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Abstract

The transition to turbulence of a laminar boundary layer can be affected by free-stream turbulence
(FST). High levels of FST can cause the exponentially growing Tollmien-Schlichting wave to
be replaced by algebraically growing streaks. Transient growth theory successfully identified
counter-rotating, streamwise-oriented vortices as optimal flow configuration for maximum streaks’
amplification.

The introduction of a wall film can significantly alter the amplification and evolution of
streaks, influencing the penetration of FST inside the boundary layers, and its effects on modal
and non-modal stability are yet to be addressed within the appropriate spatially-developing
framework.

In this work, the outcome of the introduction of a wall film on spatial transient amplification
is analysed. Under base flow parallelism, optimal disturbances are computed by solving an
optimal evolution problem. This study demonstrates that decreasing the viscosity of the film
has a direct impact on the efficacy of the vortex tilting mechanism, leading to transient growth
reduction.

The different spreading rates of the boundary layer edge and the interface height imply
that the effects of stratification vary in the streamwise direction. The assumption of base flow
parallelism is therefore relaxed and a framework for the determination of optimal disturbances
and spatial transient amplification in two-phase spreading boundary layers is presented, using
adjoint optimization techniques. It is shown that spreading effects can alter the prediction of
linear stability on streaks amplification.

Beyond the early linear stage, the amplitude of the instability waves and interface defor-
mation become appreciable and nonlinear effects cannot be neglected. As a result, an accurate
description of the evolution of disturbances in two-fluid boundary layers must account for non-
linear interactions and mean flow distortion. Direct Numerical Simulation (DNS) with interface
tracking is used to study the nonlinear evolution of the optimal disturbances in the two-fluid

flow.
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“It is not the critic who counts: not the man who points out how the
strong man stumbles or where the doer of deeds could have done better.
The credit belongs to the man who is actually in the arena, whose face
1s marred by dust and sweat and blood, who strives valiantly, who errs
and comes up short again and again, because there is no effort without
error or shortcoming, but who knows the great enthusiasms, the great
devotions, who spends himself for a worthy cause; who, at the best,
knows, in the end, the triumph of high achievement, and who, at the
worst, if he fails, at least he fails while daring greatly, so that his place
shall never be with those cold and timid souls who knew neither victory

nor defeat.”

- “Citizenship in a Republic”,
Speech at the Sorbonne, Paris, April 23, 1910

Theodore Roosevelt

11



12



13

To my family.



14



Contents

Abstract

Acknowledgements

Disclaimer

Copyright

1

2

Introduction

1.1 Modal stability . . . . . . . .. ..
1.1.1 Discrete modes . . . . . . . ...
1.1.2  Continuous modes and their role in bypass transition . . . . . . . .

1.2 Transient amplification . . . . . . . . . ... oo oo
1.2.1  Single-fluid flows . . . . . . ... o o
1.22 Two-fluidflows . . . . . . .. ...
1.2.3 The spatial approach . . . . . . . ... ... ... ... ... ...

1.3 The non-linear stage . . . . . . . . . . . ...

1.4 Problem definition . . . . . . . . . .

Non-modal stability: parallel base flow

2.1 Introduction . . . . . . . . . .. e

2.2 Two-fluid boundary layer flow . . . . . . . .. ... ... ... .. ...,

2.3 The parallel base flow . . . . . . ... ... ... ..
2.3.1 Effect of a wall film on the base flow . . . . . ... ... ... ...

2.4 The linear perturbation equations . . . . . . . . . ... . ... ... ....
2.4.1 Governing equations and boundary conditions . . . . . . ... ...

2.4.2 Polynomial eigenvalue problem . . . . ... ... ... .......

15

25
27
27
28
33
34
36
37
37
39



2.4.3 Numerical solution . . . . . . . . . . . 52

2.4.4  The discrete and continuous spectrum . . . . . .. .. ... L. 56
2.5 Optimal disturbances . . . . . . . .. . . . ... ... ... 61
2.5.1 The single-fluid boundary layer . . . . . .. ... ... ... .... 66
2.5.2  The two-fluid boundary layer . . . . . ... ... ... ... ..., 70
2.5.3 Effect of viscosity stratification . . . . ... ... ... ... .... 75
2.5.4 Surface tension effects . . . . . . ... oL 79
2.6 Conclusions . . . . . . . . . 83
Non-modal stability: non-parallel base flow 85
3.1 Imtroduction . . . . . . . . . . .. 85
3.2 The non-parallel base flow . . . . . . . .. ... ... ... ... ... .. 87
3.3 The linear perturbation equations . . . . . . . ... .. ... 89
3.3.1 Governing equations and boundary conditions . . . . . . ... ... 91
3.4 Optimal disturbances . . . . . . . ... ... ... ... .. ... ... ... 95
3.4.1 Numerical Method . . . . .. .. ... o oo 99
3.4.2 Non-parallel effects . . . . . . .. ... ... ... ... ... ... 108
3.4.3 Optimal profiles . . . . . .. .. oo 111
344 Evolution . . . .. .. L 114
3.5 Conclusions . . . . . ... 118
Non-linear evolution 123
4.1 Introduction . . . . . . . . . oL 123
4.2 The importance of non-linearity . . . . . . . . ... ... ... ....... 124
4.3 Direct numerical simulation . . . . . .. ... 000000 125
4.3.1 Governing equations . . . . . . . .. ..o 126
4.3.2 Inflow condition and domain size . . . . . . .. . ... ... .. .. 127
4.3.3 Treatment of the interface . . . . . . . ... ... ... ... ... 128
4.3.4 Mean flow distortion . . . . . . . ... ... 130
4.4 Evolution of optimal disturbances. . . . . . . . . . .. ... ... ... .. 131
4.4.1 Linear regime . . . . . . . . . ... 132
4.4.2 Non-linear regime . . . . . . . . . . . ... 151
4.5 Conclusions . . . . . . . L 170



5 Conclusions
5.1 Summary and key results . . . . .. ..o oo
5.1.1 Transient amplification under locally-parallel assumption . . . . .
5.1.2 Transient amplification and nonparallelism . . . . .. ... .. ..
5.1.3 Non-linearity . . . . . . . .. .. .

5.2 Future work . . . . . . ...

A Two-fluid adjoint perturbation equations

B Validation

C Non-linear mapping of Chebyshev polynomials

D Energy norm and expansion convergence

E Other applications

E.1 Adjoint Navier-Stokes equations . . . . . . . ... .. .. ... ......

Bibliography

17

173
173
173
174
175
176

179

189

195

197

199
199

218



18



List of Figures

1.1

1.2
1.3

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

2.9
2.10
2.11

2.12
2.13

2.14
2.15
2.16
2.17

Schematic of modal penetration for low- and high-frequency free-stream
vortical perturbations (Saha, 2011) . . . . . . .. ... ... ... ...
Variation of penetration depth with viscosity ratio (Saha, 2011) . . . . . .
Schematic of transient growth due to non-orthogonal superposition of two

VECTOTS . . . . . o e e e e e e e e e e e

Two-fluid boundary layer base flow . . . . . . ... ... ... .......
Effect of viscosity ratio on mean streamwise velocity . . . . . .. .. ...
Integration contours in the complex k,-plane (Ashpis & Reshotko, 1990) .
Discrete and continuous eigenfunctions of the Orr-Sommerfeld equation
Optimal growth in single-fluid boundary layer . . . . . . . ... ... ...
Optimal perturbation and response, x, = 1.5 . . . . . . ... ... ...
Eigenvalue spectrum in single-fluid boundary layer . . . . . . . ... ...
Surface and contour plots of maximum amplification for single-fluid bound-
ary layer . . ...
Optimal growth in two-fluid boundary layer . . . . . . . . ... ... ...
Optimal perturbation and response, xpr, =1.5 . . .. .. ... ... ...
Downstream-propagating branch of the eigenvalue spectra for a two-fluid
boundary layer, x =1.5 . . . . . . ...
Optimal perturbation and response at xar, =24 . . .. ... ... .. ..
Downstream-propagating branch of the eigenvalue spectra for a two-fluid
boundary layer, x =24 . . . . . . ...
Energy projection spectra for a two-fluid boundary layer . . . . . . . . ..
Amplification factor versus streamwise distance . . . . . . ... ... ...
Gmaz contours for various viscosity ratios . . . . . .. .. ... ... ...

Gmae surface and contours for m =055 and d=0.1 . . . ... ... ...

