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Abstract

This thesis explores a range of stability techniques and their application to structures
in various constant density fluid flows. In particular, the stability of nonlinear struc-
tures which develop in rotating plane Couette flow is analyzed using Floquet theory,
which allows the global stability of an important secondary nonlinear structure called a
Taylor vortex to be determined. From this the distinct tertiary states which emerge as
Taylor vortices break down are characterized and their bifurcation behaviour is studied.
Non-modal stability analyses are conducted in rotating plane Couette flow and annular
Poiseuille-Couette flow. In each flow the growth mechanisms and the form of the pertur-
bations responsible for the maximum linear energy amplification are discussed. Finally,
the non-modal behaviour of the Papkovitch-Fadle operator is treated with reference to
spatially developing disturbances in Stokes channel flow. The mechanisms and the rates
of convergence of the linear spatial energy amplification are investigated and contrasted

with temporal energy amplification.






Contents

1 Introduction

2 Non-modal growth in annular Poiseuille-Couette flow

2.1 Governing equations . . . . . . . ...
2.1.1 Alternative non-dimensionalizations . . . . . . . . . ... .. ...
2.1.2 Thread-annular flow . . . .. ... ... .. ... 0.
2.2 Linear stability . . . . . . ... oo
2.3 Non-modal growth . . . . ... .. ... oo
2.4 Optimal growth in APCF . . . .. .. ... ... ...
2.4.1 Optimal perturbations and growth mechanism . . . . . . .. . ..
2.4.2 Axisymmetric growth . . . . . ... ...
2.4.3 Radius ratio dependence of G . . . . . ... ..o
2.5 Comparison to experimental data . . . . . . . ... ... ... ......
26 Conclusion . . . . . .. .

Stability and bifurcations in rotating plane Couette flow

3.1 Governing equations . . . . . .. ...
3.2 Linear stability . . . . . .. ..
3.2.1 Flowfield visualization . . . . .. .. .. ... ... ... ... ..
3.3 Nonlinear states . . . . . . . . ...
3.4 Floquet stability analysis . . . . . . .. ... ...
3.4.1 Steady states . . . . ..o
3.4.2 Time-periodic states . . . . . . . . ... Lo
3.4.3 Global stability . . . .. ... ... oo
344 Convergence . . . . . . . ...
3.4.5 Validation . . . . .. ..o
3.5 Secondary states . . . . .. ..

11
11
14
16
17
23
26
31
35
38
40
43



2 Contents
3.5.1 Taylor vortex flow . . . . . . . ... ... L 62
3.5.2  Second Taylor vortex flow . . . . . ... ... ... 62
3.5.3 Oblique vortex flow . . . . . . . . ... ... ... ... ... .. 65
3.5.4 Summary of secondary states . . . . .. .. ... 67

3.6 Stability of Taylor vortex flow . . . . . . ... ... ... ... ... .. 68
3.6.1 Streamwise instability maps . . . . . .. ... 000 70
3.6.2 Eckhaus instability maps . . . . . ... o 0oL 79
3.6.3 Summary of TVF stability properties . . . . . . . ... ... ... 82

3.7 Bifurcations of tertiary states . . . . ... ... oL 83
3.7.1 Wavy vortex flow . . . . . ... 84
3.7.2 Twist and wavy twist vortex flow . . . . . . ... ... ... .. 84
3.7.3 Oscillatory wavy vortex flow . . . . . . ... .. ... ... .... 85
3.7.4 Skewed vortex flow . . . . ... ..o 87
3.7.5 Bifurcation of twist, wavy twist and wavy vortex flows . . . . .. 88
3.7.6  Bifurcation of wavy and oscillatory wavy vortex flows . . . . . . . 94
3.7.7 Bifurcation of skewed vortex flow . . . . ... ... 000 98

3.8 Transition modelling . . . . . . .. ... oo L 100
3.8.1 Numerical procedure . . . . . . . .. ... L0 103
3.8.2 Model prediction . . . . . .. ... 104
3.8.3 Time-periodic flow: 2 =25 .. .. .. ... .. .. ... ..... 106
3.84 Wavy vortex flow: 2 =10 . . ... ... ... ... ... ... 109
3.8.5 Taylor vortex flow: 2=20. .. ... ... ... ... .. ..... 111
3.8.6 Taylor vortex flow: 2 =50. . .. .. ... ... ... ... .. .. 112
3.8.7 Wavy twist vortex flow: 2 =90 . . . ... ... ... ... .. .. 115
3.8.8 Assessment . . .. ... 118

3.9 Conclusion . . . . . . ... 120

4 Non-modal growth in rotating plane Couette flow 123

4.1 Non-modal growth . . . .. ... ... ... oL 123
4.1.1 Maximum optimal growth . . . . .. ... ... ... ... ... 126

4.2 Optimal growth in RPCF . . . . .. .. ... .. ... ... 128
4.2.1 Cyclonic rotation and the non-rotating case . . . . .. ... ... 130
4.2.2 Subcritical anti-cyclonic rotation . . . . ... ..o 137

4.2.3 Rotational independence of the Orr mechanism . . . . . ... .. 140



CONTENTS 3

4.3 DISCuSSIiONn . . . . . . . 142

5 Nonnormality and optimal growth of the Papkovitch-Fadle operator 145

5.1 Governing equations and modal solution . . . . ... ... .. ... ... 145
5.2 Nonnormality and optimal energy growth . . . . . . .. .. .. ... ... 148
5.2.1 Optimal growth and convergence . . . . .. .. ... ... .... 150
5.2.2  Optimal growth with bounded wall shear . . . . . . .. ... ... 157

5.3 Short wavelength asymptotics . . . . . .. .. ... ... 159
5.3.1 Normalization factor . . . . . . .. .. .. ... ... ... 161
5.3.2 Interaction of short wavelength modes . . . . . .. .. ... ... 162
5.3.3 Interaction of long and short wavelength modes . . . . . .. . .. 163
5.3.4 Short wavelength growth mechanism . . . .. ... .. ... ... 164

5.4 Spatial Poiseuille flow . . . . . . . ... ... oo 166
5.4.1 Spatial spectra . . . .. ... Lo 167
5.4.2  Optimal growth and convergence . . . . . ... ... ... .... 170
5.4.3 Optimal disturbances . . . . . . .. .. ... ... 174

5.5 Temporal plane Couette flow . . . . . . . . .. .. ... ... ... .... 176
5.6 Conclusion . . . . . .. .. 183
6 Conclusions & further work 185
6.1 Annular Poiseuille-Couette low . . . . . .. . ... ... ... ... ... 185
6.2 Rotating plane Couette flow . . . . . . . . . . ... ... 186
6.3 The Papkovitch-Fadle operator and spatial non-modal growth . . . . .. 189

Bibliography 191



Contents




Chapter 1

Introduction

Hydrodynamic stability and the transition to turbulence of fluid flow have been un-
der investigation and scientific scrutiny since the late 19*" century, when the studies of
Rayleigh (1880) and Reynolds (1883) provided early insights into the mathematics and
physics involved. With the equations governing the dynamics of a viscous fluid already
established by Navier (1822) and Stokes (1845), Rayleigh’s contribution, though it is one
of many in the field, was to derive an equation governing the evolution of infinitesimal,
inviscid waves which perturb a finite mean flow. The ideas underpinning the formulation
of this equation, known as the Rayleigh equation, are a major influence on our modern
understanding of stability in its mathematical sense. Reynolds’ experimental investi-
gations on transition to turbulence in pipe flow heralded the discovery that transition
could be characterized in terms of a non-dimensional quantity which takes account of
the spatio-temporal scales of the system and the viscosity of the fluid. The Reynolds
number, defined Re = % for flow in a channel where U is the mean flow velocity, h
is the channel half-width and v is the kinematic viscosity, has become one of the most
important numbers in fluid dynamics. Its discovery has precipitated the identification
of a range of non-dimensional numbers which describe various aspects of fluid flow. The
inconsistency between experimental observations of the onset of turbulence and theoret-
ical predictions of when transition should occur remains an outstanding problem in 215

century physics, and motivation for current researchers around the world.

The possibility of transiently growing structures in shear flows has long been recognized
in fluid mechanics. Among the first to predict the existence of such disturbances was Orr
(1907) who, on analyzing the dynamics of a two-dimensional inviscid fluid and under-
scoring the existence of a transient instability mechanism, wrote, “It accordingly appears
that, in this simple case, although the disturbance, if sufficiently small, must ultimately
decrease indefinitely, yet, before doing so, it may be very much increased”, Orr (1907,

p. 32). Transient, non-modal, energy growth of linear perturbations has now become a
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cornerstone of hydrodynamic stability analysis, alongside classical eigenvalue, or modal,
analysis. Researchers such as Ellingsen & Palm (1974) and Landahl (1980) added to the
literature on inviscid, algebraic (as opposed to expontential) growth mechanisms extant
in linearly stable fluids. Gustavsson (1991), Butler & Farrell (1992), Reddy & Henningson
(1993) and Schmid & Henningson (1994) showed that transient energy growth of linear
disturbances over many orders of magnitude is possible in viscous flows, with growth
driven by the inviscid, algebraic instabilities and subsequently cut off by viscous dissipa-
tion after long times. It was recognized that this transient energy growth is a consequence
of the underlying nonnormality of the linearized Navier-Stokes operator (Trefethen et al.
(1993), Trefethen (1997), Trefethen & Embree (2005)), which renders eigenmodes of the
system non-orthogonal with respect to an appropriate norm. Hence we term the study of
transient linear energy growth non-modal analysis, as a combination of many modes are
a necessary requirement for growth. Non-modal growth has been postulated to play a
role in the onset of turbulent dynamics in subcritical shear flows, where experimental ob-
servations of turbulence are very much at odds with the predicitons of the exponentially
growing linear modes of classical linear stability theory. From linear stability theory, we
have that plane Poiseuille flow has critical Reynolds number Re.. = 5772 (Orszag (1971))
and plane Couette flow is stable for all Reynolds numbers (Romanov (1973)). Numerical
calculations suggest that Hagen-Poiseuille flow is linearly stable, though a formal proof
of this continues to elude mathematicians. However, in experimental and numerical in-
vestigations, transition is found to occur as low as Re = 1000 for plane Poiseuille flow,

Re = 360 in plane Couette flow and Re = 1020 in Hagen-Poiseuille flow.

Recent studies have proposed fully nonlinear mechanisms governing subcritical shear flow
transition. These include the self-sustaining process proposed by Waleffe (1997, 1998)
and its asymptotic analogue of vortex-wave interaction theory featured in the works of
Hall & Smith (1991); Hall & Sherwin (2010), Deguchi et al. (2013) and Blackman et al.
(2013). The self-sustaining process and vortex-wave interaction theory are reliant on
streak instabilities; a streaky structure forms and loses stability to an inviscid wave; the
neutral inviscid wave drives streamwise oriented vortices; and the streamwise vortices in
turn drive the streaks. Non-modal growth, in the form of the lift-up mechanism (Lan-
dahl (1980)), has been proposed as the cause for the streamwise vortices being driven
into streaks. In another approach to the problem of transition, optimization over the
fully nonlinear Navier-Stokes equations for the minimal seed required for transition away
from laminar flow has been undertaken by Pringle et al. (2012), Rabin et al. (2012) and
Duguet et al. (2013); non-modal linear energy amplification plays a role in the nonlinear
optimals discovered by these authors. The mechanism proposed by Orr (1907) drives
the early growth states of the nonlinear optimal and the lift-up mechanism is once again

behind the emergence of streaks. In this light, we consider a non-modal stability analysis



to be an important contribution to the understanding of stability and transition in fluid
flows, and this is the motivation for the non-modal stability analyses in §§2, 4 and 5 of
this thesis.

In §2 we study the non-modal stability of annular Poiseuille-Couette flow (APCF), a
cylindrical flow where the fluid is driven by the combination of an axial pressure-gradient
and a sliding inner cylinder. APCF has received attention recently as it incorporates
thread-annular flow which is relevant to the medical procedure of thread-injection, a
minimally-invasive surgical technique whereby a thread is inserted into a body using a
spool and fluid-filled syringe apparatus (see Frei et al. (2000) for more details). Walton
(2003, 2004, 2005) built upon the earlier linear stability analyses of Sadeghi & Higgins
(1991) and Gittler (1993) to study the nonlinear stability and axisymmetric linear stabil-
ity of APCF. Sadeghi & Higgins (1991) computed non-axisymmetric neutral curves and,
following the approach of Cowley & Smith (1985) for planar Poiseuille-Couette flow, de-
rived asymptotic cut-off inner cylinder velocities beyond which no linear instability is
supported. Gittler (1993) showed that disconnected axisymmetric neutral curves exist
for APCF, a finding later confirmed by Walton (2004) in a comprehensive axisymmetric
stability analysis. Walton (2003, 2005) also found non-axisymmetric, large Re nonlin-
ear waves to be supported over a wide parameter range and explored their relevance to
thread-annular flow. Experimental studies of APCF are found in papers by Frei et al.
(2000), who focus on thread-annulus applications, and a short paper by Shands et al.
(1980), where transition to turbulence and fully turbulent flow are studied. In particular,
Shands et al. (1980) show that transition occurs far below the linear stability threshold
and, furthermore, that an increase of inner cylinder velocity de-stabilizes the flow which is
at odds with the trend predicted by linear stability theory. Most recently, Wong & Wal-
ton (2012) computed finite-amplitude axisymmetric travelling wave solutions and showed
that they can be continued below the linear neutral curve to subcritical parameter space.
Non-modal growth analysis has been applied to related flows, such as Hagen-Poiseuille
flow (Schmid & Henningson (1994)) and sliding Couette flow (Liu & Liu (2012)), but not
APCF. Therefore, our aim is to complement the existing works concerning transition in

APCF with a non-modal stability analysis.

The seminal work of Taylor (1923) mixed experimental and theoretical methods to de-
scribe the emergence of vortex structures in a differentially rotated, concentric-cylinder
apparatus. These vortex structures are now called Taylor vortices and are considered key
structures in transition of cylindrical and curved fluid flow (see Koschmieder (1993) for a
full review). The Taylor vortices were shown to develop due to a linear inviscid instabil-

ity of the base flow, putting experiment and theory in good agreement with one another
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and providing some hope that the phenomena of transition and turbulence may be the-
oretically understood. Taylor’s experiments sparked a flurry of research activity, which
included: theoretical studies of Taylor vortex instability such as Davey et al. (1968) and
Eagles (1971), who used weakly nonlinear analysis to determine the instabilities which
affect Taylor vortices; experimental papers such as Coles (1965), Andereck et al. (1986)
and Hegseth et al. (1996), who mapped in parameter space the different flow regimes
observed in the experiments; and numerical stability analyses wherein finite-amplitude
Taylor vortices are calculated numerically in addition to the higher-order structures they
bifurcate towards, such as Nagata (1988), Weisshaar et al. (1991) and Antonijoan &
Sanchez (2000). Recent experimental attention has been focused on the flow of a dif-
ferentially rotated fluid through a linear shear layer, known as rotating plane Couette
flow (RPCF). Alfredsson & Tillmark (2005), Hiwatashi et al. (2007), Tsukahara et al.
(2010) and Suryadi et al. (2013) carried out experimental investigations of transition,
with Tsukahara et al. (2010) following Andereck et al. (1986) by making a map in pa-
rameter space demarcating the different flow regimes which exist. Though RPCF is a
more challenging flow to model experimentally, it is perhaps more amenable to a the-
oretical or numerical analysis due to the Cartesian geometry and the ease with which
rotation can be added to the governing equations. The equations governing RPCF can be
interpreted as a local approximation to Taylor-Couette flow in the co-rotating, narrow-
gap limit, and indeed many of the aforementioned theoretical and numerical studies are

based in the Cartesian framework.

In §3 we attempt to further the theoretical understanding of transition in supercritical
RPCEF. We begin with a characterization of the linear instabilities which de-stabilize the
basic, primary flow and the finite-amplitude structures, often called secondary states in
this context, which emerge from each unstable mode. The most important secondary
structures are the Taylor vortices discussed in the preceeding paragraph, as the least
stable perturbations of the primary flow bifurcate towards them. We perform a thorough
investigation of the stability properties of Taylor vortices using Floquet theory to solve
for perturbation growth rates. We study the stability of Taylor vortices with a range of
spanwise wavenumbers 3, to extend previous works such as Nagata (1998) who focused
on Taylor vortices in RPCF with the critical primary wavenumber § = 1.558. Our sta-
bility analysis is then used to investigate tertiary bifurcations in RPCF, with a study
of the structures that Taylor vortices develop into as they lose stability. Many of these
structures have an analogue in the cylindrical Taylor-Couette flow, such as wavy vortex
flow (Davey et al. (1968), Nagata (1988)) and twist vortices (Weisshaar et al. (1991), An-
tonijoan & Sénchez (2000)), but our approach uncovers a new streamwise-independent
structure and a basic oscillatory state. Our analysis of the bifurcation sequence in RPCF

is subsequently used to study the flow regimes observed in the experiments of Tsukahara



et al. (2010) and Suryadi et al. (2013). We propose a simplified transition model, the aim
of which is to provide insight into the complex dynamics of transition, which we use in

a comparison between experimental observation and theoretical and numerical modelling.

84 continues our study of RPCF with a non-modal stability analysis on its subcritical
parameter subspace. RPCF has two rotational regimes: cyclonic rotation, for which the
mean vorticity is aligned with the system rotation and anti-cyclonic rotation, for which
the mean vorticity and the system rotation counteract one another. The anti-cyclonic
rotation regime has been of particular interest in the astrophysics community, where it
is used as a local model for large-scale astrophysical accretion disks. The possibility of
hydrodynamic turbulence in accretion disks is a subject of lively debate amongst as-
trophysicists. It is postulated that hydrodynamic turbulence could be the driving force
behind an inward transport of angular momentum, which is necessary for the disks to
accrete matter (Narayan et al. (1987), Longaretti (2002), Tevzadze et al. (2003), Yecko
(2004), Shartman et al. (2012)). In this vein, Yecko (2004) made calculations of the
non-modal growth for anti-cyclonic rotation. Using the rotation number Ro = % as
a non-dimensional measure of rotation, where € is the rotation rate of the system, h is
the channel half-width and U is the speed of each opposingly moving plate, Yecko found
strong growth in the case Ro = 1, with this rotation rate related to a constant angular
momentum rotating disk. This growth is driven by the anti lift-up effect (Antkowiak &

Brancher (2007)), a mechanism with opposing characteristics to the lift-up mechanism of
4
3
local model for a Keplerian accretion disk, with this growth attributed to the mechanism

non-rotating flow. Yecko reported weaker two-dimensional growth for Ro = %, which is a
originally proposed by Orr. Yecko subsequently concluded that anti-cyclonic hydrody-
namic transition would be possible for high Reynolds numbers. We do not address the
specific route in which a disturbance reaches turbulence in our work, rather, we identify
the dominant linear energy growth mechanisms which we suspect will be relevant to the

transition process.

Finally, in §5 we study the nonnormality of the Papkovitch-Fadle
operator. The Papkovitch-Fadle operator is derived from the mathematical system which
independently describes physical problems in both fluid mechanics and solid mechanics.
In fluid mechanics, the problem corresponds to the Stokes flow of a viscous fluid within a
semi-infinite two-dimensional strip. In solid mechanics, modelling the elastic deformation
of a clamped semi-infinite plate requires the solution of the Papkovitch-Fadle operator.
The operator is named after Papkovitch (1940) and Fadle (1941) who independently
worked on the problem of elastic deformation in a finite strip, or rectangle, and in so

doing gave expressions for the eigenfunctions relating to the semi-infinite domain. Much
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of the previous literature on the problem is concerned with the suitability of expressing
arbitrary edge data as a sum of these eigenfunctions. Smith (1952) examined the solid
mechanics problem and developed an algorithm to determine the bending displacement
of a semi-infinite elastic strip, under arbitrary displacements and stresses at the free
edge. Smith’s solution takes the form of a series of Papkovitch-Fadle eigenfunctions and
conditions are established to guarantee convergence of that series. Noting that these
conditions are too restrictive for most applications, Joseph (1977); Joseph & Sturges
(1978), Gregory (1979, 1980a,b) and Spence (1982) showed that convergence could be
guaranteed beyond Smith’s conditions, and used their results to solve a wider range of

Stokes flow and plate elasticity problems than previously possible.

Trefethen (1997); Trefethen & Embree (2005) highlighted the nonnormality of the
Papkovitch-Fadle operator and computed its pseudospectra and plots of the optimal
amplification of arbitrary edge conditions, along the semi-infinite dimension. The opti-
mal disturbances were recognized to be Moffatt eddies (Moffatt (1963)), which are known
to develop in a wall bounded corner of a viscous fluid. Optimal growth of spatially devel-
oping disturbances has also been treated in the context of boundary layers by Andersson
et al. (1999), Luchini (2000) and Tempelmann et al. (2010) where it has been used as
a key component in prediction models for transition to turbulence. A spatial optimal
growth framework was also developed by Reshotko & Tumin (2001) in Hagen-Poiseuille
flow, and for planar, wall-bounded parallel flows by Schmid & Henningson (2001). These
works on spatial non-modal growth complement the much larger literature on non-modal
growth in temporal flows, and together they form the basis of our understanding of the
spatio-temporal development of structures within a fluid. In §5 we return to the question
of the maximum spatial amplification that can be achieved by an arbitrary edge condi-
tion expressed as a finite series of Papkovitch-Fadle eigenfunctions. Framing the problem
in a Stokes flow context, we investigate the convergence of the optimal edge condition
with modal truncation. We then assess the extent to which our findings for Stokes flow
are relevant to flows with spatial convection by studying two-dimensional spatial plane
Poiseuille flow. To conclude, we compare our findings for spatial flows with an asymp-

totic analysis of the convergence of optimals in temporal plane Couette flow.



Chapter 2

Non-modal growth in annular

Poiseuille-Couette low

In this chapter we consider the temporal transient energy amplification of non-modal
disturbances in annular Poiseuille-Couette flow (APCF); the flow between concentric
cylinders with an axially translating inner cylinder and a pressure gradient driving the
fluid across the annular gap. The outline of the chapter is as follows: in §2.1 we introduce
the governing equations and derive the axially and azimuthally independent laminar base
profile. In §2.2 we recap previous authors’ linear stability results and in so doing verify
our own calculations. We further maximize over wavenumbers to produce neutral curves
in (Re, V') parameter space, with Re the Reynolds number based on the pressure gradi-
ent and V' the inner cylinder velocity. In §2.3 we formulate the optimal energy growth
problem and define the maxima by which we analyse the transient energy growth. In
§2.4 we present the results of our non-modal growth calculations and assess the growth
mechanisms driving the linear energy amplification. Finally, in §2.5 we compare our
findings with the experimental study of Shands et al. (1980).

2.1 Governing equations

We consider annular Poiseuille-Couette flow (APCF); the flow of an incompressible, New-
tonian fluid bounded between two rigid, co-axial cylinders with impermeable walls. A
constant axial pressure gradient drives the fluid in the gap between the cylinders and,
in addition, the inner cylinder is free to move with a prescribed velocity, in the axial
direction. We work in cylindrical polar coordinates (Z, 7, 0~), aligned along the common

axis of the cylinders. The fluid velocity w and pressure p are governed by the cylindrical

11



12 2. Non-modal growth in annular Poiseuille-Couette flow

Navier-Stokes equations
~ ~ ]- ~ —2 ~
— +u-Vu=—-—-Vp+rvV-a, (2.1a)
p

V=0, (2.1b)

where p and v are the constant fluid density and kinematic viscosity, respectively. Given
an inner cylinder radius A and outer cylinder radius B, the no-slip boundary condition
is applied on the cylinder walls »r = A, B. For axial pressure drop Ap over pipe length
L and an inner cylinder velocity of 17, we have the following axisymmetric and axially

independent exact solution of (2.1), which serves as a laminar flow profile

U(T) = Uy(7) + U.(7), (2.2a)
with
~ Ap _ B _
U,(F) = m (r2 log i (B* — A*)log7 + B*log A — A%log B), (2.2b)
~ ~log B
U.(7) = V—or. (2.2¢)
log 2

where 1 = pr is the dynamic viscosity and A < 7 < B. fjp(f) and U,(7) denote the

Poiseuille and Couette components, respectively. The geometry is depicted in Figure 2.1.

To non-dimensionalize the flow we use the radial gap length scale B — A, the fluid density

p and the mean Poiseuille velocity U. For cross-sectional area A., U is defined as

_ 1 ~ 9 B _
U= [Gas= 2 /A 0, (r) rdr, (2.32)
Ac
Ap 2 2 2 2 B)
=P (B2 A2 (B*+ A% log — ). 2.3h
iz ( (B2 + 4%)log D (2.3b)

The flow can then be described in terms of non-dimensional quantities; the radius ratio
1 of the cylinders, the Reynolds number Re based on the pressure gradient and the

non-dimensionalized velocity V' of the translating inner cylinder

A U(B— A) 1%
The non-dimensionalized laminar profile is
1—7%2(1—-n)?)1 —(1—-n?)1 1- 1 1—

1=+ (1 +n?)logn logn



2.1 Governing equations 13

for & < r < 1% and with 0 < n < 1. In Figure 2.2 we plot the laminar profile at
7 7

various values of 7 and V. Assuming an infinitesimal perturbation of the form

[w, v, w,p] = [u,v,w,p| (r)ei(kﬂme)“’t, (2.6)

with £ € R, m € Z and w € C, we linearize the Navier-Stokes equations about the
laminar profile U(r) to get

1 / 2
wu+ kU +oU" = —ikp+ —< v + — — [ = + &2 u b, (2.7a)
Re r 72
1 ! 1 2 2i
wo +ikUv = —p/ + — 0" + = — RS P : (2.7b)
Re r 72 72
i 1 ! 1 2 2i
ww + ikUw = ——L 4~y 2 m 2w+ 2 : (2.7¢)
r Re r r2 72
iku+ o + -+ g, (2.7d)
r r

where ' = %. The no-slip boundary condition holds on each cylinder surface, giving

1
u=v=w=0 at r=—1 (2.8)

Figure 2.1: Flow geometry with dimensional quantities labelled.
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n—0.2

3
T T
2
0.5 i
o— ' o— '
-10 0 10 -10 0 10
U(r) U(r)

Figure 2.2: Base flow profiles in r for the radius ratios n = 570.2,0.5,0.8. U(r) with

V = —15,-10,-5,—-2,—1,0,1,2,5,10, 15 is plotted for each radius ratio. The black

dashed line in each Figure marks the inner cylinder boundary r = —L.

1-n

2.1.1 Alternative non-dimensionalizations

Our choice of non-dimensionalization is not unique; various alternative characteristic
length scales and velocities have been used by previous authors studying APCF. In the
experiments of Shands et al. (1980) and Frei et al. (2000), lengths and velocities are
non-dimensionalized by the hydraulic diameter, D = 2(B — A), and the total mean flow

velocity
~ 1 ~ o~ -
U:I/UP+UCdS:U+V, (2.9a)
CAC
Ap B ~ (B? — A2 —2A%log Z
=—— (B - A= (B*+ A)log— | +V 4 2.9b
8uLlog & ( (B"+ 47 OgA) i 2(B? — A?)log & (2.9b)
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The Reynolds number Re and non-dimensional inner cylinder velocity ‘7, defined in terms
of D and U , are

_ UD .
Re:U—, V=

v

(2.10)

Y

I <

where v is the kinematic viscosity of the fluid as before. In order to convert from the

experimental quantities to ours, we first note that,

2 2
- _ o (n —1—2n"logn
V=V . 2.11

( 2(1 —n?)logn ) 21)

After some straightforward manipulations we derive the following relations for Re and V'

in terms of }/%\e and \7

Re ~(n?>—1-2n%logn
=—<q1-— 2.12
Re 2{ V( 30 P hosn )] (2.12a)

2V (1 — 21
V= (L= n7)logn _. (2.12b)
2(1 —n?)logn — (n* — 1 = 2n*logn)V
In the theoretical works of Walton (2003, 2004, 2005) the outer cylinder radius, B, is

used as the length scale and velocities are non-dimensionalized using the pressure driven

velocity U, = AfT’f. Hence Walton’s parameters, Re, V,, and k, are related to ours
through
Re—1""p (2.13)
e = —— Rey,, 13a
f(n)
V = f(n)Va, (2.13b)
k= (1—mn)ky, (2.13¢)
where we define
2logn

f(n) (2.13d)

TP+ (L) logn
Further conversion is needed for comparison with the results of Sadeghi & Higgins (1991),
who chose the maximum pressure driven velocity, max; (71,, and cylinder half-gap, BQ;A,

as their characteristic quantities

2
Re = mResh, (2.14a)
V= f(n)gn)Van, (2.14b)

k = 2k, (2.14c)
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where f(n) is defined as before, and

1—n? n?—1
=’ 1-1 — | . 2.14d
o) =+ g (1o (L (2,14

2.1.2 Thread-annular flow

A pertinent physical application of APCF is in thread-annular flow, which is a model for
a medical injection procedure involving insertion of an implant into a body in a minimally
invasive manner. In the procedure, a thread is surrounded by a fluid and stored on a
spool within a container with a long cylindrical outlet. It is then inserted into the desired
location by pressurizing the fluid such that the thread travels along the cylindrical section
of the container before entering the body. More details on the technique can be found
in Frei et al. (2000). A crude mathematical model for the dynamics of the procedure
is a system of pressure-driven fluid constrained to move in the gap between concentric
cylinders with a sliding inner cylinder. Thread-annular flow can be considered a specific
case of APCF, where the inner cylinder is not independently driven, but free to slide.
A maximum inner cylinder velocity can be derived for the thread-annulus problem, by
balacing the pressure-driven forces on the inner cylinder with the resistive action of the
shear. Assuming the fluid to be in the laminar solution (2.5), the non-dimensionalized

resistive shear force F, acting on the inner cylinder over a length ¢ is

2 4n?1 2(1 —n?
g = Zrnthe (dU _opped Vo (Arlosn 20 =) Ny
1—n \Udr logn 1=+ (1+n?)logn

__n
r=1

The non-dimensionalized force on the inner cylinder due to the pressure gradient across

the annular gap is

2
n dP 8n%logn
F,=—ml| — | — =7fR 2.16
e (1—77> e~ 6(1—n2+(1+n2)10gn (2.16)

The total resistive force on the inner cylinder is then F, = Fj, + F;. When F, is zero, the

thread reaches its maximum velocity

_ 2(1—n*)logn
S 1—n2+ (1 +n?)logn’

Vinaa (2.17)
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2.2 Linear stability

By modification of the Rayleigh inflection point criterion to account for cylindrical ge-
ometry, we investigate whether APCF is linearly stable to inviscid perturbations. We

begin with the Rayleigh equation in cylindrical coordinates

o (¢ Uy
U— Z_ = — | = =0 2.18
( ) (r KT KT ¢=0, (2.18)
where ¢ = rv, kK = k? + T—; and ¢ = =¥ in our notation. Multiplication of (2.18) by the

%
factor ([f—_c), where ¢* is the complex conjugate of the potential ¢, and integrating over

the annular gap gives

ﬁ¢¢* ¢/ /* ﬁ U /¢¢* -
/17]7] , _(5>¢d7‘—/ﬂn <§> U_CdT—O. (2.19)

Integration by parts of the integral on the left gives

4 2 /12 . N/ 2
/1"ﬂ+mdr_/”(ﬂ)ﬂd_o, (2.20)
1 T KT = kr) U—c

The integral on the left is strictly positive and real. The second integral is complex
valued, and with ¢; denoting the imaginary part of the complex wavespeed ¢, we express

the imaginary part of the second integral as

_1 /

S U\ o
; — | ————dr =0. 2.21
/ () ot =* (221)

OF s strictly positive, in order for the integral to be satisfied for ¢; > 0 the

|U—cl?
factor (£°) must change sign somewhere in the interval - < r < -1 However, for the
KT 1-n 1-—m

Since

base flow (2.5), we have

(z)’ _ 2(2Pm® — QK*)r (2.22)

KT (k2r2 +m?)? ~’

with the constants P and () given by

2(1 —n)*logn
12+ (1+n2)logn
_ v 2(1 -1
T logn 1—n2+ (1+n2)logn

P = (2.23)

Q (2.24)

Provided 2Pm? — Qk* # 0, (%)' cannot change sign in the interval & <r< ﬁ,

implying ¢; = 0 in order for expression (2.21) to be satisfied. Therefore, the Rayleigh

stability criterion only tells us that the base flow is linearly stable to inviscid waves
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whenever 2Pm? — Qk? # 0. However, since the Rayleigh argument is only a necessary
condition for instability, we cannot deduce that the flow is unstable if 2Pm? — Qk? = 0.
In order for 2Pm? — Qk? = 0 to be satisfied, P and ) must have opposite sign. Since
0 <n <1, P is strictly positive. Therefore we require () < 0, which implies

2(1—n)logn
L=+ (1+n?)logn

V>Vr= (2.25)
Here V* is precisely the maximum inner cylinder velocity V;,.. achieveable in thread-

annular flow, meaning that thread-annular flow is always stable to inviscid waves.

