a splitting method and
reformulating the classical SFD method. A correspondence between the ability of
the SFD method to converge towards a steady-state and the convergence of a sim-
plified one-dimensional model is also proposed in this chapter. An adaptive SFD
method is presented in Chapter 3. This algorithm is based on the idea that having
a coarse approximation of the dominant eigenvalue of a given flow is enough to tune
the parameters of the SFD method and ensure convergence towards a steady-state.
The adaptive SFD method has been applied to several classical (two-dimensional)
examples of computational fluid dynamics to support our arguments. In Chapter
4 we apply the SFD method to obtain an unstable steady-state solution of a fully
three-dimensional flow and compute a Tri-Global stability analysis. The flow consid-
ered is the interaction between two identical co-rotating Batchelor vortices because

it presents an interest to the aeronautics and Formula 1 industries.
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CHAPTER 1

NUMERICAL METHODS

In this chapter we review the numerical methods used throughout this thesis.
Our guideline is to use high-order methods to compute flow stability analysis of
vortex dominated flows. Commercial CFD solvers are generally based on low-order
methods. High-order discretisation schemes provide a more accurate solution than
low-order schemes at a given number of degrees of freedom (provided that the so-
lution is smooth). Such schemes are suitable for achieving high performance, even
on unstructured mesh, because they have a compact stencil. These aspects make
high-order methods very attractive and they currently receive wide attention from
the research community.

In Sec. 1.1 and Sec. 1.2 we present high-order schemes to discretise the incom-
pressible Navier-Stokes equations in space and in time. In Sec. 1.3 we detail two
approaches to obtain unstable steady-state solutions of the fluid motion equations.
In Sec. 1.4 we highlight the main features of global stability analysis and present
the algorithm used throughout this thesis to evaluate the stability of a steady flow.
These steady-state solvers and stability solver present the similarity of taking ad-
vantage of an underlying high-order discretisation scheme to be implemented as

wrappers around existing codes. In Sec. 1.5 we present three techniques to control
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1.1 The spectral/hp element method

numerical errors that may arise using high-order methods on coarse meshes and
truncated unbounded domains. Finally, in Sec. 1.6 we introduce the Nektar++ tool
kit. The numerical methods presented in this chapter are implemented in this code.

The simulations of this thesis have all been computed using Nektar++.

1.1 The spectral/hp element method

In this section we present the spectral/hp element method, used in this thesis
to discretise the fluid motion equations in space. This method combines features of
methods very commonly used in computational fluid dynamics that are the finite
element method and spectral methods.

The finite element method was originally introduced in structural mechanics [4]
and was adopted in computational fluid dynamics for its ability to handle complex
geometries. The main aspect of this method is to divide a computational domain
in a finite number of subdomains to generate a mesh. These subdomains are called
elements and their characteristic size is denoted h. The solution of a differential
equation system is approximated by a sequence of local approximation on each
element. With the finite element method, the smaller the elements (with some
caveats on element shape), the more accurate the approximated solution. Decreasing
h to increase the quality of the solution refers to an h-type refinement. Traditionally,
the solution is approximated through piecewise linear functions over the elements
of the mesh. In this case, the finite element method benefits from good geometrical
flexibility. Arbitrary complex geometries may be decomposed into a finite number
of subdomains. However this method only allows a linear convergence of the error.

Spectral methods approximate the solution globally through the entire compu-
tational domain using high-order polynomial functions. As opposed to the finite
element method, spectral methods are not based on the decomposition of the com-
putational domain. The whole domain is composed of one single element. Fourier
series, Chebyshev or Legendre polynomials are generally used to approximate the

solution globally. The polynomial order is denoted p and the procedure of increasing
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1.1 The spectral/hp element method
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Figure 1.1: Ilustration of the convergence properties for the h-type refinement (red
circles) and p-type refinement (blue squares) strategies as function of the number of

degrees of freedom.

p to increase the accuracy of the approximated solution is called p-type refinement.
Due to the global definition of the solution, spectral methods can only handle very
simple geometries. However, the p-type refinement strategy enables exponential
convergence towards the exact solution.

The convergence properties of both h-type and p-type refinement strategies for
the solution of Vu(r) — u(x) = —(7* + 1) sin(nz) on x € [—1,1] are presented on
Fig. 1.1. The error is obtained evaluating the difference between the numerical
solution and the analytical one (which is u(x) = sin(wx)). This semi-log graph
highlights the linear convergence of the h-type refinement and compares with the
exponential convergence of the p-type refinement. This feature suggests that, at a

given number of degrees of freedom, increasing the polynomial order of the expansion
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1.1 The spectral/hp element method

basis gives a more accurate solution than decreasing the size of the mesh elements
at a low polynomial order. However such a behaviour can only be obtained when
the solution sought for is infinitely differentiable (which is the case of sin(7x)).
The spectral/hp element method, detailed by Karniadakis & Sherwin in [5],
combines the geometrical flexibility of classical finite element methods and the high
accuracy of spectral methods. Problems can then be solved on complex geometries
using a high-order local expansion basis. Also, the spectral/hp element method en-
ables efficient resolution through parallel domain decomposition because the data
structure is sparser than for the spectral methods (which requires dense matrices).
Note that high-order has different meanings for different communities. In the in-
dustrial world, where most of the commercial codes used are first or second-order,
a method is considered high-order for a polynomial order P > 3. In the commu-
nity of high-order methods, a numerical scheme is generally said to be high-order
when P > 7. Also, note that the decomposition of the computational domain into
a mesh has other utilities than handling complex geometries. For example, h-type
refinement is necessary when the solution sought for presents a lack of continuity
(e.g. a shock for compressible flows; sharp edges in the computational domain or
boundary layers for incompressible flows). Roughly, p-type refinement is preferred
when the solution is smooth enough, otherwise h-type refinement, with a lower poly-
nomial order, should be considered. In Sec. 1.1.1, 1.1.2 and 1.1.3 we briefly outline

the fundamental ideas of the spectral/hp element method.

1.1.1 Weighted-residuals method

The starting point of both the finite-element method and spectral methods is
the establishment of a weak formulation of the governing equations. In this section
we explain in a general case how such a formulation may be obtained.

In a domain €2, we consider the linear differential equation
L(u) =0, (1.1)

assuming that appropriate initial and boundary are defined.

18



1.1 The spectral/hp element method

To implement a method that solves (1.1) on a computer, we must seek a fi-

nite approximated solution. We assume that the solution u(x,t) can be accurately

described by

Naot

up = Y ()P (), (1.2)

i=1
where ®;(x) are analytical functions called basis (or expension) functions, 4;(t) are
the Ngor unknown coefficients. Note that the higher Ng.¢, the more accurate the
approximation of wu.

As wuy is only an approximation of wu, it does not satisfy exactly (1.1). We

introduce the non-zero residual R such that
L(upn) = R(un). (1.3)

We now introduce a set v; of weight (or test) functions. The residual is restricted

to satisfy
[ @Rz =0, j=1, .. Nos. (1.4)

The technique of multiplying the weight function by the residual and integrating
over the domain €2 is called weighted-residual. The method takes its name from the
fact that the weighted-residual is constrained to be zero.

By substituting (1.3) into (1.4) we obtain
/vj(a:)L(uh)da::O, G=1, ., N, (1.5)
Q

which is the weak formulation of the linear problem (1.1). The solution of (1.5) is
said to be weak because through mathematical operations (typically integration by
parts) it is possible to shift some derivatives from w, to v;. Hence uy, has fewer (or
weaker) continuity requirements that the exact solution u. The relaxation of some
continuity constraints could make the solution of the weak problem (1.5) easier than
the strong problem (1.1). Although it may happen that a weak solution presents
some discontinuities and does not satisfy the strong equation. Note that throughout
this thesis only incompressible flows, where there are no shocks, are considered. For

such flows a weak solution is also solution of the strong problem.
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1.1 The spectral/hp element method

The choice of the weight functions is very important because it determines the
nature of the numerical scheme. A description of the most commonly used weight
functions in computational fluid dynamics can be found in [5]. Throughout this

thesis, the Galerkin method is used. This method is characterised by
vi(x) = O,(x), (1.6)

which means the basis functions and the test functions are chosen to be identical.

1.1.2 Galerkin formulation

In this section we review the steps of the solution of a linear differential equation
with the Galerkin method. As the scheme presented in Sec. 1.2 that discretises
in time the Navier-Stokes equations is composed from a succession of Helmholtz
problems, here we present the fundamental aspects of the solution mechanism of the
Helmholtz equation in one-dimension.

On the one-dimensional domain 2 = {z | 0 < z < [}, the Helmholtz equation is
defined by

L(u):@—)\uva:O, (1.7)
0x?
where A\ is real, positive and constant. To this equation we associate a Dirichlet
condition on the left boundary and a Neumann condition on the right boundary,
such that
ou

u(0) =c¢p and g(l) = cy. (1.8)

To construct a weak Galerkin approximation of (1.7) we first multiply the prob-
lem by an arbitrary weight function v, which is zero on all Dirichlet boundaries, and
integrate over the domain (2,

L 9%
’Ui
0o Ox?

l I
dx—/ Avu dx—i—/ vf dz = 0. (1.9)
0 0

After integration by parts of the first term, this weak problem can be formulated

as

a(v,u) = f(v), (1.10)

20



1.1 The spectral/hp element method

where

L[ 0vou
a(v,u) —/0 <%%+Avu> dz, (1.11a)

l

8u] (1.11b)

I
and f(v):/o vf do + [vaw

0

Adopting similar notations as structural mechanics, we introduce FE(2) the
energy space such that F(Q) = {u | a(u,u) < oo} associated with the norm
llul|z = y/a(u,u). Functions belonging to the energy space are called H' func-
tions. We only consider solutions of (1.10) that lie in the energy space and satisfy

the Dirichlet boundary condition (1.8). This defines a ezpansion space U such that
U={ul|uecH', u0)=cp}. (1.12)

Similarly, the weight (or test) functions, which are by definition homogeneous

(i.e. equal to zero) on all Dirichlet boundaries, belong the test space V defined by
V={v|veH v(0) =0} (1.13)

Hence the solution of (1.10) consists of finding u € U for all v € V. Note that
the Neumann boundary condition on the right of the domain is naturally handled
through the formulation of f(v)in (1.11b). Also note that the formulation of (1.10) is
valid in infinite dimensions. To restrict it to a finite dimensional space, we introduce
the subspaces U, C U and V), C V which contain a finite number of functions. Hence

the approximation of (1.10) is formulated: find u;, € U}, such that
a(vh,uh) = f(’Uh), Yo, € V. (1.14)

To impose the Dirichlet boundary condition (1.8), the lifting process is used.
Lifting consists in decomposing the approximated solution uy, into a known function
uP € Uy, which satisfies the Dirichlet condition, and an unknown function u* € V),

homogeneous on the Dirichlet boundary. Then u; becomes

up = wt +uP,  where v’*(0) =0 and u”(0) = cp. (1.15)

21



1.1 The spectral/hp element method

We recall that in the Galerkin formulation, the same set of functions is used for
the basis and test functions. Such an expansion is now possible because both u’
and v are chosen to be in the test space V. The Galerkin formulation of (1.10) can

then be written: find v € V}, such that
a(vp,u™) = f(vp) — a(vy, u®), Yo, €V, and u® €U, (1.16)

It can be shown that the solution of this equation is unique [5].

In this section we highlighted the key features of the establishment of the Galerkin
formulation of a one-dimensional Helmholtz problem. We have shown that Neumann
boundary conditions are naturally imposed through the weak formulation and that
Dirichlet boundary conditions are imposed strongly using the lifting process. Note
that minor modifications of the problem formulation are necessary to impose Robin
boundary conditions (which are a linear combination of Neumann and Dirichlet type

conditions). The extension to higher space dimensions is straightforward.

1.1.3 Domain decomposition

The key feature of finite element methods is the decomposition of the compu-
tational domain €2 into a finite number N,; of subdomains 2. called elements such
that

Nﬁl Nel
Q={JQ and () Q. =0. (1.17)
e=1 e=1

When using a large number of elements, it would be extremely inconvenient to
globally define the expansion basis ®;(z) (defined in (1.2)). Instead we introduce
the local expansion basis ¢,(£) defined on the one-dimensional standard element
Qg = {£ ] £ € [-1,1]}. We also introduce an analytical mapping function ¥.(¢)
transforming the local coordinates into the corresponding global coordinate on the
element Q.. An inverse mapping ¢ = ¥_!(z) is also needed. Hence the approximated

solution u;, can be written

Naot Ny P
up = Y w®i(x) =Y Y ses(£), (1.18)
i=1 e=1p=0
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1.1 The spectral/hp element method

where P is the polynomial order of the expansion and ¢¢(&) = ¢,(¥; " (z)).

To ensure the continuity of this expansion in one dimension, we enforce

Upep(1) = a5 o5 (-1), (1.19)

where the superscripts e and e + 1 refer to two adjacent elements. This technique is
called boundary/interior decomposition. The modes at a boundary of an element are
linked to the modes of the neighbour element but the interior modes are independent
and are zero at the boundaries. This implies that there are more local expansion
modes @ than global expansion modes ;.

We introduce vector notations such that @¢ = [4§, ... ,4%]" represents the coeffi-
cients of uy, on the element €2, and ¢° = [¢, ..., ¢%] " represents the local expansion

modes. Then (1.19) may be written

Ney

up =Y ¢°Tac (1.20)

e=1

If we adopt similar notations for the test function vy, in the absence of boundary
conditions, the matrix formulation of Helmholtz problem (1.14) on the element €,
1S

o T[(LF+ AM)ac = f] = (L°+AM°)a = f*, (1.21)
where M€ is the elemental mass matriz, L¢ is the elemental Laplacian operator and

f¢ is the projection of the forcing term on the coefficient space. The matrices are

defined such that

W= [ oo and L= [ Se@sde 0

dg rrdee
Note that (1.21) is only defined at the element level. To obtain a global solution

an assembly matriz must be defined. This matrix, which is very sparse, handles the
connectivity between adjacent elements and allows us to obtain the global coefficients
U;. Also, boundary conditions are incorporated within a global definition of the
right-hand side term.

The treatment of u;, on the local element basis allows us to perform many op-
erations (integration, differentiation...) at a low computational cost. This process

can also be parallelised very efficiently.
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1.1 The spectral/hp element method

The choice of the expansion basis ¢,(£) is crucial for the numerical behaviour of
the solver. Two categories of expansion basis exist. One is called nodal expansion,
it uses a set of P+ 1 Lagrange polynomials of order P. The solution is evaluated on
a set of nodal points (or quadrature points) which have a physical meaning. With
appropriate choice of quadrature points the nodal basis can be made orthogonal and
the corresponding elemental mass matrix is diagonal. Orthogonal expansion basis
are very well conditioned, which is advantageous for p-type refinements. To enforce
continuity it is sufficient to ensure that the end points of the standard element are
part of the set of quadrature points. For all choice of quadrature rules, the nodal
expansion results in a full elemental Laplacian matrix.

The second type of expansion basis is the modal expansion. Modal basis are
hierarchical because they require P + 1 polynomials from order 0 to P and a poly-
nomial of order P — 1 is contained in a polynomial of order P. This expansion
is based on Jacobi polynomials, which are orthogonal. Note that Legendre and
Chebyshev polynomials are specific examples of Jacobi polynomials. However to
impose the C°-continuity between neighbour elements and the boundary/interior
decomposition, the orthogonality must to be broken. Linear modes are required at
the boundaries while Jacobi polynomials define the interior modes. This generates
a penta-diagonal elemental mass matrix and a nearly diagonal Laplacian matrix
(except for the linear boundary modes).

In this thesis we use a modified modal expansion basis, with linear modes at the

7

boundaries. This choice was made because this basis is “nearly” orthogonal (then
well conditioned) and computationally more efficient than a nodal basis. On the

one-dimensional standard element, the modified modal expansion basis is defined

by

50 p=0,
op(&) = (135) (55) J,4(©) 0<p<P, (1.23)
e p="P,

where Jl}’l are Jacobi polynomials of order p.
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1.2 Time discretisation of the incompressible Navier-Stokes equations

The concept of subdomain decomposition can of course be generalised to higher
dimensions. For two-dimensional simulations, the computational domain is com-
posed of quadrilateral elements or of triangles. When quadrilateral elements are
used, the standard element is the square [—1, 1]? and the expansion basis is a tensor
product of two one-dimensional expansions (1.23). For triangles, generally used to
mesh complex geometries, the extension is slightly more complicated. The stan-
dard element is a triangle and its local coordinates are not independent from one
another. Then a direct expression of the tensor product is not possible. Karni-
adakis & Sherwin [5] introduced a collapsed coordinate system to map the standard
square element into the standard triangle. In three-dimensions, with hexahedra the
standard element is the cube [—1,1]* but collapsed coordinates must be used for
prisms, pyramids or tetrahedra. For more details about two and three-dimensional
expansion basis, the reader is invited to refer to [5].

Finally, we can add that, when a high polynomial order is used, the spectral /hp
element method can accurately approximate the solution on a mesh that is much
coarser than the type of mesh required for low order methods. Then curved elements
may be needed to precisely define complex geometries. To handle curved elements,
a non-linear mapping W, is used. Hence the inverse mapping may not have an
analytical expression and in such a case, iterative methods are necessary to compute

the transform from the physical space to the standard element.

1.2 Time discretisation of the incompressible Navier-
Stokes equations

The spectral/hp element method highlighted in Sec. 1.1 can be applied to dis-
cretise in space any kind of equation system. Throughout this thesis though, we
are interested in physical phenomena governed by the incompressible Navier-Stokes
equations. In this section we review a time integration method specifically devel-

oped for these equations. The non-dimensional formulation of the incompressible
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1.2 Time discretisation of the incompressible Navier-Stokes equations

Navier-Stokes equations is

du=—(u-V)u—Vp+ Re V2,
(1.24)

V-u=0,
where u is the fluid velocity and p is the kinematic pressure. Re = U, L/v is the
Reynolds number where U, is the characteristic velocity, L is the characteristic
length and v is the kinematic viscosity. Appropriate initial and boundary condi-
tions must also be defined. Note that in system (1.24) the pressure can be seen
as a parameter whose role is to enforce the incompressibility constraint (i.e. the
divergent-free velocity field).

The time-integration methods to solve the Navier-Stokes equations can be clas-
sified in two main families: coupled methods where velocity and pressure are solved
together and splitting methods where the system is decomposed into several sub-
problems. Through a careful splitting of the Navier-Stokes equations, it is possible
to separate the primary variables. In this section we present the wvelocity-correction
scheme introduced by Karniadakis et al. [6], which is a high-order splitting scheme.
Note that in the literature splitting methods can also be called fractional-step meth-
ods.

The main idea of a splitting method is to decompose a large problem into several
smaller (simpler) subproblems such that the final solution of one subproblem is
used as initial condition for the next one. Here, the solution of the advection (non-
linear) term, the diffusion (linear) term and the pressure term are separated. Also,
the velocity-correction scheme uses an explicit /implicit time-integration mechanism.
The advection term is expressed explicitly whereas the diffusion term is treated
implicitly. The stiffness of the linear term would require the use of impractically
small time steps if it were solved with an explicit method, that is why it is solved
implicitly.

We introduce u” and p"™ the approximated solutions at time ¢t = nAt, where

n € N and At is the time step. The general time-discrete formulation of the velocity-
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1.2 Time discretisation of the incompressible Navier-Stokes equations

correction scheme is

J-1
. n—gq
u— > azu
q=0

J-1
A7 =-> 8, (u”’q : V) u" (1.25a)
q=0
uA_tu = —vpt, (1.25b)
n+l _ A
% = vVu"t (1.25¢)

where i and 1 are intermediate velocity fields. The parameter J stands for the
order of the method. The coefficients «,, 3, and oy depend on the order J. A
list of appropriate stiffly-stable coefficient values (up to third order) is given in [6].
Throughout this thesis we used a second order scheme in time, which corresponds
toag =2, a1 =-1/2, By =2, 1 = —1 and 79 = 3/2.

Solving (1.25b) is the key step of the velocity correction scheme. First we assume
that the second intermediate velocity satisfies the incompressibility constraint (i.e.
V-a= 0), which leads to the formulation of a Poisson equation for the pressure

such that

2 n+l _ . i
Vil = v (At>. (1.26)

Then we can express the second intermediate velocity field as a function of
and p"™!. Note the incompressibility constraint is only guaranteed for 4. An error
is introduced at the last step and u”*! is not completely divergence free.

Splitting methods enable us to solve complex problems by decomposing them
into smaller subproblems but this process introduces an error (called splitting error).
Orszag et al. [7] showed that this splitting error reduces the order of accuracy of the
whole time-integration scheme. To maintain the temporal accuracy of order J, the
solution of (1.26) requires a specific treatment of the pressure boundary condition.
Where homogeneous Dirichlet boundary conditions are present (i.e. solid walls),

Karniadakis et al. [6] suggest to use high-order boundary conditions of the type
ap n+1 ot J-1 g - e
- at+qz;)ﬂq{(u -V)u +vV X w } -, (1.27)

where w = V x u represents the vorticity field and n is a unit vector normal to
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1.2 Time discretisation of the incompressible Navier-Stokes equations

the boundary. Note that when an homogeneous Dirichlet boundary condition is
imposed on the velocity field, the condition on the pressure is of Neumann type.

The pressure boundary condition (1.27) requires a high-order spatial discretisa-
tion of the Navier-Stokes equations. Indeed, the term V x w requires a polynomial
order P > 2 to be evaluated. Hence the velocity correction scheme presented here
can be second or third order in time only if the spatial discretisation technique
used is sufficiently high-order. That is why it is well suited to be coupled with the
spectral /hp element method.

With this method, the time evolution of the incompressible Navier-Stokes equa-
tions is decomposed into four steps. First, the intermediate velocity field 1 is ex-
plicitly evaluated as a linear combination of the advection term at previous time
steps. Second, a Poisson equation (with high-order boundary conditions) is solved
to obtain the pressure at the new time iteration. Then the second velocity field a
is expressed as a function of the first intermediate velocity field and the pressure.
Finally, an Helmholtz equation is solved to obtain the velocity field at the new time
level.

By introducing intermediate velocity fields, the time evolution of the Navier-
Stokes equations is transformed into successive solution of the elliptic problems
(1.26) and (1.25c¢). Hence the implementation of the velocity-correction scheme
essentially requires the implementation of an efficient solver of the Poisson and
Helmholtz equations. Note that generally, an Helmholtz equation is better condi-
tioned than a Poisson equation. This means that iterative methods will converge
slower when solving a Poisson equation than an Helmholtz equation. Then in the
implementation of the velocity-correction scheme, the pressure solver is the most
demanding part of the algorithm in terms of computational time.

The velocity-correction scheme presented in this section offers better perfor-
mances in terms of accuracy and stability that any Adams-family type methods [6]
that are splitting methods commonly used in computational fluid dynamics. Ferrer
et al. [8] showed that the limit of stability of the time-evolution of the incompress-

ible Navier-Stokes equations using an high-order Galerkin method depends only on
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1.3 Steady-state solvers

the temporal splitting scheme and not on the the spatial discretisation. In [8], the
authors also showed that the velocity-correction scheme is a stabilised-like scheme
whose stability is entirely governed by the values of the time step and the kinematic
viscosity.