19



2.18 Gopt, w°, k¢ versus viscosity ratio m for d = 0.05, 0.10 0.15 . . . . . . .. 80
2.19 Reduction of maximum energy amplification versus viscosity ratiom . . . 81

2.20 Optimal reduction and optimal viscosity ratio versus inlet film thickness . 81

2.21 Effect of surface tension on transient growth . . . . . . . . ... ... ... 82
3.1 Effect of mean flow spreading on streamwise velocity response . . . . . . . 86
3.2  Effect of viscosity on boundary layer thickness and interface location . . . 90
3.3 Streamwise evolution of maximum value of %27({ ............... 91
3.4 Optimal disturbance algorithm flowchart . . . . . . . ... ... ... ... 99
3.5 Sketch of computational grid in physical and mapped space . . . . . . .. 100
3.6 Spatial evolution of mean streamwise velocity at various locations . . . . . 109
3.7 Spatial variation of streamwise velocity gradients at the interface . . . . . 110
3.8 Comparison between two-fluid parallel and spreading optimal growth . . . 111

3.9 Comparison of interface deflection under parallel and non-parallel mean

flow . . . 112

3.10 Comparison of optimal initial condition and maximum response in parallel

and non-parallel case, w® =0.0125 . . . .. ... ... ... 113

3.11 Comparison of optimal initial condition and maximum response in parallel

and non-parallel case, w** =0.0010 . . . . . . .. ... .. ... .. ..., 114
3.12 Optimal perturbation and non-parallel response . . . . . . .. . ... ... 115
3.13 Contours of streamwise velocity of optimal initial perturbation . . . . . . 116
3.14 Contours of streamwise velocity of optimal initial perturbation . . . . . . 117

3.15 End view on zy-planes of non-parallel and parallel PBI at various stream-

wise locations, w®=10.0125 . . . . . .. ... 119

3.16 End view on zy-planes of non-parallel and parallel PBI at various stream-

wise locations, w®® =0.0010 . . . . . . . ... ... ... ... ... 120
3.17 Parallel and non-parallel streamwise evolution of w . . . . . . .. ... .. 121
4.1 Mean flow distortion . . . . . . . .. ... 131
4.2 Full flowfield distortion . . . . . . . . . .. ... 131
4.3 Comparison of streamwise evolution of kinetic energy . . . . . . . . . . .. 133
4.4 Comparison of streamwise evolution of interface displacement . . . . . . . 134

20



4.5 End view on zy-plane of PBl and DNS at various streamwise locations,

e=0.1%, w°=0.0125 . . . . ... 136
4.6 Close view of zy-plane of PBl and DNS at various streamwise locations,

€e=01%, w?=0.0125 . . . ... 137
4.7 Side view of contours of instantaneous fluctuation, ¢ = 0.1%, w°® = 0.0125 138
4.8 Side view of contours of conditional averaged u fluctuation, ¢ = 0.1%,

w?=0.0125 . . . . e 139
4.9 Side view of contours of conditional averaged v fluctuation, ¢ = 0.1%,

w?=0.0125 . . . . e 140
4.10 Side view of contours of conditional averaged w fluctuation, ¢ = 0.1%,

w?=0.0125 . . . . 140
4.11 Maximum of conditional averaged u fluctuation, e = 0.1%, w® = 0.0125 . . 141
4.12 Maximum of conditional averaged v fluctuation, e = 0.1%, w® = 0.0125 . . 142
4.13 Maximum of conditional averaged w fluctuation, € = 0.1%, w® = 0.0125 . 142
4.14 End view on zy-planes of DNS at various streamwise locations, ¢ = 0.1%,

w =0.0010 . . . . . e 144
4.15 Close view of zy-planes of DNS at various streamwise locations, ¢ = 0.1%,

W =10.0010 . . ... 145
4.16 Side view of contours of instantaneous fluctuations, € = 0.1%, w°® = 0.0125 146
4.17 Side view of contours of conditional averaged u fluctuation, e = {0.1%},

w =0.0010 . . . .. e 147
4.18 Side view of contours of conditional averaged v fluctuation, e = {0.1%},

w =0.0010 . . . . . e 148
4.19 Side view of contours of conditional averaged w fluctuation, e = {0.1%},

W =10.0010 . . ... 148
4.20 Maximum of conditional averaged u fluctuation, € = 0.1%, w*®® = 0.0010 . 149
4.21 Maximum of conditional averaged v fluctuation, e = 0.1%, w® = 0.0010 . 149
4.22 Maximum of conditional averaged w fluctuation, ¢ = 0.1%, w®° = 0.0010 . 150
4.23 Comparison of streamwise evolution of kinetic energy, € = {0.1%, 0.5%} . 151
4.24 Comparison of streamwise evolution of interface displacement, e = {0.1%, 0.5%}151
4.25 Comparison of streamwise evolution of kinetic energy, € = {0.1%, 0.5%} . 152

4.26 Comparison of streamwise evolution of interface displacement, e = {0.1%, 0.5%}152

21



4.27

4.28

4.29

4.30

4.31

4.32

4.33
4.34
4.35

4.36

4.37

4.38

4.39

4.40

4.41

4.42

4.43

End view on zy-plane of DNS at various streamwise locations, e = {0.1% 0.5%},

wl=0.0125 . . .. 154

Close view of zy-plane of DNS at various streamwise locations, e = {0.1%, 0.5%},

Side view of contours of instantaneous u fluctuation, ¢ = {0.1%, 0.5%},

wl=0.0125 . . .. 156

Side view of contours of conditional averaged u fluctuation, e = {0.1%, 0.5%},

wl=0.0125 . . ..o 157

Side view of contours of conditional averaged v fluctuation, e = {0.1%, 0.5%},

wl=0.0125 . . .. 158

Side view of contours of conditional averaged w fluctuation, e = {0.1%, 0.5%},

w? =0.0125 . . . .. 158
Maximum of conditional averaged u fluctuation, e = 0.5%, w® = 0.0125 . . 159
Maximum of conditional averaged v fluctuation, € = 0.5%, w® = 0.0125 . . 159

Maximum of conditional averaged w fluctuation, € = 0.5%, w° = 0.0125 . 160

End view on zy-planes of DNS at various streamwise locations, ¢ =

{0.1%, 0.5%}, W™ = 0.0010 . . . . o o 162

Close view of zy-planes of DNS at various streamwise locations, € =

{0.1%, 0.5%}, W™ = 0.0010 . . . . . 163

Side view of contours of instantaneous u fluctuation, e = {0.1%, 0.5%},

w3 =0.0010 . ... 164

Side view of contours of conditional averaged ;s fluctuation, e = {0.1%, 0.5%},

w3 =0.0010 . ... 165

Side view of contours of conditional averaged v,,s fluctuation, e = {0.1%, 0.5%},

w=0.0010 . ... 166

Side view of contours of conditional averaged wy,,s fluctuation, e = {0.1%, 0.5%},

w=0.0010 . . ... 166

Maximum of conditional averaged u fluctuation, e = {0.1%, 0.5%}, w® =



4.44 Maximum of conditional averaged w fluctuation, e = {0.1%, 0.5%}, w*® =

0.0010 . . . o o 168
B.1 Two-fluid boundary layer eigenvalue spectrum validation . . . . . . . . .. 190
B.2 Optimal growth in single fluid Blasius boundary layer validation . . . . . 191
B.3 Optimal growth in two-fluid boundary layer validation . . . . .. .. . .. 191
B.4 Streamwise evolution of kinetic energy validation . . . . . ... ... ... 192
B.5 Two-fluid temporal channel flow eiganvalue validation . . .. .. .. ... 193
B.6 Two-fluid temporal channel flow transient growth validation . . . . . . . . 194
C.1 Chebyshev collocation points . . . . . . . . ... ... ... .. ...... 196

D.1 Energy norm convergence . . . . . . . . . . ...t 198



24



Chapter 1

Introduction

Boundary layer flows are observed in many areas of scientific and technical interest rang-
ing from automobile and aircraft aerodynamics to large-scale atmospheric flows. These
flows transition from a laminar to a turbulent state due to the presence of disturbances.
Transition to turbulence can be considered as a progression of events preceding the on-
set of turbulence. These involve generation of disturbances from surface roughness or
penetration of surrounding disturbances into the boundary layer and their linear and
non-linear amplification; this can trigger secondary effects, which might lead to the on-
set of turbulence. Transitional flows are observed over blades in turbines and can be
responsible for loss in efficiency (Hodson & Howell, 2005); this loss can be reduced by
controlling the transitional features of the flow (Zhang et al., 2006). A delay in transi-
tion is often sought in the aircraft industry as it reduces the drag force leading to better
fuel efficiency, longer range and superior speed (Reed et al., 1996; Gad-el Hak, 2000;
Kim & Bewley, 2007). Surface roughness, acoustic and vorticity perturbations are some
of the sources of disturbances that affect the transition process (Saric et al., 2002). In
particular, free-stream disturbances can trigger different transition scenarios, depending
on the initial amplitude. Under extremely low levels of free-stream turbulence (FST),
boundary layers may be subject to an exponentially-growing instability, the Tollmien-
Schlichting (TS) wave (Tollmien, 1929; Schlichting, 1933), which amplifies and undergoes
a secondary instability, followed by the breakdown of laminar flow into turbulent spots
(Saric et al., 2002). This path to transition has been referred to as the natural route.
An increased level of FST can, however, force transition of boundary layers from lam-

inar to turbulent regime on a timescale much shorter than those typical for TS waves.
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This process is known as bypass transition, a term emphasising that the growth of two-
dimensional waves and their subsequent secondary instability is bypassed. There is a
significant body of literature, in recent years, that explains the origin of bypass transi-
tion in boundary layers. Some decisive steps forward were the works by Butler & Farrell
(1992) on transient growth and amplification of streaks, by Jacobs & Durbin (1998) on
penetration of vortical modes in boundary layers and by Andersson et al. (2001) on
secondary instability and breakdown of boundary layer streaks.

Hence, the route to turbulence under bypass transition can be summarised into three

main steps:

i) receptivity and penetration of free-stream perturbations into the boundary layer;

ii) linear and subsequent nonlinear amplification of perturbation streaks;

iii) secondary instability and breakdown to turbulence.

This sequence of events can be modified or controlled by active or passive control
systems. In particular, the presence of wall films can impact the route to transition
of boundary layers. For instance, the aerodynamic performance of an aircraft wing
diminishes in the presence of de-icing agents during take-off (Yih, 1990; Ozgen et al.,
1998, 2002) and the instability of two-fluid flow affects the heat transfer rate in cooling
flows. Thin wall-film flows are also relevant to environmental applications. For example,
tropospheric winds create wind-driven surface currents that penetrate only a few hundred
meters into the water surface (Beres et al., 2002). In this work, the effect of a thin wall-
film sheared by an external stream with different viscosity on stage ii) is investigated.