Viscous waves can de-stabilize APCF and we numerically determine these instabilities
by solving the linear system (2.7) for w € C, using the Chebyshev collocation tech-
nique outlined in Schmid & Henningson (2001). Typically, the collocation technique uses
Chebyshev polynomials of the first kind, 7},, to approximate functions of the non-periodic

coordinate &, say, at discrete locations §; called Gauss-Lobatto grid points

& = cos (M) f(§~)—Nz:1a T,-1(&) =1,2 N 2.26
J N —1 ) J) ndtn-1\Sj5 />y J=1L4...,V. ( )
n=1

Since the Gauss-Lobatto points lie between —1 < &; < 1, we map from the annular gap

re i, 77]toée[ 1,1] using

1/14+n n 1
=3 (1 — gj) — <r < —. (2.27)

With derivatives of the dependent variables represented by Chebyshev differentiation

matrices, this discretization allows us to solve the generalized 4N x4 N eigenvalue problem
LG, = weMdp, (2.28)

for wy and G, = (ug, ve, wy, pr), where the operators A and B are given by

dU -
X + RLLQ —dar 0 —ik
0 _L12m _ d
L= 1>§im e | (2.:29)
0 R X T
ik 441 i 0
10 00
0100
M = : (2.30)
0010
0000
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and we have defined

1 /d*> 1d 1+ m?
- (= 42 _ k2 —ikU. 2.31
X Re(dr2+rdr ( 72 * )) Ky (2.31)

Our solutions to the linear stability equations are found by numerical computation of the

full spectrum using the eigenproblem routines in MATLAB. A number of spurious modes
are found by solving the system in this way. We guard against spurious modes entering
our calculations in the following way: the rows of £ which are modified to enforce the
no-slip boundary condition on the cylinder walls are multiplied by an arbitrary constant

A. Therefore the equation for u at the inner wall, for example, becomes
Aué‘r:%ﬁ = WKUZ‘TZ%"‘ (232>

This forces spurious eigenvalues to take the value w, = A, and by choosing an appropriate
A we can ensure spurious modes are kept out of our calculations. Having arrived at a
set of modes, we list the eigenvalues in terms of decreasing real part, wi,ws, ..., wy, ...,
such that the primary mode corresponds to the least stable. In Figure 2.3 we plot the
eigenvalue spectra for the case (k,m,n, Re) = (1,1,0.5,2000), at various inner cylinder

velocities V.

We use the computations of Walton (2005) to validate our numerical routines, as their pa-
per includes calculations of neutral curves for radius ratio n = 0.4, over various azimuthal
wavenumbers and inner cylinder velocities. Using a bisection technique, we calculate the
corrsponding neutral curves using our non-dimensionalization, and compare them with
Walton’s results. In Figure 2.4 we compare our calculations with those of Walton (2005)
by re-printing Figure 4(a) from Walton’s paper alongside our own computations re-scaled
to the variables used by Walton. We find good agreement between our results and those

of Walton, with little noticeable difference between the curves.
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Figure 2.3: Complex eigenvalues wy of the linear stability equations for (k,m,n, Re) =
(1,1,0.5,2000) at the inner cylinder velocities V' = 0,0.1,1, —0.1 as indicated.
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Figure 2.4: On the left we re-print Walton’s neutral curves for n = 0.4, m = 1 and
V =0 (solid), V = 0.015 (dotted), V = 0.03 (dashed) and V' = 0.1 (dot-dashed). The
axial wavenumber in Walton’s paper is denoted «. On the right we plot our calculations
re-scaled to Walton’s quantities, with V,, = 0 (solid) and V,, = 0.03 (dashed).
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Further to the (Re,k) curves, we compute neutral curves in the (Re,V')-parameter
space by maximizing unstable growth rates over axial wavenumber k for fixed azimuthal
wavenumber m. In particular we plot neutral curves for the radius ratios considered in
§2.4: n = 0.2,0.5,0.8. We could not find any linearly unstable modes for Re < 10° when
n= ﬁ. Our results are shown in Figures 2.5, 2.6 and 2.7. In each Figure, we plot neutral
curves at the least stable azimuthal orders for Re < 10°. Across all radius ratios, |V| 2 1
is stablizing, as the critical Re is pushed higher than its V' = 0 value. V' small and neg-
ative is de-stabilizing in the cases n = 0.2 and n = 0.5, as shown in Figures 2.5 and 2.6.
From Figure 2.7 we see that small positive V' is de-stabilizing for n = 0.8. We find the
lowest critical (Re, V') combination when n = 0.2 for (Re, V) = (6441, —0.15). Walton
(2005) reports disconnected neutral axisymmetric neutral curves; our calculations are in
agreement with this, though our results do not include Re large enough to support dis-
connected axisymmetric neutral curves. Walton additionally mentions that they do not
find disconnected non-axisymmetric neutral curves. Our calculations support this con-
clusion, however, we find that the m = 1 neutral curve for n = 0.5, and all neutral curves
for n = 0.8 are scalloped, with three local turning points in (Re, V'), for V< 0, V ~ 0 and
V' > 0. Sadeghi & Higgins (1991) found asymptotic cutoff velocities for 0.5 < n < 1 for
axisymmetric and non-axisymmetric modes and positive inner cylinder velocities, adapt-
ing the methods used by Cowley & Smith (1985) for planar Poiseuille-Couette flow. In
Figure 2.6 we plot the cutoff velocities for n = 0.5, as listed in their paper, alongside our

neutral curves. Our computations are consisent with their asymptotic findings.

n=0.2 n=20.2
1 : : . 1
—m =1 —m =1
0.5r 1 0.51
14 0 4 0
-0.51 1 -0.51
1 ! 1
0 2 4 [ 8 10 0 0.5 1 15
Re 4 k
x10

Figure 2.5: Left: Neutral curves in (Re, V') at azimuthal order m = 1 and radius ratio
n = 0.2. Right: Critical axial wavenumbers k corresponding to the neutral modes in the
left panel.
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Figure 2.6: Left: Neutral curves in (Re, V') at azimuthal orders m = 1,2 and radius ratio
17 = 0.5. The dashed lines indicate the cutoff velocities derived by Sadeghi & Higgins
(1991). Right: Critical axial wavenumbers k corresponding to the neutral modes in the
left panel.
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Figure 2.7: Left: Neutral curves in (Re, V') at azimuthal orders m = 0,1,2,3,4 and
radius ratio n = 0.8. Right: Critical axial wavenumbers k corresponding to the neutral
modes in the left panel.
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2.3 Non-modal growth

Our solutions to the linear stability equations are used to compute the non-modal energy
growth in APCF. We solve for w, € C and vector g, = (@, p,) satisfying the linear
system (2.28)

L4, = wiMq,. (2.33)

An arbitrary velocity disturbance can be expanded in terms of the first L modes of the

stability equations

L
u(x,r0,t) = gl (kztmo) Z agtiy(r)e, (2.34)
=1
for a, € C. We then introduce the norm
= H
B = (o) = [ v 2.35)
_n_
1-n

which is related to the physical kinetic energy of the fluid, E , in the periodic domain

[0, %] % 1%, 125] x [0, 2] by the relation

mkE

E=—— 2.36
2p7r2 ? ( )
where p is the constant fluid density. For @ = (ay, as, ..., ar) and A = diag(wy, ws, . . .,wr),
E(t) can be written
E(t) = afeM"t MeMa, (2.37)
where e is the matrix exponential of At, and M is the L x L matrix
1%
My = | " afa;rdr. (2.38)
_n_
1-n

M is both Hermitian (M = M*) and positive definite. Since M is Hermitian, its singular

value decomposition can be written

M = UySuUjy, (2.39)
where ¥, = diag(oy,09,...,0r) is a diagonal matrix of the singular values of M in
descending order oy > o9 > ... > o, and U,; is a unitary matrix. For />, =

diag(y/01, /02, . .., /0L) We have
F=Un/Su (2.40)
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which allows us to factor M into M = F”F. Hence, we have
lu(®)|]? = afe  FH FeMa = ||FeMalf?, (2.41)

where ||.||2 is the Euclidean 2-norm. The maximum energy amplification G is simply

E(t) [u®)]?
G(t) = max ——= = max , 2.42
=08 E0) W8 Nuol? 24)
[ FeMall3
= max 1 — 12 2.43
a2 ||Fal2 (2.43)
F AtF—lFA 2
= max I E : allz (2.44)
az0  ||Fall3
= ||FeMEF~12. (2.45)

G(0) = 1 by definition. Linear non-modal energy growth is supported in a flow if G(t) > 1
for any non-zero t. G(t) represents the maximum possible energy amplification at time
t of an initial perturbation, though different initial perturbations will be responsible
for maximum growth at distinct times. Suppose, having found the maximum energy
amplification achieveable at time t,,, we wish to find the form of the optimal initial

perturbation and also its form at t,,. Let uy denote the optimal perturbation, with

L
ug = FN " ady, and  ugl = 1. (2.46)
(=1

Then, since ug will have energy ||Fe = F~1(2 at t,,, we have
Ba = ||Felm FY|paeM™ = pae™™, (2.47)

where B = Fe’'m F~1 The constant u = ||Fe ™ F~!|, is simply the principal singular

value of B. The singular value decomposition of B allows us to write
BVg = UgXp, (2.48)

for unitary matrices Vg and Upg, and the matrix of singular values of B,
Y.p = diag(oy,09,...,0r). If we denote the principal eigenvectors of Vg and Up as

v1 and ug, respectively, then since y = o7 we have
BUl = o1uy, (249)

from which we can identify a = v;. The linear optimal ug, can then be found by ex-

panding a over the basis vectors @, ... 4. The optimal at time ¢, is found by simply

witm wrtm

expanding a over the vectors u,€e ... ure
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Given that the gain G = G(t, k,m,n, Re,V) is a six parameter function, we introduce
two maxima which allow us to represent the level of non-modal growth possible for a
perturbation at a fixed Reynolds number, inner cylinder velocity and radius ratio. First,

we maximize G over time
Gmaz(k,m,n, Re, V) = max G(t,k,m,n, Re,V) = G(tmax, k, m,n, Re, V). (2.50)

Gmae Tepresents the greatest linear energy amplification that a perturbation with pre-
scribed wavenumbers can experience. We further maximize over the wavenumbers k and

m to define
G(n, Re,V) = max Guaz(k,m,n, Re, V') = G(Thazs kmaz, Mmaz, M, Re, V), (2.51)

such that G denotes the maximum linear energy growth possible for a given Re, V' and
1 combination. Kyuz, Mimer and T, correspond to the axial wavenumber, azimuthal
wavenumber and the amplification time of the perturbation responsible for the ampli-
fication G. If G = 1, then all perturbations are non-modally stable. We shall refer to
the perturbation which achieves the maximum, optimal, growth G as the linear optimal.
We use G as a measure of the non-modal stability of the flow, with large values of G

interpreted as being de-stabilizing.

The MATLAB golden mean search fminbnd is used to find G,,., and G. Finding G,
requires a straightforward optimization over time; however, G may have local maxima,
so we vary the time horizon at each step to increase the likelihood of finding G,,,.. Since
the azimuthal wavenumber m is integer valued, we consider a range of m in turn, and
use the golden mean search to maximize over axial wavenumber k to find G. This is
computationally more expensive than finding G,,4., as a new spectrum of modes must
be computed for each wavenumber combination (m, k). In order to reduce the number
of wavenumber searches required to find G, we assume that the optimal wavenumber
Mymaz varies smoothly with Re, V' and 7. To check against this assumption, we perform

random spotchecks of G4, over a wider range of wavenumbers than typically considered

with Re, V' and n fixed.
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2.4 Optimal growth in APCF

We begin our analysis of non-modal growth by plotting curves of G4, in the (Re, k)-
plane, to investigate how transients interact with linearly unstable modes. The results in
Figure 2.8 show that, while changes in V' have a significant effect on the linearly unstable
region, there is little qualitative effect on the transient behaviour. The curves of G4,

approach the unstable boundary smoothly, as illustrated in Figure 2.9.

Isolines of G in (Re, V)-space are presented in Figure 2.10 at the radius ratios n =
5,0.2,0.5,0.8. Each plot is generated from a grid of 31 x 115 grid-points in (Re, V).
The radius ratio n = ﬁ ~ 0.0238 was chosen to coincide with the ratio considered by
Shands et al. (1980), for which there is experimental data on the transitional values of Re
and V. We will make a comparison to this data in §2.5. The isolines are asymmetrical
with respect to postive or negative inner cylinder velocity, with a turning point at slightly
negative V. However, the asymmetry in V' becomes less pronounced as 7 increases. The
qualitative trend is that non-zero inner cylinder velocity has a de-stabilizing influence on
the base flow as, aside from the small stabilizing region of V' < 0, G is found to increase
with |V|. This is in contrast to the modal linear stability results from §2.2, where a non-
zero inner cylinder velocity has a stabilizing effect. The de-stabilizing trend is robust
across all the radius ratios considered, with little change in the maximum energy growth
achieved by each optimal. The thick red curves in Figure 2.10 are the energy stability
boundaries, defined for V fixed to be the maximum Re for which G = 1. We compute the
energy stability boundary using a bisection method, for fixed V', to calculate the energy-
critical Re to an accuracy of e = 107%. To the left of the energy stability curve, the
energy of all disturbances is strictly monotically decaying. In parallel with results from
the canonical shear flows, the Reynolds numbers on the energy stability boundary, Reg

are many orders of magnitude smaller than the critical Re from linear stability theory.

In Figure 2.11 we plot the optimal azimuthal wavenumbers m,,,, at each point in the
(Re,V)-plane. These plots invariably look less well resolved than the contours of G,

but this is a consequence of the integer nature of m,,.,. The same grid is used in the

L
42

Re > 10%%, mynqe jumps from one to three as V increases from below to V ~ —0.63.

calculation of both Figures. Typically m,,,, varies in unit steps, however for n = -5 when

Mmaee then falls back to two as V' is increased further. This sequence is depicted for

Re = 10* in Figure 2.12. We find that the values of m,., increase as the radius ratio

1 approaches unity. For n = ﬁ we have 1 < My < 3, whereas for n = 0.8 we find

13 < Mmypar < 19. Lower azimuthal orders are selected when |V| becomes large. The

behaviour of k., also changes for |V| large: the optimals are axially independent for
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small inner cylinder velocities, but weakly oblique disturbances are optimal for large
|V'|, as is shown in Figure 2.13. The scenario is reminiscient of planar flows, in that
streamwise independent disturbances maximize growth for plane Poiseuille flow, whereas
slightly oblique disturbances maximize the transient growth in plane Couette flow (Butler
& Farrell (1992), Reddy & Henningson (1993)). We find that when k., is non-zero,
Emaz o< Re™! at fixed V. Examples of this relationship are displayed in Figure 2.14.

V = V =0.1 V=-01
2 2 2
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0.5 0.5 0.5
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2 3 4 5 2 3 4 5 2 3 4 5
logq Re logq Re logq Re

Figure 2.8: Contours of G,,4,. Top row: n = 0.2, m = 1. Bottom row: n = 0.5, m = 2.
The red curves in each panel mark the energy stability boundary. The black curves
are contours of Gz, from logyo G = 0.25,0.5,...,4.5. The black shaded region is
linearly unstable.
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Figure 2.9: Gain curves showing the approach to the neutral curve. For k& > k. G is
unbounded in the limit ¢t — oco. (Re, V,n,m) = (10*,0,0.5,2), k. = 0.688.
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n—=0.2

1 15 2 25 . 0. . 2 25
log,, e log,y Re

Figure 2.10: Contours of maximum linear optimal growth G in the (Re,V)-plane for
radius ratios n = ﬁ, 0.2,0.5,0.8. The thick red curve demarcates the energy stability
boundary. The blue curves are contours of log;, G = 0.25,0.5,0.75, ..., 6.
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Figure 2.11: Colour-plots of azimuthal wavenumbers M., corresponding to G in the
(Re, V)-plane for radius ratios n = +5,0.2,0.5,0.8. For each 7, M, increases for |V|
small.
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Figure 2.12: G for (Re,n) = (10* is the supremum of the intersection of the depicted
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curves. A non-unit change in m,,,, from one to three can be seen for V' ~ —0.63.
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Where kyqp is non-zero, it follows k., oc Re™! with V fixed.
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2.4.1 Optimal perturbations and growth mechanism

We find that both the axially independent (k.. = 0) and the weakly oblique (kpq:
Re™') optimals have energy gains that scale with the square of the Reynolds number
G o Re?. In addition, we find that the time taken to reach the optimal, 7},,., scales with
the Reynolds number as T},,, & Re. A typical example is plotted in Figure 2.15. These
scalings are suggestive of energy amplification via the lift-up effect, a well-documented
inviscid, algebraic growth mechanism (Landahl (1980)), that has been found to drive op-
timal growth in viscous planar flows (Gustavsson (1991), Butler & Farrell (1992), Reddy
& Henningson (1993), Schmid & Henningson (2001), Chapman (2002)) and in Hagen-
Poiseuille flow (Bergstrom (1993), Schmid & Henningson (1994)). Physically, the lift-up
mechanism refers to extraction of energy from the mean flow as low-energy vortices are
‘lifted-up’ into high-energy streaks in the direction of the mean flow. Perturbations must
be three-dimensional to experience this growth, as the mechanism involves wall-normal

velocity interacting with the base flow in such a way that wall-normal vorticity is ampli-

fied.

To confirm that the lift-up mechanism is responsible for the energy growth of the opti-
mals in APCF, we analyse the evolution of the energy fraction of an arbitrary optimal

disturbance. The energy fractions are defined

1 1 1
[ wrurdr [ vtordr [ wrwrdr
E, = B e , E, = R ) E, = — ) (252)

T . 1
[ uHwrdr [ uHwrdr S5 wwrdr
- -n 1-n

1-n

and can be calculated at an arbitrary time for a given velocity perturbation. We plot the
evolution of the energy fractions for two optimals in Figure 2.16: one axially indepen-
dent and one weakly oblique. We find that in each case energy is transferred to the axial
velocity. We take this as confirmation of the lift-up effect being the amplification mecha-
nism driving the transient growth. Combined with the results of Figure 2.10, a non-zero
inner cylinder velocity can be interpreted as enhancing the lift-up mechanism by causing
greater linear energy growth. In Figures 2.17, 2.18, 2.19 and 2.20 we plot cross-sectional
velocity fields of a selection of optimal perturbations at ¢t = 0 and ¢ = T,,,,. Each Figure
consists of a vector plot of the (v, w) velocity field and a colour-plot of the axial velocity
u, with positive and negative velocities coloured red and blue respectively. In Figure
2.17 we observe a localization feature of the optimals whereby the streaks at T},,, have
moved towards the inner cylinder. We find this feature only to be present for small radius
radio and in cases with large positive or negative inner cylinder velocity, The optimal in

Figure 2.18 has an inner and outer streak layered structure, with the inner ring of streaks
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strengthening between t = 0 and T,,,,,. Our calculations suggest this structure is typical
of the optimals with fixed or low velocity inner cylinder. As the radius ratio increases in
Figures 2.19 and 2.20, the increase in azimuthal order is evident in the greater number

of vortices and streaks in the optimal.

Figure 2.15: G and T,,,, against Re for radius ratio n = 0.2 and V' = 0 (left) and V' = 10
(right). The red dashed lines represent the asymptotic scalings G oc Re* and T}, o< Re.
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Figure 2.16: Energy fractions showing the emergence of streaks in the optimals for
both V. = 0 and V = 10. The optimal for V' = 0 is axially independent with
(Kmazs Mmazs Tmaz) = (0,3,21.84), and the optimal for V' = 10 is weakly oblique with
(Kmaz> Mmaz, Taz) = (0.0312,2,25.69). (Re,n) = (10%,0.2) in both cases.
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Figure 2.17: Optimal perturbations at ¢ = 0 and ¢t = T, = 19.15 for
(Re, V.1, kmagz, Minas) = (103, =5, =, 0.2666, 1).
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Figure 2.18: Optimal perturbations at ¢ = 0 and t = T, = 2184 for

(Re, V,n, kmaz, Mmaz) = (103,0,0.2,0, 3).
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Figure 2.19: Optimal perturbations at ¢ = 0 and ¢t = T, = 34.22 for
(Re, V.1, kmaz, Mmaz) = (10%,5,0.5,0,5).
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Figure 2.20: Optimal perturbations at ¢ = 0 and ¢t = T, = 30.26 for

(Re, V,n, kmaz, Mmaz) = (103,10, 0.8,0.0214, 15).
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2.4.2 Axisymmetric growth

The azimuthal velocity in the linear system (2.7) decouples from the axial and radial ve-
locities for axisymmetric perturbations (m = 0). Therefore, axisymmetric perturbations
cannot be amplified by the three-dimensional lift-up mechanism since momentum can
only be exchanged between the axial and radial velocities. We find instead that optimals
grow via the Orr mechanism (Orr (1907)), typified by perturbations which are initially
inclined against the mean flow and gain energy by evolving to align themselves with the
mean shear. The Orr mechanism is a much weaker effect than the lift-up mechanism,
with characteristic Re scalings G Re3 and Traz X Res. Optimal growth of oblique
modes in plane Couette and plane Poiseuille flows was shown to have this scaling by
Chapman (2002) and Heaton & Peake (2007), who additionally showed that the same

scalings are recovered in a cylindrical geometry.

Axisymmetric modes in APCF recover the aforementioned Re scalings; we demonstrate
this in Figure 2.22. Since the axisymmetric modes grow on a different scale to non-
axisymmetric optimals, we repeat the contour plots of Figure 2.10 to explore how ax-
isymmetric transients behave in (Re, V)-space. G,,—¢ is calculated as described in §2.3
but with wavenumber optimization over k only, and m fixed at zero. Contours of G,,—g
are plotted in Figure 2.21. The effect of inner cylinder velocity on G,,—¢ is generally the
same as for G, in that large |V/| creates an increase in the energy amplification. However,
each contour has a maximum Re for V,, with V,,, < 0. V,, decreases as contour size in-
creases, and the effect is more pronounced at smaller radius ratios. This means that there
is a region of negative V' which has a stabilizing influence on the transient behaviour.
In particular, for n = é and G,,—¢ > 10, the region 0 < V' < —15 is stabilizing with
respect to the stationary inner cylinder since the contours of G,,—g > 10 do not bend
back to their value at V' = 0, as can be seen in Figure 2.21. In all cases, V' > 0 has a

de-stablizing effect on the transients.

The axial wavenumbers k., from our calculations of G,,—o are always O(1). The
wavenumbers experience a sharp turning point when plotted against V', at V & 0 for
fixed Re, and we display some examples of this in Figure 2.23. Additionally, the curves
in Figure 2.23 appear to flatten out for |V| large, which is perhaps an indication of

Couette shear dominating over pressure-driven forces.
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Figure 2.21: Contours of maximum axisymmetric growth G,,— in the (Re, V')-plane for

radius ratios n = 4—12, 0.2,0.5,0.8. The thick red curve demarcates the axisymmetric energy

stability boundary. The blue curves are contours of log,, G,,—o = 0.25,0.5,0.75, ..., 2.



2.4 Optimal growth in APCF 37
10 T 10
,//// //’/
10 L 10 L
/// ///
/,/ ///
G e G L
- -

1 - 1 -~

10 e 10 ///
/// ///
//// /////
10 : 10
1 z 3 4 1 z 3 4
10 10 10 10 10 10 10 10
Re Re

1 1

10 T 10

Figure 2.22: G and T,,,, against Re for radius ratio n = 0.5 and V' = —10 (left) and
V' = 15 (right). The red dashed lines represent the asymptotic scalings G Res and
T ez X Res.
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Figure 2.23: Wavenumbers k., for the axisymmetric optimals G,,—.
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2.4.3 Radius ratio dependence of G

We now investigate how G changes as the radius ratio is varied over the range 0 < n < 1.
From Figures 2.10 and 2.21, we saw that the contours of G and G,,—g were relatively
unchanged over the radius ratios considered in the Figures, though the wavenumbers
responsible for the maximum growth changed. This is confirmed in Figure 2.24, where
G is plotted against 7 at various inner cylinder velocities. The curves have a scalloped
appearance, owing to a succession of azimuthal orders contributing to the optimal. In
each plot, in spite of quantitative changes in G as 7n varies, the order of magnitude of
G is unchanged, meaning that the maximum linear energy amplification possible is not

strongly dependent on the specific geometry of the annulus considered.
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Figure 2.24: G against n at various inner-cylinder velocities. Re = 2000. Dashed lines
indicate the locations where m,,,, changes value.

Furthermore, we can determine the optimal radial-azimuthal aspect ratio a,¢ from our
computational data. We define a,4 to be the ratio of the wall-normal gap and the average

azimuthal periodic length of the optimal disturbance

B-A Mopaz [ B — A Mppaz (1 — 1
= = = S . 2.
@0 = Tom_ (B£4) T (B—l—A) T (1—1—77) (2.53)

Mmax 2
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Generally a,9 converges on a constant value as n — 1, indicating that the optimals
prefer a certain parameter dependent aspect ratio as they approach the narrow gap
limit. A particularly interesting case is when V' = 0, where we find that as the radius
ratio approaches unity, a,¢ approaches the wall-normal-spanwise aspect ratio a,. of the
optimal perturbation in plane Poiseuille flow. This is in keeping with the notion that
annular Poiseuille flow approaches plane Poiseuille flow in the narrow-gap limit. We plot
our findings in Figure 2.25, where we have calculated a,. for plane Poiseuille disturbances

based on an optimal spanwise wavenumber [ ~ 2, which gives

2 2 2
ay,. = = = Z ~ 0.6366. (2.54)
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Figure 2.25: The optimal radial-azimuthal aspect ratio a, is plotted against the radius
ratio n (blue dots), for (Re, V') = (2000,0). It can be seen that a,¢ converges towards a
constant as 7 — 1. The red dashed line denotes the value of the wall-normal-spanwise
aspect ratio a,, = % for optimal disturbances in plane Poiseuille flow. We infer that in the
narrow gap limit the optimal disturbances of annular Poiseuille share the characteristics
of optimal disturbances in plane Poiseuille flow.
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2.5 Comparison to experimental data

Experimental data relating to APCF is relatively scarce, with Shands et al. (1980) and
Frei et al. (2000) being the only authors conducting experiments in APCF that we are
aware of. Frei et al. (2000) are primarily concerned with thread-annular flow, and explicit
data on the parameters at which the flow transitions is not given in their work. In the
Shands et al. (1980) experiments they do report specific (Re, V') values at which the lam-

inar flow was observed to break down; we therefore focus on data from their experiments.

Shands et al. (1980) gauge the transition to turbulence of the fluid in their experiments
by measuring the friction factor A = Qpi—%g. The quantities Ap, D, p, L and U are defined
in §2.1. From equation (2.9b) we have that under laminar flow, the total mean velocity,

U , must satisfy

~ Ap ) ) 5 o B) ~<BQ—A2—2A2log§)
U=———|B " —A"—(B°+ A% log— | +V . 2.55
8uLlog B < ( ) log A 2(B? — A?)log 8 (2.55)

Dividing through by U gives

. ApB? (1 -n?+(1 +?72)10g7]) 1% (172 —1—2n? 10g77>
8pv LU log 7 U\ 2(1-n?)logn
1 (ApD UD\ (1—n%+ (1+7%)logn +\7 n* —1—2n%logn
32\ pL02)\ v (1 —n)%logn 2(1 —n?)logn

(2.56)

7 ). e

Hence for laminar flow A, Re and V have the following relationship

—

1_)\Re 1—n%+(1+n?)logn ~ (1 —1—-2n%logn
-6 (1 —m)?logn 2(1 =) logn )

(2.58)

At fixed Re, Shands et al. (1980) measure the V > 0 for which (2.58) first breaks down,
thereby determining the point at which flow transitions away from laminar flow. In Fig-
ure 2.26 we re-print Fig. 3 from Shands et al. (1980), which shows the friction factor
A plotted against V for Re = 1100, 1900 and gap ratio n = é. In the Figure, mea-
surements of the friction factor fall along equation (2.58) until transition occurs when
V =3.3,2 for Re = 1100, 1900, respectively. Additionally, Shands et al. (1980) report
transition when V = 2.7 and Re = 1300, and transition in the fixed inner cylinder case for
Re = 2000. In our non-dimensionalization, these values correspond to Re = 308,416, 697

and V = 5.89,4.22, 2.73.

Without any explicit comment on how linear optimal perturbations may contribute to
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transition away from the laminar base flow, we plot the values at which Shands et al.