Throughout this thesis, the Navier-Stokes solver is based on the spectral/hp
element method and on the velocity correction scheme. Then the solution returned

presents a high-order accuracy both in space and in time.

1.3 Steady-state solvers

The numerical method described in Sec. 1.2 enables an accurate representation
of the time-evolution of unsteady flows. In this section we present two approaches
to obtain steady-state solutions of the incompressible Navier-Stokes equations (i.e.
time-independent solutions).

When the system considered is stable, obtaining a numerical steady-state solu-
tion is trivial: we simply have to execute the solver and wait long enough until the
flow becomes constant in time. However for unstable flows, obtaining a steady-state
solution is a concrete challenge. The problem of finding an unstable fixed point of
a non-linear system has to be addressed. One possible approach is to use Newton’s
methods, because a quadratic convergence towards the steady-state is guaranteed
if a good initial guess of the solution is provided. However continuation methods
are usually required to study problems with increasing complexity (e.g. with high
Reynolds number) because a good initial guess is generally not at hand.

Finding an unstable steady-state solution of the incompressible Navier-Stokes
equations is the fundamental preliminary step before computing flow stability anal-
ysis. The development of an accurate, robust and efficient steady-state solver is the
heart of the work presented in this thesis.

In Sec. 1.3.1 we review the Newton’s method introduced by Tuckerman &
Barkley [9] that takes advantage of an existing unsteady code’s structure to easily

implement a Newton’s methods. In Sec. 1.3.2 we present an alternative to classical

29



1.3 Steady-state solvers

Newton’s method to obtain steady-state solutions of the Navier-Stokes equations.
This approach, based on the filtering of unstable temporal frequencies, is the selec-

tive frequency damping method [10].

1.3.1 Newton’s method: the time-stepper approach

The classical Newton’s method (also called Newton—Raphson method) aims to

solve

F(a) =0, (1.28)

where q represents the problem unknown(s) and F is a non-linear operator.
We introduce the index k of the Newton’s iterative method and we write the

Taylor’s expansion of F such that
F(q"") =F(q") + IJ(a")(d"" = d*) + h. 0. ¢, (1.29)

where J represents the Jacobian of F.
Neglecting the high order terms of (1.29) and introducing the unknown dq =

k+1

q**t! — g*, the Newton’s method consists in iterating

J(q*)6q = —F(¢"),

q"*' =q" +dq,

(1.30)

until ||0q|| becomes smaller than a desired tolerance.

To solve (1.30) numerically, a procedure to obtain the Jacobian matrix and a
linear solver are necessary. These steps may require a lot of work to be implemented
efficiently and, if the system studied is large, the memory requirements may be
prohibitive. The time-stepper approach introduced by Tuckerman & Barkley [9]
exploits the structure an existing unsteady solver to minimize the programming
efforts in order to implement a steady-state solver. In computational fluid dynamics
the implementation of a Navier-Stokes solver is a tremendous task and it could be

highly valuable to perform several kinds of analysis with a single code.

30



1.3 Steady-state solvers

If the kinematic pressure is set to be solution of the Poisson equation VZp =
V - [(u-V)u] (with appropriate boundary conditions), the incompressible Navier-

Stokes equations can be written only as function of the velocity such that

du=—I-VV V| (u-V)u+ Re'Vu,
= N(u) + Lu,

(1.31)

where £ and N represent respectively the linear and non-linear parts of the Navier-
Stokes equations (the method used to discretize in space these operators is not
addressed here).

The time-stepper approach is based on the fact that there already exists a code
to solve (1.31). This code must implement a first-order implicit/explicit time inte-
gration scheme. As the linear operator L is responsible for the fastest time-scales
in the fluid system, this term is treated implicitly whereas the non-linear term is
treated explicitly. Note that an explicit treatment of the linear term (i.e. a fully
explicit code) would require to use impractically small time steps to guarantee the

stability of the solver. Hence the solution of (1.31) on one time step implements

u(t+ At) = u(t) + At [N (u(t)) + Lu(t + At)],

(1.32)
= (I— AtL)™" (T4 AtN) u(t).

Note that in most Navier-Stokes solvers, the inverse operator (I — At£)™" is not
constructed explicitly but some tricks are used to deal with it economically. The
time-stepper approach exploits these tricks in order to transform an unsteady code
into a steady-state solver.

We denote N, + £ the Jacobian operator of system (1.31). The method pre-
sented in this section is matriz-free, which means that the Jacobian operator is never
formally constructed, only its action on the unknown vector du is required. Then
the Newton’s method applied to the incompressible Navier-Stokes equations can be

written

WNa+L)ou=— N+ L), (1.33)

u:=u-+ou
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The issue with the solution of the linear system (1.33) is that N, + £ is poorly
conditioned. It means that the ratio between this operator’s largest and smallest
singular values is large. As a consequence, iterative methods such as the conjugate
gradient (or a variant for operators which are not symmetric positive definite) con-
verge very slowly or may not converge at all. To address this issue a preconditioner
must be used. This is a very standard trick in numerical analysis which consists in
multiplying both sides of an equation by the same matrix. The perfect precondi-
tioner is the inverse of the operator considered. In system (1.33) the linear operator
L is the main source of difficulties because it models features with a large range of
time-scales. Hence it is the source the poor preconditioning of Ny + £. Then we
would like to use a preconditioner containing £~!. The question arising now is: how
can we access £~ ! without having to explicitly form this matrix?

The answer is given by looking at the structure of the unsteady code defined
by (1.32). The operator (I — AtL£)™" is present in the formulation of (1.32) (but
is never constructed explicitly in the code). Then it can be used as preconditioner
because it contains £7!. This approach is called Stokes preconditioning [11]. We

multiply both sides of (1.33) by (I — At£)™" At and obtain

I—AtL) " At(Ng+L)du=—T—AtL) " At (N + L) u,
(I—AtL) ' [T+ AtNy — (I — AtL)]du = — (I — AtL) ' [I+ AtN — (I — AtL)]u,
(T= ALL) ™ (T4 AtNy) = 1) du = — [(T— AtL) ™ (T+ AtN) — T| u.

(1.34)

We notice that the right hand side of (1.34) is actually the difference between
two consecutive time steps. Then it can be evaluated very easily with the existing
unsteady code. Similarly, the left hand side is the difference between two linearised
time steps and can also be evaluated easily. The linear system (1.34) can be solved
with the Bi-CGSTAB [12] method and iterated until convergence (i.e. until ||dul|
becomes smaller than a desired tolerance).

The method presented in this section requires minimum efforts to be imple-

mented and its formulation is matriz-free. The features of classical Newton’s meth-
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ods are preserved and quadratic convergence is guaranteed if the initial guess is close
enough to the final solution. However for high Reynolds number flows, many bi-
furcations may occur and must be tracked carefully with the help of a continuation
method.

For incompressible flows, the idea behind a continuation method is to use the
steady-state solution at a given Reynolds number as initial condition for executing
the Newton’s method at a higher-Reynolds number. This allows us to gradually in-
crease the Reynolds number. Historically, the lid-driven cavity flow has been one of
the first case studied by Schreiber & Keller with continuation methods [13]. Reviews
about continuation techniques and bifurcation analysis have been presented by Cliffe
et al. [14] and Dijkstra et al. [15]. These methods are widely used in computational
fluid dynamics. For example, Wales et al. used a continuation method to obtain an
unstable solution of the RANS equation to study the compressible turbulent flow
past a two-dimensional aerofoil [16, 17, 18]. Cherubini et al. used a continuation
method to find an unstable steady-state of the incompressible Navier-Stokes equa-
tions to study the effects of non-normal modes (i.e. transient growth analysis) on
large laminar separation bubbles [19].

Continuation methods are also generally used to track down complicated bifur-
cation patterns. Chen et al. [20, 21] investigated the multiplicity of steady-state
solutions of the two-sided lid-driven cavity flow. Mamun & Tuckerman [22] detailed
the bifurcations of the cylindrical Couette flow. Tuckerman & Boronska [23] pre-
sented an extremely rich bifurcation diagram of the Rayleigh-Bénard convection
within a vertical cylinder filled with water and heated from below. This analysis
exhibits more different flow configurations than the ones that could be found ex-
perimentally [24]. Also, Sanchez et al. [25] used a continuation method to carry
on a bifurcation analysis of the flow in a cylindrical container driven by differential
rotation.

The literature on continuation methods is extremely rich and the list given above
is far from being exhaustive.

In the following section we present the selective frequency damping (SFD) method,
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for which convergence is less sensitive to the choice of the initial condition. Through-
out this thesis the SFD method will be used to obtain unstable steady-state solutions
of the Navier-Stokes equations. However the encapsulated formulation introduced
in Chapter 2 is strongly inspired by the time-stepper approach with the notion of
adapting an existing unsteady flow solver. The stability analysis solver presented
in Sec. 1.4.2 also uses the time-stepper approach. Eventually, we add that the
SE'D method does not require continuation methods to converge at high Reynolds

number.

1.3.2 Selective frequency damping method

In 2006 Akervik et al. introduced the selective frequency damping (SFD) method
[10]. It was proposed as an alternative to classical Newton’s methods for finding
unstable steady-state solutions of the Navier-Stokes equations. The SFD method is
based on the damping of unstable temporal frequencies. In this section, we detail
the steps leading to its formulation.

We consider the problem
q=F(q), (1.35)

where q represents the problem unknown(s), F is an operator (which can be non-
linear) and the dot represents the time derivation. With appropriate initial and
boundary conditions, (1.35) models the time evolution of any kind of dynamical
system. We denote q, the steady-state solution of system (1.35). When this solu-
tion is reached, q, = F(q,) = 0.

The first step of the establishment of the SFD method is to introduce a linear
forcing term on the right-hand side of (1.35). This term contains a scalar control
coefficient and a target towards which the solution will be driven to. We obtain the

new problem formulation
q=F(q) — x(q —q,), (1.36)

where x is the control coefficient and q, is the target steady-state to reach. This

stabilisation technique is called proportional feedback control and is commonly used
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in control theory [26].

There is no generation of an artificial steady-state since when q = q,, the forcing
term vanishes. Hence a steady solution of (1.36) is also a steady solution of (1.35).
In practice, especially for real flow problems, the steady-state is generally not known
a priori. Then q, can not be chosen as the target to reach.

The second step of the establishment of the SFD method is to introduce a new
target solution q which is defined as a modification of q with reduced temporal
fluctuations (i.e. a temporally low-pass filtered solution). By damping the most
dangerous frequencies, the corresponding instabilities are extinguished. This idea
was originally introduced by Pruett et al. [27, 28] in their attempt to develop a
temporal filtered model for large-eddy simulations.

The filtered quantity q is solution of the first order low-pass time filter

=" (1.37)
where A is the filter width.

System (1.37) is the differential form of the low-pass time filter. Such a filter
cuts off the high frequencies but does not affect the lower ones. In control theory,
filters are usually defined by their transfer function. The gain of filter (1.37) is 1
and its cut-off frequency is 1/A. Then the transfer function of this filter is

2 - HliwA. (1.38)
The final step of the establishment of the SFD method is to replace q, in (1.36)

by the filtered quantity q. Then we obtain the augmented system

q="F(q) —x(q—qa),

q=951

(1.39)

This system is the original time continuous formulation of the SFD method as
it was first introduced [10]. The target solution q changes all along the algorithm
execution and the steady-state solution of (1.35) is reached when q = q.

System (1.39) can be implemented into an existing code by adding a forcing

term into the original time-marching scheme and advancing the linear equation
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(1.37). However this approach may prove very complicated because modifying a
Navier-Stokes solver is never a trivial task. In Chapter 2 we present an alterna-
tive formulation of the SFD method which allows us to implement it avoiding any
modification of an already existing unsteady code.

Note that the convergence of this method depends on an “appropriate choice”
of the control coefficient x and the filter width A. These parameters play a key role
in the ability of the SFD method to reach a steady-state solution. A procedure to
define parameters which ensure convergence of the method is proposed in Chapter

3.

1.4 Global linear stability analysis

Flow stability theory is an essential topic in fluid dynamics. Controlling the
evolution of a flow is crucial in most industries. For example in aeronautics, engi-
neers are interested in designing wings that postpone as far as possible transition to
turbulence. Formula 1 engineers aim to generate vortices with specific dimensions
and orientate their evolution. An identification of the stability properties of such
flows could help resolving these challenging problems.

Linear stability theory aims to determine the minimum critical parameter (typ-
ically the Reynolds number for incompressible flows) above which a specific initial
condition of infinitesimal amplitude grows exponentially in time [29]. With this
definition, a flow is said to be linearly stable if it returns to its original state when
infinitesimal perturbations are introduced. On the other hand, the perturbation of
an unstable flow will generate an irreversible change in the flow pattern.

Historically, until the generalisation of high performances computers, the stan-
dard approach to quantify flow instabilities was the local linear stability theory
[30, 31]. This technique is base on geometrical assumptions to reduce the order
of a three-dimensional eigenvalue problem into a set of one-dimensional problems.
Typically, the flows studied are planar (i.e. invariant in the spanwise direction) or

axisymmetric (i.e. invariant in the azimuthal direction) with very slow variation in

36



1.4 Global linear stability analysis

the streamwise direction. The simplified one-dimensional eigenvalue problems can
then be solved very quickly numerically or even analytically. Local stability analy-
sis works very well but reaches a limit for flows presenting rapid evolutions in the
streamwise direction. Nowadays, this technique is mainly used as a diagnostic tool.

Throughout this thesis, when we discuss the stability properties of a flow, we
refer to a global linear stability analysis. In opposition to local theory, global linear
stability theory refers to the analysis of the eigenspectrum of an operator without
constricting the linearised flow to evolve in any specific direction. In two-dimensions
such analysis are generally called Bi-Global and Tri-Global in three-dimensions [31,

32].

1.4.1 General presentation

In this section we present an overview of the main aspects of global linear stability
problems in fluid dynamics. The starting point is to define a base flow U which is a
solution of the incompressible Navier-Stokes equations (1.24). This base flow can be
time-dependent (e.g. Floquet stability analysis requires a time-periodic base flow)
but it should be a genuine solution of the fluid motion equations to mathematically
allow linearisation of the fluid system. For this study, we consider steady base flows.
In this section, we assume that a steady-state solution of (1.24) is known.

Subject to appropriate initial and boundary conditions, the evolution of infinites-
imal perturbations u’ of the base flow U is governed by the linearised Navier-Stokes
equations

ou' = —(U-V)u' — (0 -V)U - Vp + Re V2,
(1.40)

V-u=0.

A linear evolution operator A can be defined from (1.40). Hence an initial

perturbation u’(0) evolves forward in time such that

u'(t) = A(U, t)u’(0). (1.41)
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As the base flow U is steady, system (1.41) is autonomous (i.e. A is time-

invariant) and the normal mode solutions are of the form
u'(x,t) = exp(p;t)a;(x) + c.c., (1.42)

where 0, are the eigenmodes and p; are the eigenvalues (both are, in general, com-
plex). We can define the growth rate o; and the frequency f; such that p; = o;+1if;.
As the base flow is steady, we can fix ¢ to be constant and equal to a parameter T
This parameter 7" is usually chosen of order unity [33] but one has to be careful not
to take a value greater than the period of the leading eigenvalue in order to avoid
aliasing problems. In other words, 7" must satisfy the Nyquist criterion in order to
accurately capture the leading eigenmode frequency. Generally, this frequency is
not known before computing stability analysis, then the upper bound of 7" is hard
to approximate a priori.

We can now write the formulation of an eigenvalue problem for the operator

A(U,T) such that
A(U,T)ﬁ] = )\jﬁj, with >\j = exp(ujT). (143)

Linear stability (or instability) of the base flow U is determined by the dominant
eigenvalue of A(U,T) (i.e. the one of largest modulus). If there exists at least
one A; such that |A\;| > 1, then infinitesimal perturbations of the base flow grow
exponentially in time. Hence U is said to be linearly unstable. In opposition, if all
the eigenvalues verify |\;| < 1, then infinitesimal perturbations decay in time and
the base flow is linearly stable. Most of the time |\;| = 1 indicates a bifurcation
point (i.e. a change in stability state). Note that instead of evaluating the modulus
of the eigenvalues \;, one can also look at the sign of the corresponding growth rate
0j. A negative growth rate corresponds to a linearly stable base flow, and a positive
growth rate corresponds to a linearly unstable one.

Computing the eigenvalues of A(U,T') is not trivial and several kinds of algo-
rithms exist. In this thesis we used a modified version of the Arnoldi iteration

method introduced by Barkley et al. [33] and summarized in Sec. 1.4.2.
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1.4 Global linear stability analysis

1.4.2 Modified Arnoldi method

To numerically evaluate the eigenvalues of the linear operator A(U, T, the time-
stepper approach [9] is used. Similarly as the steady-state solver presented in Sec.
1.3.1, the idea is to adapt an existing unsteady code (which has a linearised Navier-
Stokes operator implemented) to perform stability analysis of a given base flow U.

We summarise here the main aspects of the modified Arnoldi iteration method
used throughout this thesis to compute flow stability analysis. For a complete
description of the method, please refer to Barkley’s work [33]. The key feature of
this method is to project the operator A(U,T) into a lower dimensional Krylov
subspace. If we consider a non-zero initial vector ug of unit norm, we can define a

sequence T of normalized vectors such that

A(U, T)UO A(U, T)u1 A(U, T)uk,1

Tk+1 = [u07u17u2a ,Uk] = |Up, ) PR )

(051 (6%) (673
(1.44)

where the a; are selected to satisfy ||u;|| = 1.

The Krylov subspace onto which A(U, T') is projected is spanned by the sequence
T). The generation of this sequence actually means executing the linear Navier-
Stokes solver for 7' time units with u; for initial condition. This does not require
any modification of the existing code but it is the most demanding part of the
algorithm in terms of computational resources. The following algebraic operations
need to be implemented but their cost is negligible.

Once a sequence Ty is constructed, a QR decomposition is performed and
the elements of the corresponding upper triangular matrix Ry, are used to define
an upper Hessenberg matrix H. The dominant eigenvalue of H approximates the
dominant eigenvalue of A(U,T') and it is possible to evaluate the approximation
error. The advantage is that the eigenvalues of H can be easily evaluated with the
help of the LAPACK library [34].

To obtain an accurate evaluation of the dominant eigenvalue, this process is iter-
ated by constructing a new sequence Ty, ;. To avoid excessive storage requirements,

we define a maximum number k,,,, of vectors contained in this sequence. At each
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iteration, the oldest vector of the sequence is replaced by the application of the
operator A(U,T) on the newest vector of the sequence. This feature explains why
this method is called “modified” Arnoldi, only a limited number of vectors is stored
not the whole sequence. Through this iterative process, the dominant eigenvalue
of H converges towards the dominant eigenvalue of A(U,T') in a relatively limited
number of steps for low computational cost and memory requirements.

Eventually, note that to correctly set up this algorithm, the inflow boundary con-
ditions of the non-linear problem have to be modified to be homogeneous Dirichlet
when A(U,T) is applied to a field u;.

This algorithm has been implemented into the Nektar++ spectral/hp element
framework (see Sec. 1.6). As the eigenmode solutions are expected to be smooth, us-
ing high-order methods allows us to obtain very accurate results. Rocco [35] showed
that this implementation agrees very well with ARPACK (ARnoldi PACKage [36]).
The differences between the dominant eigenvalues obtained with the two methods
were found to be smaller that 107°.

Note that, when an adjoint linearised system is implemented, this algorithm
can be adapted to evaluate the influence of non-normal modes [29]. This approach
was adopted by Cantwell et al. to compute transient growth analysis of a flow
through a pipe with abrupt geometry changes [37]. Such investigations can prove
very important because some finite perturbations could push the solution towards
the basin of attraction of a stable oscillator even though a linear analysis might

conclude that a fixed point is asymptotically stable.

1.5 Stabilisation methods

In this section we present techniques to stabilise the spectral /hp element method
applied to the incompressible Navier-Stokes equations. In Sec. 1.5.1 we explain how
we can lower numerical errors due to the evaluation of nonlinear combination of
polynomial functions. A procedure to reduce oscillations that may appear in the

higher modes of high-order expansion methods is presented in Sec. 1.5.2. Finally,
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1.5 Stabilisation methods

in Sec. 1.5.3 we present a boundary condition that maintains the accuracy of the

spectral /hp element method on the outflow of truncated unbounded domains.

1.5.1 De-aliasing technique

Aliasing effects arise in many domains. It is characterised by the fact that several
signals (i.e. sinusoidal functions) can fit a sample of discrete points. This is for
example responsible of the wagon-wheel effect in western films, where carts’ wheels
seem to be turning backwards. This phenomenon also appears in computational
fluid dynamics.

Most numerical solvers use a number of quadrature points necessary to exactly
integrate linear combination of polynomial functions. However, when using the
velocity-correction scheme to solve the incompressible Navier-Stokes equations, a
quadratic combination of the solution must be computed to evaluate the convective
contributions (see Eq. (1.25a)). This inner product is “under-integrated”, which
means that the number of quadrature points used is too low to ensure exact inte-
gration of the non-linear term. Hence an aliasing error is introduced [38].

For numerical simulations that are sufficiently resolved, the aliasing error does
not impact the robustness of the computations. However when coarse meshes are
used, this error is not negligible. In the worst case this error builds-up in time and
the modal energy contained in the higher modes grow, generating instabilities that
lead the simulation to abruptly diverge.

Several rules can be applied within the framework of spectral/hp element meth-
ods to eliminate the aliasing error [39]. De-aliasing techniques are necessary when
studying very large cases, where increasing the resolution would be too prohibitively
expensive. In this study, the de-aliasing technique used consists in adding quadra-
ture points to all the elements of the computational domain whenever the non-linear
term is evaluated. Details of the implementation may be found in [40]. This method
increases the computational cost but it enables stabilisation of simulations that
would diverge without a specific treatment of the non-linear term. It also enables to

increase accuracy of the solution in regions where non-linear effects are important.
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1.5 Stabilisation methods

1.5.2 Spectral vanishing viscosity

The spectral vanishing viscosity (SVV) method, originally introduced by Tadmor
in 1989 [41], is a stabilisation technique especially designed for high-order spatial
discretisation schemes. It is based on the idea that spurious oscillations of the
high-order modes could be damped away without harming the physics of the lower
modes. To stabilise the simulation, extra viscosity is added to the higher modes of
the expansion basis.

When applied to the Navier-Stokes equations, and specifically to the velocity-
correction scheme, the SVV method consists in adding SV'V (u™*!) to the right-hand
side of (1.25¢), where the SVV function is defined by

0 ou
SVV(U) - VSVV % (K * a1-> y (145)

where vgy is the constant extra viscosity, K is the SVV kernel and * denotes the
convolution operator.

The kernel K governs the quantity of viscosity which is added to each mode. We
use the kernel definition given by Kirby & Sherwin [42] which is

exp (~ifrtmz) ™ > Mo,

K(m) = (1.46)

0, m < Mey,
where M = P + 1 is the total number of modes of the expansion basis, m is the
current mode and M,,; defined the cutoff mode number below which the viscosity
remains unchanged. For example, Fig. 1.2 shows this kernel for a M = 10 and
M.,; = 3. Note that with this kernel, the SVV method will nearly add no viscosity
to the fourth and fifth modes.