The dynamics of two-fluid boundary layers is governed by the Navier-Stokes (NS)
equations. The motivation for this study is to model the early linear amplification mech-
anism in two-fluid parallel and spatially-evolving boundary layers within the scope of
linear stability theory, and to discuss non-linear effects at a later stage. Linear stability
analysis concerns the temporal or spatial response of a flow to an infinitesimal perturba-
tion of its basic state, which is a solution of the linearised Navier-Stokes equations. The
assumption of infinitesimal perturbations allows for a linearization of the NS equations,
leading to an equivalent set of equations that describe the evolution of perturbation’s

normal velocity and vorticity, named the Orr-Sommerfeld and Squire equations.
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The energy growth of infinitesimal disturbances can be exponentially growing or decay-
ing; before reaching its asymptotic state, the perturbation energy can exhibit a transient
state. Exponential or transient energy growth are key in the determination of how the
base flow reaches the transitional state. In particular, transient amplification can lead to
bypass transition scenario. The effects of the introduction of a thin wall-film on transient
growth are investigated in this work. The focus is on the characterisation of the spatial
amplification mechanism, as it is more suitable for the analysis of spatially-developing

flows.

1.1 Modal stability

Two-fluid sheared flows have practical applications in lubrication and coating processes,
cooling systems and environmental flow modelling, ranging from low to high Reynolds
numbers. The asymptotic stability of such generic configuration has attracted the inter-
est of many researchers, who investigated the eigenvalue spectrum of the Orr-Sommerfeld
and Squire equations. In the case of unbounded flows, these exhibit a discrete and a

continuous set of modes (Grosch & Salwen, 1978).

1.1.1 Discrete modes

The study of the discrete spectrum in single-fluid boundary layers is historically well-
established and concerns the unstable modes in the eigenvalue spectrum of the Orr-
Sommerfeld equation. The minimum Reynolds number at which an exponentially un-
stable mode is found is defined as the critical Reynolds number, beyond which the flow
is unstable to infinitesimal perturbations. For example, the natural transition process in
a Blasius boundary layer is governed by the growth of the TS wave. The introduction of
a wall film alters the stability of the boundary layer by introducing additional unstable
modes, due to the presence of an interface.

Two-fluid stability was first addressed by the pioneering work of Miles (1960), Miles
(1962a,b), Yih (1967), Phillips (1957) and Benjamin (1959), who studied the stability of a
liquid film sheared by a turbulent boundary layer and pointed out that the introduction of
a wall-film of different viscosity can significantly alter the stability of the boundary layer.
In fact, theoretical investigations by Hooper & Boyd (1987), Yih (1990), Boomkamp



28

et al. (1997), Ozgen et al. (1998) and Miesen & Boersma (1995) reveal the presence of
additional instabilities due to the film and the interface, different from the TS waves.

Yih (1967) investigated the presence of a long-wavelength interfacial instability.
The instability, named “soft mode” is generated by viscosity jump across the interface in
two-fluid flows. In the long wavelength limit, the author derived an asymptotic solution
to the Orr-Sommerfeld equation for two-layer Couette and Poiseuille flows. He also
demonstrated that the instability growth rate depends on the viscosity ratio, density
ratio and depth ratio of the two layers and that it can exist at any Reynolds number.
Renardy (1987) demonstrated that the soft mode is stable when the lower layer is thinner
and less viscous than the upper layer.

Hooper & Boyd (1983) investigated short wavelength instability of two-layer flows
by considering unbounded Couette flow. They concluded that such flows are always
unstable with respect to short wavelength perturbations, although surface tension was
found to have a stabilising effect. Hinch (1984) proposed an explanation of the physical
mechanism driving the short wavelength instability. This is given by phase differences
between vorticity fluctuations in the top and bottom fluid, thereby causing amplification
of the disturbance at the interface. Considering realistic values of surface tension, Hinch
concluded that the short wavelength instability is unlikely to be observed in experiments.

At high Reynolds numbers, when the kinematic viscosity of the lower bounded fluid
is less than that of the upper fluid, another kind of instability arises (Hooper & Boyd,
1987). This instability, named High Reynolds number instability, is different from the
TS wave and it derives its energy largely from the Reynolds stress in the lower fluid; its

wavelength is of the order of the film thickness and it is not affected by surface tension.

1.1.2 Continuous modes and their role in bypass transition

All the exponential instabilities belong to the discrete part of the eigenvalue spectrum.
While the effects of discrete instabilities on transition have been clear since the origin
of linear stability theory, the role of the continuous part of the spectrum arising from
the stability analysis of a parallel boundary layer flow was not fully understood until
recent years. Despite being asymptotically stable, continuous modes play a crucial role
in the transition process. Since the majority of the literature on continuous modes is for

single-fluid boundary layers, this review is centred on the single-fluid problem.
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Unlike the eigenfunctions of the discrete modes, the continuous modes are oscillatory
in the free stream and decay inside the boundary layer. Salwen & Grosch showed that
the discrete and continuous parts of the eigenvalue spectrum of the Orr-Sommerfeld
equation form a complete basis (Salwen & Grosch, 1981). Therefore, their superposition
can represent any arbitrary disturbance. In particular, due to their oscillatory structure
in the free-stream and decaying behaviour inside the boundary layer, continuous modes
have been used to model FST and they represent a connection between free stream

vortical disturbances and the boundary layer (Zaki & Durbin, 2005, 2006).

The penetration of free-stream disturbances inside the boundary layer is particu-
larly relevant to bypass transition. The ability of free-stream disturbances to penetrate
boundary layers is limited by the mean shear. In the inviscid limit, the boundary layer is
completely isolated from free-stream disturbances; this phenomenon is known as shear-
sheltering. At finite Reynolds numbers, the effect of sheltering is weaker, allowing some
external disturbances to penetrate the shear. Shear-sheltering of the continuous Orr-
Sommerfeld modes for a piecewise linear and infinitely-deep-single fluid boundary layer
was studied by Jacobs & Durbin (1998), who showed that penetration is inversely pro-

portional to the Reynolds number, Re, and the disturbance frequency, w.

Due to the inviscid nature of the shear-sheltering phenomenon, the presence of a thin
wall-film of lower viscosity should promote the ability to filter high-frequency vortical
perturbations and therefore enhance the boundary layer stability. Penetration in single-
and two-fluid boundary layers has been addressed by Zaki & Saha (2009). They carried
out an extensive study on penetration of free-stream modes in single- and two-fluid
boundary layers using an asymptotic solution of the Orr-Sommerfeld equation. In single-
fluid boundary layers, they identified three asymptotic regimes, which are determined
by the ratio of the diffusive to the convective terms in the the vorticity equation. In the
shear-sheltering regime, the oscillatory free-stream disturbances decay exponentially at
the edge of the boundary layer. In the viscous regime, continuous modes penetrate the
boundary layer. In the intermediate regime, a composition of the previous two behaviours
can be found. Saha (2011) proposed a physical interpretation of modal penetration by
considering the relative motion of a free-stream vortical mode and a point P within
the shear (figure 1.1). The vortical mode at the edge of the boundary layer convects
downstream at speed ¢ = Uy, and point P has velocity U(p) = Ux + 7Y . The influence
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Figure 1.1: Schematic of modal penetration for low- and high-frequency free-stream vor-
tical perturbations (Reproduction of figure 3.10 of Saha (2011)).

of the free-stream disturbance reaches P by wall-normal diffusion only. Within the
diffusion time-scale, 73 = 1/ k:f/u, the free-stream boundary condition which affects P
varies due to the relative motion of the wave and the shear flow. As a result, point P is

exposed to a number s of wavelengths of the free-stream disturbance, where s is given

by,

U harlY]
1/ky k2v

Note that s is the ratio of relative streamwise convection and wall-normal diffusion time-
scales.

For low-k,;, or streamwise elongated waves, s — 0 and the perturbation at the edge of
the boundary layer appears seemingly steady relative to point P, over the diffusion time
scale ;. As a result, a free-stream vortical mode diffuses effectively into the boundary
layer shear in this limit. On the other hand, for short waves, s tends to co and the edge
condition appears to be changing very rapidly with respect to point P. The net effect
over the time scale 7 is a near-zero edge condition relative to point P. As a result, the
penetration of high-k, vortical modes is limited. The filtering effect of high-frequencies
is enhanced by the shear, s o« k,7Y, and hence the terminology “shear-sheltering”.
The precise mechanism is due to the difference in convective speeds between the free-
stream perturbation and the flow inside the boundary layer. Therefore, shear-sheltering
is cumulative, and s increases with depth. When the convection and diffusion terms are
approximately equal, s ~ O(1), and the perturbation is able to partially penetrate the
boundary layer, but decays due to the cumulative influence of the shear. Therefore, the
vorticity eigenfunctions in this regime are oscillatory near the edge of the boundary layer

and exponentially decaying in the near-wall region.