L
423

tion values lie within 10? < G < 10%*® and, suggestively, greater inner cylinder velocity is

(1980) report transition for n = alongside our curves of G in Figure 2.27. The transi-
de-stabilizing in both the experiments and in the sense that it increases . Since linearly
unstable modes appear to be, in general, stabilized by inner-cylinder velocity, we draw
the tentative conclusion that the energy amplification mechanisms driving the linear op-
timal growth play a greater role in the break down of the laminar flow than the linearly
unstable modes. Furthermore, Shands et al. (1980) remark that, having repeated their
experiments for different radius ratios, transition is found to occur at similar parameter
values. This is in keeping with our finding in §2.4.3 that the maximum energy amplifi-

cation G is not strongly sensitive to changes in the radius ratio.
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Figure 2.26: Re-print of Fig. 3 from Shands et al. (1980). The friction factor A is plotted
against inner cylinder velocity V = % for Re = 1100 (squares) and Re = 1900 (triangles).
The two straight lines indicate the laminar relationship (2.58), which breaks down when
V= 3.3,2 and Re = 1100, 1900 respectively.
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Figure 2.27: Contours of G in (Re, V)-space for n = ﬁ are plotted alongside tran-
sition values observed in Shands et al. (1980). The contour values are log,, G =
0.25,0.5,...,5.25 with contours log,, G = 1,2,3,4,5 labelled. The black triangles mark

the points of transition. The red curve demarcates the energy stability boundary.
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2.6 Conclusion

This chapter began with a re-cap of the linear stability properties of APCF, which we
augmented by calculating neutral curves in (Re,V')-space. We find that non-zero inner
cylinder velocity V' tends to have a stabilizing influence on the modal stability of pertur-

bations to the base flow.

We then conducted a non-modal stability analysis, using the maximum energy amplifi-
cation over all wavenumber combinations as a measure of the non-modal instability for
an arbitrary (Re, V') pair. We found transient energy amplification driven by the lift-up
mechanism is possible for non-axisymmetric waves. The order of magnitude of the max-
imum growth is not found to be strongly correlated to the radius ratio of the cylinders.
Axisymmetric waves experience energy amplification via the Orr mechanism, though this
amplification is not as strong as the lift-up mechanism. However, the maximum energy
amplification associated with both axisymmetric and non-axisymmetric modes is found
to increase with increasing inner cylinder velocity magnitude, which implies that non-
zero inner cylinder velocity has a de-stabilizing influence on perturbations to the mean

flow, in contrast with the modal stability results.

Finally we compare our results with the study of Shands et al. (1980), who studied APCF
in an experimental set up, and indicated the (Re, V') parameters at which they observed
transition to turbulence. The transitional values lie within a few contours of maximum
growth, suggesting a relationship between the linear energy growth mechanisms and a

break down in the laminar flow.
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Chapter 3

Stability and bifurcations in rotating

plane Couette flow

In this chapter we focus on the stability and bifurcation behaviour of structures in super-
critical rotating plane Couette flow (RPCF). The governing equations and the geometry
of the problem are introduced in §3.1. In §3.2 we review the linear stability properties of
the basic flow. In §3.3 an account is given of the methods we use to find nonlinear nu-
merical secondary and tertiary solutions to the governing equations. In §3.4 we describe
the Floquet theory techniques which we use to determine the stability of spatially and
temporally periodic states. §3.5 is a discussion of the secondary states which bifurcate
from the base flow. In §3.6 we perform a Floquet stability analysis of Taylor vortex flow,
an important secondary structure in RPCF. Bifurcations of tertiary solutions, which
emerge following the break-down of Taylor vortices, are presented in §3.7. Finally, in
§3.8 we investigate the relevance of the secondary and tertiary states to the transition
phenomena observed in physical experiments of RPCF, and propose a simple model with

which the transition process can be analyzed.

3.1 Governing equations

Rotating plane Couette flow (RPCF) is the flow of an incompressible, Newtonian fluid
under linear shear and Coriolis rotation. The fluid is constrained between moving im-
permeable walls; with velocity difference 20U between the upper and lower walls and
channel width 2h. We define unit vectors 4, § and k pointing in the streamwise, wall-
normal and spanwise directions respectively, as shown in Figure 3.1. Working towards a
non-dimensionalized system of equations, we first consider the dimensional momentum
balance in a rotating frame of reference

ou ~

- 1 -~ N - ~
§+u-va=—5w+ﬁv2a+2(ax9)—Qxﬂx@——~x:ﬁ, (3.1)

45
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where p is the fluid density, 7 is the kinematic viscosity and & is a position vector pointing

from the axis of rotation. For steady rotation about the z-axis we have Q= Qk:, which

allows us to drop the time-dependent Euler force term % x &. Since the centrifugal force

term, €2 x 2 x x, contains no dynamic variables, we introduce the pressure p

2

Y]
2

M ‘

where &% = & - &. This allows the momentum equations to be expressed as

ou ~ 1= ~ ~
8—?+&-Vﬁ:—¢Vp+ﬁV2ﬁ+2(ﬁxQ). (3.3)
p

We now introduce three non-dimensional parameters: the Reynolds number Re, the

rotation number Ro and a second rotation number (2

Uh 20h 200°
, Ro = -, 2= — = Re Ro. (34)

v

RQIT
v U

Hence, after non-dimensionalization and inclusion of the continuity equation, the velocity
and pressure (u, p) satisfy
ou

1
5 T Vu=—Vp+ EVQU + Ro(u x k), (3.5a)

V-u=0, (3.5b)

with the no-slip boundary condition imposed on the each of the walls. The linear shear
profile U = yz1, is a solution to this system with pressure distribution P = Py — %Ro Y2,
where P, is the ambient pressure. Of the two rotation numbers Ro and 2, Ro is useful
since it appears as a single coefficient controlling the Coriolis force in (3.5), whereas {2
is independent of the wall velocity in terms of its non-dimensionalization meaning that
it describes the effects of rotation independent of Re. For the majority of this chapter
we describe rotation in terms of Ro, however, in §3.8 we use (2, in accordance with

experimental preference.

Figure 3.1: Sketch of the flow geometry.
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3.2 Linear stability

It has been shown that RPCF is linearly unstable by Lezius & Johnston (1976), who
drew on the equivalence of the linearized system (3.5) to two-dimensional Rayleigh-
Bénard convection. The flow loses stability in the rotation parameter range 0 < Ro < 1,
to spanwise periodic disturbances with wavenumber 8 = 1.55. The neutral curve takes

the form
107

- Ro(1 — Ro)’

More generally we can solve directly for the eigenfrequencies and eigenmodes of the

Re? (3.6)

linearized system using a pseudo-spectral technique. We Fourier transform the velocity
vectors in the directions x and z and assume exponential dependence in time, with Fourier

coefficients «, 8 and w respectively. The fluid vectors become
[u7 U? w7p] ("/'E7 y? z? t) = [u7 U? w? p] (y)el(ax—‘rﬁZ)—"_Wt' (3'7)

With base flow, or primary state, U = U(y)t = yt, the linear stability equations are

1
wu + Ulau + vU" = —iap + Te (u” — (® + 52)u> + Rov (3.8a)
1
wv + Ulaw = —p' + Te (U” —(a? + 52)1}) — Rou (3.8b)
1
ww + Ulaw = —ifp + T (w” — (a® + 62)10) (3.8¢)
iou 4+ v +1ifw = 0. (3.8d)

The system can be cast into a generalized eigenvalue problem
Aq = wBaq, (3.9)
for ¢ = (u,v,w, p) and matrix operators A and B given by

A Ro—% 0 —ix

—Ro A 0o —<4

A= dy | (3.10)
0 0 A —ip
i d% i 0
1 000
1
p—|% 1t 00 (3.11)
0010
0000
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where we have defined

1 [ d? 9 2 .
We solve for w by expressing q as a truncated series of Chebyshev polynomials and dis-

cretizing the system accordingly. The technique is outlined in greater detail in Schmid
& Henningson (2001).

Above the critical Reynolds number Re.,. =~ 20.7 there is a finite range of Ro or, equiva-

lently, {2 for which the flow is linearly unstable.
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Figure 3.2: Left: Neutral curve. Right: w, denotes the real part of the leading eigenvalue
for Re = 100, Ro = 0.1. Perturbations with a = 0 are least stable.

Our calculations show that linearly unstable perturbations take the form of streamwise
oriented vortices, with wavenumbers v = 0 and [ non-zero or obliquely oriented vortices
with both o and 8 non-zero. We find that, for fixed 5, Re and Ro, the leading streamwise
vortex (SV) eigenmode is generically more unstable than the leading oblique vortex (OV)

eigenmode:

w (0, B) > wr(a, B). (3.13)
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(a)

1

Figure 3.3: Velocity fields u of (a) SV and (b) OV perturbations in the (y, z)-plane (top)
with x = 0 and ((¢) and (d)) the (z, z)-plane (bottom) with y = 0 for (Re, Ro) = (50,0.1)
and (a, 8) = (0.5,2).

3.2.1 Flowfield visualization

It is often useful to visualize a fluid structure, whether it is a stability eigenmode or
nonlinear solution to the Navier-Stokes equations. However, it is not straightforward to
display a fully three-dimensional flowfield in such a way that none of its features are lost.
Throughout this work we use two-dimensional projections of flowfields to concisely give
a visual sense of their character. In each Figure we have a colour-plot of the streamwise
velocity u, and a vector plot of the wall-normal and spanwise velocities (v, w). To display
the streamwise variation of a flowfield we fix y = 0 and plot the (z, z)-plane. To view
the vortical structure of a flowfield we fix = 0 and plot the (y, z)-plane. Each Figure

has a true aspect ratio.
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3.3 Nonlinear states

We refer to numerical solutions of the nonlinear Navier-Stokes equations as nonlinear
states. For a given initial guess, a Newton-Krylov-hookstep algorithm is used to find a
steady or time-periodic state. Typically, our initial guesses come from predictions given
by linear stability theory. Calculations are made using two direct numerical simulators.
SIMSON (Chevalier et al. (2007)) is used for numerical integration of the Navier-Stokes
equations, and Channelflow (Gibson (2008)) is used to integrate the Navier-Stokes equa-
tions, find equilibrium and time-periodic solutions, and to continue the solutions in pa-
rameter space. Both codes use spectral discretization in the periodic directions, and
discretization of the wall-normal direction in Chebyshev polynomials. Time integration
is performed using a finite-differencing technique. Both codes have been widely validated

by other authors, and we find excellent agreement between the two in our simulations.

The Newton-Krylov-hookstep algorithm outlined in Viswanath (2007), and implemented
within Channelflow, is used to determine equilibrium and time-periodic solutions to the

Navier-Stokes equations. Let

ou

t
i Lysu, Flg(u)=u —i—/ Lysu(T)dr (3.14)
0

be the Navier-Stokes equations and their time-t¢ forward map. The equations are solved

in perturbation formulation about the primary flow U = y, so the operator Lyg is

defined as

1
LNSZEVQu—vp+Ro(u><k)—U-vu—u-VU—u-vu. (3.15)

The Newton-Krylov-hookstep algorithm finds solutions by minimizing the residual G(u)
G(u) = Fig(u) — u. (3.16)

The algorithm was used by other authors to find solutions in plane Couette flow, where
the absence of linear instabilities makes finding an initial condition which converges
towards a solution difficult (Viswanath (2007), Gibson et al. (2009)). Though the basins
of attraction of solutions in our case will generally be greater than in non-rotating plane
Couette flow due to supercriticality, the algorithm is still useful for its computational
efficiency. We will give a brief outline of how the algorithm works. Writing the solution
vector as * = (u,ay, fs,ws), where oy and (B, are the wavenumbers in the periodic

directions and w, is the frequency of a time-periodic state, the Newton step requires
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solution of
DG(x,)(xni1 — x,) = —G(x,), (3.17)

where G(u) has been appended to account for the invariance of the solution under trans-
lations in its periodic directions x, z or ¢ and guard against solution updates which are
simply translations, and DG(x) is the Jacobian of the system. Equation (3.17) is solved
for the updated solution guess @, using the GMRES Krylov subspace method (Saad &
Schultz (1986), Sanchez et al. (2004)). If the Newton step fails to decrease the residual
below a prescribed tolerance, a hookstep algorithm is employed to find a solution update
which does decrease the residual sufficiently. The hookstep algorithm uses the Lagrange

multipliers technique to minimize
IDG () (€11 — 20) + G2, (3.18)

subject to
N (3.19)

so that, in effect, we are taking a reduced Newton step. In summary, in the Newton-
Krylov-hookstep algorithm the classic Newton iteration scheme is augmented by a Krylov
subspace technique to enhance computational efficiency and a hookstep algorithm to in-
crease the accuracy of each solution update. More detail on the full algorithm can be
found in Viswanath (2007) and the references cited above. All solutions found in this

thesis have an accuracy of ||G(u)| < 107

Having found a state with velocity field u = (u, v, w) we use the cross-flow energy E.;

as a measure of the nonlinear solution,
1
E.f(ag, Bs, Re, Ro) = —/ v+ widV. (3.20)
2Dv Jp

where D is the z and z periodic domain [0, L,] x [=1, 1] x [0, L.] = [0, 2] x [-1, 1] x [0, Z—’T],
and Dy is its volume. E.; is defined in this way so that it is independent of the domain.
For example, no distinction is made between a given solution and the same solution on a
doubled domain. The four parameter dependence of E,f invites us to fix three parame-
ters and investigate trajectories of solutions on a low-dimensional subspace. As such we
typically fix the geometric parameters (as, fs) and investigate bifurcations in Ro, with

the remaining dynamic parameter Re fixed.
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3.4 Floquet stability analysis

Suppose we have found a nonlinear Navier-Stokes solution, that is periodic in any of the
directions x and z or time ¢. Its stability properties can be determined through Floquet

analysis.

3.4.1 Steady states

First considering steady solutions, we utilize the spatial periodicity of the state by ex-
pressing it as a Fourier series in the periodic variables. Given wavenumbers oy in z, G
in z; we have
(z,y,z Z Z Uy Jagz—&-kﬁGZ), (3.21)
j=—00 k=—00

where

= sl /as & U,(z,y, z)e Ut tkbez) qpqy. (3.22)

472

We insert the Fourier series expansion of U into the linearized Navier-Stokes equations

in the form

1
%—1: +U, - Vu+u-VU,=—-Vp+ EVQU + Ro(u x k), (3.23a)

V-u=0. (3.23Db)
Following Floquet’s theorem, we write the perturbation vector g = (u, v, w, p) as
) =SS TS g ) .24

with the parameters «, 5 and o free to be tuned away from the fundamental wavenumbers
and frequencies. Using the expressions for ¢ and U, we can match exponents in the

perturbation equations and derive an infinite system of coupled equations of the form

mnqmn—l—z ik, —jnk = 0Bq,,,, Ym,n €L (3.25)

The operators A, B and F' are defined as

A dUO — Ro 0 i(a + ma)
R A o 0 =
Amn = ¢ ;;V a . w ) (326)

(o + may) % i(8 +nps) 0
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ijo Uy, + F ddU—yk ikB,Uy, 0
" ijoVik  GEHF kB 0
an = .- AW, . ) (327>
ijas Wiy i ikBWi, +F 0
0 0 0 0
1000
0100
B=— , (3.28)
0010
0000

where we have used

A = (ot mag)Up+ Vo-Ll +i(B+n8)Wo— — (d—2 ~(a+may)?— (5+nﬁs)2) (3.29)

dy Re \ dy?
. . d .
F=ila+ (m—jas)Us + ijd—y +i(8 + (n — k) Bs) Wi, (3.30)
and
Ujk — (Ujka V}k, ij), UO — Uoo. (331)

We can then prescribe wavenumbers o and § and, provided |Ujz| < 1 to guarantee
convergence, solve by truncation and discretization for . We truncate the system in the

periodic directions with
T <m < T, T, <n<T,. (3.32)

The wall-normal direction, y, is discretized using the standard pseudo-spectral technique
with N Chebyshev polynomials. This procedure reduces the system to an M x M eigen-
value problem with

M =4N2T,, + 1)(2T,, + 1). (3.33)

All eigenvalue computations are carried out using the Arnoldi routine as implemented
in MATLAB, since only the first few eigenvalues and eigenmodes are relevant in linear

stability analyses.

3.4.2 Time-periodic states

We now consider the stability of a state which is periodic in time with period T’
Usx,y,2,t) =Ug(x,y,2,t+T). (3.34)

The equations governing an infinitesimal perturbation to the state are, as before, equa-

tions (3.23). However, with a view to transforming (3.23) into a closed evolution system
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and reducing computational memory requirements, we switch from velocity and pressure
variables to poloidal-toroidal potentials. Since the velocity is divergence free, we express

the velocity as the sum of the poloidal potential ¢ and the toroidal potential
u=VxVxaeoj+V xyyg, (3.35)
where V x denotes the curl operator. The no-slip boundary conditions impose

p=¢ =v=0, (3.36)

on the walls y = +1. We apply the operators 5 -V x Vx and 3 - VX to the linearized

Navier-Stokes equation to form two independent equations for ¢ and 1

O,V Ayp = <év2—Uax) V2A04+U" 0, A gp—Ro 9, Agtp—j- (VXVX (u-VUerUS-Vu)),
(3.37a)

0 N\otp = (éw — U@x) Aot —U' 0, Mg+ Ro D, Npp— 3 - (V X (u-VU;+U,- VU)) ,
(3.37b)

where Ay = 92 4+ 9?2 is the two-dimensional Laplacian, and we have assumed that the

mean flow is purely streamwise

Uy = Uy, t)i. (3.38)

The velocity perturbation w in system (3.37) is mapped to the poloidal-toroidal poten-
tials, & = (¢, 1), using (3.35)

02, 0.
w=|-A, 0 |& (3.39)
02, 9,

It is convenient to write the system (3.37) more succinctly using operator notation
OME = L(U,)€ (3.40)

= 0. =LU,¢, LU, =M"'LU,). (3.41)

Since U is periodic in time so too is the operator L(U ). We now construct the Poincaré

map, P(Uj), which is formally given by

P(U,) = exp ( /O ' L‘,(Us)dt>. (3.42)
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The Poincaré map gives the action of system (3.41) on an arbitrary potential vector &
over one period. i.e.

E(@,t+T) = P(U,)E(=,1). (3.43)
The eigenvalues p of P(Uy) are the Floquet multipliers over the period

p=eT (3.44)
from which we determine the exponent o

1
o= log 1. (3.45)

En route to computing P(U,), by Floquet’s theorem we have that & need not have the

same periodicity as U, so we write

€<I, Y, 2, t) 1 (ax+pB2)+ot Z Z 1 (masz+nBsz) (346)

m=—0o0 N=—00

as we had for ¢ = (u,p) in equation (3.24). The modes &, (y,t) are assumed to be
periodic in time with the same period as U. Therefore we can frame (3.41) as a system

of infinitely many coupled equations

0bn = Anpn + > FIEE 0 g Ymm €L (3.47)

7.k

As in the case for steady states, we truncate the system in the periodic directions with
T, <m < T, -T,<n<T,. (3.48)

and discretize in the wall-normal direction with N Chebyshev polynomials. With the
system suitably discretized and truncated, we use the second-order implicit trapezium

rule method to advance the equations in time. For

v =[fy.1), (3.49)

the trapezium rule gives

h
Ys+1 = Ys T+ §(f<y57 ts) + f(yS-‘rl? t5+1>), (350)

where h = t;.1 — ts. Thus we have

Es—i—l ‘E +35 (££ +£s+1€5+1) (351)
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h h
(I = 5Len)€ir = (I +5L)E,, (3.52)
h _ h
£s+1 = (I — §£3+1) 1([ + 555)55, (353)

where [ is the identity operator. The trapezium rule is chosen because we found that
explicit methods were generally unstable and higher-order methods have greater com-
putational memory requirements at each time step. The action of the Poincaré map is
found by time-stepping the equations over one period T'. At each time step the base flow
U, must be updated. We do this by Fourier series approximation of the base flow at the
desired time point. From DNS of U over one period we save the flowfield at 100 time

points, and from these we numerically approximate the temporal Fourier transform
-~ T i27wlt
U,= / U,(t)e 7 dt, (3.54)
0

so that the flowfield at an arbitrary time ¢ can be expressed by the Fourier series

Ut)= Y Upe . (3.55)

{=—00

A summation truncation of —30 < ¢ < 30 is used. Comparison of the Fourier series
approximation of the flowfield with a previously saved field has an error O(107!1). The
advantages of using the poloidal-toroidal potentials rather than primitive variables are
that we do not need an extra calculation to update the pressure at each time step, and the
problem size is now reduced by half such that the operators are approximated by square
matrices of order M = 2N(27,, + 1)(27,, + 1). This eases the memory requirements for
each stability calculation and allows for higher truncations to be reached. Time-stepping
of the linear perturbation equations and the final eigenvalue calculations are performed
in MATLAB, while DNS of U, required for the temporal Fourier transform is carried
out by Channelflow (Gibson (2008)).

3.4.3 Global stability

Having now outlined how to find the stability of a spatially-periodic state U s(a, B, Re, Ro)
to an infinitesimal perturbation, we can thus produce a stability map by finding the ex-
ponents o(a, 3, s, Bs, Re, Ro) over all de-tuning parameters a and . In this way, we
can determine whether a state is globally stable. Owing to the periodicity of U there
is some saving in the range of a and § at which ¢ must be computed to find the global

stability properties. In what follows, we discuss the relevant («, 8) stability domain for
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a steady base flow, however the argument for unsteady states is analogous. Recall (3.25)

mnqmn + Z mnqm —jm—k T O-Banv vman € Z.

(3.56)

We can consider the operators A,,, and F’* as functions of o and 3 with a,, 3s, Re and

Ro fixed. Clearly
Amn(a + g, ﬁ + Bs) - Am—i—l,n—l—l(a? 6)7

and
Fﬂ%(a‘f‘@s,ﬂ-irﬁs) Fgwk-i-ln—i-l(a ﬁ)

Since the system (3.25) is completed by summation over m,n € Z, we have that

ola+ as, 8+ 8s) = o(a, 5).

By induction we can generalize this to

U(a +p0587ﬁ + qgs) = 0-(0575)7 p,q € 7.

Furthermore, we have that

Apn(—a, =) = Am, —nla, ),

and
Fil(=a, =) = F73. 5 (o, B)",
where .* denotes the (element-wise) complex conjugate, and we have used

2r 27

Uji(y)” :/a /ﬁ U,(z,y, 2)elTosmh8:2) drdy = U_,_s.
o Jo
Suppose we have found ¢ = o(a, §) which satisfies

A qmn+Zij qm —jn— k_Jqun7 Vm,nEZ

and we wish to find ¢ = o(—a, —f3)

A ( qmn+Zij qm —jn— k_Uqun7 Vm,neZ.

Then using (3.61) and (3.62) we have

A, 8) @y + ZF_fn (e, B) 4, jnk = 0Bq,,, Ym,n €Z.

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

(3.66)
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Taking the conjugate of (3.64) gives

A, B) @y + ZFﬂk B @ jnr, =0 B, Ymn €L (3.67)

and since these equations must be satisfied for m,n, j, k € Z we conclude that

Qr
Q

= g(—a,—f) = o(a, B). (3.68)

Now, suppose we wish to find

o =o(ras,sfs), with % <rs<l. (3.69)

Then
o =o(—ras,—sPs)" = o(—ras + as, —sBs + 55)" (3.70)
=o((1—7)as, (1 —5)8s)". (3.71)

Hence the global stability properties of U, can be determined for de-tuning wavenumbers

in the domain

0§a§%,0<5<&

If U, is periodic in only one direction and independent of the other, such as the Taylor

(3.72)

vortex solution in §3.5.1, then the stability domain becomes the semi-infinite strip

0§a<m,0<ﬁgm (3.73)

3.4.4 Convergence

By variation of the truncation parameters 7;, and 7;, and the Chebyshev discretization
N we can assess the convergence of the eigenvalues o for a given solution U,. Our
computational capability puts an upper limit on the truncation and discretization we can
use. Running on a machine with 24GB RAM, we find that a matrix size M < 17000 can
be handled. For a Taylor vortex solution we can truncate to a high degree of accuracy,
since the state is streamwise independent and truncation is required in the spanwise
direction only. For fully three-dimensional flows we cannot truncate to the same degree,
though we still find good convergence of the leading eigenmode. In Tables 3.1, 3.2, 3.3
and 3.4 we list the leading eigenvalues from stability calculations on a Taylor vortex,
a wavy vortex (see WVF §3.7.1) and an oscillatory wavy vortex (see oWVF §3.7.3) at

various truncations.
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Table 3.1:

N

17

25

49

0.025574

0.025573

0.025573

0.025726

0.025725

0.025725

0.025687

0.025686

0.025686

0.025692

0.025691

0.025691

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

0.025691

0.025690

0.025690

(o, B, Bs, Re, Ro) = (0.5,0,0.5236, 2.513, 100, 0.1).

Values of the leading eigenvalue o for a Taylor

vortex solution with

T,
4 3 6 7 8 9
41 0.023226 | 0.021836 | 0.021661 | 0.021647 | 0.021648 | 0.021648
5 1 0.022822 | 0.021309 | 0.021169 | 0.021164 | 0.021164 | 0.021164
T 6 | 0.022805 | 0.021334 | 0.021163 | 0.021163 | 0.021163 | 0.021163
" 171 0.022830 | 0.021351 | 0.021187 | 0.021184 | 0.021185 -
8 1 0.022836 | 0.021356 | 0.021191 | 0.021189 - -
9 10.022834 | 0.021356 | 0.021191 - - -

Table 3.2: Values of the leading eigenvalue o for a wavy vortex solution with N = 17
and (o, 8, ag, fs, Re, Ro) = (0, 1.2565,0.5236, 2.513, 100, 0.1).

T,
4 5 6 7 8
41 0.023229 | 0.021838 | 0.021663 | 0.021649 | 0.021650
5 | 0.022830 | 0.021317 | 0.021178 | 0.021172 -
T, | 6]0.022817 | 0.021345 | 0.021174 - -
71 0.022844 | 0.021364 - - -
8 1 0.022851 - - - -

Table 3.3: Values of the leading eigenvalue o for a wavy vortex solution with N = 25
and (o, 8, as, fs, Re, Ro) = (0, 1.2565,0.5236, 2.513, 100, 0.1).
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T,
3 4 5 6
31 0.002903 | 0.006839 | 0.006993 | 0.006992
4 1 0.002937 | 0.006840 | 0.007024 | 0.007016
T 51 0.002933 | 0.006837 | 0.007021 | 0.007014
™ 161 0.002933 | 0.006838 | 0.007021 | 0.007014
Table 3.4: Values of the leading exponent o for oscillatory wavy vortex flow

T
(o, B, as, Bs, Re, Ro) = (0.1,0.375,0.8,3,100,0.55), N = 17, h = =5 = 0.03844.

3.4.5 Validation

Predictions from the stability calculations are validated against the Navier-Stokes solver
SIMSON (Chevalier et al. (2007)). We compare the growth rates predicted by the sta-
bility analysis with growth rates of a divergence-free, random disturbance comprised of
Stokes modes which is added to the solution and integrated forwards. A domain-doubling
technique is used to test growth rates of a subharmonic perturbation; the solution is
repeated in the periodic direction such that subharmonic disturbances can be superim-
posed on to the original solution. In Figure 3.4 we plot the evolution of the perturbation
energy-density .

Ezgzl/uuvuw?dv, (3.74)

p 2Jp

of a given mode, where p is the fluid density, D is the periodic domain and E is the
physical kinetic energy. We can then compare the growth rate of the perturbation as
observed from simulations with the prediction made by the stability analysis. As can be

seen in Figure 3.4, excellent agreement is obtained in each case.
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@) 4 TVF (5) WVF
10 : : : : : : : :

10 ¢

0 50 100 150 200 250 300

Figure 3.4: (a) TVF with (a,f, s, Re, Ro) = (0.5,0,2,100,0.11), (b) WVF with
(e, B, as, Bs, Re, Ro) = (0,1,0.5,2,100,0.11) and (¢) oWVF with («, 3, as, Bs, Re, Ro) =
(0.1,0.375,0.8, 3,100, 0.55). In each panel, the blue curve is the perturbation evolution
from DNS of the Navier-Stokes equations and the red dashed line is the Floquet theory
prediction based on the leading growth rate o,.



62 3. Stability and bifurcations in rotating plane Couette flow

3.5 Secondary states

In §§3.5.1 to 3.5.3 we characterize the secondary states in supercritical RPCF. We inves-
tigate the effect of rotation on the solutions by making bifurcation diagrams in (Ro, E,f)-
sapce for Re = 100. In each bifurcation diagram we include information on the harmonic
stability of the state i.e. the stability of the solution to a perturbation with a = o, and
[ = fs as defined in (3.24). Unstable states are represented by a dashed line while stable

states are indicated with an unbroken line.

3.5.1 Taylor vortex flow

A bifurcation initiated by the leading streamwise vortex instability eigenmode results in
Taylor vortex flow (TVF). TVF consists of a pair of streamwise independent counter-
rotating vortices and counter-propagating streaks. The streamwise streak component of
the velocity field changes appearance as the geometry of the vortices varies from long to
short spanwise wavelength, with the streaks become more rounded as the wavelength is
decreased. The ellipticity and orientation of the vortical part of the flowfield also changes
as the wavenumber increases. These changes in the flowfields can be seen in Figure 3.5.
We plot bifurcations of TVF from the primary state (E.; = 0) in Figure 3.7. The Figure
includes curves of the growth rate of the linear mode responsible for each bifurcation from
which we can see that each bifurcation is transcritical, with TVF appearing only when
the linear mode has a positive growth rate. TVF only becomes harmonically unstable
for § = 4, in the range 0.084 < Ro < 0.91. The Taylor vortices possess mirror symmetry
Z, where

Ziu,v,w|(z,y,2) = [u,v, —w|(z,y, —2). (3.75)

This symmetry feature is apparent from the flowfields in Figures 3.5, with the axis of

reflection being the mid-point of the spanwise domain.

3.5.2 Second Taylor vortex flow

As noted by Nagata (2013) the primary flow loses stability to a second streamwise vortex
eigenmode, prompting a bifurcation to a second Taylor vortex flow (TVF;). TVF; has a
double layered vortical structure, with a pair of counter-rotating vortices aligned in the
wall-normal direction, alongside another pair of counter-rotating vortices in the spanwise
direction, as can be seen in Figure 3.6. The mirror symmetry Z holds in TVF,, with the
axis of reflection the mid-point of the spanwise domain in our Figures. Bifurcations of
TVF5 in Ro are plotted in Figure 3.8. The trajectories of the solutions are reminiscient of
those of the first TVF in the (Ro, E.f) parameter space, and each bifurcation is similarly

transcritial. TVF5 is unstable at each point in our bifurcation diagrams.
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=(1,0.1)

(Bs, Ro)

(2,0.3)

(Bs, Ro)

(ﬁsa RO) = (47 0'8)

(,35, RO) = (3v 0'5)

Figure 3.5: Taylor vortex flowfields at various spanwise wavelengths and rotation num-

The orientation of the vortices and the structure of the

streamwise streaks are subject to change as 5 and Ro are varied.

100 in all cases.

Re =

bers.

(43

685RO)

(

0.3)

(2,0.5)

(ﬁS: RO)

4, Ro=0.3.