To illustrate the influence of the SVV method, we apply it to a two-dimensional
diffusion equation du = vV?*u + SVV(u) on (z,y) € [0,2] x [0,2] with v = 107°.
The simulation was computed with 16 expansion modes (i.e. M = 16 and P = 15)
on a quadrilateral grid with 16 elements and the initial condition was chosen to be
u(z,y,t = 0) = sin(mz)sin(my). A discontinuity is introduced at the initial step

such that «(0.65,0.70,¢t = 0) = 2.0. Fig. 1.3 shows the solution of this equation at
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]_ T T T T /’.,

0.8 | 1
06t . i
g |
< 04 ]

0.2 | S i

0 . * . - . L L
0 2 6 8 10

Figure 1.2: SVV kernel for M = 10 and M., = 3. This curve represents the

percentage of viscosity added on each mode. On the tenth mode, v4 is added.

t = 0.1 without SVV and with SVV for M,,; = 10 and vg,, = 1000 x v. We observe
that the discontinuity is strongly damped when the SVV is switched on.

The computational cost of the SVV method for a Navier-Stokes solver is prac-
tically negligible because is only consists in evaluating SVV (u™*!) every time step.
This method enables stabilisation of high Reynolds number flows. However it must
be used carefully. If too much viscosity is added on too many modes, the physics
of the problem studied may be drastically changed. As a rule of thumb, we can
say that to efficiently use the SVV method, one should add the fewest viscosity as

possible on the fewest modes as possible that enable computation stabilisation.

1.5.3 Boundary condition for unbounded truncated domains

The last stabilisation technique presented in this section consists in an alternative
formulation of the outflow boundary condition. When unbounded incompressible
flows are studied at moderate to high Reynolds numbers, the position of the outflow

boundary is a question that needs to be carefully addressed. If strong vortices are
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Figure 1.3: Illustration of the influence of the SVV method for M., = 10 and
vsyvy = 0.1. Evolution of the diffusion equation at t = 0.1 without SVV (a) and
with SVV (b).

present within the flow, the domain must be large enough in order to give them
space to be dissipated. Otherwise this may lead to erroneous results or, in some
cases, to uncontrolled growth of the energy in the domain and to abrupt divergence
of the simulation.

Increasing the size of the simulation is not always an option. As the Reynolds
number increases, the computational domain should proportionally be increased
too. This imposes a very strong limitation in terms of computational cost. A very
long domain may waste computational resources on regions where the physics of the
problem is of no interest.

Dong et al. [43] proposed an alternative outflow boundary condition that keeps
the simulation accurate and stable even when strong vortices exit the computational
domain. We denote 0f1,,; the boundary where the outflow condition is defined. On

0y We impose
Lo
—pn+vn-Vu— §|u| So(n-u)|n=0, (1.47)

where n is the outward-pointing unit vector normal to 0¢2,,;. The scalar function
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Sp is a smoothed step function defined by

So(n - u) = ; [1 — tanh (?}C);ﬂ : (1.48)

where U, is the characteristic velocity and ¢ is a constant positive real number
representing the smoothness of the step function. The smaller 9, the sharper Sj.
The authors who introduced this outflow boundary condition showed that it
enabled to obtain satisfying results when considering the flow past a square cylinder
at Re = 100. They showed that the lift and drag coefficients are really close to one
another when the outflow condition is situated very close to the cylinder (at 4.5D,
D being the square sides length) or further away downstream (at 24.5D). Dong et
al. also showed that for the flow past a square cylinder at Re = 10,000, this type

of outflow condition avoids abrupt divergence of the simulation.

1.6 Nektar+-+

Nektar++ [2, 3] is an open source library currently being developed at Imperial
College London under the supervision of Prof. Spencer Sherwin (Imperial College,
Department of Aeronautics) and Prof. Mike Kirby (University of Utah, School of
Computing). It is a tensor product based finite element package written in C++.
Nektar++ implements the spectral/hp element method and both continuous and
discontinuous Galerkin operators can be used along with modal or nodal expansion
basis. It can solve problems in one, two or three dimensions and several different
equation systems can be solved, including the incompressible and compressible (vis-
cous) Navier-Stokes equations. The code supports mixed curved meshes, hence com-
putational domains composed of triangles and quadrilaterals could be used in two-
dimensions or composed of tetrahedra, prisms and hexahedra in three-dimensions.
Nektar++ also enables to execute massively parallel simulations. Some develop-
ers of the group are using ARCHER, which is the most powerful supercomputer
in the United Kingdom (2015), to simulate the development of a wingtip vortex at
Re = 1.2 - 10°% using 2000 CPUs [44] or the flow past a Formula 1 front wing at
Re = 2.2 -10° using 4000 CPUs (see Fig. 1.6).
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1.6 Nektar++

Figure 1.4: Incompressible flow past the front section of a Formula 1 racing car
at Re = 2.2 - 10° (based on the wing’s main plan’s chord). Streamlines show the
flow trajectory and are coloured by pressure. The simulation has 18 million degrees
of freedom at polynomial order P = 3 and uses the spectral vanishing vorticity

technique. Figure courtesy to Jean-Eloi Lombard.

Throughout this thesis, we use Nektar+-+ to solve the incompressible Navier-
Stokes equations. They are discretised in space using the continuous Galerkin
method (i.e. with continuity enforced at the elements boundaries) highlighted in
Sec. 1.1 with a modified modal hierarchical expansion basis. The time evolution
of the flow problem is addressed using the second-order velocity correction scheme
presented in Sec. 1.2. The steady-state solver present in Nektar++ implements the
selective frequency damping method summarised in Sec. 1.3.2. However, unlike the
authors who introduced this method [10], this version of the SFD method is not
implemented by modifying the time-integration scheme. An alternative formulation
that is presented in Chapter 2 is implemented in Nektar++. Finally, the modified
Arnoldi iteration method described in Sec. 1.4.2 is used to realise Bi- and Tri-Global

stability analysis.
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CHAPTER 2

ENCAPSULATED SELECTIVE
FREQUENCY DAMPING METHOD

To compute global linear stability analysis of a flow field, a base flow must be
defined in advance. Several choices could be made to select this base flow. It is a
common practice to use a time-averaged unsteady solution or a RANS solution for
the base flow. Even though these choices may well predict the shedding frequency
of a flow past a bluff body, they may also return growth rates which are not relevant
to the physical solution [45]. More importantly, these base flows are not genuine
solutions of the Navier-Stokes equations, hence the linearisation of the Navier-Stokes
operator around such fields is not mathematically appropriate. As linearisation of
the fluid motion equations around a base flow is the starting point of stability
analysis, the base flow definition is crucial.

Throughout this thesis, a steady-state solution is used as base flow to compute
stability analysis. This choice of base flow is fitting because linearisation of the
Navier-Stokes operator is now performed around a genuine solution to the fluid
system. When stable flows are studied, finding a numerical steady-state state is

trivial: we only have to execute a flow solver and wait long enough until the flow
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becomes constant in time. However stable flows generally present little interest and
most of the time unstable flows are considered for industrial applications. Obtaining
an unstable steady-state solution of the Navier-Stokes equations is a significant
challenge though. The problem of finding an unstable fixed point of a non-linear
system has to be addressed.

Newton’s methods are commonly applied to find unstable steady-state solutions
of the Navier-Stokes equations (see Sec. 1.3.1). The quadratic convergence of these
methods is guaranteed if a good initial guess of the solution is used. For challenging
flow problems at high Reynolds numbers, a continuation method is necessary to go
through the many bifurcations that may occur before finding the required steady-
state solution.

To obtain unstable equilibria of the Navier-Stokes equations, we use the selec-
tive frequency damping (SFD) method which is an efficient alternative to Newton’s
methods. Since it was introduced by Akervik et al. [10] in 2006 (see Sec. 1.3.2),
this method has been successfully applied for many different applications. For ex-
ample, it was used to obtain unstable steady incompressible flow past a shallow
cavity [46, 47], a square [48], a cylinder [49] and a sphere [50]. This method was
also used to study the stability of laminar separation bubble [51] or the stability of
roughness-induced boundary layer flows [52]. Furthermore the research group who
introduced the SF'D method extensively used it to study the global stability of an
incompressible jet in a cross flow [53, 54, 55, 56, 57]. The SFD method was also
applied in the study of supersonic mixers [58] to obtain unstable equilibria of the
compressible Navier-Stokes equations. Combustion problems, such as the stability
of round fuel jets [59] or flames [60, 61], were studied as well, using a base flow
computed via the SFD method.

To our knowledge, users of the SFD method have always implemented it by
modifying the existing time-marching code. For example, the group who introduced
the SFD method in 2006, implemented it into the spectral-element code Nek5000 [62]
by adding an extra term to the fourth-order Runge-Kutta time-integration scheme.

A similar approach was adopted by other researchers who wanted to implement the
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2.1 Encapsulated formulation

SFD method into their own codes. Most of the SFD users directly used Nek5000
though.

Implementing the SFD method by modifying a time-integration scheme requires
to modify the existing Navier-Stokes solver at a very low level. The time-integration
scheme is duplicated and modified to integrate the feedback control and the first
order filter. If the existing code has several time-integration schemes implemented,
they all have to be modified.

The method presented in this chapter has been developed with the intention of
implementing a steady-state solver into Nektar+- in the least intrusive way possible.
This goal was achieved through a mathematical reformulation of the SFD method.
We called the resulting algorithm “encapsulated” SFD method. This chapter is
based around the paper entitled “Encapsulated formulation of the selective frequency
damping method”, published in Physics of Fluids in March 2014 [63].

In Sec. 2.1 we detail the steps leading to this encapsulated formulation. In
Sec. 2.2, we introduce a simple one-dimensional problem to analyse the stability
properties of the method. Finally, the unstable steady-state obtained by SFD and a
stability analysis of the incompressible flow past a cylinder at Re = 100 is presented

in Sec. 2.3.

2.1 Encapsulated formulation

In this section we present the encapsulated formulation of the selective frequency
damping (SFD) method [63]. The key feature of this procedure is to adapt an exist-
ing unsteady code in order to obtain a steady-state solver. This method was inspired
by Tuckerman & Barkley’s time-stepper approach (see in Sec. 1.3.1). The alterna-
tive formulation of the SFD method proposed here is obtained using a first-order
splitting method. In Sec. 2.1.1 we highlight the main aspects of splitting methods
and in Sec. 2.1.2 we detail the encapsulated formulation of the SFD method.

49



2.1 Encapsulated formulation

2.1.1 Generalities on splitting methods

Classical splitting methods are based on the idea that it is sometimes more effi-
cient to solve several small problems than one large complex problem. In algebra, the
partial fraction decomposition uses this approach. When it comes to solving equa-
tion systems, splitting methods consist in dividing the main problem into smaller
(simpler) subproblems that can be solved separately using a variety of numerical
methods (explicit or implicit). The subproblems are connected via initial conditions
though. Typically, on one time step, the final solution of one subproblem is the
initial condition for the next one. In this section we shortly present the theoretical
aspects of the first order splitting method. Note that in Sec. 1.2 a splitting method is
used to establish the velocity-correction scheme which discretises the incompressible
Navier-Stokes equations in time.

Splitting methods can be applied to any initial value problem of the form
u = G(u), (2.1)
that can be divided into two (or more) subproblems such as
1= Gi(u) + Gz(u). (2.2)

Each subproblem is then considered separately and solved sequentially. Note that
for simplicity, only the case where G is divided into two subproblems is considered
here. The generalisation to more sub-processes is straightforward [64].

The sequential operator-splitting method of first order (also called A-B splitting
method) is the simplest splitting method. The two subproblems are sequentially
solved on the interval [¢", "] and the final solution of i = Gy (u) is used as initial
condition for 1 = Gy(u). If we denote uf, as the splitting solution of (2.2) at the

time t", then the resolution of this problem is carried out by iterating the sequence:

1 - Solve u = Gy(uY) in [t*,¢"*!] with u®(t") = u” (2.3a)

sp?

2 - Solve u® = Gy(u®) in [t", "] with u® (") = uM ("), (2.3b)
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After each time step, the splitting solution is updated such that uZ* = u® (¢").
System (2.3) is the general formulation of a first-order time splitting method. It
appears clearly that the resolution of (2.3a) and (2.3b) are independent from one
another. These subproblems are only linked through initial conditions.

We now present a special case where the operators G; and Gy, are both linear.

Then (2.2) can be reformulated
u= Au-+ Bu. (2.4)
In the interval [t",t""!], Eq. (2.4) can be solved exactly. Its solution is given by
u(t"tl) = eATBIALy (g, (2.5)

If we use the first order splitting method (2.3) to solve equation (2.4) in the

interval [t", "], the splitting solution is

n+l __ AAt BAt. . n
= e =g (2.6)

The difference between (2.5) and (2.6) is called the local splitting error. This
error is zero if eA1TB) = ¢AeB which is true if, and only if, AB = BA '. In such
a case, the first order splitting method is exact. Otherwise, if A and B do not
commute, an error is introduced. This error is of order O(A#?) if the operators A
and B are bounded. Note that if G; and Gy are not linear, a splitting error is
always introduced.

Higher order (of even number) splitting methods also exist [64, 65]. For example,

the Strang splitting method [66] is a commonly used second order scheme. The

'If A and B commute then the binomial formula (A + B)" Y 7_, ( )AkB" ¥ s true.

Hence we can write eA+B) = S L(A 4+ B)® = > LS 0< >AkB" o=
ZO<k<n<oo k! (n— k)‘A B = Zk 021 0 %! l'AkBl ZZO:O %Ak ’ Z?io %Bl = efte® (with
n—k=1).

However if A and B do not commute, for example if A = ((1) 01> and B = <(1) 01), it is easy

to show that e(A+B) £ AeB,
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2.1 Encapsulated formulation

mechanism of this method consists of solving the first subproblem on one half of a
time step, then solving the second subproblem on the whole time step and finally
solving the first subrpoblem on the other half of the time step. This procedure
essentially shifts the first order scheme outlined in (2.3) by half a At, thus decreasing
the splitting error.

In the following section, only the first order splitting scheme is used to establish
the encapsulated formulation of the SFD method. We show that a splitting scheme
of higher order is not necessary for this method since we are only interested in

steady-state solutions.

2.1.2 Encapsulated SFD method

The method proposed in this section is an alternative formulation of the SFD
method introduced by Akervik et al. [10] and summarised in Sec. 1.3.2. The aim

of this method is to obtain unstable steady-state solution of the dynamical system

q=F(q). (2.7)

As for the time-stepper approach [9], we assume that a numerical solver for (2.7)
already exist and we work around this solver, without modifying it, to implement
a steady-state solver. To guide the reader through the different steps of how the
encapsulated SFD method was developed, we start with the original formulation of
the SFD method
q="F(q) —x(q—q),

q="1

(2.8)

System (2.8) is split into two parts and reformulated within the framework of the
first order splitting method. The first subproblem is simply the dynamical system

considered (which can be non-linear) with no condition imposed on q such that

< q=F(q). (2.9)
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Note that, to match the notations introduced in (2.3), every variable q and q of
system (2.9) should be written with the superscript () to highlight the fact that the
first subproblem is considered. For clarity, this notation was not used here.

The second subproblem is linear and represents the actions of the feedback con-
trol and the first-order low-pass time filter. It is formulated as

= —x(a—a), ‘ —~1I, I,
= B X q, (2.10)

q
where I, is the identity matrix and the subscript n is equal to the dimension of q
(not to be confused with the exponent n used in Sec. 2.1.1 which stands for the
current time step).

A linear operator is defined by system (2.10). We denote L£,, this operator such

that

I, I,
c, - |~ X . (2.11)

L/A —-I,/A
Hence the original SFD method (2.8) can be reformulated

=F(q) + L, 4

q q

(2.12)

We now apply the first-order splitting method detailed in (2.3) to solve system
(2.12). The two subproblems are then solved separately, using different numerical
methods. We recall that the first subproblem is the dynamical system (2.7) for which
we are interested in finding a steady-state solution. Therefore it can be solved with
the existing code. This is the key feature of the encapsulated SFD method presented
in this section. To solve (2.12), only a linear solver for (2.10) has to be implemented
because a code to solve (2.7) already exists. Then the existing unsteady solver does
not need to be modified and the solver for (2.10) can be plugged into this code.

We introduce the symbolic notation ® denoting this existing unsteady code.

Hence at the step (n + 1), the numerical solution of (2.9) is given by

Q" = ®(q"). (2.13)
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As the solver ® has already been implemented, the resolution of the first sub-
problem is trivial: it only consists in calling ® on one time step. We now focus
on the resolution of the second subproblem. Note that as (2.10) is linear, it can be

solved exactly on the time interval [¢t", ¢"T!]. Its solution is given by

A} _ s [atM)) (2.14)

q(t"*) q(t")
In (2.14), the only difficulty lays in expressing the exponential of a matrix. As
the elements of £,, belong C, which is an algebraically closed field (c.f. fundamental
theorem of algebra), this linear operator can be decomposed into £, = PDP™!,

The matrices P and D are defined as

I, —I,xA
P= X ,
I, I,
(2.15)
0, 0,
and D = ,

where 0,, is an all-zero square matrix of n X n dimension.
Then the exponential of the matrix £, multiplied by the time step At can be
written

eEndt — pePAtpt (2.16)
The expanded expression of (2.16) is

1 I, + yALe 0Fa)At AT [1 — e~ (hx)A
eEndt x X AL N
1+ xA I,— Inef(XJr%)At YAIL, + Inef(x+i)At

According to splitting method theory, the initial conditions of the second sub-
problem must be the final solutions of the first subproblem. Therefore, at each time
step, the output values from the first subproblem (2.13) are used as initial values
for the second subproblem (2.14). Since the first subproblem does not include the
filtered quantity q, the time discrete formulation of the encapsulated SFD method

using a first-order splitting method and an exact resolution of the second subproblem
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is given by the sequence

1 - Call unsteady solver: q" = ®(q"), (2.18a)

n+1 *
2 - Apply linear operator e“»** to q* and q: d = Lt 4 . (2.18Db)
~nt -n

This method is said to be encapsulated because the existing solver ® remains
unchanged and only its output is used in the linear expression (2.18b). Then the
encapsulated SFD method can be implemented as a wrapper function around the
solver @ which can then act as a “black box”. Any type of temporal and spatial
discretisation can be used in ®. Note that this method can be applied to any kind of
dynamical system, not only within the framework of computational fluid dynamics.

For the implementation, e“"*! does not need to be constructed. It is a 2n x 2n
matrix consisting of top-left, top-right, bottom-left and bottom right diagonal n x n
blocks. We introduce the scalar coefficients a, b, ¢ and d respectively equal to the
only non-zero element of the top-left, top-right, bottom-left and bottom-right blocks

of e£nAt guch that

1+ yAe (rz)at
a =

1+ xA ’
b YA[L — et )AL
1+ xA ’
| G dar (2.19)
SN
XA _|_ 6_(X+%)At
d—
14+ xA

The step by step implementation of the encapsulated SFD method is detailed in
Algorithm 1, with the subscript ¢ denoting the spatial discretisation of ®.

We recall that the steady-state solution of the SFD method is reached when
q = q. Therefore Algorithm 1 is iterated until ||q = q|| becomes smaller than a
desired tolerance. Note that in most codes used in computational fluid dynamics,
scalar-vector multiplication and vector-vector addition are computed very efficiently.

Furthermore the second subproblem is a loop over the degrees of freedom, which is
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Algorithm 1 Implementation of the encapsulated SFD method
Choose a control coefficient x

Choose a filter width A

Evaluate the scalar values a, b, c and d

while Steady-state solution not reached do

Compute q* := ®(q") <= First subproblem, existing unsteady solver

|4t = aq) + by
Compute V2 <= Second linear subproblem
Q" = cqf +dq;
Update variables: (q", q") := (q"*, q"*)

end while

far faster than looping over the elements (i.e. finding information about neigh-
bour elements is usually slow) and extremely parallelisable. Hence evaluating the
resolution of the second subproblem is negligible in terms of computational cost.
The execution of the solver ® is by far the most demanding part of Algorithm 1.
Hence we can say that this steady-state solver has nearly identical computational
performance to the unsteady solver ®.

The encapsulated formulation of the SFD method introduces a splitting error.
However, this does not affect the accuracy of the steady-state solution. Indeed,
before convergence is reached, the solution of the SED system (2.8) is not a proper
solution of the original equation (2.7) but a controlled version with reduced temporal
frequencies. Only at the steady-state, when the forcing term x(q—q) vanishes, both
systems have identical solutions. Therefore any numerical error occurring before the
convergence is reached does not affect the accuracy of the final steady-state solution.
In other words, by using a splitting method we introduce an error to the augmented
system (2.8) at each time step. Meanwhile we want a steady-state of (2.7) which
is obtained when (2.8) reaches convergence. Therefore transient numerical errors of
(2.8) are no longer relevant. Hence the accuracy of the final steady-state solution
obtained by using the encapsulated SFD method depends only on the accuracy of

the existing solver ®.
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The encapsulated SFD method presented in this section is mainly a mathematical
reformulation which allows us to implement the method in a non-intrusive way in an
existing code. All the features of the original formulation are preserved. Note that
the selection of the control coefficient x and the filter width A has not been addressed
yet. The choice of these parameters is crucial because a steady-state solution can
not always be obtained for arbitrary values of xy and A. In the following section we
apply the encapsulated SFD method to a very simple one-dimensional problem in

order to give a better understanding the stability properties of this method.

2.2 One-dimensional model

In this section we study the stability of the SFD method. It means that we
evaluate its ability to converge towards a steady-state solution. In this context, one
should not confuse the stability of a numerical algorithm (i.e. when it converges or
not) and the stability of a flow field (i.e. its response to small perturbations).

Specific care has to be taken with the selection of the control coefficient x and
filter width A. For small problems, typically two-dimensional flows at relatively low
Reynolds numbers, it is possible to run several simulations with different parameters
for the SFD method hoping that one will reach a steady-state. However if one wants
to study challenging flows, with higher requirements for computational resources,
this approach is not possible. In this section, we aim to understand the roles of y
and A in the convergence (or not) of the SFD method.

A simple one-dimensional problem is studied in order to analyse the influence
of the control coefficient and the filter width on the stability of the SFD method.
A clear understanding of their role should help users of the SFD method to choose
parameters which ensure convergence towards a steady-state. The scalar problem
considered is

U = yu, (2.20)

where v € C. This equation is solved exactly on the interval [t", t" 4+ At] and if we
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2.2 One-dimensional model

denote av = € then the solution is
"t = au”. (2.21)

In this formulation, the time step At is an artificial parameter. Then for the
remaining of this section we set At = 1.

Convergence towards the steady-state of (2.21) (i.e. u"™! = u™ = 0) is guaran-
teed if and only if |a] < 1. The main use of the SFD method is to stabilize unstable
modes. Hence this method enables to reach the steady-state of (2.21) when |a| > 1.
Analysing this simple case allows us to highlight the roles of the parameters xy and
A in the convergence (or not) of the SFD method.