In two-fluid boundary layers, the penetration of vortical modes into the lower fluid
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was shown to depend on the viscosity ratio. In particular, Saha (2011) showed that the

normal wave number of eigenfunctions in the bottom layer is:

g = \/Z—Z(k§+k§+k§)—(k§+k§), (1.1)

hence the eigensolution in the bottom layer change from oscillatory to exponential be-
haviout at a critical viscosity ratio (vp/vr), = (k2 + k‘g + k2)/(k2 + k?). For a viscosity
ratio v /vp lower than the critical value, an oscillatory solution is obtained; for vg/vp
greater than the critical ratio, the solution is exponential. The change in the wall-normal
wavenumber is significant in correctly explaining penetration of vortical disturbances in
two-fluid boundary layer. In the single fluid problem, it was shown that modal pene-
tration into the shear is proportional to k‘;z// k.70, where k:z is a parameter, and low
viscosity implies weak penetration, while higher viscosity enhances penetration. This
dependence is not, however, preserved in the two-fluid problem. Instead, the expression
for penetration must be updated to account for the modified wave-number, /fflVB /Ko T6.
A reduction of vg, alone, would reduce penetration. However, the associated increase
in kg causes a net increase in penetration at lower vg. Conversely, an increase in vpg
and the associated reduction in k4 cause an overall reduction in penetration, opposite
to the prediction for a single-fluid shear flow. In fact, the decay rate of the continuous
modes is imposed by the free-stream viscosity. Due to the different viscosity in the lower
fluid, a modified wavenumber in the bottom fluid ensures that the decay rate matches
the one imposed by the free-stream. Therefore, lower viscosity films cause the modi-
fied wavenumber to increase, leading to deeper penetration, in contrast with the shear
sheltering phenomenon in single-fluid boundary layers. Zaki & Saha also showed that
penetration does not decrease monotonically as the film viscosity is reduced (figure 1.2).
In fact, some ranges of viscosity and film thickness can enhance penetration of vortical
modes into the boundary layer, contradicting the idea that a lower viscosity film would

promote shear sheltering and hence enhance the stability of boundary layers.

The existence of a receptivity mechanism for free-stream vortical disturbances was
suggested by the works of Klebanoff (1971), Westin et al. (1994), Matsubara & Alfredsson
(2001) and the experiments of Kendall (1991), who showed that an increase in the FST
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Figure 1.2: Variation of penetration depth d with viscosity ratio where k,Rer =

ﬁ,ky =T,k =7 06p =03, Adp =02, (reproduction of figure 3.21 of

Saha (2011))

intensity would cause the growth of Klebanoff modes instead of discrete modes. Mecha-
nisms for penetration of disturbances inside single-fluid boundary layers and their subse-
quent amplification were studied by Jacobs & Durbin, who performed numerical simula-
tion of transition under the influence of free-stream turbulence in single-fluid boundary
layers. There are two receptivity mechanism: a linear mechanism, which is more effective
for low-frequency disturbances (Brandt et al., 2004), and a non-linear mechanism which
is effective in generating streaks for high-frequency perturbations (Berlin & Henningson,
1999). Jacobs & Durbin (2001) simulated the transition process under moderate levels
of free-stream turbulence without a leading edge. They considered a turbulent inflow
generated by the superposition of continuous Orr-Sommerfeld modes. Zaki & Durbin
(2005, 2006) investigated the relation between continuous modes of the Orr-Sommerfeld
spectrum and the generation of streaks, showing the existence of a coupling coefficient
that measures the tendency of a vortical mode to generate streaks. They considered the
interaction of pairs of continuous modes and demonstrated, via Direct Numerical Sim-
ulations, that different frequency components of the continuous spectrum play different
roles in bypass transition. In particular, low-frequency modes can penetrate the shear
and promote the formation of streaks, while the high-frequency modes trigger secondary
instability, which may lead to breakdown. At this point, it is important to remark that
continuous modes of the Orr-Sommerfeld equation establish a link between free-stream

vortical disturbances and inception of perturbations inside the boundary layer; thus,
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although decaying, they play an important role in transition.

The studies on continuous mode penetration in single- and two-fluid boundary lay-
ers showed that low-frequency disturbances more effectively trigger Klebanoff streaks.
However, modal penetration itself does not explain the process of streak generation and
subsequent amplification under the effects of FST. The fact that superposition of con-
tinuous modes can actually lead to amplification was pointed out by Trefethen et al.
(1993). They showed that continuous modes of the Orr-Sommerfeld and Squire spec-
trum, although stable, can lead to significant level of energy amplification. They also
suggested that considerable disturbance amplification would lead to a regime where non-
linearity is no longer negligible. To predict such behaviour, a transient (as opposed to

asymptotic) stability analysis, referred to as transient growth, is essential (Schmid, 2007)

1.2 Transient amplification

Disturbances that have penetrated the boundary layer can be subject to amplification
and evolve into streaks, which are three-dimensional structures. The origin of streaks at
subcritical Reynolds number could not be attributed to the two-dimensional TS waves
(Gaster, 1975). In fact, discrete instabilities are eigenmodes of the boundary layer,
thefore they represent the asymptotic solution of the stability problem, after any tran-
sient has faded out. However, streaks which can be observed at subcritical Reynolds
numbers cannot be generated by two-dimensional discrete instabilities. In addition, two-
dimentional instabilities have a well defined streamwise extent, which does not relate
to the presence of streamwise-independet streaks at subcritical Reynold number. The
study of the initial value problem originally addressed the need to model the temporal or
spatial evolution of disturbances from an initial condition to address the transient stabil-
ity problem and fostered the development of transient growth theory over the last three
decades. To this extent, the initial investigations intended to prove that amplification of

disturbances different from TS waves was possible.
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1.2.1 Single-fluid flows

The works of Ellingsen & Palm (1975), Landhal (1980), Gustavsson & Hultgren (1980),
Benney & Gustavsson (1981), Gustavsson (1981), Hultgren & Gustavsson (1981) specif-
ically showed that three-dimensional perturbations could amplify linearly with time in
various shear flows. Ellingsen & Palm (1975) proved the existence of an inviscid algebraic
instability, that could arise even without an inflectional mean velocity profile and was
generated by a three-dimensional disturbances. The term “algebraic” was due to the
fact that the streamwise velocity amplified linearly in time, unlike instabilities triggered
by discrete modes, which developed exponentially. Landhal (1980) examined localized
disturbances and concluded that the disturbance kinetic energy could grow indefinitely
due to the inviscid lift-up mechanism. However, these studies were limited to inviscid
disturbances. Gustavsson & Hultgren (1980) were the first to perform a viscous analysis
of nearly streamwise independent disturbances. They showed that the growth of kinetic
energy on short time-scale is damped by viscous dissipation, which dominates at long
time. In the limit of streamwise independent perturbations, discrete modes are absent
from the eigenvalue spectrum of the Orr-Sommerfeld and Squire equations. Thus, per-
turbations comprising of continuous modes only were proved to cause short time-scale
growth, highlighting the importance of modal penetration. The inviscid phenomenon of
algebraic instability together with viscous damping constitute what is known as tran-
sient growth. Due to the action of these two competing mechanisms, amplification curve
versus time (or space) are characterised by a single peak, given by the combination of al-
gebraic instability and viscous decay. Benney & Gustavsson (1981), Gustavsson (1981),
Hultgren & Gustavsson (1981) investigated the initial value problem in bounded flows
and indicated a resonance mechanism as possible explanation for transient growth. In
fact, the initial value problem could be viewed as a forced response of normal vorticity
to normal velocity component of the perturbation. Therefore resonance between the dis-
crete Orr-Sommerfeld and Squire eigenvalue spectra results in short-time growth; after a
certain time, the algebraic instability mechanism is overcome by viscous dissipation and

the stability problem is dominated by its leading eigenmode.

The focus of researchers moved to the determination of the initial condition lead-

ing to maximum amplification. An innovative framework on optimal initial conditions
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maximising the growth of the kinetic energy of the perturbation was provided by But-
ler & Farrell (1992). They optimised the perturbation energy over all possible initial
conditions and computed the maximum possible energy amplification at any instant of
time compared to the initial state. Therefore, the computation of optimal disturbances
can predict the perturbations that are most likely to occur in flows exposed to random
external fluctuations. The same approach was adopted by Henningson & Reddy (1994),
who computed the maximum transient amplification of perturbation energy achievable,
optimised over all initial conditions. In particular, they expanded the energy norm
for a single-fluid system as a convergent series in terms of the eigenfunctions of the
Orr-Sommerfeld and Squire equations, providing an efficient method for computation of

optimal disturbances.

Transient growth computation have been generally successful in reproducing experi-
ments. In particular, Andersson et al. (1999) and Luchini (2000) provided calculations of
streamwise velocity components of the downstream response of an optimal disturbance
in good agreement with the experimental results by Westin et al. (1994). Luchini (2000)
also proposed a theoretical analysis that predicts the spanwise lengthscale observed in

experiments.

The optimal disturbance in a boundary layer is comprised of counter-rotating streamwise-
oriented vortices and causes strong streamwise velocity fluctuations, which are elongated
in the streamwise direction. These structures, their spanwise spacing and the down-
stream development of their maximum streamwise velocity response, predicted by tran-
sient growth theory, are in agreement with the experimental observations of Klebanoff
(1971), Kendall (1991), Westin et al. (1994) and Matsubara & Alfredsson (2001), who

observed streamwise extended formations in their works.

From a mathematical point of view, the energy growth is the result of the non-
normality of the linearized Navier-Stokes equations (Schmid & Henningson, 2001). In
general, the dynamics of a non-normal system is governed by its entire spectrum of
eigenmodes, not just by the leading one. Therefore, although individual eigenmodes may
decay, their superposition can lead to algebraic growth on short time scales (Schmid,
2007). For instance, consider two vectors ¢; and ¢9 at time ty and ¢y, t; > to with
different decay rates and a measure E at a given time t, F(¢1,02)(t) = o1(t) + ¢2(t);

although ¢; and ¢, are decaying in time, their measure can grow: FE(t1) > E(ty). A
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Figure 1.3: Schematic of transient growth due to non-orthogonal superposition of two
vectors

sketch of this phenomenon is found in figure 1.3.

The studies on transient growth in single-fluid flows lead to similar investigations in

two-fluid flows.