Figure 3.6: Flowfields of TVFy at Re = 100 for gy = 2, Ro = 0.5 and
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(a)

0.035

0.031

0.025f
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0.015f
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0 0.05 0.1 0.15 0.2

Figure 3.7: (a) Taylor vortex bifurcations for various spanwise wavenumbers. Re = 100 in
each case. In each case the growth rate of the linear mode responsible for the bifurcation
is plotted as a dashed line of the colour corresponding to the TVF trajectory. The linear
growth rates are scaled . (b) Blow-up of the low Ro region where the loss of stability of

TVF with 8y = 4, and the emergence of each TVF with the linear mode, can be clearly
seen.
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Figure 3.8: Bifurcations of TVF, at 5, = 2 and § = 4, with Re = 100 in both cases. The

linear mode responsible for the bifurcation is included in each panel. Both solutions are
unstable along their entire trajectories.
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3.5.3 Oblique vortex flow

In addition to losing stability to streamwise independent perturbations, linear stability
theory tells us that the primary state can also be de-stabilized by oblique waves. As « is
increased from zero, we generically find that the two unstable oblique modes move closer
together until they merge to become a pair of modes with non-zero frequency, i.e. with
w; # 0. An example of this is shown in Figure 3.9. The two zero frequency unstable
modes develop into steady, nonlinear oblique vortex flow (OVF). OVF, like TVF, takes

the form of pairs of counter-rotating vortices, but unlike TVF the counter-propagating

5
We investigate the trajectories of OVF in the (Ro, E.f) subspace as it bifurcates from the

linear shear profile, for the case (5, Re) = (2,100). We find that for o < 0.225 there are

upper and lower solutions which bifurcate from each unstable eigenmode. We name these

streaks are oblique; inclined at an angle § = tan ¢ away from the streamwise direction.

OVF; and OVF, respectively. In Figure 3.10 we see that each solution forms two distinct
curves in (Ro, E.r). OVF; is harmonically stable for a large portion of its bifurcation,
whereas the OVF, is always unstable. We note that OVF; is unstable for Ro < 0.1,
though we do not pursue tertiary bifurcations here. As « is increased the two solutions
merge to form a closed trajectory in (Ro, E.s) and a separate, disjointed set of high and
low rotation solutions. This is shown in Figure 3.11. A depiction of the flowfields of two
OVF solutions is given in Figure 3.12. OVF has a Taylor-Couette flow analogue in spiral
vortex flow (SPI), which has recently been studied by Hoffmann et al. (2009), Altmeyer
et al. (2010) and Deguchi & Altmeyer (2013), though in these cases the spiral vortices

are travelling waves, rather than steady flows as considered here.
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Figure 3.9: Linear stability modes (3, Re, Ro) = (2,100,0.5). The blue corresponds to
the first unstable mode, red is the second mode and black is the merged mode with
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Figure 3.10: OVF; and OVF, for (ay,fBs,Re) = (0.2,2,100) and (as, s, Re) =

(0.225,2,100). The growth rates of the linear modes which initiate bifurcation from

the primary state are indicated by dotted lines.
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(0.2375,2,100). The curves are coloured differently to Figure 3.10 to indicate that merg-
ing has taken place. The outer and inner solutions of each curve can still be considered

OVF; and OVF,, respectively.
bifurcation from the primary state are indicated by dotted lines.

The growth rates of the linear modes which initiate
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Figure 3.12: Flowfields of the oblique vortex flows OVF; and OVF; for (as, 55, Re, Ro) =
(0.225,2,100,0.5).

3.5.4 Summary of secondary states

The secondary states which we have discussed fall into two categories: streamwise inde-
pendent and streamwise periodic states. Two streamwise independent states, TVF and
TVF, have been introduced and their bifurcations in Ro have been calculated. Stream-
wise periodic states OVF; and OVF, bifurcate as distinct solutions at low streamwise
wavenumber o, before merging as « is increased. It is to be expected that any transition

from the primary Couette flow will pass through one of these secondary states.
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3.6 Stability of Taylor vortex flow

In this section we determine the global stability of Taylor vortex flow. In particular we
focus on the stability of the first Taylor vortex solution, labelled TVF, since the most
unstable primary instability typically develops into this solution. Therefore it is useful
to characterize the secondary instabilities that emerge when TVEF loses stability. Let
Bs denote the spanwise wavenumber of a Taylor vortex pair. By varying the detuning
parameters o and § from equation (3.24), we can determine the global stability of a
Taylor vortex solution. It is typically found that the least stable perturbations are either
streamwise periodic and tuned to the fundamental, i.e. («a, ) = (a,0), or of Eckhaus
type with («, 5) = (0,8) (Eckhaus (1965)). From §3.4.3 we have that the wavenumber

domain which spans the full stability properties is the semi-infinite strip
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Figure 3.13: Global stability of TVF with (a) (85, Re, Ro) = (1.5,100,0.7) and (b)
(Bs, Re, Ro) = (4,100, 0.3), with perturbation growth rates o, > 0 coloured. In (a) the
least stable perturbation is streamwise periodic and tuned to the fundamental spanwise
wavenumber. In (b) the least stable perturbation is harmonic, with « = 5 = 0.

In Figure 3.13 we plot the global stability properties of two typical TVF profiles. To
clearly highlight the unstable parameter regions, we plot the intersection of the growth
rate o, with the neutral plane o, = 0, such that all stable regions are coloured dark blue
regardless of the value of the decay rate. In each of the cases considered we find that
the least stable perturbation is tuned to the fundamental, i.e. has spanwise detuning
wavenumber 3 = 0. As such, we choose three Reynolds numbers Re = 50, 100 and 250,
and calculate the streamwise secondary instabilities at various ;. The chosen Reynolds

numbers roughly correspond to the start, the middle and the end of the transition region,



3.6 Stability of Taylor vortex flow 69

as observed experimentally in Tsukahara et al. (2010). The spanwise wavenumbers of
the Taylor vortices, (4, are chosen such that they are spread across the linearly unstable

region of the primary flow, as shown in Figure 3.14.
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Figure 3.14: Colour-plots of the primary instability growth rate w, at Re = 50, 100, 250.
The thick black lines mark the locations of 35 for the Taylor vortices considered at each
Re.

To create each stability map in this section, minimum grids of 100 x 200 points in (o, Ro)
or (8, Ro) are used. The number of points used in each map varies, as we refine in the
grid to better resolve cases with complicated instability regions. The colouring of the
map is then interpolated to give a smooth visual effect. An example is given in Figure
3.15.
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Figure 3.15: The colouring of the plot on the left is interpolated to give the plot on the
right.

3.6.1 Streamwise instability maps

In Figures 3.16, 3.21 and 3.26 we plot the streamwise instabilities which affect Taylor
vortices of various spanwise wavelengths for Re = 50, Re = 100 and Re = 250. In Figure
3.16 where we have Re = 50, for s = 1,1.5,2 and 2.5 we see a wedge shaped region of
instability for 0 < Ro < 0.2 and 0 £ o < 0.6. This is known as wavy vortex instability
(Davey et al. (1968), Nagata (1986, 1998)), and we plot examples of its mode structure
and eigenvalues of the stability operator in a case with wavy instability, in Figures 3.17
and 3.18. The wavy instability causes Taylor vortices to lose stability to structures elon-
gated in the streamwise direction, with modulated high-velocity /low-velocity streaks.
Throughout the wedge regions in Figure 3.16, the stability operator has one unstable
eigenmode with o; = 0. As the spanwise wavenumber of the Taylor vortices increases
to Bs = 3 the wavy instability is no longer present, and the vortices become stable to
all streamwise perturbations. For 5, = 1 a region of instability occurs at high rotation
parameters, 0.6 < Ro < 1 and 0.5 < a < 1.5. This is known as twist vortex instabil-
ity (Weisshaar et al. (1991)). There are two unstable modes, the wavy twist and twist
vortex modes, which compete to de-stabilize the Taylor vortices. We show examples of
each mode and the stability eigenvalues in Figures 3.19 and 3.20. We find that the wavy
twist mode has a larger growth rate compared to the twist mode for Re = 50. The twist
instabilities are more sensitive to the spanwise wavelength of the TVF than the wavy

instability, as they are not observed for g, > 1.5.

An increase in Re has the generic effect of increasing the range and strength of insta-
bilities across the range of TVF, as can be seen for Re = 100 Figure 3.21. The wavy

vortex instability maintains the wedge shape observed for Re = 50, though the region
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stretches to o > 1 for §, = 2.6, 3, and is confined to a smaller Ro range in comparison
to Re = 50. For 0.4 < Ro < 1 and 5, = 1,1.5 we see a region of twist instabilities.
Whichever mode is least stable is dependent on o and Ro, as it switches between the
wavy twist and twist mode in (a, Ro)-space. Figure 3.22 gives an example of this. A
mid-Ro instability emerges for §; = 2.5 and strengthens as [, increases to 3.5. The
stability operator has a pair of complex conjugate modes in this case so we term this
the oscillatory wavy instability, since we expect unstable perturbations to oscillate in
time as their amplitude grows. The instability first occurs in the range 0.5 < a < 1,
giving the modes a streamwise elongated appearance similar to the low- Ro wavy instabil-
ity modes. This instability was noted by Nagata (1988), whose attention was restricted
to Taylor vortices with spanwise wavelength S = 1.5585, in which case the instability
first emerges for Re ~ 137.5. We plot examples of the mode and the eigenvalues of the
stability operator in Figures 3.23 and 3.25. As [, increases the range of a over which
the oscillatory instability is present decreases until the region merges with a harmonic
instability region in B, = 4. The harmonic instability persists for 5, = 4.5. We find that
the unstable mode in this case leans against the Taylor vortex streaks causing them to be
tilted in the spanwise direction, therefore we call this the skew instability. The mode is
depicted in Figure 3.24, and its stability operator eigenvalues are shown in Figure 3.25.
Note in Figure 3.25 for the operators with skew instability, there is an eigenvalue close
to zero, which we will call ¢°. When calculating the stability of a periodic solution to
harmonic perturbations, we expect zero eigenvalues to appear as an indication that the
state is indeed a solution to the governing equations. For our calculations, we compute

0% < 107% which we interpret as an indication of the accuracy of our code.

The stability maps for Re = 250 in Figure 3.26 show instabilities covering greater pro-
portions of the («, Ro) domain than was covered for Re = 50,100. The instabilities
themselves, however, are the same as those which appeared for lower Re. For g, = 1
a region of wavy twist instability dominates (a, Ro)-space, with a small region of wavy
instability at low Ro. The wedge shaped region of wavy instability from Re = 50,100
is present again for 5, = 2, at low Ro, and a thin strip of oscillatory instability appears
for Ro ~ 0.02 and 1 < o < 3. For s = 2 at higher Ro, there are three distinct regions
of instability. Two oscillatory instabilities account for the two lower « regions, while a
combination of steady wavy twist and twist instabilities dominate for the higher a region.
For 8, = 3 and 4 the oscillatory instability dominates over 0.1 < Ro < 0.9, with a wedge
region of steady wavy instability persisting for Ro < 0.1. For 5, > 5 the harmonic skew
instability dominates, and instabilities have increasingly longer streamwise wavelengths.
Unlike the cases for Re = 50,100, there are no regions other than close to the linear
stability boundary where the Taylor vortices for Re = 250 are stable to streamwise per-

turbations.



72 3. Stability and bifurcations in rotating plane Couette flow

Bs

=1
0.4
0.3
0.2
0.1
1 15 2

0 0.5

o
Bs
0.9
0.8
0.7
0.6
Rogs
0.4
0.3
0.2
0.1

0 0.5
(&

Bs

0 0.5

&

=2
0.02
-0.015
-0.01
0.005
1 15 2
=3
0.9
' 0.8
: -0.6
ROO.5
0.4 -0.4
0.3
0.2
0.2
0.1
1 1.5 2

0.02

0.015

0.01

0.005

0

3
410

0

1.5
0.9 0.025
0.8
07 -0.02
0.6
Rogs -0.015
04 -0.01
0.3
0.2 0.005
0.1
15 5 0
3.5
0.9
' 0.8
: 0.6
ROO.S
04 0.4
03 0.2
0.2 '
0.1
15 5 0

f@s:

0 05 1

X

_ -3
Ps = 2.5 x 10

0 0.5

0.8
10
0.8
0.7
-7.5
06
ROO.S
-5
04
03 2.5
0.2
0.1
1 15 2
@

)852

>ﬁ10

0 0.5

1
a4
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Figure 3.17: Wavy instability mode for («, fs, Re, Ro) = (0.4,1,50,0.1). On the top left
we have TVF and on the right is the wavy mode which de-stabilizes it. Beneath we plot
a combination of the two modes.
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Figure 3.19: Wavy twist and twist instability modes for (a,fs, Re, Ro) =
(1,1,50,0.7606). The top row have an unstable TVF and the twist perturbations which
de-stablize the vortex. The bottom row depicts the composition of the TVF and each
instability mode.
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Figure 3.20: Eigenvalues of the stability operator with a wavy instability for
(e, Bs, Re, Ro) = (1,1,50,0.7606). The twist eigenvalue is circled in red so as to dis-
tinguish it from the wavy twist eigenvalue, since the two are very close. On the right
we plot the growth rates o, of the wavy twist (blue) and the twist (red) modes against
a, for Ro = 0.7606. In this instance, the wavy twist mode dominates for all streamwise
wavenumbers.
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Figure 3.22: Wavy twist (blue) and twist (red) instability modes competing in Ro.
(e, Bs, Re) = (1.5,1.5,100). Unlike the case for Re = 50 in Figure 3.20, the least stable
modes changes from twist to wavy twist as Ro increases.

TVFEF

Figure 3.23: From top to bottom we plot TVF; the oscillatory wavy perturbation mode;
and the combination of the two flowfields. The parameters here are («a, (s, Re, Ro) =
(0.5, 3,100, 0.5).
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Figure 3.24: From left to right we have TVF; the skew mode; and the combination of
TVF and the skew mode. We have chosen the name “skew” instability as the combination
flowfield resembles a Taylor vortex pair which is skewed in the (y, z)-plane. The parameter
values are (s, Ro, Re) = (4,0.2,100).
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modes (bottom). Re = 100 in all cases.



78 3. Stability and bifurcations in rotating plane Couette flow

/65 =1 185 =2
0.9 0.2
0.1
0.8 0.8
0.7 -0.15 0.7 -0.08
0.6 0.8
Ro -0.06
-0.1 03
0.4 0.4
0.3 0.3 -0.04
0.2 0.05 0.2 0.02
0.1 0.1
[ 0
0 2 4 6 0 2 4 6
83 (83
55 — 3 55 — 4:
0.14
0.12
10.1
-0.08
-0.06
0.04
0.02
0 2 4 g O
87 84
Bs =5 B, =6
0.9 0.2 0.9 0.25
0.8 0.8
0.7 {015 0.7 0.2
0.6 0.8
-0.15
ROO.S . ROO.S
0.4 01
: 0.4 o1
0.3 03
0.05
0.2 0.2 0.05
0.1 01
0
0 2 4 B 0
I 0 2 o 4 6
65 =7 /6'5 =38
0.9 0.3
. 0.25 038 0.25
0.7
' 0.2 0.2
. 0.8
-0.15 Rogs -0.15
0.4
0.1 04 0.1
0.3 0.3
0.2 0.05 02 0.05
0.1 0.1
0 2 4 B 0 2 4 8
84 83

Figure 3.26: Streamwise instability for Re = 250. o, > 0 is coloured in («, Ro)-space.
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3.6.2 Eckhaus instability maps

In Figures 3.27, 3.28 and 3.30 we plot the streamwise independent instabilities that af-
fect Taylor vortices for Re = 50,100 and 250. An instability caused by a perturbation
which is periodic in the same direction as the base state is called Eckhaus instability
(Eckhaus (1965)). For Re = 50,100, Eckhaus instability is limited to TVF with higher
Bs wavenumber so in Figures 3.27 and 3.28 we include maps for the two largest (3, consid-
ered. In each Figure, low Ro and high Ro tongues of subharmonic instability appear for
the Taylor vortices. These modes have o; = 0, and initiate a bifurcation towards TVF
with lower s as is outlined in Figure 3.29 for a case with Re = 50. In Figure 3.28, for
Re = 100, these tongues are restricted to a smaller region of the parameter space, and
the skew instability emerges between 0.1 < Ro < 0.9. As was the case with streamwise
instabilities, for Re = 250 the Taylor vortices are in general much less stable than was
the case for lower Reynolds numbers. Only s = 1 is Eckhaus stable, all other vortices
being de-stabilized by streamwise independent perturbations. We find that in most cases
the maximum Eckhaus instability is in fact harmonic, being either the skew instability
or an oscillatory version of it. Vortices with higher spanwise wavenumber have stronger
Eckhaus instability than those with lower wavenumber, as evidenced by increase in max-
imum growth rate as f is increased in Figure 3.30. The low and high Ro tongues of
instability present in the Re = 50, 100 Eckhaus instability maps appear only at 5, = 7,8
for Re = 250, with the tongues confined to Ro very close to the upper and lower linear

stability boundaries.
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Figure 3.27: Eckhaus instability for Re = 50 o, > 0 is coloured in (3, Ro)-space.
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Figure 3.28: Eckhaus instability for Re = 100 o, > 0 is coloured in (3, Ro)-space.
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Figure 3.29: Subharmonic Eckhaus modes at (8, 8s, Re, Ro) = (1.75,3.5,50,0.859). At
the top we plot TVF with s = 3 over the doubled wavelength 4{. On the top right we
plot ug, the velocity perturbation about the Taylor vortex, corresponding to Eckhaus
mode = 1.75. u_g corresponds to the conjugate mode, plotted in the bottom left panel.
In the final panel we plot the superposition of the two perturbations, which resemble a
Taylor vortex flowfield with g4 = 1.75.
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Figure 3.30: Eckhaus instability for Re = 250. o, > 0 is coloured in (3, Ro)-space.
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3.6.3 Summary of TVF stability properties

The stability of TVF has been shown to be strongly dependent on the spanwise wavenum-
ber S5 of the Taylor vortices, the rotation number Ro and the Reynolds number Re. We
have mapped the streamwise instabilities across all Ro for Re = 50,100, 250 and across
a set of B, for which there exist Taylor vortices, in Figures 3.16, 3.21 and 3.26, and the
Eckhaus instabilities across the same parameters in Figures 3.27, 3.28 and 3.30. Care has
been taken to analyze each stability mode, to give a characterization to the instabilities
which cause TVF to break down at given points in parameter space. The instabilities
cover a larger region of («, Ro) space as Re is increased, offering some promise that exper-
imentally observed transition phenomena can be explained via bifurcation of structures
from TVF. Our analysis has focused on purely streamwise and purely spanwise insta-
bilities, so it is of course possible that there exist oblique instabilities which de-stabilize
the Taylor vortices. However, as shown in Figure 3.13, where we find oblique instabil-
ities in our calculations, they are often not as strong as purely streamwise or spanwise
modes. We take this as justification in studying the reduced range of instabilities, in or-

der to give a clearer view of the parameter dependence of the stability properties of TVF.

By giving an indication of where in the (o, 3, 85, Re, Ro) parameter space Taylor vortices
will break down, our stability maps provide an ideal starting point for investigating the

tertiary bifurcations which branch from secondary TVF.
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3.7 Bifurcations of tertiary states

We define a tertiary state to be a structure which bifurcates directly from a secondary
state, but not the primary state. In this analysis we identify a range of the tertiary states
which bifurcate from Taylor vortex flow at transitional Reynolds numbers. To this end,
we restrict our attention to Re = 100, since §3.6 indicates a range of instabilities present
for this Re. To assess the effects of rotation on the tertiary states we track their trajecto-
ries in (Ro, E.s)-space and create bifurcation diagrams in §§3.7.5, 3.7.6 and 3.7.7 We use
the Newton-Krylov-hookstep algorithm outlined in §3.3 to find the tertiary states and an
adaptive quadratic continuation technique to continue them in solution space. In each
bifurcation diagram, the harmonic stability or instability of each structure is indicated

by a solid or dashed curve respectively, as was our convention in §3.5.

In addition we perform a global stability analysis on a representative set of the tertiary
solutions which appear in our bifurcation diagrams. An extensive tertiary stability anal-
ysis would require examination of each solution at all the wavenumbers at which it exists,
as was done for TVF in §3.6, which would be computationally expensive. Therefore we
simply select cases of each tertiary flow to analyze. The tertiary states on which we per-
form global stability analyses are marked by dots where they appear in the bifurcation
diagrams. Well converged eigenfunctions require a greater truncation than is needed to
compute well converged eigenvalues, so we do not include plots of the eigenfunctions in
this thesis.

In order to produce coherent maps of the instabilities affecting each solution an extra
layer of interpolation is added to the procedure for the maps in §3.6. For a steady solu-
tion, stability values are calculated at 100 data points in the (o, ) domain. These data
points are then interpolated, using a cubic spline algorithm, onto a grid of over 1000
points before we create the colour-plot. For time-periodic states, since stability values
are more computationally expensive to compute, cubic spline interpolation is used over
a grid of 20 data points. As in §3.6, we plot the growth rates o, with the intersection of

the neutral plane, o, = 0, such that the regions of instability can be clearly seen.

We begin with an introduction to each of the tertiary states in §§3.7.1, 3.7.2, 3.7.3 and
3.7.4.
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3.7.1 Wavy vortex flow

Wavy vortex flow (WVF) is a steady structure which develops when Taylor vortices
lose stability to wavy vortex modes. Wavy vortices are a well-known feature of Taylor-
Couette flow (see for example Davey et al. (1968), Andereck et al. (1986), Nagata (1986),
Koschmieder (1993)), and were discussed by Nagata (1998) in the context of rotating
plane Couette flow. Wavy vortices lose the mirror symmetry Z of Taylor vortices, but they
hold shift-reflect and shift-rotation symmetries S and €2. An example of the streamwise
and spanwise variation of the flowfield is given in Figure 3.31. The flowfields closely

resemble the superposition of the linear wavy mode and TVF from Figure 3.17.

Slu, v, w|(z,y, 2) = [u, v, —w|(z + g, Y, —2 + %) (3.77a)
Qlu, v, w|(z,y, 2) = [—u, —v,w|(—z, —y, 2 + %) (3.77b)

Figure 3.31:  Wavy vortex flows (as, /s, Re, Ro) = (0.7,1.5,100,0.05) and
(e, Bs, Re, Ro) = (0.8, 3,100, 0.12).

3.7.2 Twist and wavy twist vortex flow

Twist (TWI) and wavy twist (wTWI) vortex flows emerge from the twist and wavy
twist instabilities of Taylor vortex flow (Weisshaar et al. (1991), Antonijoan & Sanchez
(2000)). Examples of the flowfields are given in Figure 3.32 where, like WVF, the mid-
plane flowfields of the twist flows closely resemble their linear counterparts from Figure
3.19. wTWI has the symmetries S and €2 loses mirror symmetry Z, whereas TWI retains
the mirror symmetry of TVEF.
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0.05

-0.05

Figure 3.32: Twist (left) and wavy twist (right) vortices for (as,fs, Re, Ro) =
(1,1,100,0.8).

3.7.3 Oscillatory wavy vortex flow

The complex conjugate eigenvalues of the oscillatory wavy instability instigate a Hopf
bifurcation from Taylor vortex flow towards a periodic orbit of the Navier-Stokes equa-
tions. To our knowledge, calculations of the oscillatory flow bifurcating directly from
TVF has not been previously reported in the literature for Taylor-Couette flow, circular
Couette flow or rotating plane Couette flow, though the oscillatory instability has been
known since Nagata (1988). However, Hopf bifurcations from tertiary states have been
reported, such as those discussed in Nagata & Kawahara (2004), and oscillatory flows in
plane Couette flow have also been found (Kawahara & Kida (2001), Viswanath (2007),
Kreilos & Eckhardt (2012)). The structure has a remarkably simple sinusoidal oscillatory
amplitude, which is manifest in its E.; evolution in Figure 3.33. We have named it the
oscillatory wavy vortex flow (0oWVF) as its flowfield resembles that of a steady wavy
vortex which oscillates in time, as can be seen in Figure 3.34. Its structure is much sim-
pler than the periodic orbits found in non-rotating plane Couette flow by, for example,
Kawahara & Kida (2001) and Viswanath (2007), though its E.; evolution is reminiscent
of the 1 orbit found by Kreilos & Eckhardt (2012). oWVF holds the same symmetries
as WVF and wTWI: shift-reflection S and shift-rotation €2.
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Figure 3.33: Perturbed TVF evolving towards oWVF for (as,fs, Re, Ro) =
(0.6,2.4,100,0.5).
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Figure 3.34: Oscillatory wavy vortex flow for (as, fs, Re, Ro) = (0.6,2.6,100,0.5), pic-
tured at four time points throughout one period of its oscillation. The flowfield has a
wavy structure and the symmetries S and €2 are satisfied throughout its orbit.
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3.7.4 Skewed vortex flow

Skewed vortex flow (SVF) is the steady, streamwise independent flow which bifurcates
from Taylor vortices via the skew instability. SVF loses mirror symmetry Z, like the
previous tertiary states excluding TWI. The spanwise skewness of the vortices is readily
apparent in velocity field pictured in Figure 3.35. The flowfield is quite different from
the linear mode and TVF combination of Figure 3.24, suggesting that a greater number
of spanwise harmonics are excited during nonlinear saturation of the linear mode. We

are unaware of SVF being reported by other authors.

0.04

0.03

r-0.02

Figure 3.35: Skewed vortex flow for (fs, Re, Ro) = (4,100,0.9).
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3.7.5 Bifurcation of twist, wavy twist and wavy vortex flows

Having classified the instabilities that cause Taylor vortices to break down and the ter-
tiary states that they develop into, we can trace their trajectories in the (Ro, E.;) sub-
space, with ay, 0, and Re fixed. In Figure 3.36 we show how WVF and wTWI bifurcate
from TVF with 5, = 1.5. WVF is born when TVF loses stability to the wavy vortex mode
and when TVF regains stability WVF dies, thus bifurcation to WVF is considered tran-
scritical in this case. The stability of this WVF solution changes twice, with instability
to oscillatory perturbations in the regions 0.0154 < Ro < 0.02 and 0.0246 < Ro < 0.041.
Global stability analysis on a harmonically stable and unstable WVF solution, shown
in Figure 3.40, indicate that both states de-stabilize to a subharmonic instability with
maximum growth rate at approximately («, 5) = (0.35,0.135).

wTWI emerges, in Figure 3.36, in a saddle-node bifurcation at Ro = 0.604 with an
upper and lower branch of solutions in the range 0.604 < Ro < 0.756, and both solu-
tions are harmonically unstable to complex conjugate modes. The lower branch becomes
harmonically stable at Ro = 0.635 meaning that there are two stable attractors over
0.635 < Ro < 0.756 since TVF is also stable, while the upper branch solution is un-
stable throughout the bifurcation. At Ro = 0.756, TVF loses stability and the lower
branch wTWI becomes the only attractor, while the upper branch merges with TVF.
The structure of upper branch wTWTI differs from the structure of its lower counter-
part, as highlighted in the (x, z)-projections of two example flowfields in Figure 3.38.
The lower branch solution has a sinusoidal arrangement of vortex pairs embedded be-
tween streamwise streaks, whereas the upper branch solution consists of three pairs of
vortices embedded between each streak, along one streamwise wavelength. Each group
of three, in the upper branch solution, contains two strong and one weak vortex pairs,
with the weak and strong pairings aligning either side of the streak. In Figure 3.39 we
plot the global stability properties of the harmonically stable lower branch solution and
the harmonically unstable upper branch solution indicated by dots in Figure 3.36. The
lower branch solution is globally stable, whilst the upper branch solution is unstable to
a perturbation of any («, f) wavenumber pairing. However, the upper branch solution is

maximally unstable to harmonic perturbations.

In Figure 3.37 we plot bifurcations for a, = 1.5. TVF remains stable for Ro < 0.55, above
which stability is lost to a twist mode. We then see TWI and wTWTI bifurcate transcrit-
ically from TVF. TWI is harmonically stable in the range 0.55 < Ro < 0.618, beyond
which it loses stability to a stationary mode. We investigate the global stability of the two

solutions indicated in the bifurcation diagram in Figure 3.41. Harmonically stable TWI
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loses stability to a subharmonic stationary mode with maximum («, 8) = (0.37,0.23),
while the harmonically unstable TWI is globally unstable with maximum to an oscil-
latory subharmonic mode at (a, ) = (0.72,0.48). TVF becomes stable once more for
Ro > 0.852 and the tertiary states collapse.

In Figures 3.42 and 3.43 we investigate bifurcations in the geometric parameter o, at
Ro = 0.7 and Ro = 0.8, to explore the relationship between the tertiary solutions at
as = 0.7 and a, = 1.5. For both rotation numbers, TWI bifurcates transcritically in
as. WI'WI merges with TVF for large oy for both rotation numbers, but its behaviour
at low «y is different in each case. For Ro = 0.7 in Figure 3.42, the upper and lower
branch wTWI from Figure 3.36 appear, with an exchange of harmonic stability as wTWI
increases in E s to re-join with TVF at the point where it de-stabilizes. For Ro = 0.8 in
Figure 3.43 however, no upper and lower branches are found, and the solution decreases
in F.; as oy — 0, tending towards TVF with 8, = 3. This suggests wIT'WI energes in a
subcritical, subharmonic bifurcation from TVF with g, = 3. A long wavelength wTWI
flowfield is shown in Figure 3.44, where it can be seen that the twists become increasingly

localized as the state moves towards TVFE.
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Figure 3.36: Tertiary bifurcations for (as, 85, Re) = (0.7,1.5,100). The global stability
of the WVF solutions marked by red dots is calculated in Figure 3.40. The green dots
correspond to the wT'WI solutions plotted in Figure 3.38 and used in global stability
calculations in Figure 3.39.
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Figure 3.37: Tertiary bifurcations for (as, s, Re) = (1.5,1.5,100). The purple dots
correspond to the TWI solutions for global stability computations in Figure 3.41.
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Upper wT'WI

Figure 3.38: Stable and unstable wTWI solutions at («as, 85, Re, Ro) = (0.7,1.5,100,0.7).