To apply the encapsulated formulation of the SFD method to (2.21) we define the
function ®; such that ®;(u") = au™. Then we introduce the operator £4 which has
the same form as (2.10) with I; = 1. Considering these definitions, the application
of the encapsulated formulation of the SFD method to the linear problem (2.21) is

written
unJrl _ 651 (I)l(un)
ﬂn—i-l an ’
_ L au ’
an
_ L a 0 U ’
0 1 u”
1 o (1 + XA@‘(XJ%)N) axA [1 — e~ (xta)At u™
g X M)
1+ xA 1 — e~ (XA YA + o—(x+X)At "
un
an

(2.22)

The eigenvalues of M (denoted A; and Ay) can be easily evaluated. These eigen-
values are functions of the control coefficient y, the filter width A and the complex
number «. To ensure stability of (2.22), and then convergence towards the steady-

state of (2.21), the maximum of the eigenvalue magnitudes must be strictly smaller
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2.2 One-dimensional model

than one. As « is a problem parameter, we want to be able to choose y and A such

that max(|\1], [A2]) < 1.

2.2.1 Limiting behaviour

In this section the limiting behaviour of the encapsulated SFD method applied
to (2.21) is studied. The eigenvalues of (2.22) are evaluated when the parameters
x and A tend alternatively to zero or to infinity. The expression of the eigenvalue

obtained will allow us to analyse the limiting stability of (2.22).

Limit when y — 0

hII(l) A = q,

X7 (2.23)
lim Ay = e~ /A,

x—0

In this case, both [A;| and |\y| are smaller than one if and only if the magnitude
of v is smaller than one. Let us recall that (2.21) converges if |a| < 1. Hence if the
original problem is not converging, applying the SFD method and choosing small
control coefficient will not drive the solution towards its steady-state. This result
was predictable because when y tends to zero, the term x(q — q) vanishes in (2.8).
Then the stability of (2.8) is only governed by the stability of the original system
(2.7).

Limit when y — 400

lim )\1 = 1,
e (2.24)
X—>+00

We can interpret this result by saying that if the control coefficient x is chosen
to be large, the encapsulated formulation of the SFD method is marginally stable.

The steady-state can not be reached but the solution does not abruptly diverge.
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2.2 One-dimensional model

Limit when A — 0

lim )\1 = «,
A0 (2.25)
A—0

The interpretation of this case is the same as the interpretation of the case
x — 0. This result was also predictable because a first order filter with a filter
width A arbitrarily small (i.e. a cut-off frequency 1/A tending to infinity) does
not damp any frequency. Hence the “filtered” quantity q is identical to q and the
forcing term x(q — q) vanishes. Note that this specific case is the only one were

q = q does not indicate the presence of a steady-state.

Limit when A — +c0

lim A\ = ae™,
A—+o00

A—+o00

(2.26)

Similar to the case y — +oo, if the filter width A is large, the encapsulated
formulation of the SFD method is not stable.

Akervik et al. [10] stated that choosing a large y or a large A would make the
system evolution very slow, but the SFD method would eventually converge to a
steady-state. The results presented here suggest that when these parameters tend

to an infinite value, the method is not stable and the steady-state cannot be found.

2.2.2 Stability regions

In this section we examine the stability regions of the encapsulated formulations
of the SFD method. The goal, for a given control coefficient and filter width, is to
identify for which « the one-dimensional problem will converge towards its steady-
state. This section focuses only on the influence of y and A. Note that the speed

on convergence will be discussed in Sec. 3.1.
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2.2 One-dimensional model

Fig. 2.1 consists of four graphs representing complex planes of a at fixed y for
four different values of A. For each « the eigenvalues of M are evaluated and if both
eigenvalue magnitudes are smaller than one, the corresponding point on the complex
plane is coloured in grey. Therefore the grey areas correspond to the stability regions
of (2.22). For example, Fig. 2.1(a) shows that a control coefficient x = 1 and a filter
width A = 0.5 will drive (2.22) towards its steady-state for every a chosen within
the grey area.

We recall that the one-dimensional system (2.21) is stable if and only if |a] < 1
(i.e. only if o was situated within the unit disc, delimited by the white circle on
Fig. 2.1). The most interesting feature observable in Fig. 2.1 is that the stability
region of (2.22) expands beyond the unit disc. These graphs allow us to visualize the
fact that the SFD method can stabilize unstable modes. This is achieved without
introducing a loss in stability of the original system. Indeed the stability region of
the original problem (7.e. the unit disc) is inside each stability regions of the SFD
method.

Fig. 2.2 also indicates that, for a fixed control coefficient, the stability region
of a given filter width includes all the stability regions of lower A. Then increasing
the filter width does not introduce any loss of stability. It means that if (2.22) is
converging towards a steady-state solution for a pair (x, A), then choosing a higher
filter width will also enable convergence. The stability region at this higher A is
also closer to the real horizontal axis. This observation agrees with Massa [58] who
stated that increasing A at constant y yields a marginal improvement of the low-
frequency stability region. However, this feature is true only until a certain value
of A. On system (2.26), we showed that when the filter width tends to infinity, the
SEFD method is not stable.

Stability regions for a fixed filter width and various control coefficients are pre-
sented on Fig. 2.3 and Fig. 2.4. These figures indicate that for a given filter width,
increasing the control coefficient does not change the shape of the region, but only
the area covered. Therefore if a pair (y,A) is chosen such that the system (2.22)

can reach the steady-state, increasing the control coefficient further can result in
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Figure 2.1: Stability regions for x = 1 and various A. If « is inside the grey area
then (2.22) converges towards the steady-state of (2.21). The unit circle (i.e. the

region where |a| = 1) is displayed in white.

destabilising the system (2.22) altogether. Hence, when using the SFD method, a
large x is generally not an appropriate choice. Masa reached a similar conclusion, in
[58] it is explained that increasing x at constant A leads to the stabilization of the
high-frequency modes, but the destabilization of the low-frequency counterparts.

On every stability region presented in this section, we can notice that if « is real
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2.2 One-dimensional model

Figure 2.2: Superimposition of the stability regions shown on Fig. 2.1.

and greater than one it is not possible to find a pair x and A for which (2.22) is
stable. These a values correspond to a problem with pure exponential growth of
the instability. Hence we can conclude that the stability of the SFD method relies
on the oscillatory growth of the problem studied. This behaviour agrees with the
result presented by Vyazmina [67] who said that if an unstable eigenvalue is real and
positive, there is no frequency to be damped by the SFD method.

Note that when x = 0 and when A tends to zero, the stability region of (2.22) fits
exactly the unit circle. This behaviour corresponds to the outcome of the limiting
behaviour analysis presented in (2.23) and (2.25).

In the following section we apply the encapsulated SFD method to the incom-
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Figure 2.3:

Stability regions for A = 20 and various y. If « is inside the grey area
then (2.22) converges towards the steady-state of (2.21). The unit circle (i.e. the

region where |a| = 1) is displayed in white.

pressible flow past a cylinder. We show that the stability properties of the one-
dimensional model presented here may be used to predict the effectiveness of the

SED method for a more complex problem.
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2.3 Numerical simulations

Figure 2.4: Superimposition of the stability regions shown on Fig. 2.3.

2.3 Numerical simulations

The encapsulated SFD method (2.18) has been implemented into the Nektar++
spectral /hp element framework as a wrapper function. In order to find the steady
solution of the incompressible Navier-Stokes equations, a solver which implements
the velocity-correction scheme (symbolised by the functions ® in (2.18)) is called at
each time step. In this section we present the numerical steady-state of the two-
dimensional incompressible flow past a circular cylinder above its critical Reynolds
number Re,. (i.e. when the Reynolds number is high enough such that the viscous

forces within the flow are not dominant). For this flow, the Reynolds number is
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2.3 Numerical simulations

defined as Re = U, L/v, where Uy is the inflow (or far field) velocity, L is the
cylinder diameter and v is the kinematic viscosity.

The numerical simulations presented in this section have been computed with the
Nektar++ code using the second-order velocity-correction scheme to discretise the
incompressible Navier-Stokes equations in time and the spectral/hp element method

using a continuous Galerkin method to discretise the problem in space.

2.3.1 Unstable steady-state

At the critical Reynolds number Re. ~ 47, the incompressible flow past a cylinder
follows the path of a Hopf bifurcation [68, 69]. Below Re. the flow is steady and
stable and above Re., the flow becomes periodic, which indicates the presence of a
limit cycle. This periodic orbit is stable because when a perturbation is introduced,
the flow eventually returns to its periodic configuration. This behaviour remains up
to the end of the subcritical laminar regime (i.e. Re ~ 2 x 10° [70]). A steady-state
solution co-exists but is unstable. Hence the role of the SFD method is to control the
evolution of the unstable frequencies and drive the solution towards its steady-state.
In this section we are interested in the case of a Reynolds number Re = 100.

The computational domain used for this test case is presented on Fig. 2.5. Its
dimensions are —15 < x < 45 and —25 < y < 25 and it is composed of 746 elements.
The cylinder is centred at the origin and its diameter is one unit length. Near
the cylinder boundary and in the wake behind the cylinder, the mesh is composed
of structured quadrilateral elements. At the cylinder boundary, quadratic curved
elements are used. The rest of the mesh is filled with triangular elements. On the
cylinder surface, no-slip boundary conditions (i.e. homogeneous Dirichlet on the
velocity and high-order Neumann on the pressure) are imposed. Dirichlet boundary
conditions such as (u, v) = (1, 0) are imposed on the left, top and bottom edges.
This represents the far field characteristic velocity used to calculate the Reynolds
number. Finally an outflow boundary condition is set on the right edge.

As the solution is expected to be smooth (i.e. the geometry studied does not

have any “sharp” angle) a high polynomial order of 11 is chosen. Note that, the
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(b) Close view on the sructured mesh close to the cylinder boundary.

Figure 2.5: Computational domain to simulated the incompressible flow past a

cylinder at Re = 100.
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computational domain shown in Fig. 2.5 is very coarse, but a high polynomial order
leads to an accurate solution.

To highlight the fact that, unlike in Newton’s methods, the SFD method does
not need a good initial guess to converge, initial conditions such as (ug, vg) = (0, 0)
are chosen. The SFD parameters are chosen such that the control coefficient x = 1
and the filter width A = 2. The problem is considered to be converged when
ll|a — qllinf < 1078, The steady-state has been obtained after the computation of
about 1000 time units and the decay of ||q — q||inf is exponential. The unstable
steady-state solution obtained is shown on Fig. 2.6(b) and is identical to the one
presented by Barkley [45]. Fig. 2.6(a) is simply a reminder of the behaviour of the
incompressible cylinder flow at Re = 100 when the SFD is switched off.

A stability analysis, using the modified Arnoldi iteration method presented in
Sec. 1.4.2, is performed with this steady-state as base flow. The growth rate o and

the frequency f of this flow configuration are
o =0.12708 and f =27 x 0.11788, (2.27)

which correspond to the values presented by Barkley [45]. Note that, a velocity-
correction scheme of second order was used to execute the modified Arnoldi iteration
method. Jordi et al. [63] used a first order velocity-correction scheme to compute
a similar stability analysis, which explains why the eigenvalue obtained in [63] is
different from the one presented here.

If the time length of each Arnoldi iteration (denoted T') is defined as being equal
to one time unit, this growth rate and this frequency correspond to the two dominant

(conjugate) eigenvalues
Ao = 7T = 113551071060 1 (2.28)

As |A12] > 1, the flow is unstable and the corresponding instabilities exponen-
tially grow through time. However the SF'D method was able to control and suppress
these instabilities and the solution converged towards a steady-state. The dominant

eigenmode corresponding to the most unstable eigenvalue is presented in Fig. 2.7.
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(a) Snapshot of the uncontrolled flow (unsteady and periodic). This behaviour is the well

known von Karman shedding.
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(b) Unstable steady-state obtained by SFD. The dashed lines represent the separating stream-

lines.

Figure 2.6:  Vorticity (w = 0,v — dyu) of the incompressible flow past a two-
dimensional cylinder at Re = 100. Note that only a small part of the whole compu-

tational domain is displayed.

This configuration corresponds to the results presented by Barkley [45] and also by
Tu & Rowley [49].

Note that the control coefficient and the filter width used to obtain the unstable
steady-state solution presented in this section have been selected arbitrarily. On a

desktop (HP Z820 workstation equipped with 12 Intel Xeon processors), the execu-
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Figure 2.7: Vorticity of the dominant eigenmode of the incompressible flow past a

two-dimensional cylinder at Re = 100.

tion of this test case takes three to twelve hours on one CPU with a direct solver for
the Helmholtz equations of the velocity correction scheme. Then several different
parameter pairs were tested and y = 1 and A = 2 were found to be appropriate.
With these control parameters, the SFD method is converging reasonably quickly.
In the following section we propose an explanation as to why a given pair of param-
eters (x, A) is able (or not) to force the system to evolve towards a steady-state

solution.

2.3.2 Stability of the SFD method

In this section we propose a model to analyse the stability of the SFD method
applied to the Navier-Stokes equations. The idea is to focus the analysis on how
the SFD method influences the least stable eigenmode. In other words, we want
to know if controlling the instabilities corresponding to the least stable eigenvalue
enables the SFD method to converge towards a steady-state solution.

We denote the (conjugate) dominant unstable eigenvalues of a given flow prob-
lem as Ap. We also introduce the control parameters yp and Ap such that the
application of the SFD method with these parameters to the one-dimensional prob-

lem u"*' = A\pu™ converges towards its steady-state solution. This one-dimensional
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problem models the isolated evolution of the least stable eigenvalue of the flow sys-
tem. We want to verify if xp and Ap are also capable of damping the instabilities of
the flow whose dominant eigenvalue is Ap and to force the system to evolve towards
a steady flow.

The case studied is the incompressible flow past a circular cylinder at Re = 100.
The dominant eigenvalues Ap of this flow are known and given by (2.28). We follow
the procedure described in Sec. 2.2.2 to obtain the stability regions of the SFD
method applied to u"™' = Apu" for (x = 1, A = 0.5), (x = 1, A = 1) and
(x =1, A =2). The contours of these stability regions are shown on Fig. 2.8. The
dominant eigenvalues Ap are also shown on this figure in order to determine their
location regarding a given stability region.

On Fig. 2.8 we observe that \p is situated inside the red and the green stability
regions. It indicates that (y = 1, A = 1) and (x = 1, A = 2) ensure stabilisation
of the unstable problem u"™ = A\pu™, and that the SFD method converges towards
a steady-state solution. However it is not the case for (xy = 1, A = 0.5) because Ap
is outside the blue stability region.

We have evaluated how these control parameters perform when the SFD method
is applied to the one-dimensional problem u"*' = Apu™. We want to verify if the
same parameters act the same way on the flow problem. Three different numeri-
cal simulations were done. All are defined in the exact same way as described in
Sec. 2.3.1, only the control coefficient and the filter width were modified. The
convergence history for the parameters (y = 1, A = 0.5), (x = 1, A = 1) and
(x =1, A = 2) are shown on Fig. 2.9. We notice that when Ap is situated inside
the stability region of the one-dimensional case, the SFD method, with the same
control parameters, applied to the flow problem controls the instabilities and con-
verges towards a steady-state solution. Meanwhile if Ap is outside of the stability
region of the one-dimensional case, using the same parameters for the flow prob-
lem will not yield to a steady flow. In such a case, the SFD method is not able
to completely suppress the unstable temporal frequencies. Fig. 2.9(b) shows that

when the SFD method is not converging towards a steady-state, ||q — q||ims does not
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Re(a)

Figure 2.8: Contours of the stability regions of (2.22) for y = 1 and various A. The
central grey circle represents the boundary of the unit disc. The two black crosses
indicate the position of the dominant unstable eigenvalues Ap (2.28) of the flow past

a cylinder at Re = 100.

decrease but oscillates around a fixed value. Fig. 2.10 presents the outcome of the
SFD method with (x =1, A = 0.5). The flow is partially controlled but the most
dangerous instabilities cannot be completely damped by the SFD method with this
choice of parameters.

Note that for parameters that enable convergence of the SFD method towards a
steady flow, the computational time required to reach convergence strongly depends
x and A. Fig. 2.9(a) compares the number of iterations computed by the Navier-
Stokes solver before obtaining the steady-state. With y = 1 and A = 1 the SFD

method needs about 4 times more iterations to converge than with x = 1 and A = 2.
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(a) Cases where the dominant unstable eigenvalues Ap of the flow past a cylinder at Re = 100

are situated inside the stability region of the SFD method applied to u"*! = Apu”.
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(b) Case where the dominant unstable eigenvalues Ap of the flow past a cylinder at Re = 100

are situated outside the stability region of the SFD method applied to u"* = Apu”.

Figure 2.9: Evolution of ||q — q||if in time for parameters which allow the encap-

sulated SFD method to converge towards the steady-state (a), and for parameters

which do not (b).
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Figure 2.10: Snapshot obtained with SFD parameters (y = 1, A = 0.5) which do

not allow convergence towards a steady-state solution.

We recall that increasing the filter width does not always decrease the computation
time of the method. Indeed when A becomes too large, the asymptotic behaviour
presented in (2.26) appears.

In this section we proposed a procedure, based on the analysis of the SFD method
applied to v = Apu", to predict if a given pair of control parameters (y, A) can
guarantee convergence of the SFD method applied to a flow whose least stable
eigenvalue is A\p. However this does not give any information on the convergence
rate towards the steady-state solution. More importantly, this procedure is based on
the assumption that the dominant eigenvalue is known a priori. Most of the time,
especially for flows of industrial relevance, this is not the case. In the following

chapter we introduce an adaptive SFD method to get around this issue.

2.4 Chapter summary

In this chapter we presented an alternative encapsulated formulation of the SFD
method, which is used to obtain unstable steady-state solutions of the Navier-Stokes
equations. This method enables to implement a steady-state state solver in a non-

intrusive way by creating a wrapper function around an existing unsteady code. The
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computational cost added by this algorithm is negligible. Hence the performance of
the steady-state solver is equivalent to the one of the unsteady solver.

We also applied the encapsulated SFD method to a simple one-dimensional
model. We observed that a relationship can be drawn between the ability of the
SFD method to stabilise the unstable one-dimensional problem u" = Apu™™! and
the stabilisation of a flow whose dominant unstable eigenvalue is Ap. This property
was verified for the incompressible flow past a two-dimensional circular cylinder at
Re = 100.

Finally, we have seen that the SFD method is not able to stabilise dynamical
systems with real positive unstable eigenvalues. These problems are characterised
by a pure exponential growth of the instabilities (7.e. with no oscillations). For
example, wall confined jets have real positive unstable eigenvalues [71]. This feature
suggests that the stability of the SFD method relies on the oscillatory growth of the
instabilities of the problem studied.
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CHAPTER 3

AN ADAPTIVE SELECTIVE
FREQUENCY DAMPING METHOD

The convergence of the SFD method (in any formulation) is governed by two
parameters, which are the control coefficient y and the filter width A. For arbitrary
choice of these parameters, the method may not be able to control the evolution of
the instabilities within the flow. Hence the method does not always converge. Even
when a steady-state solution can be found, convergence may be very slow. The
selection of the parameters xy and A is central for users of the SFD method. We
intend to address this issue in this chapter.

We present an adaptive procedure that couples the SFD method and a global
stability analysis method. The idea is to approximate the dominant eigenvalue of
the flow studied during the execution of the solver implementing the SFD method.
This approximation is used to tune x and A by using a simple one-dimensional
optimisation model. The strength of this procedure is that it requires very little (or
not any) knowledge of the flow behaviour before executing the code. This chapter is
based around the paper entitled “An adaptive selective frequency damping method”,

published in Physics of Fluids in September 2015 [72].
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In Sec. 3.1 we present how optimum parameters of the SFD method can be
selected when the dominant eigenvalue of the system studied is known. In Sec. 3.2
we propose an adaptive procedure to automatically select parameters that ensure
an optimum convergence of the SFD method. Finally in Sec. 3.3 we show that this
procedure can be successfully applied to obtain unstable steady-state solutions of

several classical test cases of computational fluid dynamics.

3.1 Evaluation of optimum parameters

We have seen in Sec. 2.3.2 that a link can be established between the convergence
of the SFD method applied to the one-dimensional model u"*! = A\pu™ and to a
flow problem whose dominant eigenvalue is A\p. We observed that if A\p is inside the
stability region of (2.22) for a given control coefficient and filter width, then these
parameters also enable the SFD method to converge towards a steady flow. However
this analysis does not provide any information about the convergence rate. In this
section we propose a procedure to select parameters y and A enabling optimum
convergence of the SFD method.

We recall that the application of the SFD method applied to u"*' = Apu” is

written
urtt axp blp)\ [u"
a+ ]\ e d "
(3.1)
un
=M ,
an

where a, b, ¢ and d are defined in (2.19).

In Sec. 2.2.2 the stability regions presented allowed us to visualise the range
of eigenvalues that can be controlled by a given pair (y,A). On Fig. 2.1 and
2.3 the whole stability regions were coloured in grey. However through a different
visualisation process it is possible to have a deeper insight on the stability behaviour.
On Fig. 3.1 we present the stability region for y = 1 and A = 2 including the

contours of the dominant eigenvalue values.
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Figure 3.1: Stability region of (3.1) for x = 1 and A = 2 coloured by values of the
dominant eigenvalue. The lower the eigenvalue, the faster the convergence of (3.1).

The central grey circle represents the limit of the unit disc.

On this figure we see that the dominant eigenvalue tends to one close to the
border of the stability region. This means that system (3.1) converges very slowly if
Ap is close to the border (but inside the stability region). However the convergence
of (3.1) is fast for a Ap inside the middle crescent shape because this is where the
dominant eigenvalue of M is small. The minimum dominant eigenvalues of M are
conjugate and situated at the extremities of this crescent.

This analysis indicates the value of A\p for which the application of the SFD

method to u"t!

= Apu" converges the fastest for y = 1 and A = 2. However we
are interested in a slightly different problem. We assume that Ap is known and
fixed (i.e. it is the dominant eigenvalue of the flow studied) and we want to find

the control coefficient and filter width guaranteeing the fastest convergence of (3.1)
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Figure 3.2: Contours of the dominant eigenvalue of M for A\p = 1.13551¢+0-740661

(i.e. 0 =0.12708 and f = 27 x 0.11788). This eigenvalue is considered because it

is the dominant one of the two-dimensional flow past a cylinder at Re = 100.

towards the steady-state v = u = 0. Not the other way around. This problem
converges the fastest when the dominant eigenvalue of M is minimum. Hence a
two-dimensional optimisation problem has to be addressed [73].

We consider the two-dimensional space with y on the horizontal axis and A on
the vertical one (for x > 0 and A > 0). For every point of this domain we evaluate
the dominant eigenvalue of M in a similar way as for obtaining the stability regions.
We obtained Fig. 3.2 with this procedure.

It appears on this picture that dominant eigenvalue of M presents one global
minimum. Hence this minimum corresponds to the values of the control coefficient
and filter width that enable the fastest convergence of (3.1) for a fixed Ap. Note
that graphs were computed for a very wide variety of parameters (i.e. (o, f,x,A) €
10,5000]) and this minimum, when it exists, has always been found to be unique.
However when the frequency f of the eigenvalue chosen is to close to zero, there are
no SFD parameters the enable convergence of (3.1). This comes from the fact that
when there is no frequency to be damped, the SFD method is not an appropriate

tool to find a steady-state solution.
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As the matrix M is only 2 x 2 and its dominant eigenvalue has a unique minimum
(when Ap is fixed), a very simple line search method is used to find the parameters
Xopt and Agpy that guarantee the fastest convergence of (3.1). Such a method consists
in reducing a two-dimensional optimisation problem into a series of one-dimensional
problems. The idea is to evaluate the steepest descent direction and follow it until
the dominant eigenvalue of M stops decreasing. The line search method used in this
thesis is detailed in Algorithm 2. We define MaxFig to be a routine that evaluates
both eigenvalues of M and returns the magnitude of one with the largest magnitude.
The constants dx and 0A are infinitesimal parameters to evaluate the gradient of
MazxFEig and k is the fixed step length of the line search method.