1.2.2 Two-fluid flows

Optimal disturbances in two-fluid shear flows have also been investigated. South &
Hooper (1999), Malik & Hooper (2005), Malik & Hooper (2007), Yecko & Zaleski (2005b),
and Yecko (2008) computed transient growth in Poiseuille and channel flows and two-
fluid mixing layers, and reported streamwise oriented vortices in both fluids as initial
conditions maximising an energy functional that accounts also for the presence of the
interface. For instance, South & Hooper (1999) proposed a norm for two-fluid Poiseuille
that includes the variation in viscosity between fluids; Yecko & Zaleski (2005b) instead
formulated a norm that accounts for surface deflection in two-fluid mixing layers through
the introduction of surface tension. The introduction of a term depending on the inter-
face displacement addressed the limitations of the kinetic energy norm, where an un-
bounded interface displacement is possible. Amplification curves in two-fluid flows are
characterised by the presence of multiple energy peaks that cannot be related to the
combined action of algebraic instability and viscous dissipation only. An insight into
multiple-peaks transient growth envelopes features in two-fluid parallel boundary layer
can be found in Saha (2011). He investigated transient growth in two-fluid parallel tem-
poral boundary layers and showed the presence of an additional instability mechanism
associated with the interface, which affects the transient amplification curves and leads
to multiple peaks. Saha also investigated transient growth reduction upon lowering the
viscosity of the bottom fluid. He determined an optimal viscosity ratio and film thickness

that result in maximum transient growth reduction.
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1.2.3 The spatial approach

The majority of the aforementioned theoretical results were obtained within the frame-
work of temporal theory, both for single- and two-fluid flows, while spatial amplification
is observed in experiments. The problems of temporal and spatial maximum amplifi-
cation are in fact different. The temporal analysis can be regarded as an optimization
of initial disturbances at time ¢t = ¢y to reach maximum amplification at later time ¢,
whereas an initial value problem for spatial disturbances of prescribed frequency w can
be ill-posed. This is the case of absolutely unstable flows and it represents a main lim-
itation in applying the same optimization procedures used in the temporal case for the
spatial equivalent. In single-fluid flows, Schmid et al. (1994) carried out the first anal-
ysis on spatial transient growth. To overcome the ill-posedness, Luchini (1996, 2000)
and Andersson et al. (1999) considered spatial non-modal growth in boundary layers
within the scope of linearized boundary layer equations. A suitable method for analysis
of spatial optimal disturbances in boundary layer flows within the scope of the linearized
Navier-Stokes equations has been proposed by Tumin & Reshotko (2001). They showed
that the flow-field downstream from a convectively-unstable disturbance source can be
represented as an expansion in eigenfunctions of the downstream propagating branches
of the continuous and discrete spectrum of the linearized Navier-Stokes equations plus
any TS waves (if present). By selecting downstream modes, an optimal growth analysis
based on the optimization of an initial value problem can be performed.

At time of writing, the author is not aware of a complete spatial framework for

optimal disturbances in two-fluid flows. This will be object of discussion in this work.

1.3 The non-linear stage

Transition is a non-linear problem, but transient growth theory suggests a link between
this phenomenon and the non-normality of the evolution operator arising from the lin-
earization of Navier-Stokes equations (Schmid & Henningson, 2001). This is due to the
fact that non-normality implies the potential for transient growth, which could trigger
non-linearities that would prevent eventual viscous decay. Moreover, the redistribu-
tion of streamwise momentum by motion normal to the shear has been related to the

three-dimensional character of transition (Henningson & Reddy, 1994). However, these
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evidence do not provide a holistic explanation of the transition mechanism. To this
end, efforts to identify the missing link between transient growth and transition can be
found in literature. For example, Benney & Gustavsson (1981) investigated the class
of non-linear interactions that could be triggered by transient growth; in single-phase
boundary layers, Andersson et al. (2001) investigated the nonlinear evolution of optimal
disturbances computed via the linear approach previously described, with the aim of
developing a tool for prediction of transition. Schematically, transition and breakdown
in boundary layers start with the formation of longitudinal streaks from streamwise
vortices through the lift-up mechanism. These streaks grow and undergo secondary in-
stabilities and eventually breakdown in turbulent spots. The importance of non-linearity
in spatially developing two-fluid flows has already been pointed out by Cheung & Zaki
(2010) in describing the evolution of disturbances beyond the early linear stage. They
demonstrated that nonparallelism and nonlinear interactions can alter the prediction
of locally-parallel, linear stability analyses and lead to the generation of smaller scale

features in the flow.

Some effort has been placed in finding optimal disturbances that incorporate non-
linear dynamics. Zuccher et al. (2005) studied three-dimensional algebraic instability in
a Blasius boundary layer in the nonlinear regime, showing that inlet streamwise vortices
yield to largest transient growth, as in the linear case. However, Pringle & Kerswell
(2010) focused on nonlinear disturbances in pipe flow and reached the conclusion that
including nonlinearities in the optimal problem substantially changes the prediction from
linear stability. Non-linear optimization of disturbances was found to be both computa-
tionally expensive and time consuming. Monokrousos (2011) presented some techniques

to determine nonlinear optimal disturbances using DNS, via the adjoint looping method.

Referring to the work of Zuccher et al. (2005), in the present work linear optimal
disturbance are computed and the effects of non-linearity are addressed at a later stage.
In particular, linear and non-linear evolution of optimal disturbances are computed via
DNS, in order to quantify the impact of nonlinearity on the linear amplification mecha-

nism.
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1.4 Problem definition

In the previous four sections, the reader has been provided with a brief overview of the
instability mechanisms present in single- and two-fluid boundary layers. The role of con-
tinuous modes in the transition process was also discussed and particular importance was
given to the fact that their penetration inside the boundary layer can trigger the algebraic
instability. The algebraic instability generates Klebanoff modes from streamwise inde-
pendent perturbations. Finally, the concept of optimal disturbances, their importance

in transition and the implications of nonlinearities were introduced.

Boundary layer stability is an elaborate phenomenon, which is complicated further
when a film of different viscosity is introduced at the wall. The presence of a wall-film
of different viscosity alters the mean-flow profile and the introduction of an interface
represents an additional source of disturbances. The objective of this work is to investi-
gate the amplification mechanism within the spatial framework, which is the appropriate
approach in the case of spatially developing flows, such as boundary layers. In partic-
ular, the effects of viscosity stratification and wall-film thickness on amplification are
addressed. Moreover, only a few theoretical results on transient growth considered non-
parallel effects of the mean flow (Luchini, 1996; Andersson et al., 1999; Luchini, 2000).
In this thesis, non-parallelism is included in the transient growth formulation and its

effect on the amplification mechanism within the two-fluid setup is investigated.

Since the mathematical formulation of the optimal problem is based on linear theory,
non-linear effects such as mean-flow distortion and modal interactions are not taken into
account in the linear model presented. However, to show the non-linear evolution of
spreading optimal disturbances in two-fluid boundary layers, direct numerical simulation

(DNS) is used to correctly represent the linear and nonlinear growth of streaks.

The results presented in this work were computed at the subcritical Reynolds number
Re = 800; this choice allowed the Author to relate the current investigation to the
previous temporal work by Saha (2011) and to show streaks formation in DNS on a

reasonable computation domain.

This thesis is organised into five chapters. In this chapter, the study of linear stabil-
ity theory was motivated. Subsequently, the relevant literature on modal and non-modal

stability in single- and two-fluid flows was reviewed. Chapter 2 deals with the spatial
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transient growth of disturbances in two-fluid parallel boundary layers. At first, the equa-
tions governing the base flow and the effects of viscosity stratification on mean quantities
are examined. Thereafter linear perturbation equations leading to the Orr-Sommerfeld
and Squire spatial eigenvalue problem for two-fluid boundary layers are formulated. The
eigenvalue spectrum and the complexity of the spatial initial value problem are explained.
The optimization problem leading to the determination of optimal disturbances is formu-
lated; details of the numerical solution are given and effects of viscosity stratification and
film thickness are quantified. An optimal choice of parameters leading to the greatest

reduction of transient growth is found.

In Chapter 3, the assumption of mean-flow parallelism is relaxed and a complete
framework for the determination of spatially developing optimal disturbances is given.
At first, the base flow dynamics are analysed; then linear perturbation equations under
the boundary layer approximation are derived. The optimal growth problem in the case
of spatially-dependent mean flow is formulated. The formulation makes use of the two-
fluid adjoint perturbation equations, which are derived in Appendix A. Details of the
numerical methods used are given. After the mathematical formulation is set, the effects
of mean-flow spreading on the optimal set of parameters arising from the earlier parallel
analyses are quantified. A new, spreading, optimal disturbance is computed and used
as inlet perturbation for the non-linear calculations, described in Chapter 4. Non-linear

evolution of the spatial optimal disturbance is analysed in Chapter 4.

The last chapter summarises the work presented and highlights the key results.

Implications of current findings are made and a line of future work is drawn.

Appendices are very important to this work. In particular, Appendix A contains
the complete and detailed derivation of the two-fluid adjoint perturbation equations for
spreading disturbances. This formulation is core to the mathematical foundation of this
thesis. It would deserve an entire chapter for its importance; there is not any work in

literature, at time of writing, on adjoint equations for two-fluid flows.