(cuy, Bs, Re, Ro) = (0.7,1.5,100,0.7) (cy, Bss Re, Ro) = (0.7,1.5,100,0.7)
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Figure 3.39: Stability of harmonically stable and unstable wTWI solutions at
(cs, fBs, Re, Ro) = (0.7,1.5,100,0.7). o, > 0 is coloured. The harmonically stable so-
lution is in fact globally stable, whilst the harmonically unstable solution is unstable to
all perturbations. The least stable mode is the oscillatory harmonic mode.
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(as, 35, Re, Ro) = (0.7, 1.5, 100, 0.05) (s, 3s, Re, Ro) = (0.7, 1.5,100,0.032)
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Figure 3.40: Stability of harmonically stable and unstable WVF solutions at Ro = 0.05
and Ro = 0.032 for (as, s, Re) = (0.7,1.5,100). o, > 0 is coloured. Both solutions
lose stability to oscillatory subharmonic perturbations with the least stable mode at
approximately (a, f) = (0.35,0.135) for each state. The harmonic instability at Ro =
0.032 is also oscillatory.
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Figure 3.41: Stability of harmonically stable and unstable TWI solutions at Ro = 0.6 and
Ro = 0.7 for (as, Bs, Re) = (1.5,1.5,100). o, > 0 is coloured. Both solutions de-stabilize
to stationary, subharmonic perturbations. The harmonic instability for the Ro = 0.7
state is also a stationary mode.
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Figure 3.42: Left: continuation in (o, E.s)-subspace for (S5, Re, Ro) = (1.5,100,0.7).
Right: secondary stability of TVF (s, Re, Ro) = (1.5,100,0.7).
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Figure 3.43: Left: continuation in (as, E.f)-subspace for (S5, Re, Ro) = (1.5,100,0.8).
Right: secondary stability of TVF (s, Re, Ro) = (1.5,100,0.8).
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Figure 3.44: wTWI solution with oy = 0.1 and (S, Re, Ro) = (1.5,100,0.8). The twists
become increasingly localized as oy — 0 and the solution approaches TVF with 5, = 3.
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3.7.6 Bifurcation of wavy and oscillatory wavy vortex flows

We trace the trajectories of WVFEF and oWVF for (ay, 8s) = (0.6,2.6) and (o, fBs) =
(0.8,3) in Figures 3.45 and 3.46. In Figure 3.45, for (as, 8s) = (0.6,2.6) we find a trans-
critical bifurcation from TVF towards WVF in the range 0.026 < Ro < 0.128 and a Hopf
bifurcation towards oWVF over 0.384 < Ro < 0.7. The black curve which represents
oWVF is the arithmetic mean of maximum and minium cross-flow energy that the solu-
tion oscillates between during its temporal evolution, for each Ro. The oWVF solution
branch is a stable attractor in this case, as it is always harmonically stable. The WVF
solution branch is harmonically unstable to complex conjugate eigenmodes, prompting

the existence of time-periodic quaternary states which we do not pursue here.

For (a, Bs) = (0.8,3) in Figure 3.46, the transcritical bifurcation towards WVF is similar
to the previous case. The oWVF trajectory becomes more complex. Beginning with a
Hopf bifurcation at Ro = 0.355, the solution reaches a turning point in (Ro, E.r)-space at
Ro = 0.438, where it loses stability and subsequently loops over parameter space, reach-
ing a minimum rotation number Ro = 0.189. The state re-gains harmonic stability at
Ro = 0.485 and re-joins TVF at Ro = 0.646. The periods of both oWVF states from our
two bifurcation diagrams are plotted in Figure 3.47, alongside the period of the unstable
linear mode which de-stabilizes TVF. Figure 3.47 suggests that in the (as, 8s) = (0.8, 3)
geometry there should exist a set of states for 0.43 < Ro < 0.48 with period T" =~ 21.5,

though we are unable to find any such periodic orbits to satisfactory accuracy.

A situation arises at Ro = 0.45 where there do not exist any stable attractors in the do-
main (as, Gs) = (0.8,3). oWVEF, TVF and the base flow are all unstable. Thus, a random
perturbation settles into a quasi-chaotic motion, moving between the unstable TVF and
oWVEF| though not visiting the base flow. In Figure 3.48 we plot the cross-flow energy
evolution for a random initial condition (a random distribution of Stokes modes) with
initial energy E.;(t = 0) = 107%. Linear instability causes the perturbation to grow until
nonlinear saturation when the fluid settles on TVF at ¢t = 105. At ¢t = 340 TVF breaks
down resulting in a transient structure. The lower boundary of the E.; oscillations of
the transient state decreases steadily until ¢t = 1331 when oWVF emerges. At ¢t = 1615
oWVF breaks down and TVF re-appears, however, there is now enough background noise
to cause TVF to de-stabilize on a much shorter timescale. By ¢ = 1738 the flow has re-
turned to the transient structure, and the cycle repeats again. The symmetries S and €2
are satisfied throughout the process. The dynamics are reminiscent of the regeneration
cycle described by Kawahara & Kida (2001) for plane Couette flow.
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The stability properties of a harmonically stable and unstable oWVF solution, indicated
by dots in Figures 3.45 and 3.46, are shown in Figure 3.49. We find that neither solution
is globally stable. The harmonically stable solution is unstable to subharmonic modes
with maximum at (o, ) = (0.45,0.16). The frequency of the modes is tuned to the
fundamental, suggesting they will oscillate with the same period as the oWVF solution.
The instability of the harmonically unstable solution is strongest at the harmonic point.
There is a region of spanwise subharmonic instability from 0.5 < § < 1, but it is a much

weaker instability than the harmonic modes.
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Figure 3.45: Tertiary bifurcations for (as, 85, Re) = (0.6,2.6,100). The global stability
of the solution indicated by the dot is calculated in Figure 3.49.
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Figure 3.46: Tertiary bifurcations for (as, s, Re) = (0.8,3,100). The global stability of
the solution indicated by the dot is calculated in Figure 3.49.
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Figure 3.48: Cross-flow energy evolution of random initial condition for (ay, 85, Re, Ro) =

(0.8, 3,100, 0.45).
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3.7.7 Bifurcation of skewed vortex flow

In Figure 3.50 we plot bifucations of streamwise-independent structures which bifurcate
from TVF with g5 = 4. We find that SVF exists for a short range of high and low Ro. At
Ro = 0.085 SVF bifurcates from TVF in a transcritical bifurcation. At Ro = 0.235 SVF
joins with the second Taylor vortex solution, TVFy. TVF; is itself unstable to complex
conjugate eigenmodes, prompting a Hopf bifurcation to time-periodic solutions. We do
not include the unsteady solutions in Figure 3.50, as tracing the solutions became difficult
due to a rapidly increasing period of oscillations. The second branch of SVF connects
TVF and TVF, at high Ro. Both the harmonically stable and unstable SVF solutions
considered in Figure 3.51 lose stability to streamwise and spanwise subharmonic modes.
The Ro = 0.1 solution is maximally unstable at (a, §) = (0.6,0.2), losing stability to a
complex conjugate pair of eigenmodes. An Eckhaus instability region with zero-phase
modes arises close to f = 2, with local maximum («, ) = (0,0.2). The Ro = 0.85
solution is harmonically unstable to a complex-conjugate pair of modes. However, this
instability is overtaken by zero-phase Eckhaus modes with maximum growth rate at half

the spanwise wavenumber, («, 3) = (0, 2).
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Figure 3.50: Tertiary bifurcations for (as, 85, Re) = (0,4, 100)
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Figure 3.51: Stability of harmonically stable (top-left) and unstable (top-right) SVF
solutions and TVFy (bottom). o, > 0 is coloured in («, f3).
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3.8 Transition modelling

In this section we investigate the extent to which our stability analysis of secondary and
tertiary states provide insight into the supercritical transitions observed in the experi-
ments of Tsukahara et al. (2010) and Suryadi et al. (2013), who have mapped flow states
in the ({2, Re)-plane. The experimenters guarded against hysteresis effects by arriving at
parameter combinations in two ways; case- Re where Re is fixed while (2 is increased to its
target value; and case-{2 where the rotation number is fixed and Re is slowly decreased
from 1000 towards the desired value. Having settled the flow on a point in ({2, Re)-space
the experimenters wait for some time to allow the fluid to settle before making observa-

tions and characterizations of the flowfield.

We analyze transition in two ways. Firstly, we perform a numerical analogue to the
experiments: a long-time large periodic box simulation of a random initial flowfield. Sec-
ondly, we introduce a simple model in §3.8.2 which makes a prediction of the final flow
state without resorting to a large scale simulation of the Navier-Stokes equations, or in-
corporating vortex splitting and merging, such as is discussed by Guo & Finlay (1991).
Our first approach serves as an assessment of how well the Navier-Stokes equations with
streamwise and spanwise periodic boundary conditions capture the dynamics of the ex-
periments. As noted in Tsukahara et al. (2010), Ekman layers are likely to form at the
lower boundary of their apparatus, causing a change in wavelengths between structures
near the lower wall and those away from it. An Ekman layer is formed at a solid wall
in a rotating fluid, and their effects have been discussed in Taylor-Couette experiments
(Czarny et al. (2003), Hollerbach & Fournier (2004), Altmeyer et al. (2010), Heise et al.

(2013)), however, we do not include the effects of Ekman layers in this analysis.

The focus of this study is the transition between laminar flow states, prior to transitions
to quasi or fully turbulent dynamics. As such, we fix Re = 100 and investigate changes
in the flow structures with respect to the rotation parameter. Tsukahara et al. (2010)
found four flow states in the region 0 < (2 < 30, which corresponds to 0 < Ro < 0.3
(see Figure 3.52 for a re-print of their state-space map). In increasing {2, the flow states
are labelled COU3Ds (spatio-temporally intermittent three-dimensional roll-cells) from
2 < 2 <7, COU3D (three-dimensional roll-cells) from 7 < 2 < 12, COU2Dm (two-
dimensional meandering roll-cells) from 12 < 2 < 15 and COU2Dh (two-dimensional
roll-cells at high rotation number) from 15 < {2 < 30. Photographs of the flow states
COU3Ds, COU3D and COU2Dh are re-printed from Tsukahara et al. (2010) in Figures,
3.53, 3.54 and 3.55. Suryadi et al. (2013) have extended the rotation parameters and
found that for Re = 100: two-dimensional roll-cells persist over 30 < {2 < 70, and for
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2 = 90 two distinct patterns are observed at different times. Photographs of the two
flow states as observed in the latter experiments, which we will label (A) and (B), are
printed in Figure 3.56. The photographs were kindly sent by private communication with
the authors. Of the two flowfields, (A) has a much greater degree of streamwise structure

in comparison with (B), which contains localized folds between streaky structures.
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Figure 3.52: Re-print of Figure 3 from Tsukahara et al. (2010), showing the flow states
observed at different locations in the (Re, {2) parameter space. We focus on the transition
between states with fixed Reynolds number, Re = 100.
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Figure 3.53: Re-print of Figure 10 from Tsukahara et al. (2010), showing the flow state
COU3Ds for (Re, 2) = (151,1.32). (a), (b), (¢) and (d) correspond to images recorded at
time intervals of 0, 12, 24 and 50 seconds.

Figure 3.54: Re-print of Figure 9(a) from Tsukahara et al. (2010), showing the flow state
COU3D for (Re, 2) = (99.6,8.65).

Figure 3.55: Re-print of Figure 14 from Tsukahara et al. (2010), showing the flow state
COU2Dh for (Re, 2) = (178,24.6).



3.8 Transition modelling 103

(4)

© Alexandre suryadi, 20
Linné FLOW centre/KTH Mekanik

Figure 3.56: Photographs of the two distinct flow states observed experimentally by
Suryadi et al. (2013) for (Re, 2) = (100, 90). (Private communication).

3.8.1 Numerical procedure

For each numerical simulation we have used a domain D, with fundamental wavenumbers
ay=02and By =04
D = [0,107] x [—1, 1] x [0, 5], (3.78)

which is discretized as N, x N, x N, = 256 x 49 x 128. This discretization is chosen
such that the number of points per unit length is in keeping with other large domain
simulations, for example Duguet et al. (2010) who used N, x N, x N, = 2048 x 33 x 1024
in the very large domain [0,800] x [—1,1] x [0,356]. The precise geometry of the ex-
perimental apparatus is not reported for each case in Tsukahara et al. (2010), since the
wall-normal gap is modified for each Re. However, the streamwise and spanwise lengths
are reported as 1500mm and 360mm respectively, so a wall-normal width of 10mm, for

example, would imply a domain of 300h x 2h x 72h. Thus D is much smaller than the
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experimental domain, which can of course introduce a reason of discrepancy between our

simulations and the experiments.

A random initial perturbation of the base flow, u, is generated using

Nz /2 N./2 Ny—1

wo= D, Y, > s Tu(y)e 0T, (3.79)

j=—Nz /241 k=—N./24+1 £=0

where T(y) is the /" Chebyshev polynomial of the first kind, and
fjgs = A1 — s) IR (3.80)

where A is a random number with A € [—1, 1]. s is a parameter controlling the smoothness
of the field. We set s = 0.2 and initial energy Ey = 5 x 1072 for the initial perturbation.

The same field is used as the initial condition for each simulation.

3.8.2 Model prediction

We now introduce a simplified model of the transition scenario which we use to make a
predicition of the final flow state at each {2. We begin by calculating the spectral energy

EQ 5 of the initial disturbance, ug(z,y, 2). For

27 27
a B .
vaﬁ(y>:/ / uo(:v,y,z)e‘(a“ﬁz) dzdx, (3.81)
0 0
we have
1 1
Eyy = 5/ Vo5Uhs dy. (3.82)
-1

From linear theory, the growth rate w,s at which disturbances are linearly amplified
about the linear base profiled is calculated. During the primary linear growth phase we
expect the energy of each mode to grow as

E(t) = EYje?est, (3.83)

«

We then define a saturation energy, F, being the energy at which we expect nonlinear
effects to dominate the dynamics. Since disturbances with av = 0 have the largest linear
growth rates (cf §3.2), we assume that a spanwise wavenumber, S, will emerge from the
linear growth phase to dominate the secondary dynamics. To determine B!, we solve for

the saturation time ¢,

1 E;
ts(B) = 505 log (E_gﬁ) (3.84)
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Then B is defined to be the wavenumber which minimizes the saturation time
(5 = mint (9). (3.85)

We then assume a secondary Taylor vortex solution with spanwise wavenumber 5% to

emerge, which we will denote, U"(, 3) = U"(0,3"). If the vortex is unstable to

II1

streamwise disturbances, a streamwise wavenumber o'+ will appear which maximizes

the growth rate o of a linear perturbation to the Taylor vortex

I — max o(a). (3.86)

«

oo

A third solution, U™ (o, 1), can then be computed. From a further Floquet analysis

on this third state we determine wavenumbers o' and B'Y which satisfy

o(a, 8V) = maxo(a, 9) (3.87)
OéIV S O[IH7 BIV S ﬁH, (388)

where ¢ is again the growth rate of a linear perturbation to the third state. A new
state, U" (a!V, B'V) is found by repeating U™ over the wavenumber domain (v, '),
adding a random perturbation to the flowfield, and then evolving towards a steady state
or periodic orbit. The random perturbation selects the natural bifurcation away from
U™ towards U', without the need to perturb the system with specified eigenmodes
from the Floquet analysis. This process is continued until a globally stable solution is
found, or until finding a solution becomes too computationally expensive. We expect
this solution to feature flowfields of the simulations and experiments. We have refrained
from defining the progression of solutions as tertiary and quaternary in favour of I1I, IV,

.., since we have defined tertiary solutions in §3.7 to be structures which originate in
a bifurcation from secondary states, meaning IV and higher states could be classified as

tertiary solutions in keeping with this convention.

In the analysis which follows we choose saturation energy Es = 0.00125, on the assump-
tion that velocities with amplitude A, = /2E, = 0.05 give a reasonable estimate for
the onset of nonlinear interactions. For the stability calculations we need only compute
growth rates for wavenumbers that are harmonics of the fundamentals, since they are

the only ones supported by the domain

a=0,0.2,0.4,0.6,... (3.89)
B=0,04,0.81.2,.... (3.90)
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3.8.3 Time-periodic flow: (2 = 2.5

For {2 = 2.5 our simulation gives an unsteady, quasi-periodic flowfield, with E.; evolution
reaching a local maximum approximately every 200—300 time units, shown in Figure 3.57
along with snapshots of the flowfield at certain times. The fluid is arranged into vortices
with spanwise wavenumber § = 1.2 which oscillate in time, switching between wavy
vortices and streamwise independent vortices during the oscillation. The streamwise
variation of the vortices does not appear to be periodic on a smaller scale than the
domain length, suggesting that the structure has streamwise wavenumber av = 0.2. The
dynamics could be crudely interpreted as a small-domain version of the COU3Ds observed
by Tsukahara et al. (2010) for 2 < 2 < 7, who describe an intermittent process of
three-dimensional (wavy) vortices changing to two-dimensional (streamwise independent)
vortices and so on. In the transition model we find that the wavenumber minimizing
the saturation time is B = 1.2, so we set the secondary solution, UH(O, 1.2), to be
TVF. U" is unstable to streamwise periodic perturbations, and its least stable mode is
stationary, with wavenumber o™ = 0.4. Thus U™(0.4,1.2) is a steady WVF, and we
find that UIH(O.4, 1.2) loses stability in a harmonic Hopf bifurcation, which generates an
oscillatory wavy vortex flow (oWVF) U (0.4, 1.2) with period T, = 148.71. U'V(0.4,1.2)
has a subharmonic instability to complex conjugate modes with half the natural frequency
of U, implying a structure will emerge which is periodic in time with the wavenumber
combination (aV, ") = (0.2,1.2)., though the period of the solution is too high to
analyzed here. However, the results of the transition model would appear to be in good
agreement with the simulation which, as described above, contained oscillating vortices
with wavenumber (o, 8) = (0.2,1.2). The model results are contained in Figure 3.58,
where we plot the saturation time against spanwise wavenumber and the growth rates

from the stability calculations about the solutions U™, U™ and U, respectively.
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Figure 3.57: Simulation results for 2 = 2.5. The E,; evolution, plotted at the top,
clearly displays the unsteadiness of the flowfield, sustained over 2000 time units. From
the snapshots of the flowfield in the four bottom panels, we can see that the wavy pattern
of the vortices oscillates in time. cf with the oscillatory parts of COU3Ds in Figure 3.53.
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Figure 3.58: Results of the transition model for 2 = 2.5. (a) Saturation time t, against
spanwise wavenumber 3. S = 1.2 minimizes ¢,. In (b), (¢) and (d) we plot the growth
rates o, of the least stable perturbations of the solutions U™ (TVF), U™ (WVF) and

UIV

(oWVF) for all the subharmonic wavenumbers supported in D. The least stable

mode throughout D is circled in each panel.
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3.8.4 Wavy vortex flow: 2 =10

For 2 = 10, the simulation finishes in a stable WVF state with wavenumbers (o, ) =
(0.4,1.2). The cross-flow energy evolution and the final flowfield are shown in Figure
3.59, with the assembly of wavy vortex structures clearly visible in the velocity field.
The stable WVF arrangement is in strong agreement with Tsukahara et al. (2010), who
found stable wavy vortex flow, labelled COU3D in the range 7 < {2 < 12. The transition
model additionally predicts a WVF final state. In the model, 8 = 1.2 is selected by
minimization of t,, and the TVF UH(O, 1.2) de-stabilizes to a streamwise periodic wave
with o!! = 0.4. U"(0,1.2) subsequently transitions to the WVF U™ (0.4, 1.2) which is
stable in D, as shown in Figure 3.60. We note that the streamwise wavenumber o!'! = 0.4
produces a wavelength z; = % ~ 15.71, which is in good agreement with the wave-
length of the wavy vortices of COU3D in Figure 3.54.

0.015

0.01 N

0.005 N

0 I I I I I I I
0 200 400 600 800 1000 1200 1400 1600 1800 2000
t

Figure 3.59: Simulation results for {2 = 10. At the top is the E.; evolution. On the
bottom is the final flowfield in D, which consists of a stable configuration of wavy vortices.
cf with the COU3D flowfield in Figure 3.54.
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Figure 3.60: Transition model results for £ = 10. In (a), (b), (¢) and (d) we plot
the saturation time t, against spanwise wavenumber f3; the stability of U'(0,1.2) in
D; the stability of U™ (0.4,1.2); and the stable wavy vortex flowfield corresponding to
U™ (0.4,1.2). The red circles in (a) and (b) indicate the wavenumbers selected in each

step.
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3.8.5 Taylor vortex flow: (2 = 20

As the system rotation is increased to {2 = 20, the simulation in D finishes with a stable
TVF with 8, = 1.2. We interpret this as an example of the COU2Dh Tsukahara et al.
(2010) observed for 15 < 2 < 30. The cross-flow energy evolution and the flowfield
consisting of an array of Taylor vortices are plotted in Figure 3.61. The transition model
once again selects the spanwise wavenumber S, and we find that there are no secondary
instabilities about the Taylor vortex at this spanwise wavelength and rotation parameter.
The model results are shown in Figure 3.62. Thus the experiment, simulation and model

all produce stable Taylor vortices in this case.
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Figure 3.61: Simulation results for {2 = 20. At the top is the E.; evolution. On the
bottom is the final flowfield: a stable arrangement of Taylor vortices. cf with the COU2Dh
flowfield in Figure 3.55.
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Figure 3.62: Transition model results for 2 = 20. (a) Saturation time ¢, against spanwise
wavenumber 3. (b) Secondary stability of the TVF U™(0, 1.2).

3.8.6 Taylor vortex flow: 2 = 50

From the energy evolution of the simulation in Figure 3.63 we see that for {2 = 50, the
fluid has a lengthy unsteady phase over the first 3000 time units, after which there is an
abrupt transition to a stable steady state. The unsteady flowfield contains a mixture of
streaks and twist vortices, with a localized street of twist vortices settling in the region
0 <x<10,5 < z < 12 by t = 2000, and the steady flowfield is an arrangement of
Taylor vortices with spanwise wavenumber § = 1.6, as is shown in Figure 3.63. The
final flow structure agrees with the experimental observations of Suryadi et al. (2013),
who report stable two-dimensional streamwise vortices persisting in the range 40 < {2 <
70, though structures similar to the unsteady flowfields, ¢ = 1000, 2000, 3000 in Figure
3.63, have been observed at greater Reynolds numbers, Re = 150,200. However, the
transition model does not predict stable Taylor vortices in this case, instead predicting
stable twist vortices. The model therefore offers an explanation as to why localized twist
vortices appear in the simulation, though it is beyond the scope of the transition model to
accurately describe the localized behaviour in D for ¢ < 3000. Once again minimization
of the saturation time gives the spanwise wavenumber S = 1.2, and the Taylor vortices
with this wavenumber lose stability to both wavy twist and twist modes. The wavy

Il — 1.6 is most unstable, generating the

twist mode with streamwise wavenumber o
wTWI solution U™(1.6,1.2), which in turn loses stability to a harmonic twist mode
which initiates a bifurcation to the TWI solution U (1.6,1.2). U (1.6,1.2) is stable in
D, as is shown in Figure 3.64, and the flowfields of both U™ (1.6,1.2) and U"(1.6,1.2)

are displayed in Figure 3.65.
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Figure 3.63: Simulation results for {2 = 50. At the top is the E.; evolution. On the
bottom is the final flowfield: a stable arrangement of Taylor vortices.
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Figure 3.64: Transition model results for 2 = 50. In (a), (b), (¢) and (d) we plot the
saturation time t; against spanwise wavenumber (3; the stability of UH(O, 1.2) in D; the
stability of U™ (1.6,1.2); and the stability of U (1.6,1.2). The red circles in (a), (b)

and (c) indicate the wavenumbers selected in each step.

U'(1.6,1.2)

Figure 3.65: Flowfields of U™(1.6,1.2) and U"(1.6,1.2) from the transition model for
2 = 50.
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3.8.7 Wavy twist vortex flow: (2 = 90

The large simulation and the transition model do not agree in the case 2 = 90, how-
ever, the transition model predicts a streamwise periodic wavy twist vortex final state
and the simulation finishes on a flowfield with localized folds, which are similar to the
experimentally observed structures (A) and (B), respectively, in Figure 3.56. The results
of the simulation are displayed in Figure 3.66. After saturation, the flowfield at ¢ = 500
contains an upper and lower pair of folds along its centre, with streamwise indepenent
streaks of wavenumber § = 1.6 completing the domain on either side of the folds. The
folds resemble the long wavelength wavy twist vortex solution found in §3.7 in Figure
3.44. As the simulation evolves, the upper fold collapses, and a short wavelength wavy
twist vortex can be seen at t = 1500 before the complete disappearance of the upper fold,
leaving only the lower fold surrounded by Taylor vortices. From Floquet theory we fine

that the final structure is stable.

The transition model predicts the following transition of states: S = 1.2 initiates TVF
U"(0,1.2) which loses stability to a wavy twist mode with o' = 0.8; wTWI U™ (0.8, 1.2)
loses stability to subharmonic streamwise wavenumber o!V = 0.4 which bifurcates to-
wards a second wTWI U'(0.4,1.2); a further subharmonic streamwise wavenumber
oV = 0.2 de-stabilizes U' (0.4, 1.2) prompting a bifurcation to a third wTWIU"(0.2,1.2)
which is stable in D. The stability results are given in Figure 3.67 and the flowfields of
the three wT'WI solutions are plotted in Figure 3.68.

In Figure 3.69, the final flowfields from the model prediction and the simulation are
plotted on a larger domain and placed next to their experimentally observed fields (A)
and (B). We find that the model prediction provides a reasonable match for the behaviour
seen in flowfield (A), while the simulation captures the folds observed in flowfield (B).
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Figure 3.66: Simulation results for {2 = 90. At the top is the E.; evolution. Beneath we
plot flowfields for ¢ = 500, 1000, 1500 and 2000, showing the decay of the upper fold and

persistence of the lower fold.
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Figure 3.67: Transition model results for £2 = 90. In (a), (b), (¢), (d) and (e) we plot the
saturation time ¢, against spanwise wavenumber j3; the stability of U™(0,1.2) in D; the
stability of U™(0.8,1.2); the stability of U (0.4,1.2); and the stability of U (0.2,1.2).
The red circles in (a), (b) and (c¢) indicate the wavenumbers selected in each step.
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Figure 3.68: Flowfields of the wT'WI states U™ (0.8,1.2), U (0.4,1.2) and U"(0.2,1.2).
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Figure 3.69: Comparison between our model/simulation flowfields and experimentally
observed flow structures. The model and simulation flowfields are doubled on to a grid
which is roughly comparable to the experimental photograph size as determined by the
2h gap given in flowfield (B). The patterns in the model and simulation final flowfields
are in reasonable agreement with flowfields (A) and (B), respectively.

3.8.8 Assessment

Our attempts to understand the transition of flow states have had mixed success. The
periodic-box simulations have captured the unsteady wavy vortex, steady wavy vortex
and Taylor vortex flow regimes at parameter values in agreement with Tsukahara et al.
(2010) and Suryadi et al. (2013), and there is some indication that the simulations re-
produce the fold features observed by Suryadi et al. (2013) for 2 = 90. However, the
unsteady wavy vortices (COU3Ds) are described by Tsukahara et al. (2010) as being
spatio-temporally intermittent, which was not a feature produced by our simulations. In
addition, we did not find any behaviour resembling COU2Dm, described in Tsukahara
et al. (2010) as a “meandering” two-dimensional roll-cell structure, in our simulations.
Discrepancies between simulation and experiment could have come about in three ways.
Firstly, the periodic boundary conditions imposed in the simulation may not accurately
represent the experimental domain, which would have solid walls at its boundaries. As
mentioned previously, Ekman layers are known to form at rotating solid boundaries, and

the effect of Ekman layers in the rotating plane Couette experiments has not, to our
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knowledge, been investigated. Secondly, the domain size in our simulations was much
smaller than that of the experimental test section. A larger domain could introduce in-
stabilities subharmonic to D, which affect the dynamics. Furthermore, a larger domain
is likely necessary to observe spatio-temporal disruption such as COU3Ds. Thirdly, we
chose a randomly generated flowfield as our initial disturbance. Clearly, in a deterministic
dynamical system which supports chaotic dynamics, such as the Navier-Stokes equations,
the final flowfield may be strongly dependent on the initial state. Even without chaos,
the evolution of a system could be highly dependent on the initial energy spectrum, in
such a way that wavenumbers with a high initial amplitude may dominate the dynamics.
Our initial condition was chosen with a degree of smoothness, which gives the velocity
field a physically acceptable appearance but prevents larger wavenumbers from having
a high energy excitation. An alternative approach may be to first simulate a turbulent
field at a higher Reynolds number and subsequently use this as an inital condition at
the lower Reynolds number, since this is exactly what is done in experiments. Simula-
tion a fully turbulent flowfield, however is an expensive task. Hence, a study which can
incorporate non-periodic boundary conditions, a larger domain size and a greater range

of initial conditions might better replicate some of the flowfields observed experimentally.

The transition model introduced in §3.8.2 has a varied performance when compared both
to simulations and experiment. In the cases {2 = 2.5,10, 20 there is encouraging agree-
ment between all three of experiment, simulation and model. For {2 = 50,90 the model
fails to predict the final flowfield of the simulations, though a structure similar to the
predicted state is observed transiently for {2 = 50, and a structure observed in the ex-
periments of Suryadi et al. (2013) resembles the model prediction for 2 = 90. Given
the simplicity of the model, this could be construed as reasonable success. Furthermore,
given the purpose of the model is to provide insight into the complicated dynamics that a
fluid experiences on evolution under the Navier-Stokes equations, which solving the equa-
tions in a direct numerical simulation does not always offer, we believe it to be adequate.
Multiple stable structures can exist as solutions to the equations at given parameters,
thus an improvement to the model procedure could be made by choosing not one but
a range of wavenumbers which are selected at each stage of transition, and forming a

probabilistic model of the emergent states.

We note that the states oWVF and SVF from §3.7 do not appear in any of the simulations,
model bifurcation sequences or experimental results. Our model results indicate that,
for the chosen initial flowfield, the dominant secondary wavenumber is always S = 1.2.
However, from §§3.6 and 3.7 it is clear that 8 > 1.2 would be required for oWVF or

SVF to appear. Hence, to assess the effect of these solutions on large-domain transition,
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an initial condition which selected a larger secondary wavenumber in a simulation would

be necessary.

3.9 Conclusion

In this chapter we have characterized a range of the secondary and tertiary nonlinear
states that emerge in RPCF. In §3.5 we introduced three secondary states, TVF, TVF,
and OVF. We produced bifurcation diagrams of these states to investigate their behaviour
as the rotation parameter Ro is varied, finding that while TVF and TVF5 undergo rela-
tively straightforward bifurcations in Ro, OVF bifurcates with an upper and lower branch
solution which merge as the streamwise wavenumber «; is increased and leave behind a

disconnected low-Ro and high-Ro set of solutions.

The least stable perturbation of the primary, linear Couette profile in RPCF initiates a
bifurcation to TVF, meaning TVF is the most likely secondary structure to be observed.
Therefore, in §3.6 we performed an extensive Floquet stability analysis on TVF, at three
Reynolds numbers identified to be in the transitional flow regime by the experimental
study of Tsukahara et al. (2010). The stability properties of TVF are shown to be depen-
dent on Re, Ro and the wavenumber of the vortex, and instabilities increase in range and
magnitude as Re is increased, giving indication of a wide range of tertiary instabilities

possible over the experimentally observed transition region.