Note that using a varying step length x would make this method more robust
and would enable a faster convergence. However the simplicity of this optimisation
problem is such that a fixed s is acceptable because the code converges in a few
seconds. As convergence is not guaranteed, a restart procedure has also been im-
plemented. If the optimum parameters are not found in 10000 steps, we restart the
algorithm with a greater initial value for the filter width. With this restart method,
we were able to guarantee convergence of the line search algorithm.

We have presented a procedure to select the parameters that ensure the fastest
convergence of the SFD method applied to u™ ™! = Apu". When \p = 1.13551¢>0-740661
(which is the dominant eigenvalue of the two-dimensional flow past a cylinder at
Re = 100), we found that x,, = 0.451 and A, = 3.144. We also verified that
these parameters guarantee the optimum convergence of the SFD method applied
to the two-dimensional flow past a cylinder at Re = 100.

On Fig. 3.3 we show the convergence history for three different set of SFD
parameters. We observe that the greatest convergence rate is reached when xopt
and A,y are used. For all the simulations executed on this test case, we were not
able to obtain a greater convergence rate than the one of yop, and Agp. Hence this
behaviour suggests that the parameters that are optimum for the one-dimensional
model are also optimum for the flow problem.

The issue with this feature is that to be able to adjust the parameters of the SFD
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Algorithm 2 Line search method
Choose initial control coefficient x and filter width A

Choose the parameters oy, 0A and &

while Optimum parameters are not found do
Set Descending := true
Compute g := MazEig(M(x, A))
Set Amin 1= Ao
Compute A\, := MaxEig(M(x + dx, A))
Compute Ap := MazEig(M(x, A + JA))
Evaluate descent direction 3 := Pri= o=

Ba = Ao — Aa
while Descending do

Update x := x + kB3, and A := A + ks
Compute A, := MaxFEig(M(x, A))
if A\{ > Apin then
Set Descending := false
else
Set Amin := A1
end if
end while
if |\ — Ao| < € then
Optimum parameters are found
Return xopt := X — K8y and Agpy := A — KA
end if

end while

method, the dominant eigenvalue Ap of the system is required. But this eigenvalue
is obtained only after computing stability analysis; and stability analysis requires
to linearise the governing equation around a steady-state solution. And a steady-

state is what we intend to reach with the SFD method. In other words, to ensure
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Figure 3.3: Evolution of ||q — q||ixf in time for parameters which allow the encapsu-
lated SED method to converge towards the steady-state solution of the incompress-

ible flow past a cylinder at Re = 100.

convergence of the SFD method towards a steady-state solution, we need to know
this steady-state solution. Fig. 3.4 illustrates this implicit problem. The closed loop
shows that analysing the stability of the model (3.1) is useful only if the dominant
eigenvalue Ap is known a priori.

In the following section we present an adaptive algorithm to get around this

issue.

3.2 Adaptive algorithm

In this section, we propose a procedure to address the issue of selecting appropri-
ate parameters for the SFD method. Our algorithm links together the encapsulated
SED method presented in Chapter 2, the stability analysis method summarised in
Sec. 1.4 and the one-dimensional optimisation model introduced in Sec. 3.1. The

idea is to use a “partially converged” steady base flow for computing stability anal-

82



3.2 Adaptive algorithm

Obtain Xopt
Ap known 1D Model
and Ay
Stability Steady-state Execute
Analysis Solution SEFD

Figure 3.4: [Illustration of the implicit problem of the unadapted SFD method. Ap

is the dominant eigenvalue of the flow; y,op, and A,y are the parameters that ensure

an optimum convergence of (3.1).

ysis and obtain an approximation of the dominant eigenvalue (denoted 5\) Then
we use the procedure described in Sec. 3.1 to obtain the control coefficient ¥ and
the filter width A that ensure the fastest convergence of the SFD method applied
to u"tt = Au™. These parameters are an approximation of the optimum parameters
Xopt and Agpe. The SFD method is then executed another time using the parameters
X and A, so the instabilities can be damped more efficiently.

The main aspect of the procedure proposed here is the selection of the “partially
converged” steady-state. To define this “partially converged” steady-state, we take
a snapshot of the flow after executing the SFD method for T time units. The user
has to define T' considering that it has to be large enough to allow the flow to evolve
but not too large to avoid wasting computational time executing the SFD method
with badly suited parameters.

After defining the “partially converged” steady-state, the stability analysis method
has to be computed. Note that here, the base flow used is not exactly a steady-
state solution of the governing equations. The role of the SFD method is to reduce
the temporal frequencies within the flow. Hence as the problem is not converged
yet, the base flow selected is only an approximation of the steady-state solution.

However our experiments suggested that computing stability analysis on an approx-
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Figure 3.5: Illustration of the adaptive SFD method. . and Ay, are the initial
parameters of the SFD method; ) is an approximation of the dominant eigenvalue
of the flow; Y and A are the parameters that ensure an optimum convergence of the
SFD method applied to u"** = Mu™. Note that the circle (right of “Execute SFD”)
represents a group of criteria to determine if the stability analysis method has to be

computed or if the SFD parameters are fixed until convergence is reached.

imated steady-state gives a good approximation of the dominant eigenvalue of the
flow studied. The user has to define a tolerance to determine when the modified
Arnoldi iteration method is converged. As we only seek an approximation of the
dominant eigenvalue, this tolerance does not need to be very small.

At this stage we have X which is an approximation of the dominant eigenvalue of
the flow studied and we want to know ¥ and A which are the parameters ensuring the
fastest convergence of the SFD method applied to u”+! = Au". The one-dimensional
model presented in Sec. 3.1 is used to find ¥ and A. After finding an approximation
of the optimum parameters, the control coefficient and filter width are updated and
the SFD method is executed again for 7' time units.

This adaptive process is iterated until the norm ||q — q||inf becomes smaller than

84



3.2 Adaptive algorithm

a desired tolerance. When this becomes true, we consider that the approximation
of the steady base flow is good enough, hence the control coefficient and filter width
are fixed until convergence. If this tolerance is too large, then the flow will not
have enough time to evolve, and the “partially converged” flow will not be a good
approximation of the steady-state. If this tolerance is too small, stability analysis
will be computed a lot of times using base flows close to each other which will waste
computational resources. Our experiments suggested that a tolerance of 1072 seems
to be a good compromise.

This adaptive method is illustrated on Fig. 3.5. Note that when stability analysis
has to be computed more than once (i.e. the loop of Fig. 3.5 is executed several
times), the initial condition of the modified Arnoldi iteration method is the final
solution of the previous computation. This allows us to speed up convergence of the
stability analysis solver.

As we only seek an approximation of the dominant eigenvalue, the flow stability
analysis method does not need to be very well converged. We fixed the tolerance of
the modified Arnoldi iteration method to be 1073. A more accurate evaluation of
the eigenvalue of an “approximated” steady-state solution would result in a waste
of computational resources.

Also, we recall that the SFD method is based on the damping of unstable tempo-
ral frequencies. Then it can only control unstable problems with oscillatory growth
of the instabilities (7.e. the imaginary part of the dominant eigenvalue is non-zero).
Otherwise there is no frequency to be damped by the method. Hence all the A
successively computed for this algorithm must have a non-zero imaginary part.

All users of the SED method (in any formulation) must define an initial control
coefficient and filter width. To execute the adaptive SFD method, the time T
between two consecutive execution of the stability analysis method is an additional

parameter that has to be defined.
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3.3 Numerical simulations

In this section we present the application of the adaptive algorithm detailed in
Sec. 3.2 to some classical examples of computational fluid dynamics. The aim is to
show that the method is able to reach unstable steady-state solutions even if very
little (or not any) information about the flow properties is available.

The algorithm has been implemented into the Nektar4++ spectral/hp element
framework. It couples two methods that act as wrappers around a flow solver that
are the encapsulated SFD method [63] and a modified Arnoldi iteration method.
The incompressible Navier-Stokes solver used throughout this section implements
an unstabilised continuous Galerkin method to discretise the problem in space and
a second order velocity-correction scheme for time-integration.

In our implementation, the user has to define the initial control coefficient Yipuit,
the initial filter width A, and the time T for which the SFD method is executed
before computing stability analysis. We define the length of one Arnoldi iteration
to be equal to one time unit. Hence if the stability analysis solver converges in n
iterations, the computational time will be approximately the same as executing the
Navier-Stokes solver for n time units.

The adaptive algorithm is executed until ||q — q||;ms < 1072. Once this mark
is reached, we consider that the SFD parameters are a good approximation of the
optimum ones. Then the control coefficient and the filter width are fixed until
convergence (i.e. when ||q — q|is < 107%).

In Sec. 3.3.1 the behaviour of the adaptive SFD method is detailed for the
incompressible flow past a cylinder at Re = 100. Then in Sec. 3.3.2 we show that this
case can easily be extended to higher Reynolds numbers and present the case Re =
300. In Sec. 3.3.3, the incompressible flow past an ellipse at Re = 150 is studied in
order to show that the adaptive SFD method works well on geometries that do not
contain axial symmetries. Finally, in Sec. 3.3.4 we consider the incompressible flow
past a rotating cylinder at Re = 100 with a rotation rate o = 5 and show that the

steady-state solution of the unstable mode II can be reached without requiring the
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use of continuation methods.

3.3.1 Incompressible flow past a cylinder at Re = 100

The first test case presented is the two-dimensional incompressible flow past a
circular cylinder at Re = 100 (where the diameter of the cylinder is the characteristic
length). At this Reynolds number, the flow is unstable and, if no control method
is used, vortex shedding occurs. This flow was studied in Sec. 2.3.1 and we showed
the SFD method is able to suppress the unsteady oscillations in the cylinder wake
and force the system to evolve towards an unstable steady-state solution. In this
section we are not interested in finding a steady-state per se, we want to evaluate the
behaviour the adaptive algorithm presented in Sec. 3.2. We show that the adaptive
SFD method is able to automatically select parameters that ensure convergence at
an optimum rate. We use two different pairs of initial parameters: one for which the
unadapted SFD method is converging slowly and the other for which the unadapted
SE'D method is not converging.

Both cases presented in this section use the same computational domain. It is
composed of 746 elements and its dimensions are —15 < x < 45 and —25 < y < 25.
The mesh is made of structured curved quadrilaterals close to the cylinder boundary
and in the wake and of triangles elsewhere. No-slip boundary conditions are imposed
at the cylinder surface and Dirichlet boundary conditions (u, v) = (1, 0) are set
at the left, top and bottom edges. An outflow boundary condition is defined at the
right edge of the domain. The initial conditions are such that (ug, vy) = (0, 0).
As the solution is expected to be smooth, a polynomial order of 7 is used and the
time-step is At = 0.01.

First, we execute the adaptive SFD method with initial parameters that ensure
a slow convergence of the unadapted SFD method. These parameters are a control
coefficient xj,v = 1 and a filter width Ay = 1. As we showed in Sec. 2.3.2,
the unadapted method converges very slowly with these values (in about 4100 time
units, see Fig 2.9(a)). Then here, we aim to improve the convergence rate of the

SED method by updating the control coefficient and the filter width during the
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Time Arnoldi method Dominant eigenvalue SFD parameters lla — ql|int
t=25 Conv. in 59 steps &1 = 0.135; f1 = 0.908 1 = 0.548; A = 2.482 0.0399
t =109 Conv. in 39 steps Gy = 0.143; fo = 0.823 T2 = 0.506; Ay = 2.821 0.0355
t=173 Conv. in 38 steps &3 = 0.136; f3 = 0.785 Y3 = 0.481; Ag = 2.967 0.0180
t =236 Conv. in 34 steps G4 = 0.133; fy = 0.766 Y4 = 0.468; Ay = 3.042 0.0158
t = 295 Conv. in 33 steps 55 = 0.130; f5 = 0.755 5 = 0.461; As = 3.084 0.0122
t =335 Conv. in 22 steps 56 = 0.129; fs = 0.753 %6 = 0.459; Ag = 3.193 0.0099

Table 3.1: Successive execution of the stability analysis method for the adaptive
SED method when T = 25 and i = 1 and Ay = 1. The time at which the
modified Arnoldi iteration method is called and the number of steps required to
converge (i.e. when the residual becomes smaller than 1073) are reported in the
first and second columns. The third column lists the successive approximations of
the dominant eigenvalue, the corresponding optimum parameters are reported in the

fourth column and the norm ||q — q||int at each execution of the modified Arnoldi

iteration method in the fifth column.

solver execution.

We choose T' = 25 to execute our adaptive algorithm, which means that the
stability analysis method is computed every 25 time units until ||q — q||inf becomes
smaller than 1072, The steady-state solution is reached after a total of 1093.5 time
units. The stability analysis solver is executed 6 times for a total of 225 Arnoldi steps.
We recall that for the modified Arnoldi iteration method, the computational cost of
one step is approximately the same as the execution of the non-linear solver. Hence
about 20% of the computational resources necessary to obtain a steady-state with
the adaptive SFD method are spent evaluating the dominant eigenvalue of several
“partially converged” base flows. This is eventually a good investment because the
total number of steps required to converge with the adaptive method is nearly four
times smaller than when the unadapted SFD method is executed.

To illustrate the algorithm behaviour in more details, the results of the successive

execution of the stability analysis method are reported in Table 3.1. Note that
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(a) Snapshot of the SFD method at t = 25.
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(b) Dominant eigenmode returned by the Arnoldi method using (a) as base flow.

Figure 3.6: Vorticity of the first “partially converged” steady-state. Obtained for
the parameters i, = 1, Ay = 1 at ¢ = 25.

the time ¢ reports the total of time units computed by the algorithm by adding
the execution of the non-linear solver and the stability analysis solver. The first
“partially converged” base flow (obtained at ¢ = 25) is shown on Fig. 3.6. This flow
field is nearly symmetric but the wake behind the cylinder is shorter than the one
of the converged steady-state (see Fig. 3.7(a)). The first line of Table 3.1 reports
the features to this flow.

In Table 3.1, we observe that after the third iteration, the value of the approxi-

mated eigenvalue and the corresponding optimum SFD parameters evolve very little.
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(a) Unstable steady-state obtained by SFD. The dashed lines represent the separating stream-
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(b) Corresponding dominant eigenmode.

Figure 3.7:  Vorticity of the steady-state of the incompressible flow past a two-

dimensional cylinder at Re = 100.

This suggests that, for this problem, a coarse approximation of the steady-state so-
lution provides a quite good evaluation of the dominant eigenvalue of the flow. The
steady-state obtained (when ||q — q||inf < 107®) is shown on Fig. 3.7. This flow is
identical to the one presented on Sec. 2.3.1 which confirms that both the adaptive
and unadapted SFD method converge towards the same steady-state solution.

We use the data presented in Sec. 2.3 and Sec. 3.1 to evaluate the advantages

of the adaptive procedure. We recall the growth rate and the frequency of the
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Time Arnoldi method Dominant eigenvalue SFD parameters lla — qllint
t =50 Conv. in 59 steps | &1 =0.142; f; =0.813 | %1 = 0.499; A; = 2.859 0.0225
t =159 Conv. in 41 steps Gy = 0.132; fy = 0.763 T2 = 0.466; Ay = 3.054 0.0158
t=228 | Conv.in 34 steps | &3=0.130; f5=0753 | ¥3=0.459; Az = 3.095 0.0099

Table 3.2: Successive execution of the stability analysis method for the adaptive
SED method when T = 50 and xii = 1 and Apy = 1. The time at which the
modified Arnoldi iteration method is called and the number of steps required to
converge (i.e. when the residual becomes smaller than 1073) are reported in the
first and second columns. The third column lists the successive approximations of
the dominant eigenvalue, the corresponding optimum parameters are reported in the
fourth column and the norm ||q — q||int at each execution of the modified Arnoldi

iteration method in the fifth column.

converged steady-state solution are ¢ = 0.127 and f = 0.741 respectively. The
optimisation Algorithm 2 returned that the corresponding optimum parameters are
Xopt = 0.451 and Ay = 3.144. When the unadapted SFD method is executed using
these optimum parameters, it converges in 878 time units (see Fig. 3.3), which is only
20% faster than using the adaptive algorithm. Hence the adaptive algorithm used
here can significantly decrease the number of time units necessary before reaching
convergence of the SFD method without requiring any a priori knowledge of the
flow.

We executed other simulations only changing the time 7" between two consecutive
executions of the modified Arnoldi iteration method. For T" = 50, convergence is
reached in 996 time units (including 134 Arnoldi steps) and details of the three
successive executions of the stability analysis method are reported in Table 3.2. We
also observe for this case that the approximations of the dominant eigenvalue are
rapidly accurate and that the final SFD parameters are very close to the optimum
ones.

The convergence history of the cases where T = 25 and T' = 50 are reported on

Fig. 3.8 along with the cases of the unadapted SFD method for y = 1 and A =1
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Convergence history of the adaptive SFD method for T" = 25 and

T = 50 with yjue = 1 and Ay = 1. The cases of the unadapted SFD method

for x = 1, A = 1 (curve called “Unadapted”) and for the optimum parameters

Xopt = 0.451, Ay, = 3.144 are also reported.

and for the optimum parameters yopt = 0.451 and A,y = 3.144. The horizontal

plateaux illustrate the time spent executing the stability analysis method.

It is

noticeable that in our adaptive method, after the control coefficient and filter width

are fixed, all the cases have the same exponential convergence rate. This rate is
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greater than the unadapted SFD method for y = 1 and A = 1 and similar to the
one of the unadapted SFD method executed with optimum parameters.

We now execute exactly the same set of simulations, only changing the initial
parameters. We select i = 1 and Ay = 0.5. In Sec. 2.3.2 we have shown that
these initial parameters do not enable the SFD method to converge (see Sec. 2.3.2).
The time evolution of ||q — q||ir is such that it decreases for a certain time, then
increases abruptly and eventually oscillates around a fixed value (see Fig. 2.9(b)).
Hence in this case, we aim to use the adaptive algorithm presented in Sec. 3.2 to
adjust the parameters such that a steady-state solution can be reached.

The first “partially converged” steady flow of the case 1" = 50 is shown on Fig.
3.9. Note that this flow configuration is not symmetric but the oscillation are reduced
in comparison with the vortex shedding of the uncontrolled case (presented on Fig.
2.6(a)). The corresponding dominant eigenmode oscillates around the horizontal
axis but its structure is comparable to the dominant eigenmode of the converged
steady-state presented on Fig. 3.7(b). However the stability analysis executed using
this “partially converged” base flow approximates well the dominant eigenvalue of
the flow. Indeed the first approximated growth rate and frequency returned by
the Arnoldi method are 6; = 0.104 and f; = 0.821 respectively. This is an other
argument to support the idea that a coarse approximation of the steady flow can
lead to a good approximation of the dominant eigenvalue.

The convergence history of the cases where 7" = 25, T" = 50 and T' = 100 are
reported on Fig. 3.10 along with the cases of the unadapted SFD method for y =1
and A = 0.5 and for the optimum parameters yop = 0.451 and A, = 3.144. The
horizontal plateaux illustrate the time spent executing the stability analysis method.
It is noticeable that in our adaptive method, after the control coefficient and filter
width are fixed, all the cases have the same exponential convergence rate. This
rate is similar to those of the unadapted SFD method executed with the optimum
parameters. For conciseness, a detailed table is not presented for this case.

We conclude this section by observing that the adaptive SFD method has success-

fully (and automatically) selected parameters that ensure an optimum convergence
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(a) Snapshot of the SFD method at t = 50.
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(b) Dominant eigenmode returned by the Arnoldi method using (a) as base flow.

Figure 3.9: Vorticity of the first “partially converged” steady-state. Obtained for
the parameters i = 1, Ajnie = 0.5 at ¢t = 50.

rate towards a steady-state solution even if little care is taken when choosing the

initial control coefficient and filter width.

3.3.2 Incompressible flow past a cylinder at Re = 300

In this section we show that for the incompressible flow past a cylinder, the
extension to higher Reynolds number test cases is straightforward. We execute the
adaptive algorithm presented in Sec. 3.2 for Re = 300.

The computational domain is composed of 1330 elements and its dimensions
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Figure 3.10: Convergence history of the adaptive SFD method for T' = 25, T' = 50

and T" = 100 with i, = 1 and Ay = 0.5. The cases of the unadapted SFD method

for x = 1, A = 0.5 (curve called “Unadapted”) and for the optimum parameters

Xopt = 0.451, Ay, = 3.144 are also reported.

are —15 < x < 100 and —30 < y < 30. The mesh is made of structured curved

quadrilaterals close to the cylinder boundary and in the wake and of triangles else-

where. No-slip boundary conditions are imposed at the cylinder surface and Dirichlet

boundary conditions (u, v) = (1, 0) are set at the left, top and bottom edges. An
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(b) Corresponding dominant eigenmode.

Figure 3.11:  Vorticity of the steady-state of the incompressible flow past a two-

dimensional cylinder at Re = 300.

outflow boundary condition is defined at the right edge of the domain. The initial
conditions are such that (ug, vg) = (0, 0). As the solution is expected to be smooth,
a polynomial order of 7 is used and the time-step is At = 0.001.

The initial parameters are chosen to be i, = 1 and Ay, = 2 and the modified
Arnoldi iteration method is executed every T' = 200 time units. With these settings,
the adaptive SFD method calls the stability analysis method five times and converges
in a total of 5622 time units (including 377 Arnoldi steps). The steady-state solution

and the corresponding dominant eigenmode obtained are shown on Fig. 3.11.
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The last approximation of the dominant eigenvalue (computed using a “partially
converged” steady-state when ||q — q||ins < 1072) is &5 = 0.165 and f5 = 0.493,
which is very similar to the dominant eigenvalue computed using the true steady-
state (when ||q — q||isr < 107%) as the base flow, when ¢ = 0.163 and f = 0.470
(which corresponds to the optimum parameters yopt = 0.334 and Agye = 5.951).

As an extension to Sec. 3.3.1, we showed here that the adaptive SFD method
is able to automatically select values of the control coefficient and filter width to
control the evolution of the least stable eigenmode of the flow past a cylinder when
the Reynolds number is increased. However a long time is necessary to reach con-

vergence.

3.3.3 Incompressible flow past an ellipse at Re = 150 with

an angle of attack

One may argue that if the geometry studied contains axial symmetry (like for the
flow past a cylinder), using the SFD method, or any method that provides a steady-
state solution of the Navier-Stokes equations, is unnecessary. For example, Mao and
Blackburn [74] presented a stability analysis (global and local) of the incompressible
flow past a square cylinder (up to Re = 300) using a base flow obtained on a semi-
domain with symmetric boundary conditions imposed on the horizontal axis. In this
section we apply the adaptive method presented in Sec. 3.2 to the incompressible
flow past an ellipse at Re = 150 with an angle of attack of 30°. The major axis
of the ellipse is 1 length unit long and the minor axis is 0.4 length unit long. The
major axis is used as characteristic length to calculate the Reynolds number. This
test case is presented here because it is a simple example of an unstable flow whose
steady-state cannot be obtained with the help of symmetry planes.