Additional information and discussion on the validation of the results presented are
in Appendix B. Appendix C is dedicated to spectral method used for the discretization
of the governing equations. In particular, details of the non-linear mapping of Cheby-
shev polynomials are given. At last, a brief discussion on the energy norm adopted in

the present work and its convergence is reported in Appendix D. Appendix E contains
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additional derivation that might be useful to future students but are not core to this

work.
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Chapter 2

Non-modal stability: parallel base flow

2.1 Introduction

Free-stream perturbations can force transition of boundary layers on timescales much
shorter than those typical for Tollmien-Schlichting (TS) waves, which lead to natural
transition in Blasius boundary layers (Schubauer & Skramstad, 1941). When the growth
of two-dimensional waves and their subsequent instability are bypassed, the transition
process is named bypass transition. The penetration of normal velocity perturbations
into the boundary layer can generate normal vorticity perturbations by a vortex-tilting
mechanism (Trefethen et al., 1993; Zaki & Durbin, 2005, 2006), which tilts vortex lines
to generate vorticity (Panton, 1996). This results in the growth of streamwise veloc-
ity perturbations similar to the streaks observed in boundary layer transition (Zaki &
Durbin, 2005).

Although the problem of transient evolution of linear perturbation in boundary layers
suggests a spatial investigation (Andersson et al., 1999; Zaki & Durbin, 2005; Brandt &
Henningson, 2002), many researchers (Ellingsen & Palm, 1975; Landhal, 1980; Hultgren
& Gustavsson, 1981; Salwen & Grosch, 1981; Butler & Farrell, 1992; S. C. Reddy & Hen-
ningson, 1993; Trefethen et al., 1993; Schmid & Henningson, 2001; Schmid, 2007) have
focused on its temporal formulation, due to its reduced complexity and computational
cost. The work of Lasseigne et al. (1999) clearly established a connection between tem-
poral and spatial evolution in the transient period. They investigated the temporal and
spatial evolution of disturbances within a boundary layer by examining a series of initial
value problems. A strong correlation between temporal and spatial results was found,

suggesting that temporal and spatial analyses are, in some sense, equivalent. However,
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they did not provide any theoretical explanation supporting this correlation; Tumin &
Reshotko (2001) showed differences between temporal and spatial analyses. Therefore,
the present work focuses on the spatial formulation for transient amplification in two-fluid
shear flows, which requires the solution of a fourth-order non-linear eigenvalue problem
and an initial boundary value problem.

The aim of this chapter is to:

(a) formulate the spatial stability problem in two-fluid boundary layers, under the as-
sumption of parallel base flow;

(b) compute the spatial transient amplification;

(c) and to study the effect of a wall-film on transient evolution.

This chapter is arranged into 6 sections. The following section discusses the geometry
and the two-fluid setup; §2.3 addresses the mean flow equations and the effect of viscosity
stratification on the mean velocity profile. Section §2.4 gives the details of the governing
equations and boundary conditions under the assumption of parallel base flow, along with
the numerical procedure for the determination of the discrete and continuous spectrum.
After a brief discussion of the challenges of a correct formulation of the initial value
problem for spatial disturbances, the optimal disturbance problem is introduced and
discussed in §2.5. Results of single- and two-fluid boundary layers are presented and an
optimal choice of film-thickness and viscosity ratio providing maximum transient growth
reduction are found. Conclusions and a summary of the key results of the chapter are

in §2.6.

2.2 Two-fluid boundary layer flow

Consider the semi-infinite domain Q = Q x [to, t¢]; the space Q is divided into two sub-
spaces 27 and ) p separated by an interface I, such that Q7rUQp = Q and QrNQp =1".
The space () is a three-dimensional space €2 = €, x Q, X Q, = [xq, xf] x Qy x (=00, +00).
Consider an unsteady, incompressible two-fluid flow in 2; the direction of the flow is de-
noted by z € €1, y € €, is the normal direction, and z € 1, denotes the spanwise
direction. The flow comprises two fluids which belong to the subspaces Qr and Q5 and
uniquely identified by their physical properties density p; and viscosity j;, where the
subscript j = {T, B} denotes the two subspaces. Note the two fluids are separated by the
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interface I', which might in fact not have an explicit representation in the coordinates
(z,y, z). However, in the case that I" does not undergo topology changes and in the appli-
cations considered in this work, the interface set can be written as a function in Q. There-
fore, consider the normal direction €, as 0, = {[0, F]U[F, +0o0)}, where F = F(z, z,1),
t € [to, tf]. For each t € [tg, t¢], the representation of the interface I" is d = d(, z), such
that y > d identifies the top fluid and y < d the bottom fluid. Top and bottom space
are thus Qp = [zg, x¢] x [d, +00) x (=00, +00) and Qp = [xo, x¢] x [0, d] X (—o0, +00),

respectively.

The evolution in time and space of the velocity vector field U4 of the unsteady,
incompressible two-fluid flow in € is governed by the Navier-Stokes (NS) equations along
with the continuity condition:

VP,
atuj' + (U] . V) Z/{j = — S 4 I/jAUj (2.1)

Pj
V. -Uj=0 (2.2)

where P is the pressure field. The two fluids are separated by the interface, F, so that
Vy>F: j=TandVy< F: j=B.
Incompressibility condition imposes interfacial conditions on the velocity vector, U, and

the stress tensor, 7 to be satisfied on F:
[U-a) =0, [U-t]=0; [r-n]=[P]h—okn; [r-t]j=0. (2.3)

where i and t denote the unit normal and tangent vector to the interface, F, the cur-
vature of which is denoted by k; the surface tension is o.

The objective of stability theory is to determine the evolution of an infinitesimal dis-
turbance u to the underlying mean flow U, which is a solution of (2.1)-(2.2). The

disturbance equations are derived considering the decomposition

Z/{j = Uj + Gflj (2.4)

Pj = Pj + eﬁj (2.5)

of equations (2.1)-(2.2). The mean pressure, P, is perturbed by the pressure disturbance
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When no topological changes take place, the interface displacement, F = F(x, z,t) =
f+ f , follows the kinematic condition:

[(%.‘.U]--V)f}-ﬂ:uj"fl. (2.6)

2.3 The parallel base flow

Far from the leading edge, the boundary layer flow can be considered parallel. Hence,
consider a parallel two-fluid boundary layer flow of the form U = [U;(y), 0, 0] in a
semi-infinite domain 2.

A representation of the base flow is shown in figure 2.1. We define r and m to be
the ratios of densities and viscosities, respectively, i.e. r = pp—; and m = 5—; for j = T,B;
the kinematic viscosities v; = ’;—j and their ratio is n = 7*; the free stream velocity
is U%°. The mean velocity profile is obtained by solving the two-fluid boundary layer
equations presented in Nelson et al. (1995) with a parallel approximation according to
the approach described in Schlichting (1987, pp. 187-191).

Introducing the boundary-layer variable y = y as r — 00, the mean flow

2urx?
satisfies:
FF"+v;F" =0 (2.7)
where F = —%__ with U as the streamfunction, F/ = 2£, U = U®2E . The interface
2urU®x dy Oy

height is denoted by d = dy/:L—. At y = d, continuity of velocities and stresses is

2urx’

enforced:

[F]=0; Hg—gﬂzo; H%ﬂmzm (2.8)

where the operator [-] denotes the change across the interface, (-)r — (-)p and [-],, =
()7 —m()B-
In addition, the free-stream and wall boundary conditions are:

F(0) =0; —_— = 0; lim OF(y)

— =1 2.9
Jim (29)
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Figure 2.1: Two-fluid boundary layer base flow for viscosity ratio m = 0.5 and bottom
fluid thickness d = 0.1

2.3.1 Effect of a wall film on the base flow

Stratification has a significant impact on the base flow. As the viscosity ratio m de-
creases, the boundary layer thickness, 0, shortens (figure 2.2b), making it an unsuitable
lengthscale for stability calculations, due to the lack of correspondence between the re-

sults for different values of m. Hence, the single fluid Blasius boundary layer thickness

do = 4.9,/ 7= is chosen as the reference lengthscale even for the two-fluid computations.
Physical quantities are made dimensionless according to a length scale L and velocity

scale U™, set by the base flow. In particular, U* = U, p* = pr, p* = pp. This yields

the non-dimensional parameters, the Reynolds number, Re = £ % L — pTZT % and the

p*U*2L pr U250 i i
Weber number, We = F=——= = - where L = §p and o is the surface tension. The

Weber number We represents the ratio of inertial to capillary forces.

The mean shear distribution 7., = na%U , which plays a primary role in the transient
amplification of disturbances, is also affected by viscous stratification. Figures 2.2¢ and
2.2d represent the quantities d,U and 7., respectively for values of the viscosity ratio
m = {0.2, 0.5, 1, 2}. Reduction of the viscosity ratio m causes 7, to weaken in the top
fluid and strengthen in the wall film, due to shear-stress continuity imposed by equation
2.8 at the mean interface location d, resulting in the thinning of the boundary layer

thickness 6.
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Figure 2.2: (2.2a) Effect of viscosity ratio on mean streamwise velocity U at inlet, dy =

0.10; (2.2b) Dependence of ¢ on viscosity ratio m; (2.2¢) Effect of viscosity
on mean d,U at inlet, dy = 0.10; (2.2d) Effect of viscosity on mean shear 7.,
at inlet, dg = 0.10. —m =1, -.-m =08, ----m =0.6 - =--m = 0.4,
---m=0.2
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2.4 The linear perturbation equations

Linear perturbation equations for parallel, two-fluid flow are given in this section.