Tertiary states which bifurcate from TVF are studied in terms of their bifurcation and
stability behaviour in §3.7. With focus on bifurcation in Ro, we see WVF bifurcate at
low Ro, oWVF bifurcate for mid-Ro and TWI and wTWTI bifurcate at high Ro. We find
a streamwise independent structure SVF, which joins TVF and TVF, in its bifurcation
in rotation number. wTWTI is found to emerge in a saddle-node bifurcation at low «, and
after a continuation of the solution in «, the solution branch moves towards the TVF
with double the spanwise wavenumber 3, suggesting a connection between TVF and
wTWI that has not previously been discussed. A regeneration cycle is found to occur
for (as, Bs, Re, Ro) = (0.8, 3,100,0.45). After TVF with § = 3 breaks down, no stable
tertiary state exists and the fluid moves between the unstable TVF, an unstable oWVF
and a transient state with a slowly varying amplitude. A similar process has been found
to occur in Kawahara & Kida (2001) in non-rotating Couette flow at Re = 400. Our
finding could mean that the process “originates” in RPCF and can be continued over to

the non-rotating flow in a manner similar to Nagata (1990, 2013).

Finally in §3.8 we explored the extent to which local stability analysis of the secondary
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and tertiary structures from §3.6 and 3.7 can be used to describe the flow regimes observed
in a large periodic-box simulation, and the experiments of Tsukahara et al. (2010) and
Suryadi et al. (2013). We performed direct numerical simulation of the Navier-Stokes
equations at specific parameter values, finding good agreement between the simulations
and experiments. A simple transition model was proposed to predict the form of the final
flowfield by assuming a transition between least stable states, with reasonable consistency

between experiment and simulation.
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Chapter 4

Non-modal growth in rotating plane

Couette flow

In this chapter we continue our analysis of stability in rotating plane Couette flow (RPCF)
by extending existing non-modal growth analyses across the the entire subcritical param-
eter space. Our aim is to identify the maximally amplified, optimal linear disturbances
in subcritical (Re, Ro)-space. There are three known linear energy amplification mecha-
nisms present in RPCF; the lift-up mechanism, the anti lift-up mechanism and the Orr
mechanism. In determining the maximally amplified linear disturbances, we can indicate
where, in parameter space, each growth mechanism dominates the transient dynamics.
We find that for strong rotation, whether cyclonic or anti-cyclonic, the linear optimals
two-dimensionalize and grow via the Orr mechanism. The chapter outline is as follows:
in §4.1 we introduce the mathematical background for non-modal growth and the compu-
tational procedures we used to determine it, in §4.2 we present our findings of the optimal
disturbances under both cyclonic and anti-cyclonic rotation and in §4.3 we discuss the

relevance of our analysis to the problem of subcritical hydrodynamic transition.

4.1 Non-modal growth

The equations governing RPCF are stated in §3.1, and we do not repeat them here.
Consider the linear stability equations (3.8). Fixing «, 3, Re, Ro € R we can solve for
wy € C satisfying

Ad, = wBd, (4.1)

with the operators A and B defined as in §3.2 and the vector §,(y) defined as g, = (@, p).
We can then construct an arbitrary velocity perturbation as an expansion of the first L,

say, modes

L
w(z,y, z,t) = el@e+h) Z apty(y)e“". (4.2)
=1

123
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The physical perturbation kinetic energy E(t) through the streamwise and spanwise

periodic domain [0, %’r] x [—1,1] x [0, %”], of a velocity u, is given by

~ 2 2 1
B(t) =22
045 -1

uu dy, (4.3)

where p is the constant density of the fluid and ¥ denotes the Hermitian transpose. We
seek to maximize the gain in kinetic energy at arbitrary time ¢ over all inital velocity

profiles. To this end we introduce the kinetic energy-density

E(t) = ;)‘fg = /_11 wudy = |[u(t)|?. (4.4)
For a = (ay,as,...,ar) and A = diag(wy,ws, ..., wr), E(t) can be written
E(t) = a'leM" MeMa, (4.5)
where e is the matrix exponential of At, and M is the L x L matrix

1
Mj, = / Al dy. (4.6)

1

M is both Hermitian (M = M) and positive definite. Since M is Hermitian, its singular

value decomposition can be written

M = UyS Uik, (4.7)
where ¥, = diag(oy,09,...,07) is a diagonal matrix of the singular values of M in
descending order o7 > 09 > ... > o, and U,; is a unitary matrix. For />, =

diag(y/01, /02, .. .,/0r) We have
F = Un/Tr, (4.8)

which allows us to factor M into M = F” F. Hence we have

lu()]? = "M FT FeMa = || Feall3, (4.9)
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where ||.||2 is the Euclidean 2-norm. The maximum energy amplification G is simply

E(t) ()]
G(t) = = = : 4.10
()= MBT0) ~ 28 a2 (4.10)
|Fe™al3
= max -— 12 (4.11)
az0 || Fall3
F AthlFA 2
:ma || € — a/||27 (412>
a0 ||Fall
= ||FeMEF~12. (4.13)

G(0) = 1 by definition. Linear non-modal energy growth is supported in a flow if G(t) > 1
for any t. G represents the maximum possible energy amplification at time ¢ of an initial
perturbation, though different initial perturbations may be responsible for maximum
growth at distinct times. Suppose, having found the maximum energy amplification
achieveable at time t,, we wish to find the form of the optimal initial perturbation and

also its form at t,. Let g, denote the optimal perturbation, with

L
do = el(ee+52) Zaﬂh’ and gyl = 1. (4.14)
=1

Then since g, will have energy || Fe®aF~1||2 at t,, we have
Ba = ||FeaF~Y|paeMe = paets, (4.15)

where B = FeMaF~!. The constant p = ||[Fe s F~1||y is simply the principal singular

value of B. The singular value decomposition of B lets us write
BV = Ug¥ip, (4.16)

for unitary matrices Vp and Upg, and the matrix of singular values of B,
Yp = diag(oy,09,...,0r). If we denote the principal eigenvectors of Vi and Up as

vy and wuy respectively, then since y = o1, we have
BUl = o1uy, (417)

from which we can identify @ = v;. The linear optimal g, can then be found by expanding

a over the basis vectors ¢, ...q;.

Our optimal growth formulation follows that of Schmid & Henningson (2001) which uti-
lizes the singular value decomposition. An alternative method exists in the variational

Lagrangian formulation, and such an approach allows for a nonlinear or time-dependent
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base flow about which optimal growth can be calculated. The variational method has
been used to calculate optimal disturbances in complex flows by, for example, Corbett &
Bottaro (2001) and Guégan et al. (2006) and to calculate nonlinear optimals by Pringle
et al. (2012), Rabin et al. (2012) and Duguet et al. (2013). However, since the base flow
under consideration in this work is parallel and time-independent, we felt the singular

value decomposition approach was appropriate for its ease of implementation.

To compute G, we discretize the linear system (3.8) in the wall-normal direction using an
expansion of N Chebyshev polynomials. The resultant finite eigenproblem is solved for
eigenvalues w, and eigenvectors §,, for ¢ € [0, L]. The eigenvectors are used to compute
the matrix M and from the singular value decomposition of M we compute F'. Thus
we calculate G using the matrix norm in equation (4.13). In Figure 4.1 we plot G as a
function of mode truncation L and wall-normal discretization N, with ¢, «, 3, Re and
Ro held fixed. The curves for N = 49 and N = 65 are almost indistinguishable, and
there is little change in G for L > 60. This is an indication that G is well-converged
at these parameters. Accordingly, in our calculations we use discretization/truncation

(N, L) = (49, 60).
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Figure 4.1: Convergence of G at various wall-normal discretizations N. (¢, «, 3, Re, Ro) =
(21.6,0.1644,1.6914, 1000, 1.01).

4.1.1 Maximum optimal growth

Note that G is a five parameter function, G = G(t, «, 8, Re, Ro). In recognition of this,

G can be maximized over wavenumbers «, [ and time t. We define the temporal maxima
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Gma:}: a‘nd tma.’r
Gumaz(a, B, Re, Ro) = max G(t,a, 5, Re, Ro) = G(tmaz, @, B, Re, Ro) (4.18)
and the wavenumber maxima G, a,,4, and Sz

G(Re, Ro) = IE%X Gumaz (e, B, Re, Ro) = G(Thazs Omaz, Bmaz, Re, Ro). (4.19)
G indicates the greatest linear amplification possible at a given Re, Ro combination
and we shall refer to the initial condition which reaches this energy amplification as the
linear optimal. Ty, is used in (4.19) to denote the time taken to achieve G, and is
to be differentiated from t,,,,, which is the time taken to reach the maximum G for
an arbitrary wavenumber combination. Optimization routines in MATLAB are used to
find both G,,.,; and G. Finding G,,.. requires optimization over one variable, so the
golden mean search fminbnd is used over the time horizon 0 < ¢t < Re. In some cases
G can have local maxima. By varying the time horizon of the optimization from one
iteration to the next, we increase the chances of finding global maxima. Maximizing G
requires optimization over two variables; for this the interior-point algorithm within the
function fmincon is used, subject to the constraints «, 5 > 0. In order to lessen the
likelihood of finding a local maximum of G,,4., rather than the global maximum, five
random wavenumber pairs are chosen in the domain 0 < o < 2, 0 < 8 < 2 as initial
conditions for the optimization. The algorithm is then applied to each inital condition,
with G presumed to be the maximum of the outcomes of the five iterations. In cases
where a4, < 0.1, we perform golden mean searches over § with a@ = 0 to check for a
streamwise independent maximum. A golden mean search over « is similarly performed
when [,,.: < 0.1. In all optimizations, iterations k£ are continued until k£ = K satisfying
|fx — fx_1] <1071° for f = Gpae o f=G.
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4.2 Optimal growth in RPCF
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Figure 4.2: Contours of G in (Ro,Re). The black curves are contours of G =
100125 10925 10937 .. 10*° The solid red curve represents the energy stability bound-
ary and the dashed red curve is the neutral stability boundary

The central result of this chapter is presented in Figure 4.2, where we plot level curves
of G in the (Ro, Re) parameter space. Contours of G, ranging from 10%1%5 to 10%° in
steps of 10°!2% are computed from a grid of 72 x 23 points spanning the subcritical
(Ro, Re)-space. The neutral curve, which denotes the boundary between linearly stable
and unstable modes is plotted as the red dashed line. An unstable perturbation has
unbounded maximum growth, G = oo, since unstable perturbations grow exponentially
in time. For this reason we do not include contours in the unstable region. The thick
red line in Figure 4.2 corresponds to the energy stability curve, which we define for fixed
Ro as the maximum Re for which G = 1. Below the energy stability curve non-modal
growth is not supported, thus the energy of any linear disturbance is strictly decaying.
The curve is traced via a bisection method, where we fix Ro and calculate the corre-
sponding Re to a tolerance of ¢ = 107% The energy stability Reynolds number Rep,
defined here as the minimum Reynolds number on the energy stability curve, is found to
be Rep ~ 20.67. By comparison, the critical Reynolds number Re.,, i.e. the minimum
Re for which the flow is neutrally stable, is Re.. ~ 20.69. Both numbers are plotted in
Figure 4.3, which is a blow-up of the 0 < Ro < 1 region at low Re. Both Re.. and Reg



4.2 Optimal growth in RPCF 129

are found at Ro = 0.5, perhaps because both the neutrally stable and the energy stable
perturbations along this section of the curve are streamwise oriented vortices, with a = 0
and [ = 1.55.

From Figure 4.2 it can be seen that for strong rotation, with |Ro| far from the neu-
tral curve, linear energy amplification is severely weakened and the value of G becomes

independent of rotation. This serves as the main result of this chapter.
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Figure 4.3: The energy stability curve (solid) and the neutral curve (dashed) are plotted
with the energy stability Reynolds number Rep and the critical Reynolds number Re,,
indicated.
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4.2.1 Cyclonic rotation and the non-rotating case
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Figure 4.4: Optimal growth in the cyclonic rotation regime. Contours are equivalent to
those in Figure 4.2.

Under cyclonic rotation G decreases sharply for Re held fixed and Ro decreasing from
zero. In the absence of rotation we find that G o Re?, and we plot this relationship
in Figure 4.5 along with the wavenumbers «,,,q, and [,,... This scaling is indictative
of energy amplification via the lift-up mechanism (see, for example, Landahl (1980),
Gustavsson (1991), Schmid & Henningson (2001)), which refers to extraction of energy
from the mean shear profile as low-energy streamwise oriented vortices are ‘lifted-up’ into
high-energy streamwise streaks. The mechanism is necessarily three-dimensional. As a
representative case, the flowfield of the optimal with G = 959.5 at (Ro, Re) = (0,900) is
depicted in Figure 4.6. Note that ., = 0.0381, and from Figure 4.5 that for Re > 100,
Qmaz 7 0, which indictates that the optimal is not streamwise independent but weakly
oblique. This trend is in agreement with the observations of Butler & Farrell (1992), who
noted that the disturbance achieving the most growth in plane Couette flow used both
the lift-up mechanism in addition to the Orr mechanism, Orr (1907). The streamwise
wavenumber follows e o< Re™', a scaling derived by Chapman (2002). The Orr
mechanism is two-dimensional: streamwise periodic rolls (u,v) lean against the mean
shear and are amplified as they ‘swing’ to align with the shear. However, the combined

optimal decays faster than the pure streamwise vortex. Using the streamwise, wall-normal
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and spanwise energy fractions, defined as

B - flll uru dy | B — {11 v*u dy | B — flll wrw dy7 (4.20)
[ ufudy S uudy [ ufudy
with * denoting the complex conjugate, the optimal at ¢ = 0 has F, = 0.3282 and
E, = 0.6807 respectively, with a low amount of energy in the streamwise velocity
E, = 0.0011. At t = T}, however, the energy budget has changed to E, = 0.9991,
E, =0.0001 and F,, = 0.0008, which highlights the transition from a streamwise vortex
to a high-energy streak.
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Figure 4.5: Left: G in Re at Ro = 0. The dashed line depicts the scaling G o< Re?.
Right: wavenumbers q,q, (blue) and 4. (red) for Ro = 0.

Figure 4.6: (z,y)-profiles of the optimal disturbance at (Ro, Re) = (0,900) with
(Cmazs Bmaz) = (0.0381,1.6). The velocity at ¢t = 0 (top) and ¢t = T}, = 105.7 (bottom)
is shown. Each velocity is represented as a colour-plot of the streamwise velocity u, with
red and blue indicating positive and negative, and a vector plot of the wall-normal and
spanwise velocities (v, w).
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For Ro ~ —20 we find G oc Re?/?, in agreement with the scaling found by Yecko (2004)
for two-dimensional disturbances under Keplerian anti-cyclonic rotation Ro = 4/3. This
scaling is indicative of a disturbance which grows purely under the Orr mechanism, and
has been shown to hold for oblique disturbances in planar flows by Chapman (2002) and
Heaton & Peake (2007). The Re dependence is shown in Figure 4.7, though larger Re
than shown in Figure 4.2 are needed to resolve the scaling. An example of the veloc-
ity field is displayed in Figure 4.8 for G = 11.96 at (Ro, Re) = (—20,900). Since the

optimal is two-dimensional, with w = 0, a vector plot representation is used in Figure 4.8.
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Figure 4.7: Left: G in Re at Ro = —20. The dashed line depicts the scaling G o< Re?/3.
Right: wavenumbers ., (blue) and 3,4, (red) for Ro = —20.

Figure 4.8: (z,y)-profiles of the optimal disturbance at (Ro, Re) = (—20,900) with
(mazs Pmaz) = (1.23,0). The velocity at t = 0 (left) and ¢t = T,,4, = 8.34 (right) is
shown. Each velocity is represented as a vector plot of the streamwise and wall-normal
velocities (u,v).

We conclude that for Ro far enough from zero, optimal perturbations can no longer be
amplified in an Orr and lift-up mechanism combination and instead rely solely upon the

Orr mechanism. As Ro decreases, we find that G monotonically decreases towards the
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two-dimensional optimals of the Orr mechanism. In Figure 4.9 we plot G and its cor-
responding optimal wavenumbers over —20 < Ro < 0 at Re = 500. G drops sharply
from G = 296.02 to G = 9.547 over —2 < Ro < 0, beyond which it decreases much more
gradually until it reaches a minimum value of G = 7.551 when Ro ~ —14.46. To gain in-
sight into the structure of the optimal perturbations as Ro decreases, we plot the energy
fractions against Ro of the optimal disturbances at ¢ = 0 and ¢t = T},,,, in Figure 4.10. In
the Figure it can be seen that non-rotating type optimals, with energy transfer from v
and w to u at t = T},,4., survive for only small Ro. The energy fraction E, for the optimal
at T),q, falls rapidly until Ro ~ 2 when it reaches a turning point and begins to steadily
increase. Over the same region E,, swiftly grows before beginning a steady decrease at
the same turning point. From —13.82 < Ro < —2, the optimals transfer energy from
an energetically streamwise dominated initial disturbance to an energetically spanwise
dominated disturbance. Over —14.46 < Ro < —13.82, the greatest energy fraction of

the perturbation at 7,,,., is in the streamwise velocity, with F,, becoming greater than F,,.

We examine the form of the optimal disturbance at (Ro, Re) = (—0.2,500) for which
there is little streamwise energy transfer as F,(0) = 0.416 and E,(T}n.) = 0.463. The
optimal wavenumbers in this case are (Qmaz, Smaz) = (0.89,0.81) and their closeness al-
lows for the true aspect ratio of the velocity fields to be accurately depicted and easily
viewed. In Figure 4.12 we plot the evolution of G(t) in blue, and in red we plot the
evolution of the specific initial condition which maximizes G in time. In Figures 4.13 and
4.14 we plot cross-sections of the perturbation velocities in the (x,y) and (z,y) planes
respectively, with each plot at a point in time corresponding to the black dots in Figure
4.12. The counter-rotating vortices in Figures 4.13 and 4.14 are seen to change their
orientation in the streamwise and spanwise directions as time evolves. This is indication
of a strong dependence on the Orr mechanism for growth at the relatively minor devi-
ation from the non-rotating case, Ro = —0.2. For Ro < —14.46 our algorithm fails to
find a three-dimensional disturbance with greater amplification that the two-dimensional
Orr-type optimal, resulting in a discontinuity in the curves of ;. and Sq.. In Figure
4.11, a refined surface plot of G4, in the wavenumber domain reveals two peaks, one for
£ = 0 and one for $ small but non-zero, each at slightly separate a.. As rotation is further
decreased, the peak with # # 0 decays whilst the § = 0 is constant. In this way there
is a discontinuous transition between three-dimensional and two-dimensional optimals.
That large rotation forces the optimal to be two-dimensional can be viewed as a transient
version of the Proudman theorem (Proudman (1916)) on the two-dimensionalization of

steady, inviscid fluids dominated by Coriolis rotation.

It should be emphasized that since the Orr and lift-up mechanisms are not unique to ro-



134 4. Non-modal growth in rotating plane Couette flow

tating Couette flow, we find that no new growth mechanisms strong enough to maximize
G emerge under cyclonic rotation. The effect of the introduction of cyclonic rotation on

the flow can therefore be viewed as being the reversal of the dominance of the lift-up

mechanism.
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Figure 4.9: G for Re = 500. Left: G against Ro. Right: Optimal wavenumbers ,q:
and (., against Ro. The transition from lift-up mechanism dominated optimals to Orr
mechanism optimals is evident as Ro decreases.
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Figure 4.10: Energy fractions of optimal disturbances at t = 0 (left) and ¢t = T4, (right)
for Re = 500. E,, E, and E,, represent the fraction of total perturbation energy in u, v
and w respectively.
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Ro=—-14 Ro—=-14.8

Figure 4.11: Colour-plot of Gy, in the (o, B)-plane for Ro = —14 (left) and Ro = —14.8
(right). The switch between G with 8 # 0 and 8 = 0 can be seen from one panel to the
next. The discontinuity in Figures 4.9 and 4.10 is a result when this switch, occuring
between —15 < Ro < —14.
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Figure 4.12: Gain curve for Re = 500, Ro = —0.2, & = Qpaz = 0.89, 5 = Baz = 0.81.
The blue curve is the gain G(¢), which is the maximum growth at time ¢ for an arbitrary
initial condition. The red curve is the evolution of the initial condition which maximizes
the growth at ¢t = T,,,, = 11.66. The black dots indicate the times of the velocity fields
shown in Figures 4.13 and 4.14
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Figure 4.13: Perturbation velocity fields for Re = 500, Ro = —0.2, @ = Qe = 0.89,
B = Bmaz = 0.81. Each image is a vector plot of the streamwise and wall-normal velocities
u and v, and a colour-plot of the spanwise velocity w, with red and blue indicating positive
and negative, in the (z,y)-plane at z = 0. The velocity vectors clearly ‘swing’ in the x
direction as time evolves.
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Figure 4.14: Perturbation velocity fields for Re = 500, Ro = —0.2, & = qnes = 0.89,
B = Bmar = 0.81. The fields are represented by vector plots of the spanwise and wall-
normal velocities w and v, and colour-plots of the streamwise velocity u, with red and
blue indicating positive and negative, in the (z,y)-plane at = 0. The velocity vectors
‘swing’ in the z direction as time evolves.
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4.2.2 Subcritical anti-cyclonic rotation
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Figure 4.15: Optimal growth in the subcritical anti-cyclonic rotation regime. The black
curves are contours of G = 10%125,10%25 10°37 . 10*® The solid red curve represents
the energy stability boundary.

Our calculations of optimal perturbations in the anti-cyclonic regime repeat the trend of
§4.2.1 insofar as G drops rapidly as Ro is increased from Ro = 1. However, unlike cyclonic
rotation, the addition of anti-cyclonic rotation introduces a linear growth mechanism not
present in the non-rotating flow. Optimals for Ro = 1 are amplified by the anti lift-up
mechanism identified by Antkowiak & Brancher (2007). The effect is named “anti lift-up”
because high energy streamwise vortices are generated from an initial streamwise oriented
streak; a process opposite to the lift-up mechanism. Rincon et al. (2007) explained the

analogy between the two growth mechanisms by analysis of the linearized equations

governing the streamwise velocity u and the streamwise vorticity £ = g—“’ — %, under the
y z
assumption of streamwise independence,
0 1
8—1; = (Ro—1)v+ EVQU’ (4.21a)
o0& ou 1
— = —Ro— + —V?, 4.21b
ot 70z * Re ¢ ( )

where we have used that U’ = 1 for the linear shear profile. For Ro = 0 the wall-normal
velocity v of the streamwise vorticity field £ acts as a forcing on the streamwise velocity wu,

driving a streak. When Ro = 1, the % term acts as a forcing on &, driving a streamwise
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vortex field. The scaling G o< Re? holds for anti lift-up optimals, as it did for lift-up
optimals, and is shown in Figure 4.16. In optimizing for G, we find that the optimal dis-
turbances for Ro = 1 take «,,,, = 0, which is consistent with the calculations of Yecko
(2004). The Ro =1 case is therefore in contrast to the non-rotating optimals for which
Qmaz 18 small but non-zero. As Ro increases, the anti lift-up effect loses influence on the
optimals and beyond a critical Ro, the optimal perturbations have two-dimensionalized
and grow via the Orr mechanism. Following our analysis for cyclonic rotation, we fix
Re = 500 and in Figure 4.17 the evolution of G and the optimal wavenumbers are plot-
ted as Ro increases. G decays rapidly from G = 291.7 to G = 16.52 over the range
1 < Ro < 1.05, whereupon it slowly decays until Ro = 1.276 when G = 7.55 and the Ro-
independent Orr mechanism dominates. The optimal wavenumbers in the right panel of
Figure 4.17 and the energy fractions in Figure 4.18 give a sense of the form of the optimal
disturbance at each Ro. The spanwise wavenumber f3,,,, increases from f,,,, = 1.658 to
Bmaz = 1.777 over 1 < Ro < 1.018, while «;,,, remains zero, and from Figure 4.18 we see
that energy is transfered from u to v and w indicating that the anti lift-up mechanism
is preferred over this Ro range. Between Ro = 1.018 and Ro = 1.275 the optimals are
oblique, with ., increasing and f(,,,, decreasing for greater rotation. The perturba-
tions behave in the same way as the oblique cyclonic optimal depicted in Figures 4.12,
4.13 and 4.14, though now they are amplified in a mixture of the anti lift-up and the
Orr mechanisms. The spanwise energy fraction F,, of the initial disturbance reaches a
maximum at Ro =~ 1.15, after which it decreases, reaching zero at the onset of two-
dimensionalization. The transition from three-dimensional to two-dimensional optimals
is noticeably smoother than the transition for cyclonic rotation in Figures 4.9 and 4.10,

and occurs over a much shorter range of Ro.

Thus the effect of anti-cyclonic rotation on optimal linear energy growth mechanisms is
the introduction and dominance of the anti lift-up mechanism at Ro = 1, and the sub-
sequent erosion in strength of three-dimensional growth mechanisms towards dominance

of the Orr mechanism as Ro is increased beyond unity.
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Figure 4.16: Left: Variation of G with Re for Ro = 1. The dashed line depicts the scaling
G o< Re®. Right: wavenumbers @,q, (blue) and B4, (red) for Ro = 0.
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Figure 4.17: Variation of G for Re = 500. Left: G against Ro. Right: Optimal wavenum-
bers aunae and B4, against Ro. The transition from lift-up mechanism dominated opti-
mals to Orr mechanism optimals is evident as Ro decreases.
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Figure 4.18: Energy fractions of optimal disturbances at ¢t = 0 (left) and ¢t = 7,4, (right)
for Re = 500. F,, E, and E, represent the fraction of total perturbation energy in u, v
and w respectively.

4.2.3 Rotational independence of the Orr mechanism

The two-dimensional optimals observed for strong cyclonic and anti-cyclonic rotation in
§4.2.1 and §4.2.2 appear to be independent of rotation. We now show that because they
are spanwise independent they are therefore necessarily independent of Ro. The spanwise

independent perturbation equations reduce to

ou ou ., 0p 1 _, ~
E+U@—I+UU~ = 8—%+§V u+ Rod, (4.22a)
@+U@:—@+iv2~—Roa, (4.22D)

ot ox Jdy  Re
ow ow 1

— 4+ U——=—V?u 4.22
ot * Ox Rev “ (4.22¢)
? + ? =0, (4.22d)
T Y
where ' = % and U = y. Clearly the spanwise velocity w has decoupled from « and v; it

can therefore play no role in an energy growth mechanism and it is henceforth ignored.

Assuming wave-like dependence

(@, 0, p)(2,y) = [u, v, p](y)e T, (4.23)
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and then using equation (4.22d) to eliminate u, equations (4.22a) and (4.22b) can be

combined to eliminate p and to derive a non-constant coefficient fourth order ODE for v

V" + A(y)v" + B(y)v =0, (4.24)

where
A(y) = Re(iay — w) — 27, (4.25a)
B(y) = a* — a*Re(iay — w). (4.25Db)

From the no-slip condition applied to the channel walls, v must satisfy
v=v'=0  ony==+l. (4.26)

We note in passing that a simpler equation governing the spanwise vorticity could be
derived but it is not clear what boundary conditions should be applied to it, since infor-
mation would be needed concerning g—Z on y = +1. Equation (4.24) is independent of Ro,
hence the evolution of any two-dimensional perturbation (u,v) will not be affected by
the introduction of system rotation. To highlight the effect of this on optimal growth, we
re-print Figure 4.2 with added contours of GG, for the two-dimensional Orr mechanism
growth in Figure 4.19. These contours are calculated by constraining the optimization
over wavenumbers, described in §4.1.1, such that § = 0. In the Figure, it can clearly be

seen that G tends towards the Orr mechanism growth for |Ro| large.
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Figure 4.19: Contours of G in (Ro, Re), as in Figure 4.2 with Ro-independent Orr mech-
anism growth marked in dashed blue.



142 4. Non-modal growth in rotating plane Couette flow

4.3 Discussion

Summarizing the results of §4.2, we find that the effect of strong cyclonic or anti-cyclonic
rotation is to switch the dominance of the lift-up and anti lift-up energy growth mecha-
nisms to the two-dimensional Orr mechanism. We now discuss what relevance this may
have on transition to turbulence in flows with strong rotation. However, we must be
careful in drawing conclusions from the behaviour of transients alone. Two recent ap-
proaches have been successful in explaining aspects of the transitional process in shear
flows: nonlinear optimization over initial conditions, and analysis of finite-amplitude nu-

merical solutions of the Navier-Stokes equations.

It has been shown, using a variational technique over the fully nonlinear Navier-Stokes
equations, that transition is not efficiently triggered by finite-amplitude counterparts of
the linear transients, but rather by inherently nonlinear states which undergo some lo-
calization during their energy growth (Rabin et al. (2012), Pringle et al. (2012)). These
structures have distinct growth phases, using combinations of the lift-up mechanism and
the Orr mechanism to drive their energy amplification. Thus we can, tentatively, con-
jecture that in the absence of one of the linear growth mechanisms the structure of the
minimal seed would be much changed, if such a seed were found to exist at all. A new
route to transition would be required, one that relies solely on the Orr mechanism. Our
results however do not preclude the existence of strong linear growth mechanisms about
a modified base flow, though how the base flow would be initially modified would remain

in question.

Exact coherent structures, or finite-amplitude solutions to the Navier-Stokes equations,
are conjectured to be key components to an understanding of turbulent dynamics in sub-
critical shear flows. Exact coherent structures are thought to form an invariant set about
which chaotic dynamics are supported, and chaotic dynamics are thought to be related
to turbulence. There has been recent success in finding exact coherent structures in
plane Couette and plane Poiseuille flows (see Nagata (1990, 2013), Waleffe (1998, 2003),
Gibson et al. (2009), Itano & Generalis (2009)). Furthermore, exact coherent structures
are thought to play a role in what is termed a self-sustaining process (Waleffe (1995,
1997, 1998)), which drives and maintains turbulent dynamics in shear flows. The self-
sustaining process consists of three phases: weak streamwise vortices re-distribute the
streamwise momentum to create spanwise fluctuations in the mean streamwise velocity;
spanwise inflections in the streamwise velocity cause a three-dimensional streamwise pe-
riodic instability to develop; and nonlinear interaction driven by the three-dimensional

instability re-energizes the streamwise vortices such that the process can be repeated.
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The lift-up mechanism is thought to be crucial in the first step of the cycle, as energy is
transfered from streamwise vortices and amplified into streamwise streaks. Exact coher-
ent structures are thought to result from this action, and then lose stability to streamwise
periodic disturbances, as per the second phase of the self-sustaining process. Hence, our
results show that in the presence of strong rotation such a cycle would not be possible
unless streamwise momentum could be re-distributed, and an exact coherent structure
formed, in the absence of the lift-up mechanism. Rincon et al. (2007) attempted to con-
tinue exact coherent structures from plane Couette flow into the cyclonic and subcritical
anti-cyclonic rotation regimes. They found that structures could be continued into the
cyclonic regime for very small rotation rates, however they could not find any structures
which could be continued into the anti-cyclonic rotation regime for Re < 500. If it is the
case that the lift-up mechanism is crucial to the generation of exact coherent states, then
our results suggest that no such structures would be found for subcritical anti-cyclonic ro-
tation and strong cyclonic rotation. Whether the anti lift-up mechanism could be used to
generate an exact coherent structure of another form remains unanswered. We conclude
by noting that Lesur & Longaretti (2005) observed transition in numerical simulations
for (Re, Ro) = (3000, 1), offering some hope that coherent structures might indeed exist
for high Reynolds numbers.
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Chapter 5

Nonnormality and optimal growth of

the Papkovitch-Fadle operator

In this chapter we address the maximum spatial energy amplification that can be achieved
by an arbitrary edge condition expressed as a finite series of Papkovitch-Fadle eigenfunc-
tions. The layout of the chapter is as follows. In §5.1 we state the governing equations
and give their formal solution. Our optimal growth framework is defined in §5.2 and we
present computations of the optimal disturbances, for both an unconstrained disturbance
and a disturbance with constrained corner shear-stress. In §5.3 we conduct an asymp-
totic analysis of how the energy inner product behaves with respect to the interaction
of long and short wavelength modes. In §5.4 we extend our optimal growth analysis to
spatially developing, two-dimensional plane Poiseuille flow. Finally in §5.5 we contrast
our findings for spatially developing optimal disturbances to temporal optimals through

an asymptotic analysis of the energy inner product in temporal plane Couette flow.