The computational domain considered is composed of 856 elements and its di-
mensions are —15 < x < 45 and —25 < y < 25. The mesh is made of structured
curved quadrilaterals close to the ellipse boundary and in the wake and of trian-

gles elsewhere. No-slip boundary conditions are imposed at the ellipse surface and
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(b) Corresponding dominant eigenmode.

Figure 3.12:  Vorticity of the steady-state of the incompressible flow past a two-

dimensional ellipse at Re = 150 with an angle of attack of 30°.

Dirichlet boundary conditions (u, v) = (1, 0) are set at the left, top and bottom
edges. An outflow boundary condition is defined at the right edge of the domain.
The initial conditions are such that (ug, v9) = (0, 0). A polynomial order of 7 is
used and the time-step is At = 0.0025.

Nothing is assumed about the stability properties of the flow. We only know that
the flow is unstable at this Reynolds number because if DNS simulation is computed,
we can observe formation of vortex streets. The initial parameters are chosen to be

Ximit = 1 and Ay = 1 and the modified Arnoldi iteration method is executed ev-
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ery T = 50 time units. With these settings, the adaptive SFD method calls the
stability analysis method twice and converges in a total of 577 time units (includ-
ing 82 Arnoldi steps). The steady-state solution and the corresponding dominant
eigenmode obtained are shown on Fig. 3.12.

Note that the second approximation of the dominant eigenvalue (computed using
a “partially converged” steady-state when ||q — q||ms < 1072) is 62 = 0.169 and
fo = 1.287, which is very similar to the dominant eigenvalue computed using the
true steady base flow (when ||q — q||ins < 1078) where ¢ = 0.168 and f = 1.283
(which corresponds to the optimum parameters yopt = 0.792 and A,y = 1.673).

As this test case was selected essentially to prove that the adaptive SFD method
is able to converge towards an unstable steady-state for a geometry that does not
contain axial symmetry, we did not find results in the literature to compare with
ours. However, through DNS; it is possible to verify the outcome of global stability
analysis.

The idea is to introduce a small perturbation, solve in time the linearised Navier-
Stokes equations using the steady-state as base flow and track down the perturbation
energy evolution. The energy should grow at the same rate as the growth rate
returned by the global stability analysis.

At t = 0 we introduce a perturbation bump p(x) of the form

—(z—zp)2—(y—yp)?
p(z) = e~ (@=2) = (y=w)", 52)
p(y) = e e” @2l ~(=vp)*
where ¢ = 107° and (x,, y,) = (-2, 0).
Then the time evolution of the energy integrated over the computational domain

such that
1
B = [ llulfax, (3.3)

is evaluated during the execution of the linearised solver. This method has been
successfully used by Bagheri et al. to retrieve the growth rate of a jet in a crossflow

[53].
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Figure 3.13: Time evolution of the perturbation energy (red) compared to the trend
line (blue). The slope of the trend line is 0.169, which is very close to the growth

rate of the dominant unstable eigenmode (o = 0.168).

This time evolution of the energy is shown in Fig. 3.13 and superimposed with
the trend line. The slope of this trend line is 0.169. We recall that the growth rate
of the dominant eigenmode is 0 = 0.168. Hence this linear simulation validates the
result returned by the global stability analysis solver.

Note that on Fig. 3.13 we observe that the perturbation energy and the trend
line do not closely match at the first instants of the simulation. This is explained
by the form of the perturbation that is added on top of the base flow at ¢ = 0. If
this perturbation is chosen to be exactly the dominant eigenmode returned by the
stability analysis, we would have observed a perfect matching between the pertur-
bation energy and the trend line with a slope of 0.169 even at the very beginning of
the simulation.

Also note that on Fig. 3.13, no oscillations of the energy are observed. This
could probably be explained by the fact that the energy, formulated on Eq. 3.3, is

spatially averaged over the whole computational domain, reducing the amplitude of
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the oscillations.
This test case shows that an adaptive SFD method can easily converge towards
an unstable steady flow with no axial symmetry and without any a priori knowledge

of the dominant eigenvalue.

3.3.4 Incompressible flow past a rotating cylinder at Re =

100

In this section we aim to find the steady-state solution of an other flow that can
not be studied with the help of symmetry planes. This test case is the incompressible
two-dimensional flow past a rotating cylinder at Re = 100. The rotation of the
cylinder impacts the stability of the flow. As shown by Pralits et. al [75], for a
rotation rate 0 < a < 1.8, the flow is unstable and von Karman vortex streets are
present. They become weaker as « increases. This instability is called shedding
mode I. If the rotation rate is in the range 1.8 < a < 4.85, the flow becomes
stable. If the rotation rate is increased again, a second unstable mode appears
(called shedding mode II) for a range 4.85 < o < 5.17. And eventually, for rotation
rates above 5.17, the flow returns to a stable state. Note that this behaviour is only
true in two-dimensions. In three-dimensions the presence of shedding mode I and
the range of shedding mode II depend on the spanwise wave number [76].

Here we are interested in finding a steady-state solution of the unstable mode II,
hence we consider a rotation rate @ = 5. The computational domain considered is
composed of 1044 elements and its dimensions are —15 < x < 45 and —25 < y < 25.
The mesh is made of structured curved quadrilaterals close to the cylinder boundary
and in the wake and of triangles elsewhere. The mesh is fine close to the cylinder
boundary because its rotation induces a strong velocity gradient. Also, the region
on the right of the cylinder and for 0 < y < 8 is refined because that is where
the shedding vortices appear when a DNS simulation is executed. Slip boundary
conditions are imposed at the cylinder surface such that u-t = o and u-n = 0, where

u is the velocity vector, t and n are the tangential and normal vectors to the surface
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Figure 3.14: Vorticity of the steady-state of the incompressible flow past a two-

dimensional rotating cylinder at Re = 100 with a rotation rate o = 5.

respectively. Dirichlet boundary conditions (u, v) = (1, 0) are set at the left, top
and bottom edges. An outflow boundary condition is defined at the right edge of
the domain. The initial conditions are such that (ug, vg) = (0, 0). A polynomial
order of 7 is used and the time-step is At = 0.0005.

To compute the adaptive method presented in Sec. 3.2, the initial control coeffi-
cient of the SED method is chosen to be xini; = 1. However some care is taken to the
selection of the initial filter width. When DNS simulation is executed, we observe

that the frequency of the shedding mode II is very low. Thus the initial filter width
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of the SFD method must be chosen to be relatively high (e.g. Ay = 5). Larger
filter widths enable us to control instabilities that arise on a larger time scale, but
may require an impractically long time to converge. The SFD method is well suited
to obtain steady-state solutions of flows with high unstable frequencies. Hence the
flow past a cylinder at the unstable shedding mode II is challenging for the SFD
method. For this test case the initial filter width is carefully chosen, but nothing is
assumed about the dominant eigenvalue of the flow.

Note that choosing a filter width based on the unsteady behaviour of a flow was
already suggested by Akervik et al. [10]. Here we use this approach to select Ay
but nothing guarantee that the unadapted SFD method can converge keeping the
filter width fixed. The adaptive algorithm presented in this chapter then allows us
to update the SFD parameters ensuring convergence.

As a long time is necessary for the flow to be established, a relatively large time
T = 300 is chosen. This means that the stability analysis method is executed for
the first time after 300 time units. With these settings, the adaptive SFD method
calls the stability analysis method twice, and converges in a total of 907 time units
(including 145 Arnoldi steps). The steady-state solution and the corresponding
dominant eigenmode obtained are shown on Fig. 3.14. Note that if a shorter time
T is chosen, the stability analysis using a “partially converged” base flow does not
capture relevant features of the flow. Hence the approximation of the dominant
eigenvalue is not good enough and the corresponding SFD parameters only enable
a slow convergence towards the steady-state (i.e. about six times slower).

The second approximation of the dominant eigenvalue (computed using a “par-
tially converged” steady-state when ||q—q||ws < 1072) is G2 = 0.039 and f, = 0.239,
which is very similar to the dominant eigenvalue computed using the true steady-
state (when ||q — q||ms < 107®) as the base flow, when o = 0.036 and f = 0.241
(which corresponds to the optimum parameters yopt = 0.140 and Aq, = 9.610).

This dominant eigenvalue is similar to the one reported by Pralits et al. [75].
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3.4 Chapter summary

An adaptive procedure to address the issue of selecting appropriate parameters
for the SFD method is presented. This algorithm links together a SFD method, a
stability analysis method and a one-dimensional model that evaluates the optimum
parameters of the SFD method when the dominant eigenvalue is known. This adap-
tive method is based on several successive computations of the stability analysis
method using “partially converged” base flows. This approximation is then used to
tune the parameters of the SFD method to ensure an optimum convergence towards
the steady-state solution.

This adaptive method was successfully applied to obtain unstable steady-states
of several flows. The steady-state of the flow past a cylinder was obtained up to
the Reynolds number 300. The steady-state of the flow past an ellipse with an
angle of attack at Re = 150 was also presented. This test case illustrates the fact
that the adaptive SFD method is an appropriate tool to study flows that do not
contain axial symmetry. As, to our best knowledge, no results were available in the
literature to compare with ours, the outcome of the stability analysis was confirmed
by computing a linear simulation to track down the perturbation energy evolution
and observing that its trend line agrees with the growth rate. Finally, the steady-
state solution of the unstable mode II of the rotating cylinder was presented. This
test case was fairly challenging for our algorithm but a careful definition of A;,;; and
T enables the SFD method to reach a steady-state at an optimum convergence rate.
This set of test cases aims to validate our adaptive method, hence we can now use
it to investigate the stability three-dimensional vortex dominated flows.

We also provide some guidelines to use the adaptive algorithm detailed in this
chapter. If information about the frequency of the flow field is available, it could
be used to define the initial value of the filter width. A large Ay (e.g. about
5) should be used for cases with a low frequency and a Ay close to 1 should be
used cases with a relatively high frequency. As large filter widths render the system

evolution slow, the time between two consecutive execution of the stability analysis
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method should also be large in order to give the flow sufficient time to evolve. In
our simulations we used T ~ 50 x A;,;; and were always able to converge towards a
steady state solution. If little or no information is available about the frequency of
the unstabilised flow field, or if it would be too expensive to compute, we suggest
to use Ajix = 2 and to compute the stability analysis method every 100 time units.
For our adaptive algorithm we found that using xi,; = 1 was always appropriate.
We also suggest to fix the SFD parameters when ||q — q||inr becomes smaller than
102 and to set up a tolerance of 1072 for the execution of the Arnoldi method using
“partially converged” base flows.

Our simulations suggest that if the adaptive SFD method fails to converge with
a given set of parameters, it should be restarted with a larger time interval 7. We
found out that a too small 7" does not give enough time to the flow to properly
evolve which may result in a “partially converged” base flow which is a too coarse
approximation of the converged steady-state. But restarting the simulation with
a larger T' may solve the convergence issue. Otherwise, one should increase the
initial filter width. By combining these two aspects we were able to find unstable
steady-state solutions of all the flows considered.

For all our simulations, the steady-state solution was found in several hundreds
time units (several thousands for some cases). Even if the convergence rate of the
SFD method is optimal, the time (and the computational cost) necessary to reach
the steady-state solution may still be important. It may be that the adaptive SFD
method could be then used as a procedure to find an initial guess of a Newton’s
method. This might allow us to design algorithms capable of reaching unstable
steady-state solutions much faster than only using the SFD method. Further re-

search will be necessary to investigate the feasibility of this idea.
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CHAPTER 4

TRI-GLOBAL STABILITY ANALYSIS
OF TWO CO-ROTATING VORTICES

In this last chapter we present a fully three dimensional global stability analy-
sis of a co-rotating vortex pair. The main challenge of this problem (besides the
computational resources needed) is to obtain an unstable steady-state solution of
the incompressible Navier-Stokes equations to be used as base flow for the modified
Arnoldi method.

Wing-tip vortices, also called trailing vortices, are generated by the displacement
of air streams coming from the high-pressure region below the wing into the low-
pressure region above the wing. This circulation of air causes the apparition of
vortical structures that contribute to a deterioration of the lift coefficient. A trailing
vortex is characterised by a high velocity and a low pressure at the core. This
pressure drop is associated with a local temperature drop. In some specific conditions
the water dew point could be reached (i.e. vapour water becomes liquid), then the
vortex becomes visible to the naked eye.

During cruising, large commercial aircrafts create vast vortex structures. Any

plane (regardless its size) that crosses this vortex wake is susceptible to lose direc-
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Figure 4.1: Visualisation of vortices coming from the deflected flaps (top) and from
the wing tips (bottom). Photography courtesy of Jeremy Jones (snapshots of videos

taken from flugsnug.com).

tion control. During landing and take off, these vortices can interfere with other
aircrafts, whether on the ground or approaching. To avoid incidents, regulations

restricting the traffic are applied by airports. For example, after a plane takes
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Figure 4.2: Landing of a McDonnell Douglas MD-11 (Schiphol airport (NL), July
2005). Vortices coming from the wing tip, the deflected flap and the horizontal
tailplane are visible. Photography courtesy of Tim de Groot.

off, a time window of typically two minutes is required before another plane may
cross the departure track. Understanding the physical phenomenon behind vortex
evolution could improve safety regulations and enable more effective airport traffic
management.

In this work we only focus of the interaction between two co-rotating vortices.
Co-rotating trailing vortices appear, for example, in the near wake of aircrafts at high
lift configurations. Downstream of that near wake region, the co-rotating vortices
merge to form a strong vortex that may interact with other surrounding aircrafts.

In Fig. 4.1 the vortices generated by the deflected flaps and the wing-tips are
observable. If we consider only one longitudinal half of a plane, these vortices are
co-rotating. In Fig. 4.2 both vortices coming from the flap and the wing-tip are

visible. By studying the interaction between two co-rotating trailing vortices, we
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aim to provide a deeper physical understanding of this flow and of the resulting
merged vortex.

Co-rotating trailing vortices also concern the Formula 1 (F1) industry. The front
wing of a F1 car is designed to help prevent any “perturbed” upstream flow from
propagating below the car which could have dramatic effects on the downforce (i.e.
the negative lift). If polluted air goes below the car, it could literally take off. This is
what happened, for example, to Peter Dumbreck’s Mercedes CLR during the 1999
24 Hours of Le Mans race [77]. Hence Formula 1 engineers want to control the
evolution of the air coming from the front wing by generating strong vortices. The
engineers also have to follow very rigid safety regulations issued by the International
Automobile Federation. Understanding the properties of the spatial evolution of co-
rotating vortices might be helpful to design efficient F1 front wings.

This chapter is decomposed into four parts. In Sec. 4.1 we present the Q)-criterion
technique which aims to visualise a vortex into a three dimensional numerical sim-
ulation. In Sec. 4.2 we present some generalities about trailing vortices and explain
why we made the choice of conducting fully three dimensional numerical simula-
tions. In Sec. 4.3 we detail the settings of the simulations computed and the results

are presented in Sec. 4.4.

4.1 Vortex detection

In this section we review the )-criterion technique used to visualise vortices in
a three dimensional solution field. This represents a challenge because it consists in
extracting a scalar parameter from a vector solution.

There exists a broad variety of vortex detection methods. Some techniques aim
to identify the vortex core line, other define a vortical region. Some techniques
are Galilean invariant (i.e. constant if a uniform velocity field is added), some are
not. Some techniques are local (i.e. only information of the neighbour element are
required), some are global. For example, identifying vorticity magnitude maxima is

a local, Galilean invariant line-type method. A description of some of these vortex

109



4.1 Vortex detection

detection techniques can be found in [78, 79].

This diversity may be explained by the fact that physical characterisation of
a vortex is a very complicated topic. There is no universally accepted definition
of a vortex. For example, Lugt defined a vortex as the rotating motion of material
particles around a common center [80]. Alternatively, Robinson stated that a vortex
exists when its streamlines mapped onto a plane normal to its core exhibit a circular
or spiral pattern [81]. In [82], Portela asserts that a vortex is comprised of a central
core region surrounded by swirling streamlines.

In this study we chose to use the @-criterion extraction technique introduced by
Hunt in 1988 [83] to identify a vortex within a flow. It is a local, Galilean invariant
region-type method, based on the flow field gradient. The gradient of the velocity
vector is a tensor that can be decomposed into a symmetric part (denoted S) and

an anti-symmetric part (denoted €2) such that
Vu=S+Q. (4.1)

The tensor S represents the rate of strain (also called the deformation tensor).
Note that in the literature, symbols D or E can also be used instead of S. This
tensor is defined by

1 1 [(0u; Ou,
S == T Sii =~ = 2. 4.2
2(Vu+(Vu) ) = S 2<8xj+6xi> (4.2)
The anti-symmetric tensor €2 represents the rate of rotation and is defined by
1 1 (0u; Ou;
Q=_ — T Qj==-—-=2]. 4.3
: (Vu—(Vu)") <= : ( o, 0@-) (4.3)
We next introduce the characteristic equation of Vu such that
N+ PN +QA\+R=0, (4.4)

where P, () and R are the three invariants of the velocity gradient tensor. These

invariants can be expressed
P = —tr(Vu) = —5;; (=0 for incompressible flows),
_ 1 2 2y} _ 1 2 2
Q=5 ((Vu)’ —tx(Vu?)) = o (/91 ~ [1SIF) . (4.5)

R = det(Vu),
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where || - || is the Frobenius norm such that [[S|| = /3 S7;.
Z’J
Hence the @-criterion defines a vortex as the flow region where the second invari-
ant of the velocity gradient tensor is positive. If we introduce the vorticity tensor

w = V X u, then the rate of rotation tensor (4.3) may be written

0 —Ws3 W9
1
Q= 5 w3 0 —wq | - (46)
—Wo w1 0

Then the second invariant of the velocity gradient tensor can be expressed di-

rectly as function of the vorticity such that
1 5 1
== — IS 4.7
Q= {llwl ~ 58] (4.7

When @ > 0 then the vorticity dominates the rate of strain, which indicates
the presence of a vortex. The @-criterion technique is widely used in the CFD
community because it is easy to implement and relatively cheap to compute (i.e.
about the same cost as evaluating the vorticity field). However it requires good
quality derivatives and may be hard to interpret when several vortices are present
in a close vicinity. We made the choice of using this detection method because the
problem considered contains only two strong vortices and the underlying high-order
spatial discretisation enables highly accurate velocity derivatives.

Note that Jeong & Hussain [84] explained that to use the Q-criterion technique,
it is assumed that there is a pressure local minima along the vortex core. Although
this condition is not always necessary for a vortex to exist, it applies for the test case
studied in this chapter. Hence using a more elaborated vortex detection method,

such as the Ay criterion, is not necessary [84].

4.2 (Generalities on trailing vortices

A reasonable mathematical model of a trailing vortex is known as the Batchelor
vortex [85]. This model provides an analytical asymptotic (i.e. x >> 1) steady-state

solution of the incompressible Navier-Stokes equations. In contrast to many vortex
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models (e.g. the Lamb-Oseen vortex [86]), Batchelor’s contains an axial component,
which is an essential feature of trailing vortices. As detailed be Heaton et al. [87],

this model is defined, in cylindrical coordinates (z,r,6), by

Uy ~ 1+ ~(x)exp <_ {522)]2> |
U, ~0, (4.8)

et ool L)

Kk = constant,

Relog(z/Re)
_ 2
7(1.) =K S ’

d(x) = 2¢/z/Re.

The physical interpretation of these parameters is such that s is a swirl strength

where

(4.9)

parameter, v(x) is the axial velocity excess parameter at the vortex core and §(z)
is the local vortex core radius. Also note that, for this coordinate system, r? =
(y — ye)? + (2 — z.)%, where (ye, z.) are the coordinates of the vortex axis.

System (4.8) defines the true Batchelor vortex, which is function of the axial
spatial coordinate. In [88], Theofilis explains that this model is often misquoted and
confused with the so-called g-vorter. A g-vortex is a simplified version of Batchelor’s
model for which the variation in the axial coordinate is removed (i.e. the parallel
flow approximation is done). It takes the form of an infinitely long “vortex tube”,
where the Batchelor vortex core shrinks along the stream-wise direction.

In the g-vortex model, the axial velocity excess parameter v(x) and the local
vortex core radius 0(x) are both approximated to be constant. If we introduce the
constant dimensionless swirl strength parameter ¢ = x/(J) and the dimensionless

free stream velocity a, then a g-vortex is defined by

U =a+e™,
U, =0, (4.10)
Up=4(1-e).
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The characteristic velocity v of a g-vortex represents the velocity excess at the
core. This parameter represents the velocity difference between the free stream
surrounding flow and the vortex core (where the axial velocity is maximal). Note
that we only consider cases where v > 0, which means that the vortex evolves faster
and in the same direction as the surrounding flow. The characteristic length is the

vortex core radius . Hence along a g-vortex the Reynolds number is constant and

defined by
_ 0
=

Re (4.11)

Since the interaction of two co-rotating trailing vortices does not have rotational
symmetry, using a cylindrical coordinate system is not appropriate. In this thesis,
we consider vortices evolving along the z-axis. Then, in Cartesian coordinates, such

an isolated g-vortex is defined by

o) = UL (1),

v(z,y,z) = q(xr—Qxc) (1 — 6_7"2> ,

’UJ(,I,y,Z) =a+ €_T27

r= =2+ (y — ).

It is generally the case that isolated, co-rotating or counter-rotating trailing

(4.12)

vortices are studied numerically by imposing stream-wise homogeneity to the flow.
It means that the simulation is initialised with a vortex (generally a g-vortex) within
the computational domain and periodic boundary conditions are used at both ends of
the vortex. For example, Laporte & Corjon [89] used this approach to study the three
dimensional elliptic instability of a counter-rotating vortex pair and they obtained a
good agreement with experimental measurements and theoretical predictions. This
instability has also been studied by Le Dizes & Laporte [90] in an attempt to provide
a formula to predict the growth rate of any kind of tow-vortex flows. Meunier et al.
[91] studied the fundamental aspects of two co-rotating vortices and presented a two-
dimensional analysis of the merging phenomenon. The three dimensional dynamics
is also considered by imposing stream-wise homogeneity to the flow. The differences

between two and three dimensional merging were also studied by Orlandi [92] using
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DNS simulations and by Nybelen [93, 94] with a LES approach. A linear stability
analysis of a co-rotating vortex pair was presented by Roy et al. [95] and a transient
growth analysis by Mao et al. [96].

Imposing periodic boundary conditions at both ends of a vortex is computa-
tionally advantageous because it allows the use of two-dimensional meshes with a
Fourier expansion in the third (stream-wise) dimension. However the assumption
of streamwise periodicity does not allow uniform deceleration often associated with
vortex breakdown, which is a fundamental physical feature of trailing vortices.

Broadhurst [98], showed that the treatment of the axial direction plays a key role
in the numerical simulations. If homogeneity is imposed, then we study the tempo-
ral evolution of an infinitely long vortex. However, if the expression of a ¢-vortex is
imposed at the inflow (i.e. Eq. 4.12 at z = 0) and a standard outflow boundary con-
dition is adopted at the other end, then vortex breakdown may be observed. When
homogeneity is imposed in the axial direction, introducing a perturbation leads to
the development of a spiral rotating in the same direction as the vortex. However
when this condition is replaced by the hard constraint of a fixed inflow condition,
introducing a perturbation leads to a localised vortex breakdown. Hence the treat-
ment of the boundary condition may produce fundamental qualitative differences
in the output of the numerical simulations. This phenomenon is illustrated on Fig.
4.3.