Let Q be the semi-infinite domain with smooth boundary 92 and let ¢ be a given time,
t € [to,tf]. Under the assumption that e < 1 and discarding terms of order O(e?), for a
vector function @t = (4, 0,w) and a scalar function p, the Linearized Navier-Stokes (LNS)
equations describe the evolution of the disturbance field (@, p) to the underlying mean

flow U and mean pressure P in Q X [to,ty]:

Vp;j

agflj + (Uj . V) flj + (ﬁj . V) Uj = —7 + I/jAUj (2.10)
J
V-u; =0 (2.11)
The additional boundary and initial conditions
ﬁj‘a(ﬂnyz) =0 (2.12)

ﬁj‘t:to = ﬁOj (2.13)

make (2.10)-(2.13) a well-defined initial-boundary value problem for the disturbance field

(0, p).

2.4.1 Governing equations and boundary conditions

Homogeneity of streamwise and spanwise directions and time-periodicity allows the dis-

turbance 1 to be written in the form:
Wiz, y, 2, t) = uj(y)ehartikezomivt (2.14)

where k, and k, denote the streamwise and spanwise wavenumber and w the temporal
frequency. Under the assumption of parallel flow, i.e. U = [U(y),0,0], LNS equations

can be written in terms of normal velocity ©; and normal vorticity 7); = ik.a; — ikzw;,
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leading to the well-known Orr-Sommerfeld (2.15) and Squire (2.16) equations:

2

. . (9 2 2 . 82U m 82 2 2 2

02 oU;
[— iw + ik, Uy — % <8—y2 - k§> }nj - —z‘k:za—y]vj (2.16)

satisfying the conditions ;|5 — 0, 7|5 — 0, that is:

0v;
vi(y =0) = 0; 55/) =0;  n(y=0)=0; (2.17)
y=0
ov;
s =0 B0 ) =0, fory— e (218)

The Orr-Sommerfeld and Squire problems along with the homogeneous boundary condi-
tions represent an eigenvalue problem that can be used to investigate either the spatial
or temporal stability of a parallel base flow. The latter concerns the solution of a linear
eigenvalue problem providing the time-response of the system to a disturbance char-
acterised by fixed streamwise and spanwise wavelengths. In the spatial case, the base
state is perturbed by a disturbance with fixed temporal frequency (Ashpis & Reshotko,
1990; Tumin & Reshotko, 2001) and its (downstream) evolution is studied. The spatial
problem is a non-linear eigenvalue problem (Haj-Hariri, 1988; Danabasoglu & Biringen,
1990; Schmid & Henningson, 2001) and it is investigated in this chapter. In the two-fluid
problem, velocity and pressure disturbances perturb the interface, of which displacement
must be accounted for.

Equation 2.6 can be linearized around the mean interface location y = f = d, leading to

the kinematic condition for displacement of the interface due to the perturbation only,

A

I
0 0

<§+Uj%> for(y—d) =0;0r (y - d) (2.19)

where 0r(y — d) denotes a Dirac distribution, centered at the mean interface location d.

The linearised interfacial conditions for the perturbation field (u,p) are derived from
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equations 2.3 and written in terms of normal velocity and vorticity only:

[7] =0 .
[B_Z]] Hayﬂ gi 0 (2.21)
wl [[g_ﬂ g_f =0 (2.22)
7).+ [5e], %~ -
(o + ) bl st~ [ 55] 2= o)

]] - m [[a% 0* %ﬂ 1 of (2.25)

ERG |In Sl | R
r Re || 0y3 + 0220y ||,, Weodz*
o (oo U d (3m [0 2 9f 1 9'f
Ur— ([ =1 — ||==% - SRR AT -
i F8$(|:|:8y:|:|7, [[ay”ﬂ) o2 <rRe [[ayﬂer We 8z2> We oxt
Under the assumptions of streamwise and spanwise homogeneity and time-periodicity,

equation 2.19 can be written in the form:
(i + ikaUj) for (y — d) = vy (y — d) (2.26)

and the following matching conditions for velocities and stresses continuity in wavenum-

ber and frequency space are applied at location y = d:

[v] =0 (2.27)
5] -+ 5]~
[n] + ik. Hg—ﬂ f=0 (2.29)
(aa_z + /<;2> [V]m + E2[0]m — ke H%ﬂ . f=0 (2.31)
—iw [[Z_Zﬂ e ng — 32 gvﬂm v’%f (2.32)

0 2 4
+Zk UF(|:|: :|:| [[ T’Re |:|:O_Z:|:|m_%f>_%f:0
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2.4.2 Polynomial eigenvalue problem

The Orr-Sommerfeld, Squire and interface equations, along with the stated interface and
boundary conditions, constitute a polynomial eigenvalue problem (P, ) for the streamwise

wavenumber k,:

(ALK + ATk + Ad7k2 + A7k, + Ao’ v =0
[Bo/k2 + B1/k, + Bo’] n; = Bs/v; (2.33)

[C1/ky + Co’] for (y — d) = v;ér (y — d)

in which the polynomial coefficients are:

. 2 4 , 2
AOJ:z‘wrn]je <86y k2> —2/@%%4 ;y4 Bojzkg—aa—yQ—ine

, r Re 0? 9 7 Re 0°Uj T Re
A = —z—U <0 5 — k ) o B, = z—U

. 2 .
Ayl = 2 (; k:2> it By =1 (2.34)

Y2 m
A3j _ Z'T Rer B3j = —Z'k‘z%
m dy

A4j =1 Clj = ’in
Czj = —iw.

Boundary and interfacial conditions already stated in equation (2.17), (2.18), (2.26),
(2.27)- (2.32) apply.

2.4.3 Numerical solution

The polynomial eigenvalue problem P, can be split into two separate eigenvalue prob-
lems, Pos and Psq, since there is an unidirectional coupling between the Orr-Sommerfeld,
interface displacement and Squire equations. Vorticity, in fact, can only be created by
the normal velocity or the displacement of the interface. Therefore, the eigenvalues of
Pos and Psq can be found independently. Each Orr-Sommerfeld mode k,“° € A(Pog)
corresponds to a vector eigenfunction qug constituted by a normal velocity component,

the corresponding interfacial displacement and a particular normal vorticity solution, i.e.
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dos = [vj 0" [T Squire modes k,°? € A(Psq) are associated only with a normal vor-
ticity eigenfunction njh, Qsq = [0 njh 0]”, which solves the Squire homogeneous problem

(Schmid & Henningson, 2001). Therefore, the following non-linear eigenvalue problems

result:
Eosj 0 'Uj 0
Pos : = , interfacial conditions (2.27), (2.28), (2.31), (2.32)
0 ‘Cint f Uj
Psq - Estnjh =0, interfacial conditions [[njh]] =0, ﬂaynjh]]m =0.
where
Los; = AdTk: + Ag/k3 + A27k2 + Ak, + Ao/ ; (2.35)
Linj = C1'k; + Co’ ; (2.36)
Lsq; = B2k} + Bi/k, + Bo’ . (2.37)

The free-stream and wall boundary conditions presented in (2.17), (2.18) hold.

The discretization of equation (2.33) uses the spectral method described in Orszag
(1971). The details of the numerical implementation for single fluid Couette and Poiseuille
flow are in Schmid & Henningson (2001). The method was extended to single- and two-
fluid boundary layer flows. The numerical approach is to expand normal velocity and
vorticity in terms of complete orthogonal polynomials and find the unique set of weights
that satisfies the discrete version of (2.33). Chebyshev polynomials have historically been
the preferred choice for the eigenfunction expansion, due to the progressively increasing
resolution towards the boundary of the Gauss-Lobatto interval, on which the Chebyshev

polynomials are computed.

Mapping In order to ensure accurate resolution in the wall-normal direction near
the wall and the interface and to accurately represent the discontinuities of mean and
perturbation variables at the interface, the top (QZ) and bottom (Qf) domains are
discretised with different grids, on which separate mapped Chebyshev expansions provide
a complete representation of the disturbance in QZ, QyB (van Noorden et al., 1998).

Let T, (¢),n = 1,..., N be N Chebyshev polynomials in their natural domain I = [—1,1]
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and y = ¥(¢) a mapping function between I and Q) = {[0,d] U [d,{]}, ¢ € I, y € Q,,
with £ a large but finite location in the y direction. The value of ¢ is chosen such that
results are independent upon its further increase.
We define T}, (y) := T, (971 (y)) as the mapped Chebyshev polynomial onto the domain
Q. Two sets of Chebyshev polynomials have been used to independently represent the
bottom and top fluids. In particular, 7)1 = T, (19_1 (y)), y>dand TP = T, (19_1 (y)),
y < d, where ¥ is the mapping function between the Chebyshev interval I and the finite
physical space Qzl;' Details on the mapping function and on the mapped Chebyshev
polynomials can be found in Appendix C.

The grid (; is generated in the Chebyshev interval I using the N; Gauss-Lobatto

points (j = cos (Ngljl) and mapped to computational space, such that {y} = {yr} U

{yp} € Qg. The number of Chebyshev polynomials used in the top domain QZ is of

order 150 — 200 and the bottom fluid counterpart is chosen according to the relation
L ~ do

N_T ~ N_OB ~ 0.1.

10
Linear and non-linear mapping functions ¢ were considered. Non-linear mapping

increases the grid resolution near the interface and this has been found to be beneficial
when computing discrete modes. The drawback of non-linear mapping is that it affects
the grid resolution in the free stream, which is particularly important when comput-
ing continuous modes. Therefore, linear mapping was found to be a good compromise

between free stream resolution and accuracy of discrete (if any) and interfacial modes.

Discretization Eigenfunctions of (2.33) are expanded in series of mapped Chebyshev

polynomials (Mason & Phillis, 2005):

Nr Nr

vr () =D b T () e (y) =) el T (y) (2.38)
i o

vp(y) =Y B TP W) wsly) =D TP ) (2.39)
n=0 n=0

where ¢}, ,, and ¢, , represent respectively the coefficients of the n" Chebyshev polyno-
mial T2 for normal velocity and vorticity eigenfunctions.