5.1 Governing equations and modal solution

We consider the solution of the biharmonic operator problem on a semi-infinite Cartesian

domain €2
AU =0, Q={z,y: —1<y<1,0< 2 <0} (5.1a)
oV ov
—(x,£1) = —(2,£1) =0 5.1b
ax <x7 ) ay (‘CE? ) ) ( )
ov ov
95 By — 0, as x — 00 (5.1c)
where A is the Laplacian operator A = 8‘9—; + ‘9722. This is also known as the Papkovitch-

Fadle operator. The boundary conditions (5.1b) and (5.1c) are motivated by conditions
of no-slip on the walls in the Stokes edge problem (see Figure 5.1), for which ¥ can be

145
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considered the streamfunction. A formal solution can be written as

U(z,y) =) catbn(y)e™, (5.2)

n

for coefficients ¢, which specify the conditions at the edge I' = {z = 0,—-1 < y < 1}.
The eigenfunctions v, (y) are the Papkovitch-Fadle eigenfunctions, and they can be even

or odd in y. The even eigenfunctions are written as

Un(y) = (y — 1) sinh [k, (y + 1)] + (y + 1) sinh [k, (y — 1)], (5.3a)

k, + sinh k,, cosh k,, =0, k, € C, (5.3b)

and for odd eigenfunctions we have

Un(y) = (y — 1) sinh [k, (y + 1)] = (y + 1) sinh [&, (y — 1)], (5.4a)

k, —sinh k,, cosh k, =0, k, € C. (5.4b)

The dispersion relations (5.3b) and (5.4b) are transcendental equations which we solve
by Newton iteration. The solutions occur as reflections in each quadrant of the complex
plane

k = £k, + ik, k = £k, —ik;, (5.5)

for k., k; € R. We only include modes for which Im{k} > 0 in the solution expansion,
to ensure that (5.1c) is satisfied. A selection of the modes are plotted in Figure 5.2. To
describe each mode, we use the notation k,, = k, + ik;, k_,, = —k, + ik; so that we can

list the eigenvalues such that

In addition, neglecting modes with Im{k} < 0 renders the system parabolized in x.

Therefore we can treat the Papkovitch-Fadle operator (5.1) as an evolution operator.
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Figure 5.1: Stokes edge problem: The Papkovitch-Fadle operator (5.1) can be thought of
as a mathematical description of a spatially developing, two-dimensional, viscous fluid.
The fluid is driven by an arbitrary upstream (z < 0) stirring, which creates an edge
profile at the channel entrance. The Papkovitch-Fadle operator governs the downstream
(x > 0) development of the fluid along the channel.
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Figure 5.2: Eigenvalue spectrum in the complex k-plane. Blue and red dots denote the
even and odd modes respectively.
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5.2 Nonnormality and optimal energy growth

The Papkovitch-Fadle eigenfunctions are known to exhibit nonnormal characteristics. We
investigate this by first introducing a norm based on the kinetic energy density of a fluid

in Stokes flow. Using the expressions for the fluid velocities

u=\", = Z antiy (y)en® = Z et (y)elFn®, (5.7a)

v=-V, = Z anvy (y)e*n® = — Z ik Crthn ()€, (5.7b)

n n

and w,, = (uy,v,), we define the energy inner product

1 1
Ernn = (Up, up,) = 3 /1 Uy Uy + U Uy dy, (5.8)

equivalently

1 I \*x_//

The Papkovitch-Fadle eigenfunctions are non-orthogonal with respect to this inner prod-

1
1
uct. More precisely, odd modes are non-orthogonal to other odd modes, and similarly for
even modes. Odd and even modes are orthogonal with respect to each other. If we let

p,, and q,, denote odd and even eigenfunctions from (5.4a) and (5.3a) respectively, then

we have the following orthogonality relations

4 sinh 4
(D Do) = Sln3 a(cosha — cosh 6) — —2(1 — cosh a cosh 6)
a a

cosh2k, (1 1 cosh2k* (/1 1
b /7w Z 4 — 1
) ( ) + o (a + B), m# —n (5.10a)

a f

4 sinh 4
(q,,a,,) = s1n3 a (cosha + cosh 5) — —2(1 + cosh « cosh ﬁ)
« «Q

cosh2ky (1 1 cosh2k, (1 1
+T<E—B> k—n<a—‘r5>, m;é—n (510b)

<pn7 qm> = 07 vm7 n (510C)

where o =k, + k;, and 8 =k, — k},. If k,, = k_,, we have a = 0, in which case

4 2 sinh 2k,

(PpP_p) = 5(2 + cosh 2k,) — % (5.11a)
4 2sinh 2

(Gn-q_,) = 5(2 — cosh 2k;,) — %kn (5.11b)



5.2 Nonnormality and optimal energy growth 149

The non-orthogonality of the eigenfunctions is a consequence of the nonnormality of the
Papkovitch-Fadle operator. Transient dynamics are an important feature of a nonnormal
system and here we investigate the maximum energy amplification that the fluid can
experience and the form of the optimal edge condition. A velocity u spanned by the first

2N modes is expressed as

u(z,y) =Y apia(y)e™” (5.12)

n#0, n=—N

where (@, @,) = 1. In this notation @, can be either p,, or g, depending on whether n

corresponds to an odd or even mode.

Using the expressions

a=(a_n,...,ay), a€C? (5.13)
Moy = (T, @), M € CHV*2N (5.14)
eik_Nx
A= , A e N (5.15)
eikNa:

the energy norm is defined as
1
E(z) = ||u(2)|3 = —/ uudy = o A¥ M Aa, (5.16)
-1

where # denotes the Hermitian transpose. The physical, kinetic energy-density E over

the semi-infinite strip is related to the energy norm via the relation
. 1 ) 1 i 00 )
E= B uudydr = |lu(z)||3 de. (5.17)
0o J-1 0

Thus F is always constant, as the flow is steady. For a given streamwise location = we

compute the maximum energy gain

E(x) [eall
G(x) = max = max ———.
()= 08 F0) =08 Tuold

(5.18)

To determine G(x), we formulate a Lagrangian optimization problem for a. The La-
grangian is
L =a"Pa— \Na"Ma—1), (5.19)
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where P = A M A. Taking variations with respect to the Lagrange multipliers, we have

oL

- =a"Ma -1, (5.20)
(55a£H = Pa — A\Ma, (5.21)
‘;ﬁ =a"P - Xa" M. (5.22)

Setting (5.20) to zero fixes £(0) = 1. Equating (5.21) or (5.22) to zero gives an eigenvalue

H

problem for right eigenvector a or left eigenvector a" respectively. We solve

Pa = \Ma, (5.23)

for the largest eigenvalue A and its eigenvector a. A corresponds to the maximum, or
optimal, gain G achieved at a point x, and a is the coefficient vector which describes the

optimal edge velocity.

5.2.1 Optimal growth and convergence

We begin by considering the optimal growth characteristics for a modal truncation with
no restrictions on the coefficient vector a. Given that even and odd modes are orthogonal,
we restrict our attention to even modes since calculations show them to be responsible
for higher gains. For clarity we list the modes from m = 1...M rather than from
n=—N...N using

2ln| -1, n>0

m(n) =

2|n|, n < 0.
The absence of conditions on @ means that there is no guarantee that any quantities at the
edge I' = {r = 0,—1 < y < 1}, which are defined by a series in a, will be well-behaved.
However, since the computations in this work use a finite expansion of eigenfunctions,
we are not concerned with the convergence of an infinite eigenfunction series at the edge

or elsewhere. The quantities of interest are the edge velocities and streamfunction

Mo M i M.
Uy = k—m¢m(y), Vo= amtm(y), => k—m (5.24)
m=1 m m=1 m=1
where’ = % and ¢, (y) is normalized such that E,,,,, as defined in equation (5.9), is unity.

We find that the gain G(x) converges slowly as a function of modal truncation M. Results
are displayed in Figures 5.3 and 5.4. As M increases, the magnitude of the optimal

coefficients, |a,,|, become large for m ~ M. This suggests that the growth mechanism
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is reliant on interactions between high wavenumber modes. We address what drives this

effect in §5.3. To quantitatively investigate the rate of convergence of GG, we fix z and

compute a finite-difference derivative approximation %, where
G GM+1)—-G(M)
= =GM+1)—-GWM M e N. 5.25
Results are plotted in Figure 5.4. g—ﬁ is dependent on x, however for x > 0.1 we have

the approximate scaling 2& oc M~2. At the trunction M = 10*, G is reasonably well
converged for x > 0.1 and less well converged as x approaches zero. Based on our
calculations it is unclear whether G will converge in the limit x — 0. Convergence may
require a greater truncation as x approaches zero, or a point may be reached where the
gain does not converge at all. Trefethen (1997) stated that the numerical abscissa w,

which can be thought of as the initial gradient of G(x), is unbounded:
w = lim — = o0. (5.26)

In Figure 5.6 we show that w scales with the modal expansion number M, implying an in-
finite eigenfunction expansion would be required to capture the limit w — 0. Nonetheless,
the steep inital gradient of G(x) is visible in the right-panel of Figure 5.3 for M = 103.
Trefethen (1997) and Trefethen & Embree (2005) also noted that the repeated oscilla-
tions of the gain curve in Figure 5.3 correspond to a sequence of counter-rotating Moffatt

vortices in Stokes flow.
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Figure 5.3: On the left we plot G(z) (solid line) for M = 103. The dashed line is
the energy decay rate of the leading mode. On the right is a blow-up for low x with
M = 10,10% and 10® corresponding to the blue, red and black lines respectively.



152 5. Nonnormality and optimal growth of the Papkovitch-Fadle operator

10

1.2]]

[
=
oD
=

R

1.05f

3 4
10 10 10 10 10

Figure 5.4: G and ;—AG/[ against M for x = 1073,0.01,0.05. G is not well converged for

M < 10*, for the values of x considered here.
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Figure 5.5: G and g—ﬁ against M for x = 0.1,0.15,0.2. The dashed line in the right panel
is the slope M~2. G reaches satisfactory convergence for M = 10%.
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Figure 5.6: On the left we plot |a,,| at four different truncations M for z = 0.1. On the

right is the numerical abscissa w against mode truncation M.
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Figure 5.7: Edge profiles in y optimising G' at x = 0.1. Along each row from the top are
U, vo and Wy and the columns are the truncations M = 10, 10%, 10 and 10%.
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Figure 5.8: Blow-up of the lower wall region of the edge profiles in Figure 5.7. The top
and bottom rows are uy and vy, and the columns are the truncations M = 10, 10?, 103
and 10%.
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Figure 5.9: Optimal profiles in y at x = 0.1. Along each row from the top are
u(0.1,9),v(0.1,y) and ¥(0.1,y) and the columns are the truncations M = 10, 10% 103
and 10%.
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In Figures 5.7 and 5.9 we plot the wall-normal profiles of u,v and ¥ which optimize the
energy gain at = 0.1. We plot the profiles both at the edge I'" and their form as they
have evolved to x = 0.1. While ¥ is well resolved throughout the domain, uy and vy
display sharp oscillatory behaviour near the walls (y = +1). This is a consequence of
the large amplitude, large wavenumber modes selected by the energy growth mechanism.
Increasing the truncation appears to dampen the near-wall oscillations in vy but leads
to increasingly sharp behaviour in ug at the walls, though a blow-up of the lower wall
region in Figure 5.8 confirms that the eigenfuctions are always continuous. The sharp
near-wall gradient in ug suggests that the optimal edge profile tends towards a slip con-
dition in streamwise velocity as the modal resolution is increased. The no-slip condition
at the edge, W, (0,£1) = 0, can be relaxed to include a slip profile at the edge, though
this has no effect on our findings. Further downstream, the large wavenumber modes
become less prominent in the profiles at z = 0.1 as they are very highly damped, thus

the eigenfunctions have no oscillatory behaviour near the walls.

The optimal velocities and streamfunction are plotted in the (x,y)-plane in Figure 5.10.
From the Figure, steady Moffatt vortices are seen to emanate from the corners of the
domain. We also plot the streamfunction on a log scale in Figure 5.11, to allow the
succession of Moffatt vortices which cause the oscillations in the gain curve of Figure 5.3

to be seen.
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Figure 5.10: Shading plots of ¥ (top), u (bottom-left) and v (bottom-right) for = = 0.1.
The plots do not have a true aspect ratio, so that the Moffatt vortices can be clearly
seen.
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Figure 5.11: Shading plot of |log(W¥)|. Plotting on the log-scale allows the repeated
oscillations of Moffatt eddies to be visualized.
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5.2.2 Optimal growth with bounded wall shear

It is found that as the modal resolution of the optimal edge condition found in §5.2.1 is
improved, the fluid exerts increasingly high stress on the channel corners. We define 7

to be the corner shear stress for normalized viscosity p =1

A

=27 (5.27)
y—tla—o O

y==x1,2=0

Figure 5.12 suggests that || scales linearly with the eigenfunction expansion coefficient
M, which would imply unbounded stress if an infinite eigenfunction expansion were to
be considered. This may be physically questionable, therefore we are motivated to seek a
solution W, , for which 7 is bounded at the corner. The Lagrangian optimization problem
in equation (5.19) is re-formulated such that |7| is normalized to unity. Writing a, for

the coefficient vector of the constrained solution, we impose the constraint

1712 = af’ Ba, = ab"ba, = 1, (5.28)
where - )
i (+1 4icosh” k,,
b, = Yn(ED) _ dicosh kn (5.29)
kn V <qn7 qn>
The Lagrangian now becomes
L, =aPa, — Na"Ma, — 1) — p(a? Ba, — 1). (5.30)
Setting variations of L, to zero yields the double-eigenvalue problem
Pa, = AMa, + uBa,. (5.31)

Techniques are available for the direct solution of (5.31), such as Blum & Chang (1978)
and Ji (1996), however, for its ease of implementation we solve for a, and the energy
gain G(z) using the active-set constrained nonlinear optimization routine fmincon in
MATLAB. The routine makes an approximation for the Hessian of the Lagrangian, which
is used to define a search direction along which a line search can be conducted. The
addition of the new constraint renders the calculations more computationally expensive
than in §5.2.1 and owing to this we can calculate a solution as far as truncation number
M = 103. The solutions share qualitiative features with the unconstrained optimals (cf
Figures 5.7 and 5.9 with 5.13), suggesting that the growth mechanism is not reliant on
large shear stress in the corners of the domain. In Figure 5.12 we note that W, experiences
less energy amplification than the unconstrained optimal, however the difference narrows

as truncation number M is increased.



158 5. Nonnormality and optimal growth of the Papkovitch-Fadle operator

10

127

117

1.057

— Constrained
[—Unconstrained
1 2 3 4 1 2 3
10 10 10 10 10 10 10
M M

Figure 5.12: On the left: Corner stress |7| against expansion number M for optimals at
x = 0.1. The red dashed curve indicates the slope with gradient one. On the right: G
against expansion number M for x = 0.1. The blue and red lines are the constrained
and unconstrained optimals respectively.
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Figure 5.13: Wall-normal profiles of the constrained optimal which maximizes G(z) at

x = 0.1. The top row has the edge profiles ug, vg and ¥y. On the second row we plot
u(0.1,y), v(0.1,y) and ¥(0.1,y).
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5.3 Short wavelength asymptotics

In this section we derive asymptotic expressions for short wavelength modes, or equiv-
alently, modes with large wavenumber. Our attention is restriced to even modes since
they are found to be responsible for the largest transient growth in §5.2.1. The aim of
this analysis is to investigate the energy inner product interactions of modes in the short
wavelength limit, in order to provide an insight into why the optimal edge coefficients

utilize the non-orthogonality of large wavenumber modes.

We start by splitting the dispersion relation into real and imaginary parts. For a mode

k we have
k + sinh k cosh k = 0. (5.32)
Let A = 2k. Then
A+ sinh A = 0, (5.33)
—> (A +sinh A, cos \;) +1i(A; 4+ cosh A, sin \;) = 0. (5.34)

Hence the following two relations must be satisfied

sinh)\r:—< ! >)\T, (5.35)

COS \;

smi:—( ! ))\ (5.36)

cosh \,
In order for equation (5.35) to be satisfied for large |\|, cos A; must be small and negative.

Therefore we write

1
N=p+e+ea+..., for u—<2n—§)7r, n €N, (5.37)

for small parameters ; and 5 with e, < €1. Equation (5.36) becomes

1
— sin <u+€1+€2+...) iy <M+€1+€2+...). (5.38)

Since sin 4 = —1 and cos u = 0, we have

1
Cosh)\r(l—é(el—i-@)?—i-...):u+51—|—52—|—..., (5.39)
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1 —1
:>cosh)\r:(u+51—|—52+...)(1—5(51+52)2~|—...) , (5.40)
1
:(M+51+52+---)<1+§(51+€2)2+---)7 (5.41)
pied i3
:M+€1+€2+T+2M€182+T—|—..., (542)
=u+0o+.... (5.43)

Let e1 + g2 = §;. From equation (5.35) we get

2
(([L+5r—|—...)2—1) cos(u+5i—|—...):—cosh_l (,u—{—ér+...), (5.44)
20, 1— 62 £ ) 1
pl 1+ R +.o) sin (64 ) =—log (p+6+ ((p+d+...)° =1)2+... |,
(5.45)
1
5i+...:—;<log(2,u+25r+...)), (5.46)
log2p 9,
= — ——=+..., 5.47
. (5.47)
log2u 1 piet jies
— &1 +tE&r+...=— - = 61+€2+—+2M8152+—+... . (548)
It I 2 2
From this we conclude
log 2
e = B (5.49)
i
2 2
_ & _ (log2pu)
g9 = o o (5.50)
Thus we have that log 2 | )
A= p— OgM“JrO((OiB“) ) (5.51)

and from equation (5.42)

log 21)? 1
Arzlog2u+w+0< Og“). (5.52)

242 112
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Now we can determine how the energy inner product for even modes behaves for |k| — oo.

Recalling equation (5.10b) from §5.1, we have

4 sinh 4
E,..= sm3 a(coshoz + cosh 6) - —2(1 + cosh « cosh B)
« o
cosh2k* (1 1 cosh 2k, (1 1
et/ ettt e T _ 5.53
- (a ﬁ)+ - (Ug)’ mt-n (559

where o = k,, + £k, and 8 = k,, — k,,. We investigate modal interactions with respect to

the normalized energy inner product.

5.3.1 Normalization factor

First we find an expression for the normalization factor to leading order

E?=E,,, n— oo. (5.54)

n

Suppose

| log 271)? 1 log 2 log 1)2
k= L (logap 4+ 10820 | p(losr () loe2n [ (log ) . (5.55)
2 2u? p? It 3

Then o = 2(k,,), = A\, and 8 = i2(k,); = i\;. Therefore

log 211)? 1
cosha—sinha—u—i—(og—'u)jLO(Og'u), (5.56)
2 Iz

log 2 1 2
coshff = — o8 u+0<(ogéu) ) (5.57)
[ [

So for the energy norm we have

(et () o)
(o) (o) oo

4p? 1
FP=_—"T__410 — 5.59
"~ og2mp (10g u)’ e (5:59)

Hence

where p = (2n — 1)m.
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5.3.2 Interaction of short wavelength modes

Now consider the leading order behaviour of E,,, for two short wavelength modes, i.e.

with |k,| and |k,,| large, but not equal. We investigate the interaction of modes with
m=mn—a, witha € Nja=0(1), n— . (5.60)

Expressions for wavenumbers k,, and k,, are

log2u  ar  (log2u)? log v log 21 (log p)?
k, = —+——"40 —= — @) , (0.61
5t . + 1 + 2 +i| 5 +am 2 + 7 (5.61)

log2p  (log2u)? logp .(p  log2u (log p1)?
o = o) £ 0 . 5.62
5 T 1 + 2 +il 5 2 + e (5.62)

Therefore we have

a=k,+k, (5.63)
log 2/1)> 1
“log2p+ O os 20 2“) +iaw+0<og2’“‘>. (5.64)
Iz 2 It
B=k,— k-, (5.65)
log 2 log )2
:a—ﬂ+i(u+m—ﬂ)+0((og;‘) ) (5.66)
f I I
cosha = (—1)%cosh \,, (5.67)
(log 2p)? (10g u))
= (-1 p+ =L p 0 =), 5.68
(1 (s 5 : (5.68)
sinh v = (—1)%sinh A, (5.69)
(log 241)® (log u) )
= (-1 p+ =L 10 —==)). 5.70
(1 (s 22 : (5.70)
log 2 log j1)?
cosh = cosh (a_u(um_mm(%)), (5.71)
1 f f
log2u i log j1)?
— (—1)°*! (M + m—”) + O(( ng) ) (5.72)
I I f
cosh 2k}, = cosh (A, — 1)), (5.73)
1 2
= —log2u+iu+0(@). (5.74)
2
cosh 2k,, = cosh (/\r + il + i()\i + 2a7r)), (5.75)
7

2
= —log2u+iu+0(@). (5.76)
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Using these expressions, the energy inner product E,,, becomes

412 C12amp? 1 4 1
B — _
" ((log o) (log2u)t Niogr)) T \iogan T¢ (log p1)?

+(_ﬁJrO(@))+<_10g22u+0((10g1u)2>>' 5-77)

Thus to leading order we have

42 C 12amp? 1

(log2p)? l(log 2p)* + log (5:78)

Re-introducting the normalized energy inner product

Emn
Dnra>n) = 5.79
<qn+a7 qn> EmEn 9 ( )
we see that
- . am (log p)?

(qn+a7 qn> =1- 110g Qu + O( #2 s a = O(].), n — oo (580)

where 1 = (2n — 3)m. Hence in the limit |k| — co, modes are non-orthogonal.

5.3.3 Interaction of long and short wavelength modes

We now determine the effect on the energy inner product of the interaction between long
and short wavelength modes. We keep one mode fixed, and O(1), and take the limit of

the second wavenumber becoming large. In terms of &, and k,, this means

log2p  (log2p)? logpu | .(p log2u (log 1)?
fon = o) £ o) k= O(1).
5 T e + 2 +il 5 o + e (1)

We start by treating

2 2
Coshkn:cosh{log2u+ (log 24) _|_0<10ﬂ) +i(g_10g2u+o((logp) ))}7

2 Ap? p? 2 2u G
(5.82)
V(LN V1 -4
=3 (5) 17 (- ) rouh) o5
= ﬂu — 1)+ O(u"2). (5.84)

2
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Therefore we have

cosh a = cosh(k,, + k), (5.85)
= cosh k,, cosh k), + sinh k,, sinh k| (5.86)
1 1
= SVl =) coshkl, + 2 /(1 1) sinh k%, + O(p"2), (5.87)
ki
— cosha = eT(l — 1)/l + O(u?). (5.88)
Similarly
ke )

sinh a = 67(1 — i)/l + O(u2), (5.89)

—kx,
cosh B = (1 — i)/ + O(u~2). (5.90)

Using these expressions on the energy inner product (5.10b) we have

e (S5 ) (5 o)
+ (% + O(loﬂgf» + <800;% + O(%)) (5.91)

The O(p™!) term cancels, meaning

1
Epn = 0(%), n — oc. (5.92)
i

Hence we have

(G @) = o((log nk ) (5.93)

where p = (2n — ).

5.3.4 Short wavelength growth mechanism

The results of §§5.3.2 and 5.3.3 can be summarized by the following two leading order

expressions for the energy norm

() (4w dn) ~0, m=0(1), n—o0 (5.94a)

. 3ar

(ii) (nta @n) ~ 1 a=0(1), n—oo. p= <2n - %)’H’ (5.94b)

log 21
From (i) we have that, in the limit of large wavenumber, short wavelength modes are
orthogonal to large wavelength modes. (ii) implies that the energy inner product of two
short wavelength modes is non-zero, and modes become increasingly parallel on the slow

(log 2u) ™! scale. We interpret this to mean that short wavelength modes are able to
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transfer energy between one another, but they transfer little energy to large wavelength
modes. Therefore we believe that the optimal growth calculations in §5.1 exploit this
energy transfer by including increasingly short wavelength modes in the expansion for
the optimal edge profile. We expect that as the number of modes in the expansion is
increased, the (n + 1)™ mode, say, becomes almost parallel to the n'® mode, and its
influence on the optimal edge profile is diminished since its effects are be spanned by
the n*® mode. Furthermore, since the short wavelength modes are highly damped, as
wavelengths are shortened modes are less able to affect the domain far from the edge.
This offers an explanation as to why the location of the maximum energy growth, x,,qz,

decreases with mode truncation M, as seen in the right panel of Figure 5.3.

20

10
1
15
10
0.51
2 -~ -
B2 ol | (@1 n)
0_
5
10
-0.51
0
10
0 5 10 0
10 10 10 10

Figure 5.14: On the left panel we plot E? against n. Red dots represent numerically
calculated values and the blue line is our leading order estimate. On the right panel we
have the norm (g, ,q,) against n. The blue and red lines are the real and imaginary
parts of the norm, and the blue and red dashed lines are the real and imaginary leading
order estimates respectively.
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5.4 Spatial Poiseuille flow

To investigate the role that the growth mechanism observed in the previous chapters plays
in flows with convection, we address the problem of optimal growth in two-dimensional
spatially developing Poiseuille flow of a viscous fluid. For the parabolic Poiseuille base
flow U = U(y)e, = (1—y?)e, and velocity and pressure perturbations (u, p) = |4, 9, p|(x, y),

the linearized Navier-Stokes equations for steady fluid motion in a semi-infinite channel

are
ou ., 0 1,
0v op 1 _,.
= = .95b
U(?x Jy + R@V v, (5.95b)
ou  0Ov

where / denotes differentiation with respect to y and V? is the Laplacian operator. The
Uch

Reynolds number Re = is based on the centre velocity U., the channel half-height
h and the kinematic viscosity of the fluid v. Equations (5.95) are non-dimensionalized
in terms of these quantities. We solve on the domain 2 as defined in §5.1 and impose
the no-slip boundary conditions on the walls y = 1. From this formulation, Stokes flow
and the Papkovitch-Fadle operator can be recovered in the limit Re — 0. The linear
spatial stability of the system is found by Fourier transforming the perturbations in the

streamwise co-ordinate x such that

(@, 9, p)(x, y) = [u, v, p](y)e", (5.96)

for a € C. Equations (5.95) now become

1
Uiau + U’ = —iap + R—(D2 — a?)u, (5.97a)
e
Uiav = —p' + i(D2 —a?) (5.97b)
Re ’ '
iou +v" =0, (5.97¢)

where D = d%. For a given Re, we can determine eigenvalues «,, € C which govern the
stability of the perturbations. The equations (5.95) are elliptic in space, thus solutions
of (5.97) yield upstream and downstream travelling modes. We know from temporal
stability theory that Poiseuille flow is linearly stable for Re < 5772 (Orszag (1971),
Schmid & Henningson (2001)), so we can ignore upstream modes by neglecting eigenval-
ues with Im{«,, } < 0 provided Re is sufficiently small. In this way we can parabolize the
system and restrict our attention to disturbances evolving downstream from the edge,
I'={x=0,—-1<y <1}, of the domain.
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A matrix method is used to find the eigenmodes of (5.97). Introducing
u=oau and U=aw, (5.98)
we can recast the system into the linear eigenproblem
Lg=alMgq, (5.99)

where the vector ¢ = [u v p @ ©]T and the operators L and M are

=D -U" 0 00
0 +D> -D 0 0
L= 0 -D 0 0 0], (5.100)
0 0 10
0 0 01
iU 0 i 5 0
0 iU 0 0 4
M=1]1i 0 0 0 0 (5.101)
0 0 0
0 0 0 0

We then discretize the system in y using Chebyshev polynomials, following the procedure
detailed in Schmid & Henningson (2001), and solve the resulting generalized eigenvalue

problem for « and q.

5.4.1 Spatial spectra

In Figure 5.15 we show that the leading eigenvalue from our calculations at low Re shows
good convergence to the leading Papkovitch-Fadle eigenvalue, which we interpret as some
validation of the code for arbitrary Re. In Figure 5.16 we plot spatial spectra at various
Re. We see that as Re — 0 the spectra are qualitatively similar to the Papkovitch-Fadle

operator eigenvalues.

The emergence of stationary downstream propagating modes is investigated in Figure
5.17. We find that for 7 < Re < 8, a set of upstream propagating stationary modes
become increasingly damped as Re is increased. The modes then ‘turn around’ in space,
changing from highly damped upstream to high damped downstream modes. In so doing,
the imaginary part of the wavenumber switches from negative to positive infinity, meaning

that the stationary upstream modes emerge from infinity.
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Figure 5.15: Comparison between the leading eigenvalue of our finite Re computations
and the Papkovitch-Fadle spectrum. The dots correspond to calculations at the given

Re, and the dashed line is the Papkovitch-Fadle mode.
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Figure 5.16: Spatial spectra at various Re. Downstream/upstream propagating modes
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Figure 5.17: Emergence of stationary downstream modes from infinity. Down-

stream /upstream modes are coloured blue/red. A selection of stationary upstream modes
are circled for Re = 7. As Re is increased, the upstream modes become more damped
before they ‘turn around’ in space to become highly damped downstream modes. The
stationary downstream modes appear in our Figure at Re = 7.5. They become less
damped as Re is further increased.
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5.4.2 Optimal growth and convergence

We now turn our attention to optimal growth. The formulation is the same as in §5.2,
but since we no longer have a general analytic solution the energy norm (5.16) is now

computed via numerical integration. Having solved (5.97) for u,, and v, where
Lq, = a,Mq, and q,, = [u, vy Dp Un Unl”, (5.102)

the energy inner product

1 /1
Epn = (Up, up,) = §/ Uy Uy, + v U, dy, (5.103)
-1
is numerically approximated using Clenshaw-Curtis quadrature (Clenshaw & Curtis (1960);
Boyd (2001)), which exploits the choice of Chebyshev polynomials for discretization in y.
We then compute the spatial energy gain G(x) as before. Each mode in our calculations
has a wall-normal discretization of N = 601 Chebyshev polynomials, which ensures that

we can include well-resolved highly damped modes.