In this chapter we aim to study the stability of a co-rotating vortex pair. Hence
the numerical simulations realised are all fully-three dimensional, with no homo-
geneity imposed in any direction. The numerical set-up is detailed in Sec. 4.3. Note
that at the outflow, we use the boundary condition developed by Dong et al. [43]
and summarised in Sec. 1.5.3. To our knowledge, the only other study considering
the fully three dimensional spatial evolution of a co-rotating vortex pair without
imposing periodicity in the steam-wise direction has been presented by Deniau &
Nybelen [99]. The authors were able to observe a vortex breakdown and simulated
the development of short-wavelength elliptic instabilities. However their simulations

were restricted by extremely high computational costs.

114



4.2 Generalities on trailing vortices

(a) Two-dimensional mesh with Fourier expansion in the stream-wise direction.
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(b) Fully three dimensional DNS, with classical outflow boundary condition.

Figure 4.3: Evolution of a perturbation within a ¢-vortex at Re = 1000, ¢ = 0.8

and a = 0. The two simulations aim to compute identical problems with different

discretisations. Axial homogeneity is imposed on (a) and classical outflow is used on

(b). Vortex visualised by iso-surfaces of Ay = —0.4 (and coloured by axial velocity

component for the bottom figure). Figures courtesy of Michael Broadhurst (taken

from [97] (top) and his PhD thesis [98] (bottom)).
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4.3 Numerical set-up

4.3 Numerical set-up

In this section we present the details of the numerical set-up. The computational
domain has a box-shape of (L, L,, L,) = (100, 100, 250) and the flow evolves along
the z-axis. These large dimensions have been chosen to minimise the influence of
the boundary conditions. The three dimensional domain has been constructed by
extruding the two-dimensional mesh presented on Fig. 4.4. This domain is composed
uniquely of quadrilateral elements refined at the center where most of the physics
is contained. Long stretched elements are used close to the lateral boundaries. The
refined region is a square [—7, 7]? surrounded by a circle of radius 12.5 because the
flow is expected to have a somewhat cylindrical general shape. The central square
area counts 11 x 11 squares. The smallest element of this mesh has a comparable size
to the vortex core which we define to have a dimension of one unit length. Through
high-order spatial discretisation we are able to obtain accurate solutions. In total,
the two-dimensional domain counts 385 elements. Extruded along the z-axis for 166
equispaced layers, the three dimensional domain is composed of a total of 63910
hexahedral elements. The elements in the central refined region are nearly cubical,
with a stretching coefficient of 1.18 along the z-axis.

Note that the computational domain considered is uniform along the stream-
wise direction. It has been noticed by Broadhurst [98] that numerical resolution
may influence the vortex breakdown location. Breakdown arises earlier on coarse
grids. Thus we avoided using coarser elements near the outflow boundary to prevent
a “numerical breakdown” due to insufficient resolution. However this comes with
a heavy compensation in terms of computational resources required to execute the
numerical simulations.

The lateral boundaries (i.e. normal to the x and y-axis) are treated with sym-
metry conditions. The dimensions of the computational domain in x and y are such
that the co-rotating vortex pair may be considered isolated. At the outflow, Dong’s
condition is used (see Sec. 1.5.3). This condition is appropriate to model truncation

of unbounded domains. At the inflow, two trailing ¢g-vortices separated by a distance
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Figure 4.4: High-order computational domain at z = 0. The red circles represent

the position of the vortices cores imposed at the inflow.

d =5 are imposed. The equations of this Dirichlet boundary condition are

u(z,y,z) = _Q(y;zycl) (1 - 6—7«;) _ LZ%Q) (1 B 6_@) |

U(l’,y,Z) = W (1 — €_T¥) =+ W (1 _ €_T§> ’

U)(.CL’,y, Z) = a_‘_e—ff +€—r§7 (413>

=T = 2a)? + (Y — ya)?,

Ty = \/($ —T2)? + (Y — Ye2)%

where (Te1, Ye1) = (—2.5/v2, —2.5/v/2) and (2, ye2) = (2.5/V/2, 2.5/1/2) are

the center of the two vortices. Note that the two-vortices studied are identical (i.e.
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Figure 4.5: Initial conditions (iso-surface of @Q-criterion). The left-hand side plane
represents the position of the inflow boundary. The vortices evolve along the z-axis

(from left to right).

same dimensions, same intensity, same sense of rotation).

Although we impose the analytical expression of g-vortices at the inflow, nothing
is assumed in terms of stream-wise evolution. Hence we can say that this simulation
models a co-rotating Batchelor pair.

At t = 0, the simulation is initialised with two g-vortices as shown on Fig. 4.5.
This is imposed by defining (4.13) in the whole domain. Note that even if one
isolated g-vortex is a good approximation of solution of the Navier-Stokes equations
(i.e. because it is a simplification of the true Batchelor vortex), this is not the case
for two co-rotating vortices. These two initial “tubes” are chosen because it enables
a “gentle” initialisation of the simulation. If the simulation is initialised simply
with a uniform stream-wise velocity, the vortices coming from the inflow generate a
wavefront (until they reach the outflow) that may be numerically problematic.

The second-order velocity correction scheme presented in Sec. 1.2 is used to

disctretise the problem in time. A continuous Galerkin method with a modified
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modal expansion basis (see Sec. 1.1) is chosen as space discretisation scheme. The
spatial expansion basis is such that the polynomial order is P = 5 (i.e. with 6
expansion points of each vertices of the hexahedron of the mesh). In our simulations,
the characteristic velocity (which represents the difference of velocity between one
vortex core and the free-stream region), is chosen such that v = 1. The radius of
one vortex is the characteristic length and is selected such that 6 = 1. Then the

Reynolds number is simply defined by Re = 1/v.

4.4 Numerical simulations

In this section we present the numerical simulations leading to the establish-
ment of a steady-state solution of a flow containing two isolated co-rotating trailing
vortices and present the results of a Tri-Global stability analysis.

The steady-state solution has been obtained using the encapsulated SFD method
presented in Chapter 2 and implemented in Nektar++. The two vortices are iden-
tical and such that the dimensionless swirl strength parameter ¢ = 0.8 and the
dimensionless free stream velocity a = 0.5. These vortex parameters are selected to
match the settings of the simulations presented by Hoessler [100].

The size of this problem is such that it requires relatively high computational
capacities. To execute the simulations we used the Imperial College’s “CX2” highly
parallel processing system. We used between 256 and 384 CPUs. On this system,
depending on the Reynolds number, the SFD method took between three and seven
days to converge and the modified Arnoldi solver took between one and nine days
to converge. The queuing time, which could go up to a week, also needs to be added
on top of the running time. Hence obtaining a steady-state solution and computing
a Tri-Global stability analysis was a very time consuming task.

The flow is considered at two different Reynolds numbers that are Re = 250
and Re = 600. We show that those cases present qualitative differences in terms of

stability properties.
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4.4.1 Two co-rotating trailing vortices at Re = 250

In this section we present the steady-state solution of the interaction between two
co-rotating trailing vortices at Re = 250 and present a stability analysis of this flow.
At this Reynolds number, no stabilisation technique was required to ensure good
behaviour of the numerical simulation since no abrupt divergence of the solution
was observed.

The SFD method was used to obtain a steady-state solution. The SFD parame-
ters selected are a control coefficient y = 1 and a filter width A = 2. As with these
parameters the simulation was converging fairly fast, we did not have to use the
adaptive procedure presented in Chapter 3 to ensure convergence.

The steady-state solution obtained is presented on Fig. 4.6. The vortices are
visualised through four iso-surfaces of Q-criterion (@ = 0.02, @ = 0.02 + 8/300,
Q = 0.02+16/300 and @ = 0.1). We recall that the Q-criterion is defined such that
positive values represent regions where the vorticity dominates the rate of strain.
Hence the largest value of () allows us to detect the strongest vortical regions.
Alternatively, when (@) is close to zero, we can spot regions where the vorticity only
marginally dominates the strain. This region is larger but generally harder to obtain
as it requires a very high accuracy of the computed derivatives. The iso-surfaces
shown are smooth due to the high-order underlying spatial disctretisation scheme
used.

On Fig. 4.6 we observe that the two co-rotating trailing vortices imposed on
the inflow (i.e. on the left) rapidly merge and the flow evolves towards the outflow
as one single vortex. Note that the steady-state presented on Fig. 4.6 is constant
in time. The inflow on the left is fixed. The different angles shown on this figure
are simply presented to allow us to apprehend the three dimensional features of the
flow.

This steady-state solution has been used as base flow to compute a Tri-Global
stability analysis. This analysis is realised using the modified Arnoldi iteration

method summarised in Sec. 1.4.2 and implemented in Nektar++. We recall that by
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0.02 0.0466667 0.0733333 0.1

Figure 4.6: Steady-state of a co-rotating vortex pair at Re = 250 for a = 0.5 and

q = 0.8 visualised from three different angles with iso-surfaces of ()-criterion.
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4.4 Numerical simulations

Tri-Global we mean that the analysis computed is fully three dimensional and the
perturbations are not constrained to be periodic in any specific dimension.

Due to the very large size of the problem, we had to reduce the accuracy of the
stability analysis solver in order to obtain a result in a reasonable time frame. Even
though we used a polynomial order P = 5 to compute the steady-state, we used
P = 4 to execute the modified Arnoldi iteration method. With this modification,
we were able to have the algorithm converged in approximately nine days. The

dominant eigenvalue returned by this Tri-Global stability analysis is such that
o= —0.023 and f =0.763. (4.14)

The fact that the growth rate of the dominant eigenvalue is negative indicates
that the flow is stable. Hence the use of the SFD method was unnecessary. Running
the DNS code and waiting until the low becomes constant in time would have been
enough to obtain this steady-state solution. However the fact that this flow is stable
was unexpected. That is why a control method was used to obtain a steady base
flow.

On Fig. 4.7 we show the superimposition of the steady-state solution shown
on Fig. 4.6 and the eigenmode returned by the modified Arnoldi method. For
clarity, only one iso-surface of Q)-criterion of the steady-state is displayed (the one
() = 0.02) and coloured in red to clearly distinguish the base flow and the eigenmode.
[so-surfaces of the stream-wise vorticity are used to display the dominant eigenmode.

This superimposition allows us to assert that the least stable mode of the inter-
action between two co-rotating vortices at Re = 250 appears after merging. Even
though this mode is stable, it is of interest to note that it does not come directly
from the interaction between the two inflow vortices. This mode is located on the
part of the flow where the two vortices are fully merged into a unique trailing vortex.
This behaviour can be seen as two co-rotating vortices acting as perturbations for
the resulting merged single vortex.

As, to our best knowledge, no results are available in the literature to compare

with ours, we used DNS to increase confidence in the stability analysis presented
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Figure 4.7: Superimposition of the steady-state and the dominant eigenmode of a
co-rotating vortex pair at Re = 250 for a = 0.5 and ¢ = 0.8 visualised from three
different angles. Iso-surfaces of z-vorticity of the eigenmode and iso-surface of the

Q-criterion @ = 0.02 of the steady-state.
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Figure 4.8: Time evolution of the perturbation energy (red) compared to the trend
line (blue). The slope of the trend line is —0.021, which is very close to the growth

rate of the dominant unstable eigenmode (o = —0.023).

in this section. We used the procedure presented by Bagheri et al. for the case of
a jet in a crossflow [53] and presented in 3.3.3 to compare the value of the growth
rate. We added a three dimensional perturbation bump p(x) (see Eq. 3.2), with
(p, Yp, %) = (0, 0, 1), at ¢t = 0 on top of the steady base flow and tracked down
the perturbation energy evolution while executing the linearised Navier-Stokes solver
(using a polynomial order P = 5). The time evolution of the energy is shown in Fig.
4.8 and superimposed with the trend line.

Note that on Fig. 4.8, similarly as on Fig. 3.13, only marginal oscillations of the
energy are observed. This is probably due to the spatial averaging of the energy,
reducing the oscillations amplitude.

The slope of this trend line is —0.021. We recall that the growth rate of the
dominant eigenmode is ¢ = —0.023. Hence this linear simulation increases the
confidence in the result returned by the Tri-Global stability analysis. The difference

between the two values could be explained by the fact that different polynomial
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4.4 Numerical simulations

orders were used to execute the stability solver and the linearised Navier-Stokes

solver.

4.4.2 'Two co-rotating trailing vortices at Re = 600

In this section we present the steady-state solution of the interaction between
two co-rotating trailing vortices at Re = 600 and present a stability analysis of this
flow. In comparison to Sec. 4.4.1, this higher Reynolds number makes the numerical
simulation abruptly diverge.

To remove spurious numerical oscillations we used the de-aliasing technique (pre-
sented in Sec. 1.5.1) that consists of adding quadrature points when the non-linear
term of the Navier-Stokes equations is evaluated. By using this technique we were
able to postpone the moment when the simulation would diverge but not to com-
pletely suppress this phenomenon. Hence we also used the spectral vanishing vis-
cosity method (summarised in Sec. 1.5.2) which adds viscosity to the higher modes
of the expansion basis. The SVV kernel used is presented on Fig. 4.9 and is such
that M = 5 and M., = 2. The viscosity added on the highest expansion mode
is a hundred times greater than the viscosity of the rest of the flow. Combining
these two stabilisation techniques allowed us to avoid divergence of the numerical
simulations.

Note that these techniques are used to stabilise the numerical scheme, not the
flow. The response to infinitesimal perturbation of the flow is not addressed with the
de-aliasing or SVV methods. They only guarantee a good behaviour of the code in
cases marginally resolved where the viscous operator is dominated by the advection
operator.

The SFD method was used to obtained a steady-state solution. The SFD pa-
rameters are such that the control coefficient y = 1 and the filter width A = 2.
As for the case Re = 250, the SFD method was converging towards a steady-state
solution with these control parameters at Re = 600. Hence the adaptive procedure
presented in Chapter 3 was not necessary to ensure convergence.

The steady-state solution obtained is presented on Fig. 4.10. The vortices are
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Figure 4.9: SVV kernel for M = 5 and M., = 2. This curve represents the
percentage of viscosity added on each mode. On the highest mode a viscosity of

_ 1 _ 100 _ 1 ;
Vsyy = 100 X 7= = o0 = ¢ is added.

visualised through four iso-surfaces of Q-criterion (Q = 0.02, @ = 0.02+8/300, Q =
0.02 + 16/300 and @ = 0.1). The two co-rotating vortices spiral around each other
until z ~ 185 before eventually merging and evolving as one single vortex towards
the outflow. By comparing Fig. 4.6 and Fig. 4.10, we observe that increasing the
Reynolds number delays the merging of the two vortices.

On Fig. 4.10, we also observe the presence of secondary smaller vortices in the
vicinity of the two main vortices. These structures indicate the presence of strong
shear stresses when the main vortices start interacting between each other. Close to
the inflow we can detect the presence of numerical noise which is due to an insufficient
resolution of the simulation in this region. However using a higher polynomial order
was not considered because it would lead to an impractical increase of computational
resources required to execute this case. Instead, we used the SVV methods which
enabled a substantial reduction of the numerical noise. Without SVV, the solution

is nearly entirely polluted by under-resolved small scale structures that generate a
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Figure 4.10: Steady-state of a co-rotating vortex pair at Re = 600 for a = 0.5 and

q = 0.8 visualised from three different angles with iso-surfaces of ()-criterion.
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build-up through time of the energy and eventually lead to an abrupt divergence of
the solution.

This steady-state solution has been used as base flow to compute a Tri-Global
stability analysis. This analysis was realised using the modified Arnoldi iteration
method summarised in Sec. 1.4.2 and implemented in Nektar+4. As in Sec. 4.4.1,
a lower polynomial order of P = 4 was used to execute the stability analysis solver
(where P = 5 was used to execute the SFD method). The dominant eigenvalue

returned by the stability analysis solver is such that
o =0.003 and f = 1.262. (4.15)

At Re = 600, the interaction between two co-rotating trailing vortices is an
unstable phenomenon because this flow has a positive growth rate. Hence, contrary
to the case Re = 250, the SFD method was necessary to obtain a steady-state
solution of the Navier-Stokes equations. On Fig. 4.11 we present a superimposition
of the unstable base flow and the dominant eigenmode related to (4.15). This
eigenmode is identified by two iso-surfaces of the stream-wise vorticity whereas the
base flow is displayed by the iso-surface of the Q-criterion ) = 0.02.

On this figure we observe that the dominant unstable eigenmode starts devel-
oping in between the two main vortices at z ~ 25. Then the eigenmode evolves as
localised wave packets spiralling around the steady base flow. In [53], Bagheri et al.
present a Tri-Global stability analysis of a jet in a crossflow. The authors observed
that the dominant unstable eigenmode takes the shape of symmetric wave packets
localised along the counter-rotating vortex pair resulting from the interaction be-
tween the jet and the crossflow. Even though the dominant eigenmode of the flow
presented in this section is not symmetric, the similar evolution into wave packets
observed in our simulations is of interest to note.

These wave packets reveal a behaviour that is qualitatively different from the
eigenmode presented on Fig. 4.7 where we observed that the (stable) eigenmode ap-
pears after the merging of the two co-rotating vortices. This fundamental difference

indicates that the instability of the flow containing two co-rotating trailing vortices
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Figure 4.11: Superimposition of the steady-state and the dominant eigenmode of a
co-rotating vortex pair at Re = 600 for a = 0.5 and ¢ = 0.8 visualised from three
different angles. Iso-surfaces of z-vorticity of the eigenmode and iso-surface of the

Q-criterion @ = 0.02 of the steady-state.
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Figure 4.12:  Time evolution of the perturbation energy (red) compared to the
trend line (blue). The slope of the trend line is 0.009, which is of the same order of

magnitude than the growth rate of the dominant unstable eigenmode (o = 0.003).

originates directly from the interaction between these two vortices.

Similarly as for the case Re = 250 presented in Sec. 4.4.1, we used DNS as
an attempt to validate the growth rate returned by the modified Arnoldi iteration
method. We introduced a perturbation of the form of a bump on top of the steady
base flow obtained by SFD and tracked down the evolution of the perturbation
energy. The time evolution of the energy is shown in Fig. 4.12 and superimposed
with the trend line.

Similarly as on Fig. 4.8, only marginal oscillations (decaying in time) are ob-
servable on Fig. 4.12. This phenomenon is probably due to the spatial averaging of
the energy, reducing the oscillations amplitude.

The slope of this trend line is 0.009. We recall that the growth rate of the
dominant eigenmode is ¢ = 0.003. These values are slightly different from one
another but are of the same order of magnitude. The difference between the two

values could be explained by the fact that different polynomial orders were used to
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execute the stability solver and the linearised Navier-Stokes solver. Hence we can
only consider this linear simulation is a preliminary attempt to validate the growth
rate returned by the Tri-Global stability analysis. Further work would be necessary

to confirm that result.

4.5 Chapter summary

In this chapter we presented a steady-state solution and a stability analysis of the
flow containing two isolated co-rotating vortices at two different Reynolds number.
The simulations are fully three dimensional and no axial periodicity is imposed.

At Re = 250 (based on the vortex core and the velocity excess at the core) the
Tri-Global stability analysis computed revealed that the flow is stable because the
growth rate corresponding to the dominant eigenmode is negative. This mode is
situated after the complete merging of the two co-rotating vortices. Hence the least
stable part of the system does not come from the interaction of the two co-rotating
vortices but from the introduction of perturbations into the resulting merged vortex.
Further analysis on the single trailing vortex would be necessary to classify this
eigenmode and determine if it might be associated with a vortex breakdown.

For the case Re = 600 the steady-state solution was obtained with the SFD
method by keeping the control parameters fixed to y = 1 and A = 2. Adapting
these parameters along the algorithm execution was not necessary to ensure conver-
gence towards a steady base flow. The outcome is quantitatively different from the
case Re = 250 though. At Re = 600 the dominant unstable eigenmode starts de-
veloping in between the two co-rotating vortices. This indicates that the instability
mechanism of this flow originates directly from the interaction of the two main trail-
ing vortices. Although additional work would be necessary to confirm the growth

rate and frequency returned by the modified Arnoldi method.
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CONCLUSION AND FUTURE
PROSPECTS

In this thesis we presented flow stability analysis computed using high-order
discretisation methods. The central part of this work was to design an algorithm
capable of converging towards unstable steady-state solution of the Navier-Stokes
equations.

In Chapter 1 we reviewed the numerical methods used throughout this thesis.
The spectral/hp element method was used to discretise the fluid motion equations
in space because it combines high accuracy and geometrical flexibility. The time
discretisation used was a splitting method that decomposes the Navier-Stokes equa-
tions into a series of elliptic problems where the primary variables are separated. We
reviewed the main aspects of global linear flow stability analysis and explained that
the base flow around which the fluid system is linearised must be a genuine solution
of the Navier-Stokes equations. That is why throughout this thesis we sought for
steady-state solutions to use as base flows to evaluate the stability properties of a
flow. Finally, we highlighted some stabilisation techniques that prevent numerical
simulations to abruptly diverge and introduced the Nektar++ code that is currently
being developed at Imperial College London in collaboration with the University of
Utah. All the numerical simulations presented in this document have been computed
using Nektar+-+

When we reviewed generalities about steady-state solvers and global linear sta-
bility analysis, we presented the time-stepper approach that has been introduced by

Tuckerman and Barkley [9]. This approach consists in adapting an unsteady flow
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solver in order to perform many more operations than simply evaluating the look
of a flow field at a specific time. As developing a code to solve the fluid motion
equations is generally a considerable task, it could be highly valuable to be able
to perform different types of analysis with it. The stability analysis solver that
was already implemented in Nektar++ is based on this method. The time-stepper
approach strongly inspired the research on implementing a steady-state solver into
Nektar++ in the least intrusive way possible.

In Chapter 2 we presented an encapsulated formulation of the selective frequency
damping (SFD) method. This method consists of looking at the classical SFD
method from a different angle and making it fit within the framework of splitting
methods. With this approach, it is possible to separate the solution of the unsteady
non-linear flow problem and the linear problem modelling the feedback control and
the first order low-pass time filter. Hence the encapsulated SFD method only needs
to call an existing code at each time step and apply a linear operator to its output.
This method was implemented as a wrapper function into Nektar++ which means
that no low level modifications of the unsteady solver were required.

The stability of the SFD method (i.e. its ability to converge towards a steady-
state solution) was also analysed in Chapter 2. We showed that the SFD method
does not introduce a loss of stability but that it can not be applied to problems
with pure optimal growths of the instabilities. We observed that a relationship
can be drawn between the ability of the SFD method to stabilise the unstable one-

I and the stabilisation of a flow whose dominant

dimensional problem 4" = A\pu™™*
unstable eigenvalue is Ap. However this observation is based on the assumption
that the dominant eigenvalue of the flow studied is known. Which is generally not
the case. Furthermore this analysis does not provide any information on the rate of
convergence towards a steady base flow.

In Chapter 3 we introduced an adaptive procedure to address the issue of select-
ing appropriate parameters for the SFD method. This algorithm links together a

SED method, a stability analysis method and a one-dimensional model that evalu-

ates the optimum parameters of the SFD method when the dominant eigenvalue is
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known. This method has been implemented into Nektar4++ and showed good con-
vergence performance towards unstable steady-state solutions for a variety of bluff
body flows. Very limited knowledge of the flow behaviour was necessary to ensure
convergence at an optimum rate. We also computed stability analysis of these flows.
The most challenging of all was the flow past a rotating cylinder at Re = 100 and
a rotation rate @« = 5. We showed that the stability properties returned by our
computations agree with results found in the literature.