Figure 5.18 compares curves of the energy amplification G(z) at different Re. Each
curve is computed for a perturbation expansion with M = 500 modes. We see that for
Re = 1,10, G(x) is qualitatively similar to the corresponding curves for the Stokes prob-
lem shown in Figure 5.3. At larger Re however, the characteristic oscillations in G(x)
are no longer present, since the leading eigenvalue has zero real part. Figure 5.18 also
compares the energy growth regions for each flow. A notable feature in common with
Stokes flow is that there is a sharp growth gradient near the edge x = 0, for every Re
considered, suggesting that the unbounded numerical abscissa of the Papkovitch-Fadle

operator may extend to flows with Re large.

With respect to our trunction of M = 500, we define the quantities G,,., and x4z
Gmae = max G(z) = G(Tmaz)- (5.104)

However, these maxima may change subject to an increase in the modal truncation.
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Figure 5.18: Gain curves in . Top row: Re = 1,10. Bottom row: Re = 100, 1000.

To assess the convergence of G(x) four Reynolds numbers, Re = 1,10,100,1000, are
chosen and in each case z is fixed at a value close to Z,,q.. In Figure 5.19 we plot the
results. Note that the increases in GG are stepped in M. This is because the spatial spectra
consist of even and odd modes which are orthogonal, as was the case for the Papkovitch-
Fadle operator in §5.2, in equations (5.10). This means if the optimal perturbation is
comprised of even modes, say, then odd modes cannot contribute to the energy growth.
We compare the magnitude of the optimal perturbation coefficients |a,,| and filter out
modes with markedly lower magnitudes (see Figure 5.20), which make no contribution
to the optimal growth. On this reduced basis of modes we can consider G at fixed x to
be a function of M, and we re-introduce g—]\i from §5.2.1. g—J\G/I can be used as a diagnostic
5G

to compare convergence at each Re. 7 is qualitatively similar to the Stokes case for

Re = 1,10. The following scalings are computed and plotted in Figure 5.21

oG

Re=0: S o M2, r=0.1, (5.105a)
oG -1.9

Re=1 sip MY e =0.055, (5.105b)
oG 17

Re =10 s> M= x = 0.02. (5.105¢)

For Re = 100,1000, G grows rapidly in the range 1 < M < 100. For M =2 100 G
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increases on a much slower scale; this is shown in on the lower row of Figure 5.19. For

these Reynolds numbers we plot (;S_Ac; in Figure 5.22. We calculate the convergence rates

0G 0G

Re=100: — oxM™2 =16, Re=1000: — oc M %5 1z =3.5.
SM SM
(5.106)
o
3.5r
ol
G 2.5r
2
1.57 Re = 102
‘ — Re = 10*
1 1 2
10 10 10
M
1.8488 3.981
1.84871 i 3.98¢
3.979¢
G 1.94861 G
3.978r
1.84851
8977
1.98484° 3 2 3
10 10 10 10
M M

Figure 5.19: Convergence of G in modal truncation M. The streamwise coordinate is
fixed at = 0.055,0.02,1.6 and 3.5 for Re = 1,10, 10% and 10? respectively.
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Figure 5.20: Absolute value of the optimal coefficients |a,,| for Re = 1, 10,100, 1000.
Modes on the lower order of magnitude are filtered out of the optimal eigenmode expan-
sion to form a reduced basis.
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M M

Figure 5.21: Convergence rates £ for Re = 0 (top), Re = 1 (bottom-left) and Re = 10

(bottom-right). The dashed curves are the numerically calculated exponents in equations
(5.105)

M M

Figure 5.22: Convergence rates 2 for Re = 100 (left) and Re = 1000 (right). The
dashed curves are the numerically calculated exponents in equations (5.106)
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5.4.3 Optimal disturbances

In keeping with the trends observed in the previous section, the optimal disturbances at
low Re share similar qualitative characteristics with the optimals in the Stokes problem.
We plot the modal form of the optimals in Figure 5.23, and their form in the (z,y)-
plane in Figure 5.24. For larger Re the optimals still possess oscillatory features at the
corners of the domain, however it is less pronounced than for the low Re optimals. At
ZTmaz, the optimals at large Re have maximum streamwise velocity u away from the wall,
suggesting they are extracting energy from the mean shear in a manner similar to the

two-dimensional Orr mechanism in temporal flows.

Re=1 Re =10 Re = 107 Re = 103
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Figure 5.23: Wall normal and optimal profiles with velocities v and v in blue and red,
respectively. The top row has the edge optimals, and the bottom row has the optimals
near I,,q, for Re = 1,10, 100, 1000.
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Figure 5.24: Streamwise velocity u for Re = 1 (top) and Re = 1000 (bottom) in the
(x,y)-domain.
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5.5 Temporal plane Couette flow

We contrast our findings in the Papkovitch-Fadle problem with an analysis of temporally
evolving and streamwise independent plane Couette flow. For this flow we find that
numerical computations of the transient perturbation energy density growth converge
quickly with respect to the modal truncation of the calculation. An analytic solution is

available which allows us to see what is happening to the modes.

We consider the motion of an incompressible, viscous fluid constrained between two infi-
nite plates which move in opposite directions at equal speeds. The no-slip boundary con-
dition is applied on each of the walls. The governing equations are non-dimensionalized
with the wall speed U , the channel half-height h and the kinematic viscosity of the fluid v.
We seek a solution to the linearized perturbation equations with base velocity U = ye,.
Furthermore we restrict the solution to streamwise independent and spanwise periodic

perturbations such that
[u, v, w, pl(y, z,t) = [u, v, w, p|(y, t)e?. (5.107)

If we further assume that the velocity components have exponential dependence in time,

o e~ the linearized Navier-Stokes equations are

1
—ou+v = ﬁ(u” — B*u), (5.1084a)
—ov=—p + i(v" — %) (5.108b)
Re ’ '
1
—ow = —ifp + E(w" — f*w), (5.108c)
v +1fw = 0, (5.108d)

where D denotes differentiation with respect to y and the Reynolds number is defined as

Re = @ The system can be further reduced to
V" + (0 Re — 23*)v" — B*(cRe + *)v = 0, (5.109a)

u” + (cRe — %)u = Revw, (5.109Db)

subject to v(£1) = v'(£1) = u(£1) = 0. Using a Green’s function approach we derive a
general solution for this system with three classes of modes. Writing p? = o Re — 3% we
have

Class (a) : ptanp+ Stanh =0, (even modes),
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T % ( cosh f3 cos py — cos p cosh By) + Jzzccffshf (y CcOs pusin 1y — sin g cos uy) ,

v = cosh 3 cos py — cos p cosh By,
wo = —%(,ucoshﬁsin,uy + ﬂcos,usinhﬁy).
Class (b):  pcotp — fcothf =0, (odd modes)

u = ﬁ(sinhﬁsinuy—sinusinhﬂy) + %;}f(cosusinuy—ysinucosuy),

v = sinh #sin py — sin psinh By,
w = é(u sinh (3 cos puy — B sin p cosh By).

u  =sinp(y+1),
Class (¢): p= %T v =0, (u-modes)

w =0.

Given [ € R, the transcendental dispersion relations of the even and odd modes can be
solved via a Newton iteration algorithm for g € R. The flow is found to be stable (¢ > 0)
V3. We will list the modes in terms of increasing p. For example, ¢ denotes the n'!
a-mode with

o )+ 5

" Re

Similarly, the corresponding eigenfunctions or eigenmodes are denoted u{. Note that

(5.110)

without loss of generality we can assume g > 0, since the value of the decay rate depends

on the square of p.

Despite the asymptotic stability of the flow significant transient energy density growth
has been shown to exist at moderate Reynolds numbers (Butler & Farrell (1992), Reddy
& Henningson (1993)). This growth is a consequence of the nonnormality of the linearized
Navier-Stokes operator and the non-orthogonal nature of the eigenmodes of the system
with respect to the energy inner product. Writing the kinetic energy through the fluid

domain as

1 1
E:—/ uu + v + wrw dy, (5.111)

we introduce the modal energy inner product

1 /1
(ur,u,) = 5/ uu, + U3, + wiw, dy. (5.112)
-1

Hence if we have an arbitrary velocity disturbance expanded in terms of the eigenmodes



178 5. Nonnormality and optimal growth of the Papkovitch-Fadle operator

of the system

u(y, z,t) Z/{nunelﬁz Int —Za] aglfz=ojt +Zb uy, bgifz— ”’“t+Zcuce‘ﬁZ et

(5.113)
then the appropriate energy norm is
lu(®)]]* = (u, u). (5.114)
In terms of the modal energy we find the following orthogonality relations
(us, uy) # 0, (5.115a)
(u§,ub) =0, Vpu, A (5.115b)
(us, uy) # 0, (5.115¢)
(u}, u;) # 0, (5.115d)
(ul, ul) #0, (5.115¢)
(u,uy) =0 for p# A\ (5.115f)
The energy gain
E() |lu()]
G(t) = ma = max = = 5.116
T T Tl 10

can be calculated in the same manner as in §5.2, with exact expressions for the energy in-
ner product. The gain, and corresponding optimal disturbance, can also be computed via
collocation in y as in Schmid & Henningson (2001). Computations plotted in Figure 5.25,
show that the optimal initial condition which reaches G4z, Where Gpe = max; G(t), is
comprised of class (a) and (¢) modes. The value of G4, is found to be well converged for
a modal truncation N < 10%, as can be seen in Figure 5.26. Since orthogonal modes can
make no contribution to the optimal growth, we assume that in addition to being highly
damped, modes with large o, orthogonalize so that they make a negligible contribution
to the maximum optimal growth. Accordingly, we assess how the relevant modal energy

inner products behave in the asymptotic limit of large decay rate.

We begin with exact expressions for the inner products of interest

Reyicos A cosh 3

a C 1 1 1 ]_
(s ) = 2 (0082”_1)<(A2—u2)2+A2+52(A2—u2+u2+ﬂ2)>'
(5117)
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0oy Re? 2 g Sin(p—A) | sin(p+ )
<“*’“M>‘2<u2+62><v+62>{C08h )

+ cos 1 cos A (1 + sinh 26) } + Re? cosh” 3 {SmQ(M -A) sin®(p + )

2/ SuAcospcos A | (u—N)? (4 A)?

+ QCOS/LCOS)\(COS(’M —A)  cos(u+A)  sin(pu+A) B sin(p — )\)> }

(1 —A)? (H+A2 (p+A)P (p=A)?

Re? cosh 3 ) { cos,ucoshﬁ(sm(u +A) | sin(u—A) cos(u+A)  cos(u— )\))

4pcos p(A? + 32 (L+A)2  (p=A)? o+ A fr—A
<2(ﬁ sinh 3'sin 1 — pcosh 3 cos p — cosh sin,u))
— COS [ COS A
,U2 _’_52
i A i —A
_ sinﬂcoshﬁ(smljlj_—; ) + sm/ju_ )\ )) }
Re? cosh 3 cos Acosh 3 sin(+ ) sin(p—A)  cos(p+A) N cos(u — A))
4\ cos A(u? + B?) (+A)2 (— A)? p+ A = A
) 2(fsinh Ssin A — A cosh 5 cos A — cosh fsin )
— s
COS [1 CO N
i A i - A
_ sinAcoshﬁ(SlnLEiJ; )4 S‘“/f’“‘_ 5 )) } for 11 # . (5.118)

o @ Re? 9 sin 21 9 sinh 23
<U“,UH>—W{COS}I 6<1+ 2'u )+COSM 1+ 26

N Re? cosh? /B{ cos? ,u(l cos2u N sin 2u> B sin? 2 + sin? ,u}

82 cos? p 3 2p2 4p3 4u?

Re? cosh in 2 2 in 2
e coshf cos ptcosh el bl I sin gpcosh 8| 1+ et
2pcos p(p* + B5?) Ap? 21 21

cos? <2(pﬁ sinh 8sin  — p? cosh 3 cos 1 + B sinh 3 cos u)) }
— cos”

pu(p? + 5?)
sinh 23 cos? cosh? sin 2 2 sin 2
[ smh2Beos”y | coshTffy | sinZp g () sin2y
2 2 2u - p? 2u
241 Cos,ucoshﬁ( . ,
B cosh Bsinp — pcos pusinh 5 . 5.119
B(u2+ B?) (5.119)
(& (& 1
(ug,, uy) = 3 (5.120)
Note that the terms appearing in (u$, uz> are all proportional to Re?, whereas (uz, uZ)

contains terms which are not. This indicates that as the Stokes limit, Re — 0, is ap-

proached, the inner products orthogonalize, in contrast with the case for spatially evolving
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disturbances.

Returning to the problem at hand, we pass to the high decay rate limit and keep Re and
[ fixed, which gives

[ tanh g3
g=———.

5.121
- (5.121)

Wy ~ NT — €, N — 00.

Thus ) )
0 m“cosh” B
(up,, uy) = 2—5271 +0(1), n— . (5.122)

This means that the normalization factor for the a-modes has the asymptotic form

_ mcosh
CRNGT

a

+0(1), n— o0 (5.123)

whilst for the c-modes the normalization factor is simply a constant, N¢ = v/2. Hence

we can introduce asymptotically normalized modes

.U o,
'U,“ = Fﬁ and 'U,“ = _c’ (5124)
such that
<'&Z,'&Z) ~ 1 and <’&Z,’&Z> =1. (5.125)

Now we can look at how the modal interactions influence the energy inner product. For

the (y, u}) inner product we choose three relevant large n limits to investigate

i)  pl=nr+0Mn"), pe == 0(1), (5.126a)
(ii) pt == 0(1), Ly = (n + %)W, (5.126b)
(iii) pt =nm+O0n"), e = <n + %)ﬂ' (5.126¢)

For limit (i) we have

(5. 55) = (1 (S o+ O ), oo (5.127)

Taking limit (ii) we get

_ 2 | 32
(@, @) = < V2(A +5N)ai§(308)‘005h6>n_5—|—O(n_6), " — o0 (5.128)
by
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where N{¢ = /(uy, w,). Limit (iii) gives

e

(Who,a) = (—1)”+1( — )n—2 +0(n™%), n— oco. (5.129)

Now considering the (uf, 4}) inner product, we investigate the following limits

(iv) pn=n7+0Mm"Y), A=0(1), n— oo, (5.130a)
) =m0, iy = (n—p)m 4 O((n—p)). (5.1300)
for p e Z and p = O(1), n — oc.

We have dropped the superscripts for ©® in the above expressions, since both modes are

class a in this case. For limit (iv) we have
(Tp,,wr) = A2 +0(n™°), n — o0 (5.131)

where

2 . . . .
4o = 3<§2Rj s (5 sinh 23 sin A —cosh26<cos)\—|— SH)I\)\) _COS)\<1+ sinh 2ﬁ)>
™ Y

2) 2/
(5.132)
In limit (v) we have, to leading order
272
(Wy,, Uy, ) = (—1)”&7{4 +0(n™®), n— oo. (5.133)

2p? 76

Hence it can be seen that in all five limits considered, the asymptotic energy inner
products (i), (ii), (iii), (iv) and (v) decay for highly damped modes. Though this is not
an exhaustive list of large n limits, we believe that the behaviour shown for the limits
considered will extend to others. We posit that this is a key component in the good

convergence of optimal disturbances in plane Couette flow.
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Figure 5.25: On the left is the o spectrum in the complex plane, with § = 2 and Re = 500.
On the right we plot the absolute value of the optimal coefficients |x,| for the optimal
with 8 =2, Re =500 and t = 100. e, o and * are the a, b and ¢ modes respectively.
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Figure 5.26: We plot G (left) and g—g (right), for 8 = 2, Re = 500 and t = 100,
a modal truncation N comprised of a and ¢ modes.

against



5.6 Conclusion 183

5.6 Conclusion

Our focus in this chapter has been the spatial optimal growth of an arbitrary, finite
expansion of the Papkovitch-Fadle eigenfunctions under boundary conditions motivated
by Stokes flow. By analysis of the energy gain G(z) as a function of the number of
Papkovitch-Fadle eigenmodes included in the velocity expansion, we have shown that
G(x) is not well converged for x < 0.1, and that a large number of modes, M = 10%,
are required to guarantee convergence for > 0.1. We analyze the form of the optimal
edge condition, and find that increasingly large wavenumber modes are selected by the
optimization procedure which finds the optimal edge condition for a given downstream
location. The large wavenumber modes make a prominent contribution to the optimal
edge condition at its corners, inducing highly oscillatory velocity fluctuations, and ex-
erting a large shear stress on the corner walls. In light of this, we solve a constrained
optimization problem in which the corner stress is bounded at unity, and we find that
though less energy amplification is possible, the optimal edge condition retains the use

of large wavenumber modes in its spatial energy growth.

To gain an insight into why the optimal edge velocity is reliant on large wavenumber
modes, we undertake an asymptotic analysis of the energy inner product in the large
wavenumber limit. We show that the inner product of two large wavenumber modes is
O(1), but that the energy inner product interactions of large and low wavenumber modes
are asymptotically small. This suggests that there exists a mechanism by which large
wavenumber modes instigate energy growth by transferring energy between one another.
That such a mechanism exists does not imply that large wavenumber modes definitively
will contribute to the maximum energy amplification, rather, that they could make a
contribution. Therefore, our asymptotic results are to be interpreted as some justifica-
tion for the inclusion of large wavenumber modes in the optimal edge condition, but not

an indication that they must be present.

Moving away from Stokes flow, we assess the impact of the large wavenumber growth
mechanism on convected flows, choosing two-dimensional spatially developing Poiseuille
flow to examine. We find that qualitiative features of the Stokes optimal edge condition
are carried over into the finite Re flow; highly oscillatory velocity fluctuations are found
near the channel corners, and the energy gain G(x) converges slowly as a function of the

modal resolution.

Finally, we analyzed temporal optimal growth in plane streamwise-independent plane

Couette flow, for which large optimal energy amplification is well-known and no con-
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vergence issues have been reported. We find an analytic solution to the system, which
allows us to perform an analogue of the asymptotic analysis of the spatial energy inner
product, on the interactions of high and low damped modes. In contrast to our spatial
results, we find that the temporal energy inner product invariably decays in the all high
damping limits considered, meaning that highly damped modes cannot contribute to
non-modal energy growth. This difference highlights the dichotomy between the spatial

and temporal frameworks in fluid dynamics.



Chapter 6

Conclusions & further work

By way of concluding this thesis we will re-cap and contextualize the conclusions from
the four results chapters §§2, 3, 4 and 5. In addition, with an outlook on potential future
work we will discuss the ways in which our results can be developed. Each of the flows
considered throughout the thesis will be discussed in turn, in §§6.1, 6.2 and 6.3.

6.1 Annular Poiseuille-Couette flow

In §2 we contribute to existing stability analyses in annular Poiseuille-Couette flow
(APCF) with a study of the non-modal linear energy growth. Beginning with a lin-
ear stability analysis, we demonstrate that the Rayleigh stability criterion can be used to
show that APCF is stable to inviscid perturbations for inner cylinder velocity V' < V*.
However, the Rayleigh stability criterion is only a necessary condition for instability, and
we find no indication that the flow loses stability to inviscid waves for V' > V*. Vis-
cous waves are known to de-stabilize APCF (Sadeghi & Higgins (1991), Gittler (1993),
Walton (2003, 2004, 2005)), and by maximizing over axial and azimuthal wavenumbers
we produce neutral curves in (Re, V')-space, for suitably defined Reynolds number Re.
Though the neutral curves are not monotonic in (Re, V'), the trend is for non-zero V'
to stabilize the laminar base flow. There appear to be cut-off velocities for positive and
negative V', beyond which all perturbations are linearly stable, and our calculations are
in agreement with the cut-off velocity for radius ratio n = 0.5 and V' > 0 derived by
Sadeghi & Higgins (1991). Our non-modal growth analysis focuses on subcritical (Re, V')
space, and we find that our conclusion differs from linear stability results: non-zero V' has
the tendency to de-stabilize the laminar profile, in the sense that the maximum energy
gain G increases with |V, provided |V| is sufficiently large. This is demonstrated in a
series of Figures in which contours of G are plotted in (Re, V') space for a range of 7. The
level of maximum growth is found to be of a similar order of magnitude regardless of the

radius ratio 7. Non-axisymmetric modes are found to be amplified by the well-known
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lift-up mechanism, while axisymmetric modes are amplified via the Orr mechanism. The
presence of both energy growth mechanisms is a strong indication that a subcritical route
to transition may be possible in a similar manner to that which is currently understood
in the canonical subcritical shear flows: plane Poiseuille flow, plane Couette flow and
Hagen-Poiseuille flow. Recent studies such as Pringle et al. (2012), Rabin et al. (2012)
and Duguet et al. (2013) indicate, via optimization over the fully nonlinear Navier-Stokes
equations, that the minimal amplitude perturbations which instigate transition amplify
themselves via combinations of the Orr mechanism and the lift-up mechanism. Addi-
tionally, we find that the experimentally observed (Re, V') transition values from Shands
et al. (1980) lie at similar values of G, which we find to be suggestive of a link between

the lift-up mechanism and transition to turbulence.

Further study in APCF might address the existence of exact coherent structures in sub-
critical (Re, V') space. Wong & Walton (2012) have already found axisymmetric solutions
which emerge in a bifurcation from linearly unstable axisymmetric perturbations, and
can be continued into the linearly stable regime. This procedure could be extended to
non-axisymmetric solutions, whose existence would provide further evidence for the link
between exact coherent structures and transition to turbulence in subcritical shear flows.
The relationship between the structures and the asymptotic nonlinear solutions of Wal-
ton (2003, 2005) could be investigated. An asymptotic analysis in search of linear cut-off
velocities for V' < 0, following the approach of Sadeghi & Higgins (1991) who treated
V' > 0, might prove interesting. Such a study could provide asymptotic confirmation
that large magnitude inner cylinder velocities stabilize linear modes for all Re, regardless

of whether the inner cylinder motion opposes or aligns with the axial pressure gradient.

6.2 Rotating plane Couette flow

In §3 we study the stability and bifurcation sequences of nonlinear solutions in supercrit-
ical rotating plane Couette flow (RPCF). We present bifurcations of steady secondary
solutions in rotation number and cross-flow energy space, (Ro, E.s). In addition to well-
known Taylor vortex solutions, we discuss steady oblique vortex flows (OVF), finding
upper and lower solutions which bifurcate from unstable modes of the primary flow. The
steady OVF are related to the travelling wave spiral vortex flows discussed for Taylor-
Couette flow (TCF) by, for example, Hoffmann et al. (2009), Altmeyer et al. (2010)
and Deguchi & Altmeyer (2013). Our analysis contributes to the understanding of these
oblique flows, and elucidates the differences in bifurcation behaviour between the oblique

and streamwise independent flow states.
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An extensive stability analysis of Taylor vortex flow (TVF) in §3.6 yields an insight
into the bifurcation sequences which develop as Taylor vortices lose stability. Stability
calculations across a wide range of TVF allows the characterization of the instabilities
affecting TVF and the tertiary flows into which they develop. Alongside the tertiary
flows which have already been discovered in RPCF, such as wavy vortex flow (WVF)
and twisted vortex flows (TWI and wTWI), in §3.7 we find an oscillating vortex struc-
ture (0OWVF) and a streamwise indepedent short spanwise wavelength structure which
we have named skewed vortex flow (SVF). Bifurcation analyses in Ro and streamwise
wavenumber «g reveal that for small oy, wTWI emerges in a saddle-node bifurcation
from TVF. A solution branch of wTWTI is found to exist which connects TVF states with
Bs = 1.5 and s = 3, suggesting a more intricate relationship between the two flows than
has previously been appreciated. A bifurcation scenario is presented for oWVF where
no stable solution exists and flow moves between unstable states in a quasi-chaotic orbit.
There is perhaps some novelty that such an orbit can exist in a transitional flow regime,
and a related process could form the basis for the turbulent dynamics found at larger
Re. In a bifurcation analysis of SVF, we find that it connects the first and second TVF
which bifurcate from the primary flow. The stability properties of representative cases
for all of these tertiary flows have been analyzed, suggesting the existence of quaternary
structures to be investigated in future research. The existence of such a range of tertiary
and higher order nonlinear structures could, at larger Reynolds numbers, be important

in the understanding of fully turbulent flow.

The relevence of tertiary states to transitional RPCF is assessed in §3.8. Through nu-
merical simulations on a domain which supports a range of wavenumbers and through a
model which simplifies the transition process based on bifurcation sequences, we analyze
the states observed in the experiments of Tsukahara et al. (2010) and Suryadi et al.
(2013). We find good agreement between model, simulation and experiment in most
cases. However, a notable divergence between model and simulation occurs for Ro = 0.9,
where the model predicts a final flowfield consisting of wTWI and the simulation finishes
in a final flowfield with a localized twist vortex amongst streamwise independent TVF.
Despite this deviation, the model and simulation flowfields are good approximations for

two experimentally observed flowfields at Ro = 0.9.

Further studies could include both a Floquet stability analysis of secondary oblique vor-
tices and a study of the bifurcation scenarios which follow when it loses stability. We have
some preliminary results in this direction, having found a tertiary oblique wave structure
reminiscent of wavy spiral vortex flow of TCF discussed in Hoffmann et al. (2009) and

Deguchi & Altmeyer (2013), shown in Figure 6.1. We name this structure wavy oblique
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vortex flow wOVF.
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z 0
02
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z 0
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Figure 6.1: Two wOVF flowfields for (s, 55, Re, Ro) = (0.2,2,100,0.1) which bifurcate

from steady OVF at the same parameters.

It would be interesting to explore the connection between wOVF and the turbulent stripe
phenomenon in non-rotating plane Couette flow (PCF). Turbulent stripes are a curious
feature known to the fluid dynamics community since they were reported in experiments
by Coles (1965), whose images caught the attention of Richard Feynman, and prompted
him to coin the phrase “barber-pole turbulence” in description of the stripes (Feynman
(1964)). Turbulent stripes are found in experiments and simulations of PCF (see, for
example, the recent studies of Prigent et al. (2002), Duguet et al. (2010), Duguet &
Schlatter (2013)), however, the origin of the oblique structure remains an open question.
If wOVF or a similar state can be continued from RPCF to PCF, it could serve as a co-
herent structure from which obliqueness of the stripes could originate, and about which

the turbulent dynamics could be organized.

A non-modal growth analysis across subcritical RPCF has been conducted in §4. By
optimization over streamwise and spanwise wavenumbers a and (3, we compute the
maximum linear energy amplification, G, available to perturbations across subcritical
(Ro, Re) space. We find that the effect of strong cyclonic (Ro < 0) or anti-cyclonic
(Ro > 0) rotation is to hinder the lift-up and anti lift-up mechanisms, such that optimal
perturbations rely on the Orr mechanism for energy growth. The restriction of the anti
lift-up mechanism in anti-cyclonic RPCF has been noted before by Yecko (2004) and
Rincon et al. (2007), whose results were interpreted in the context of transition in astro-
physical accretion disks. Our contribution is therefore to show that strong cyclonic RPCF
behaves comparably to strong anti-cyclonic RPCF, with respect to optimal disturbances.
We posit that the absence of the lift-up mechanism in strong cyclonic RPCF will alter

the transition scenario as it is currently understood in PCF. The lift-up mechanism is
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thought to be relevant in generating the streak component of the self-sustaining process
(Waleffe (1995, 1997, 1998)) and vortex-wave interaction theory (Hall & Smith (1991);
Hall & Sherwin (2010), Deguchi et al. (2013), Blackman et al. (2013)), which have been
proposed to explain the existence of exact coherent structures in the canonical subcritical
shear flows. Furthermore a lift-up mechanism growth phase has been highlighted in the
nonlinear optimals found by Pringle et al. (2012), Rabin et al. (2012) and Duguet et al.
(2013), for Hagen-Poiseuille flow and PCF. Hence, the absence of the lift-up mechanism
would, in theory, prevent these transition scenarios from developing and a new under-
standing would be required if indeed turbulence was shown to develop in RPCF with

strong rotation.

Further study could be made into transition in subcritical RPCF: in the three regimes
of large cyclonic rotation, large anti-cyclonic rotation and Ro = 1. In the latter case, the
anti lift-up mechanism and the Orr mechanism co-exist and Lesur & Longaretti (2005)
found that transition occured in numerical simulations. A novel route to transition may
then be found for this subcritical shear flow. A search for exact coherent structures,
renewing the efforts of Rincon et al. (2007), may prove illuminating. Bifurcations from
the secondary and tertiary structures of §3 in supercritical RPCF would be the ideal
starting point for such a search. Additionally, a study similar to Reddy et al. (1998),
with an analysis of the secondary stability of transiently amplified structures, could be

carried out on the optimal disturbances of subcritical RPCF.

6.3 The Papkovitch-Fadle operator and spatial non-

modal growth

In §5 we have studied the non-modal stability properties of the Papkovitch-Fadle oper-
ator with application to Stokes flow. We show that convergence of the maximum linear
spatial energy amplification in modal truncation is slow, due to reliance of the optimal
edge condition on highly damped modes. We demonstrate that the corner shear-stress
of the optimal edge condition scales linearly with the number of modes used to expand
the optimal disturbance. However, we solve a constrained optimization problem in which
the corner stress is fixed at unity, and we show that the constrained optimal edge condi-
tion has similar qualitative features to the unconstrained case. An asymptotic analysis
of the energy inner product interactions of the Papkovitch-Fadle eigenfunctions reveals
that short wavelength modes can transfer energy between one another, but not to a
long wavelength mode. This result offers an explanation as to why optimization for the

maxmimum energy amplification selects increasingly short wavelength modes. The impli-
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cations of our results on convected flows are investigated in an analysis of optimal growth
in two-dimensional spatial Poiseuille flow, for which the Papkovitch-Fadle operator can
be considered the Re — 0 limit. We find that the optimals in spatial Poiseuille flow
share qualitative characteristics with the optimal edge conditions for the Papkovitch-
Fadle operator, suggesting that the short wavelength energy growth mechanism is not
unique to Stokes flow. Finally, our results are contrasted with a treatment of temporal
plane Couette flow, where it is shown that no analogus highly-damped modal coupling

does not occurs.

A continuation of our ideas on short wavelength energy transfer in spatially develop-
ing flows may serve to complete our understanding of the mechanisms by which fluid
structures are energetically amplified. Henningson & Schmid (1994) pointed out that
the kinetic energy norm need not behave in the same way with respect to spatially de-
veloping disturbances as it does for temporal disturbances. A new approach could be
to construct a novel disturbance measure which is not affected by a short wavelength
energy transfer, based on the bi-orthogonality properties of the Papkovitch-Fadle eigen-
functions, though the physical interpretation of such a norm would need to be considered.
Temporal growth mechanisms are well understood, and have been discussed at length in
this thesis. A richer understanding of spatial growth mechanisms, in any norm, would
serve to complement our existing knowledge on the important issue of spatio-temporal

devlopment in fluid flow.
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