In Chapter 4 we presented a steady-state solution and a Tri-Global stability
analysis of two identical co-rotating vortices at two different Reynolds numbers.
These simulations were fully three-dimensional and no periodicity was imposed in
the stream-wise direction. At Re = 250 we showed that the flow is stable and
that the least stable eigenmode is situated after complete merging of the two inflow
vortices. Hence the least stable part of the system does not originate from the
interaction of the two co-rotating vortices but from the introduction of perturbations
into the resulting merged vortex. At Re = 600 the dominant unstable eigenmode
starts developing in between the two co-rotating vortices. This behaviour indicates
that the instability mechanism of this flow originates directly from the interaction
of the two main trailing vortices. Note that the nature of this low was such that the
adaptive SFD method was not necessary to converge towards an unstable steady-
state solution. The encapsulated SFD method was converging relatively fast even
keeping the control coefficient and filter width fixed all along the simulations. At
higher Reynolds number, this may not be the case and the adaptive SFD method
may be necessary.

The future prospects of this PhD thesis can be divided into two categories.
First, as the adaptive SFD method has been implemented in Nektar++ and is fully
operational, it could be used to obtain unstable steady-state solutions for a whole
range of problems (provided an oscillatory growth of the instabilities). As it has
been designed to be a wrapper function, it could be applied to compressible flow
problems even though in this work we only focused on incompressible flows.

Second, the analysis presented in Chapter 4 can be seen as a starting point
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to study co-rotating trailing vortices which arise in aeronautical applications. For
example, to study the very complex vortical structures originating from a Formula
1 front wheel, the idea would be to take a cut through a simulation, use these
data as boundary conditions and apply the methodology described in Chapter 4 to
analyse the three-dimensional stability of isolated vortices. Also further analysis on
the single trailing vortex could be performed to determine if the stable eigenmode

obtained at Re = 250 could be associated with the vortex breakdown phenomenon.

135



1]

BIBLIOGRAPHY

P. J. Schmid. Nonmodal stability theory. Annu. Rev. Fluid Mech., 39:129-162,
2007.

Nektar++. http://www.nektar.info, 2015.

C. D. Cantwell, D. Moxey, A. Comerford, A. Bolis, G. Rocco, G. Mengaldo,
D. de Grazia, S. Yakovlev, J.-E. W. Lombard, D. Ekelschot, B. E. Jordi,
Y. Mohamied, C. Eskilsson, B. Nelson, P. Vos, C. Biotto, R. M. Kirby, and
S. J. Sherwin. Nektar++: An open-source spectral/hp element framework.

Comput. Phys. Commun., 192:205-219, 2015.

J. N. Reddy. An introduction to the finite element method, volume 2. McGraw-
Hill New York, 1993.

G. E. Karniadakis and S. J. Sherwin. Spectral/hp Element Methods for CFD.
Oxford University Press, second edition, 2005.

G. E. Karniadakis, M. Israeli, and S. A. Orszag. High-order splitting methods
for the incompressible Navier-Stokes equations. J. Comput. Phys., 97(2):414—
443, 1991.

S. A. Orszag, M. Israeli, and M. O. Deville. Boundary conditions for incom-
pressible flows. SIAM J. Sci. Comput., 1(1):75-111, 1986.

136


http://www.nektar.info

Bibliography

8]

[10]

[11]

[13]

[14]

[15]

E. Ferrer, D. Moxey, R. H. J. Willden, and S. J. Sherwin. Stability of projection
methods for incompressible flows using high order pressure-velocity pairs of

same degree: Continuous and Discontinuous Galerkin formulations. Commun.

Comp. Phys., 16(3):817-840, 2014.

L. S. Tuckerman and D. Barkley. Bifurcation analysis for timesteppers. Nu-
merical methods for bifurcation problems and large-scale dynamical system,

pages 453-566, 2000.

E. Akervik, L. Brandt, D. S. Henningson, J. Heepffner, O. Marxen, and
P. Schlatter. Steady solutions of the Navier-Stokes equations by selective
frequency damping. Phys. Fluids, 18(6):068102, 2006.

L. S. Tuckerman, F. Bertagnolio, O. Daube, P. Le Quéré, and D. Barkley.
Stokes preconditioning for the inverse Arnoldi method. In D. Henry and
A. Bergeon, editors, Continuation Methods for Fluid Dynamics (Notes on
Numerical Fluid Mechanics, Vol. 74), pages 241-255. Vieweg, 2000.

H. A. Van der Vorst. Bi-CGSTAB: A fast and smoothly converging variant
of Bi-CG for the solution of nonsymmetric linear systems. SIAM J. Sci. Stat.
Comp., 13(2):631-644, 1992.

R. Schreiber and H. B. Keller. Driven cavity flows by efficient numerical

techniques. J. Comput. Phys., 49(2):310-333, 1983.

K. A. Cliffe, A. Spence, and S. J. Tavener. The numerical analysis of bifurca-
tion problems with application to fluid mechanics. Acta Numerica, 9(00):39—

131, 2000.

H. A. Dijkstra, F. W. Wubs, A. K. Cliffe, E. Doedel, 1. F. Dragomirescu,
B. Eckhardt, A. Y. Gelfgat, A. L. Hazel, V. Lucarini, A. G. Salinger, et al.
Numerical bifurcation methods and their application to fluid dynamics: anal-

ysis beyond simulation. Commun. Comput. Phys, 15:1-45, 2014.

137



Bibliography

[16]

[17]

18]

[19]

22]

23]

C. Wales, A. L. Gaitonde, D. P. Jones, D. Avitabile, and A. R. Champneys.
Numerical continuation of high reynolds number external flows. Int. J. Numer.

Meth. Fl., 68(2):135-159, 2012.

C. Wales, A. L. Gaitonde, and D. P. Jones. An initial study of the flow around
an aerofoil at high Reynolds number unsing continuation. Int. J. Bifurcat.

Chaos, 22(10), 2012.

C. Wales, A. L. Gaitonde, and D. P. Jones. Continuation methods applied to
the 2D Navier—Stokes equations at high Reynolds numbers. Int. J. Numer.
Meth. Fl., 70(10):1258-1289, 2012.

S. Cherubini, J.-C. Robinet, and P. De Palma. The effects of non-normality
and nonlinearity of the Navier-Stokes operator on the dynamics of a large

laminar separation bubble. Phys. Fluids, 22(1):014102, 2010.

K.-T. Chen, C.-C. Tsai, W.-J. Luo, and C.-N. Chen. Multiplicity of steady
solutions in a two-sided lid-driven cavity with different aspect ratios. Theor.

Comp. Fluid Dyn., 27(6):767-776, 2013.

K.-T. Chen, C.-C. Tsai, W.-J. Luo, C.-W. Lu, and C.-H. Chen. Aspect ratio
effect on multiple flow solutions in a two-sided parallel motion lid-driven cavity.

J. Mech., pages 1-8, 2014.

C. K. Mamun and L. S. Tuckerman. Asymmetry and Hopf bifurcation in
spherical Couette flow. Phys. Fluids, 7(1):80-91, 1995.

L. S. Tuckerman and K. Boronska. Multiplicité extréme de motifs convectifs.
Résumés des exposés de la 11éme Rencontre du Non-Linéaire Paris 2008,

page 14, 2008.

B. Hof, P. G. J. Lucas, and T. Mullin. Flow state multiplicity in convection.
Phys. Fluids, 11(10):2815-2817, 1999.

138



Bibliography

[25]

[26]

[27]

[28]

[29]

[31]

32]

33]

J. Sanchez, F. Marques, and J. M. Lopez. A continuation and bifurcation

technique for Navier-Stokes flows. J. Comput. Phys., 180(1):78-98, 2002.

J. Kim and T. R. Bewley. A linear systems approach to flow control. Annu.

Rev. Fluid Mech., 39:383-417, 2007.

C. D. Pruett, T. B. Gatski, C. E. Grosch, and W. D. Thacker. The tempo-
rally filtered Navier-Stokes equations: Properties of the residual stress. Phys.

Fluids, 15(8):2127, 2003.

C. D. Pruett, B. C. Thomas, C. E. Grosch, and T. B. Gatski. A temporal
approximate deconvolution model for large-eddy simulation. Phys. Fluids,

18:028104, 2006.

P. J. Schmid and L. Brandt. Analysis of Fluid Systems: Stability, Receptiv-
ity, Sensitivity. Lecture notes from the FLOW-NORDITA Summer School on
Advanced Instability Methods for Complex Flows, Stockholm, Sweden, 2013.
Appl. Mech. Rev., 66(2):024803, 2014.

M. P. Juniper. Local linear stability analysis. Lecture notes from the AIM-
ED International Graduate School in Flow Stability, Transition and Control,
Stockholm, Sweden, 2013.

M. P. Juniper and V. Hanifi, A. Theofilis. Modal Stability Theory. Lecture
notes from the FLOW-NORDITA Summer School on Advanced Instability
Methods for Complex Flows, Stockholm, Sweden, 2013. Appl. Mech. Rev.,
66(2):024804, 2014.

V. Theofilis. Global linear instability. Annu. Rev. Fluid Mech., 43:319-352,
2011.

D. Barkley, H. M. Blackburn, and S. J. Sherwin. Direct optimal growth anal-
ysis for timesteppers. Int. J. Numer. Meth. FI., 57(9):1435-1458, 2008.

139



Bibliography

[34]

[35]

[36]

[37]

E. Anderson, Z. Bai, C. Bischof, S. Blackford, J. Demmel, J. Dongarra,
J. Du Croz, A. Greenbaum, S. Hammerling, A. McKenney, et al. LAPACK
Users’ guide, volume 9. STAM, 1999.

G. Rocco. Advanced Instability Methods using Spectral/hp Discretisations and
their Applications to Complexr Geometries. PhD thesis, Imperial College Lon-
don, 2014.

R. B. Lehoucq, D. C. Sorensen, and C. Yang. ARPACK users’ guide: solution
of large-scale eigenvalue problems with implicitly restarted Arnoldi methods,

volume 6. SIAM, 1998.

C. D. Cantwell, D. Barkley, and H. M. Blackburn. Transient growth analysis of
flow through a sudden expansion in a circular pipe. Phys. Fluids, 22(3):034101,
2010.

R. M. Kirby and S. J. Sherwin. Aliasing errors due to quadratic nonlinearities
on triangular spectral/hp element discretisations. J. Eng. Math., 56(3):273—
288, 2006.

R. M. Kirby and G. E. Karniadakis. De-aliasing on non-uniform grids: algo-
rithms and applications. J. Comput. Phys., 191(1):249-264, 2003.

G. Mengaldo, D. de Grazia, D. Moxey, P. Vincent, and S. J. Sherwin. Dealias-
ing techniques for high-order spectral element methods on regular and irregular

grids. under review in J. Comput. Phys., Mar. 2015.

E. Tadmor. Convergence of spectral methods for nonlinear conservation laws.

SIAM J. Numer. Anal., 26(1):30-44, 1989.

R. M. Kirby and S. J. Sherwin. Stabilisation of spectral/hp element methods
through spectral vanishing viscosity: Application to fluid mechanics modelling.

Comput. Method. Appl. M., 195(23):3128-3144, 2006.

140



Bibliography

[43]

[44]

[45]

[46]

[50]

[51]

[52]

S. Dong, G. E. Karniadakis, and C. Chryssostomidis. A robust and accurate
outflow boundary condition for incompressible flow simulations on severely-

truncated unbounded domains. J. Comput. Phys., 261:83-105, 2014.

J-E. W. Lombard, D. Moxey, J. Hoessler, S. Dhandapani, M. J. Taylor, and
S. J. Sherwin. Transient simulation of a wingtip vortex at Re, = 1.2 - 10°.

Submitted to ATAA Journal in January 2015.

D. Barkley. Linear analysis of the cylinder wake mean flow. EPL (Europhysics
Letters), 75(12):750, 2006.

E. Akervik, J. Hoepfiner, U. Ehrenstein, and D. S. Henningson. Optimal
growth, model reduction and control in a separated boundary-layer flow using

global eigenmodes. J. Fluid Mech., 579(1):305-314, 2007.

D. S Henningson and E. Akervik. The use of global modes to understand
transition and perform flow control. Phys. Fluids, 20(3):031302, 2008.

F. Alizard, J.-C. Robinet, and X. Gloerfelt. A domain decomposition matrix-
free method for global linear stability. Comput. Fluids, 66:63-84, 2012.

J. H. Tu and C. W. Rowley. An improved algorithm for balanced POD
through an analytic treatment of impulse response tails. J. Comput. Phys.,

231(16):5317-5333, 2012.

B. Pier. Local and global instabilities in the wake of a sphere. J. Fluid Mech.,
603:39-61, 2008.

M. Embacher and H. F. Fasel. Direct numerical simulations of laminar sepa-
ration bubbles: investigation of absolute instability and active flow control of

transition to turbulence. J. Fluid Mech., 747:141-185, 2014.

J.-C. Loiseau, J.-C. Robinet, S. Cherubini, and E. Leriche. Investigation of the
roughness-induced transition: global stability analyses and direct numerical

simulations. J. Fluid Mech., 760:175-211, 2014.

141



Bibliography

[53]

[54]

[57]

[58]

S. Bagheri, P. Schlatter, P. J. Schmid, and D. S. Henningson. Global stability
of a jet in crossflow. J. Fluid Mech., 624:33-44, 20009.

P. Schlatter, S. Bagheri, and D. S. Henningson. Self-sustained global oscilla-
tions in a jet in crossflow. Theor. Comp. Fluid Dyn., 25(1-4):129-146, 2011.

M. Ilak, P. Schlatter, S. Bagheri, and D. S. Henningson. Bifurcation and
stability analysis of a jet in cross-flow: onset of global instability at a low

velocity ratio. J. Fluid Mech., 696:94-121, 2012.

A. Peplinski, P. Schlatter, P. F. Fischer, and D. S. Henningson. Sta-
bility Tools for the Spectral-Element Code Nek5000: Application to Jet-
in-Crossflow. In Spectral and High Order Methods for Partial Differential
Equations-ICOSAHOM 2012, pages 349-359. Springer, 2014.

A. Peplinski, P. Schlatter, and D. S. Henningson. Global stability and optimal
perturbation for a jet in cross-flow. Fur. J. Mech. B-Fluid., 49:438-447, 2015.

L. Massa. Mach number effects on the global mixing modes induced by ramp

injectors in supersonic flows. J. Fluid Mech., 757:403-431, 2014.

J. W. Nichols and P. J. Schmid. The effect of a lifted flame on the stability of
round fuel jets. J. Fluid Mech., 609:275-284, 2008.

G. J. Chandler. Sensitivity analysis of low-density jets and flames. PhD thesis,
University of Cambridge, 2011.

G. J. Chandler, M. P. Juniper, J. W. Nichols, and P. J. Schmid. Adjoint
algorithms for the Navier-Stokes equations in the low Mach number limit. J.

Comput. Phys., 231(4):1900-1916, 2012.

P. F. Fischer, J. W. Lottes, and S. G. Kerkemeier. Nek5000 Web page, 2008.
http://nek5000.mes.anl.gov.

B. E. Jordi, C. J. Cotter, and S. J. Sherwin. Encapsulated formulation of the
selective frequency damping method. Phys. Fluids, 26(3):034101, 2014.

142



Bibliography

[64]

[65]

[. Farag6. Splitting methods and their application to the abstract Cauchy
problems. In Numerical Analysis and Its Applications, pages 35—45. Springer,
2005.

S. Blanes and P. C. Moan. Practical symplectic partitioned Runge-Kutta and
Runge-Kutta—Nystrom methods. J. Comput. Appl. Math., 142(2):313-330,
2002.

G. Strang. On the construction and comparison of difference schemes. SITAM

J. Numer. Anal., 5(3):506-517, 1968.

E. Vyazmina. Bifurcations in a swirling flow. PhD thesis, Ecole Polytechnique,
2010.

L. S. Tuckerman. Dynamical systems, http://www.pmmh.espci.fr/

~laurette/class/DynSys.pdf. University Lecture, 2015.

H. B. Keller. Lectures on numerical methods in bifurcation problems. Applied

Mathematics, 217:50, 1987.

C. Norberg. Fluctuating lift on a circular cylinder: review and new measure-

ments. J. Fluids Struct., 17:57-96, 2003.

S. J. Sherwin and H. M. Blackburn. Three-dimensional instabilities and tran-
sition of steady and pulsatile axisymmetric stenotic flows. J. Fluid Mech.,

533:297-327, 2005.

B. E. Jordi, C. J. Cotter, and S. J. Sherwin. An adaptive selective frequency
damping method. Phys. Fluids, 27:094104, 2015.

J. Nocedal and S. J. Wright. Numerical optimization, volume 2. Springer,

1999.

X. Mao and H. M. Blackburn. The structure of primary instability modes
in the steady wake and separation bubble of a square cylinder. Phys. Fluids,
26(7):074103, 2014.

143


http://www.pmmh.espci.fr/~laurette/class/DynSys.pdf
http://www.pmmh.espci.fr/~laurette/class/DynSys.pdf

Bibliography

[75]

[76]

[77]

78]

[79]

[80]

[81]

[82]

[83]

J. O. Pralits, L. Brandt, and F. Giannetti. Instability and sensitivity of the
flow around a rotating circular cylinder. J. Fluid Mech., 650:513-536, 2010.

J. O. Pralits, F. Giannetti, and L. Brandt. Three-dimensional instability of
the flow around a rotating circular cylinder. J. Fluid Mech., 730:5-18, 2013.

Video Mercedes CLR crash during the 1999 24 Hours of Le Mans. https:
//www .youtube . com/watch?v=0w3rxq7U1imA, 2015.

M. Jiang, R. Machiraju, and D. Thompson. Detection and visualization of

vortices. The Visualization Handbook, page 295, 2005.

S. J. Kamkar, A. M. Wissink, V. Sankaran, and A. Jameson. Feature-driven
cartesian adaptive mesh refinement for vortex-dominated flows. J. Comput.

Phys., 230(16):6271-6298, 2011.

H. J. Lugt. The dilemma of defining a vortex. In Recent developments in

theoretical and experimental fluid mechanics, pages 309-321. Springer, 1979.

S. K. Robinson. Coherent motions in the turbulent boundary layer. Annu.

Rev. Fluid Mech., 23(1):601-639, 1991.

L. M. Portela. Identification and characterization of vortices in the turbulent

boundary layer. PhD thesis, Stanford University, 1998.

J. C. R. Hunt, A. Wray, and P. Moin. Eddies, stream, and convergence zones
in turbulent flows. Center for turbulence research report CTR-S88, pages 193—
208, 1988.

J. Jeong and F. Hussain. On the identification of a vortex. J. Fluid Mech.,
285:69-94, 1995.

G. K. Batchelor. Axial flow in trailing line vortices. J. Fluid Mech., 20(04):645—
658, 1964.

H. Tryggeson. Analytical Vortex Solutions to the Navier-Stokes Equation. PhD
thesis, Vaxjo University, 2007.

144


https://www.youtube.com/watch?v=Ow3rxq7U1mA
https://www.youtube.com/watch?v=Ow3rxq7U1mA

Bibliography

[87]

[88]

[89]

[90]

[91]

[92]

93]

[94]

[95]

[96]

[97]

C. J. Heaton, J. W. Nichols, and P. J. Schmid. Global linear stability of the
non-parallel Batchelor vortex. J. Fluid Mech., 629:139-160, 2009.

V. Theofilis. Progress in flow instability analysis and laminar-turbulent tran-
sition modeling. Von Karman Institute for Fluid Dynamics, Lecture Series

2014-07, June 2-6 201.

F. Laporte and A. Corjon. Direct numerical simulations of the elliptic insta-

bility of a vortex pair. Phys. Fluids, 12(5):1016-1031, 2000.

S. Le Dizes and F. Laporte. Theoretical predictions for the elliptical instability
in a two-vortex flow. J. Fluid Mech., 471:169-201, 2002.

P. Meunier, S. Le Dizes, and T. Leweke. Physics of vortex merging. Comptes
Rendus Physique, 6(4):431-450, 2005.

P. Orlandi. Two-dimensional and three-dimensional direct numerical simula-

tion of co-rotating vortices. Phys. Fluids, 19(1):3101, 2007.

L. Nybelen. FEtude numérique d’écoulements tourbillonnaires de sillage

d’avion. PhD thesis, Université Paul Sabatier-Toulouse 111, 2008.

L. Nybelen and R. Paoli. Direct and large-eddy simulations of merging in
corotating vortex system. AIAA Journal, 47(1):157-167, 2009.

C. Roy, N. Schaeffer, S. Le Dizes, and M. Thompson. Stability of a pair of
co-rotating vortices with axial flow. Phys. Fluids, 20(9):094101, 2008.

X. Mao, S. J. Sherwin, and H. M. Blackburn. Non-normal dynamics of time-
evolving co-rotating vortex pairs. J. Fluid Mech., 701:430-459, 2012.

M. S. Broadhurst, V. Theofilis, and S. J. Sherwin. Spectral element stabil-
ity analysis of vortical flows. In IUTAM Symposium on Laminar-Turbulent

Transition, pages 153—158. Springer, 2006.

145



Bibliography

[98]

[99]

[100]

M. S. Broadhurst. Vortex stability and breakdown: direct numerical simulation
and stability analysis using biglobal and parabolised formulations. PhD thesis,

Imperial College London, 2007.

H. Deniau and L. Nybelen. Strategy for spatial simulation of co-rotating

vortices. Int. J. Numer. Meth. Fl., 61(1):23-56, 2009.

J. F. Hoessler. Direct numerical analysis and stability analysis of vortexr domi-
nated flows around complexr geometries. PhD thesis, Imperial College London,

2011.

146



	Introduction
	Numerical methods
	The spectral/hp element method
	Weighted-residuals method
	Galerkin formulation
	Domain decomposition

	Time discretisation of the incompressible Navier-Stokes equations
	Steady-state solvers
	Newton's method: the time-stepper approach
	Selective frequency damping method

	Global linear stability analysis
	General presentation
	Modified Arnoldi method

	Stabilisation methods
	De-aliasing technique
	Spectral vanishing viscosity
	Boundary condition for unbounded truncated domains

	Nektar++

	Encapsulated selective frequency damping method
	Encapsulated formulation
	Generalities on splitting methods
	Encapsulated SFD method

	One-dimensional model
	Limiting behaviour
	Stability regions

	Numerical simulations
	Unstable steady-state
	Stability of the SFD method

	Chapter summary

	An adaptive selective frequency damping method
	Evaluation of optimum parameters
	Adaptive algorithm
	Numerical simulations
	Incompressible flow past a cylinder at Re=100
	Incompressible flow past a cylinder at Re=300
	Incompressible flow past an ellipse at Re=150 with an angle of attack
	Incompressible flow past a rotating cylinder at Re=100

	Chapter summary

	Tri-Global stability analysis of two co-rotating vortices
	Vortex detection
	Generalities on trailing vortices
	Numerical set-up
	Numerical simulations
	Two co-rotating trailing vortices at Re = 250
	Two co-rotating trailing vortices at Re = 600

	Chapter summary

	Conclusion
	Bibliography