The expansions (2.38), (2.39) are substituted into the non-linear eigenvalue problem
in (2.33), providing a set of algebraic equations at the mapped Gauss-Lobatto points,

which constitute a non-linear discretized eigenvalue problem P*, that is split into Pgg
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and Pg,.

Methods to find the eigenvalues of PSg and Pg, are described by Ruhe (1973), Guillame
(1999), Tisseur & Meerbegen (2001); the latter was considered in this work.

Define cos = [cy; f]T, where cy; is the weight vector of the Chebyshev differentiation
matrices for the normal velocity component in the top and bottom fluids and the new
vector ¢fg = [Cos kzCos klcos kicos|T. Since Pl is in fact a polynomial eigen-
value problem of the 4" order, it can be converted into an ordinary linear generalised

eigenproblem M*ogciy = A\yN*ogcg of four times the size Pjg with M* o5 and N* g as

follows:
—.A3D3 —A2D2 —.AlDl —.A()D() A4D4 0 0 0
. 0 Dy 0 0 » Dy 0 0 O
M os — N os —
0 0 Dy 0 0 Do 0 O
i 0 0 0 Dy | i 0 0 Do O |
(2.40)

where Dg, D1, D3, D3, Dy are the Chebyshev differentiation matrices for the top and
bottom fluids:

D0 0
Dh=| 0 DE 0 (2.41)
0 0 1

in which D,, is the n'" differentiation matrix as described in Schmid & Henningson
(2001). Note that the n'® column of the matrix D}, is the n'™ Chebyshev polynomial T}
in the expansion (2.38), (2.39). The matrices Ag, Az, Az, As, A4 are given by:

AT 0 0 AT 0 0 AT 0 0
Ao=1| 0 A% 0 A= 0 AP 0 A2=1 0 AP 0
0 0 Cof 0 0 C,7 0 0 0
(2.42)
[ AT 0 0 AL 0 0
As=1| 0 A8 0| Au=| 0 AL 0 (2.43)
0 0 0 0 0 0
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The same process applies to the discretised Squire problem PZ,. Let us define csq =
[an]v where ¢, is the weight vector of the Chebyshev differentiation matrices for the
normal vorticity component in the top and bottom fluids and the new vector cg, =
[csq kzCsolT. P4, is a quadratic polynomial eigenvalue problem and it can be converted
into an ordinary linear generalised eigenproblem M*sqci, = A\yN*¥sqcg, twice the size

of Pg, with M*sq and N*gq as the following:

" —BlDl —B()D() " BzDz 0
M"sq = N*sq = (2.44)
0 Do Do 0

where Dg, D1, D2 are the Chebyshev differentiation matrices for top and bottom fluids:

DI 0
D, = (2.45)
0 DB
and By, By, B are given by
Bo! 0 B:7 0 B,” 0
Bo = By = By = . (2.46)
0 Bo? 0 B? 0 By”

The eigenvalues of the linearized discrete systems P*os, P*sq were obtained using the
standard mathematical libraries in MATLAB (Higham et al., 2007). The eigenvalues
obtained from the spectral code were validated against results reported by Schmid &
Henningson (2001), Butler & Farrell (1992), Malik & Hooper (2005), Yecko (2003),Yecko
& Zaleski (2005b), Yecko (2008), Ozgen et al. (1998), Tumin & Reshotko (2001). Addi-
tional details on the validation of the parallel and spreading framework can be found in

the Appendix B.

2.4.4 The discrete and continuous spectrum

A method for computing the eigenvalues of (2.33) was given in the previous section; in
this section, the eigenvalue spectra of single- and two- fluid boundary layers is briefly
discussed. This is a necessary step towards the understanding of the challenges of for-
mulating a suitable method for optimal disturbances in the spatial framework; it also

provide numerical evidence of the discussion on discrete and continuous modes already
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presented in section §1.1.1 and §1.1.2.

The modes of the spectrum of the Blasius boundary layer can be divided into two classes:
discrete and continuous. The former have phase speed ¢, = R(w/k,) < U, growth rate
¢i = S(w/k,), peak inside the boundary layer and decay exponentially in the free stream.
The latter propagate at the free-stream velocity, U, have an oscillatory behaviour in
the free stream and decay inside the boundary layer. Zhigulev et al. (1980) and Salwen
& Grosch (1981) characterised the features of the spatial continuous spectrum by con-
sidering the asymptotic behaviour of the linearized Navier-Stokes equations in the free

-1, U

stream. As y — +oo, U — U™ s By — 0, the solution of linear NS is a linear

y—+o0
combination of fundamental exponential functions e*?, where \ satisfy the characteristic
equation

(k2= N°) [N — k2 —iRe (k; —w)] =0, (2.47)

that is

Mo =Fky;  Aga=tVEk2+iRe (b, —w). (2.48)

If R (\,) # 0, two decaying fundamental solutions are admissible, related to the discrete
spectrum of k;. The continuous spectrum arises when either R (A; 2 = 0) or R (A34 = 0).
In the case \1o = +ik in (247) Vk > 0 € R, k1o = Fi,/k2 + k2; these solutions

correspond to pressure waves. When A3 4 = —k:g, (2.47) reduces to the dispersion relation
k2 +k,+ k2 +iRe(ky —w) =0, (2.49)

that admits branches

iR 4 (k2 + k2 —iwRe
bgg = — 1;\/1+ U ) (2.50)

2 Re? ’
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Figure 2.3: Integration contours in the complex k,-plane (Ashpis & Reshotko, 1990)

which can be written as k; = kg, + ik (Jacobs & Durbin, 1998):

Re 4w?
R _ 2 _
& 2¢\/ﬁ TRe2 P
kx%:%<;_%—l> : (2.51)
1+ (k)
ﬁ: (Re y) .

2

These spatial continuous eigenvalues are related to vortical continuous eigensolutions, of
interest in the study of bypass transition due to free stream turbulence.

The four branches are shown in figure 2.3 (reproduction of figure 4 by Ashpis & Reshotko
(1990)). Ashpis & Reshotko (1990) showed that the branches k,(k) and k,4(k) can ad-
mit arbitrary large negative values of J(k,), thus allowing arbitrary large growth rate
and making an initial value problem ill-posed in such particular case. In fact, through
the argument of the signaling problem, Ashpis & Reshotko (1990) reached the conclu-
sion that the branches k,; and k.3 of the continuous spectrum in figure 2.3 describe the
flow response downstream of the source, while the branches k., and k.4 apply to the
upstream field.

Figure 2.3 also depicts the contours of integration in the inverse Fourier transform in the
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Figure 2.4: (2.4a) Eigenfunction of the discrete mode k, = 0.36456 + 0.077089:.

(2.4b) Eigenfunction of a continuous Orr-Sommerfeld mode w = 0.125,
k., = 0.12531 4 0.019719¢, k, = 0, Re = 800. —— , real component; - - -
imaginary component.

complex k, plane, showing that discrete modes growing in the downstream direction are
taken into account in the downstream response of the flow. Whenever it is possible to in-
defify a suitable contour for integration in Fourier space, the initial value problem is well
posed. Therefore, the downstream propagating disturbances may be represented as an
expansion of eigenfunctions belonging to the branches k,; and k.3 plus any growing dis-
crete mode. The restriction to downstream propagating modes removes the ill-posedness
of the spatial initial-value problem. The formulation of a consistent initial-value problem
for the spatial problem makes the determination of optimal disturbances similar to the

temporal counterpart, from which the well-established tools used are borrowed.

Stratification Given the background on discrete and continuous modes in single fluid
boundary layer, the attention is focused on how stratification changes the discrete and

continuous spectra, as this affects the amplification mechanism.

Discrete modes The presence of a wall-film changes the stability characteristics
of the boundary layer flow and can trigger three discrete instability mechanisms (short
wavelength instability, long wavelength instability, High Reynolds number instability) in
addition to the well-known TS wave mechanism (Saha, 2011; Yih, 1967; Hooper & Boyd,
1983, 1987). Saha (2011) analysed the four types of instability in the temporal problem
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through the energy transfer mechanisms for values of Re above and below the critical
Reynolds number Re..;; and for viscosity ratios m lower and greater than 1. He showed

that:

i) the short wavelength instability exists in all regimes discussed, although it is easily

suppressed by the presence of surface tension;

ii) the boundary layer is stable at subcritical Reynolds numbers (based on single fluid

boundary layer thickness) if m < 1;

iii) as |1 — m/| increases, the viscosity stratification has a stabilising effect on all of the

unstable modes in a two-fluid boundary layer.

Since the two-fluid boundary layer is asymptotically stable to long wavelength perturba-
tions when the lower fluid is less viscous, the algebraic instability is likely to dominate
under such circumstances. For this reason, focus is on the stable branch of the down-
stream propagating spectrum, comprising of continuous modes, which are relevant to

the growth of the algebraic instability.

Continuous modes Zaki & Saha (2009) investigated the structure of the con-
tinuous modes in single- and two-fluid boundary layers and their penetration inside the
boundary layer. They identified three regimes, determined by the ratio of the diffusive

to the convective terms in the disturbance equation:

i) a shear-sheltering regime, in which free stream disturbances are convected by the

mean flow and decay at the edge of the boundary layer;

ii) a viscous regime, in which free-stream disturbances penetrate the boundary layer to

the wall;
iii) an intermediate regime, in which wall-normal diffusion and shear sheltering coexist.

They also showed that penetration of continuous modes into the wall-film depends on the

viscosity ratio m, which forces a modified wall-normal wavenumber in the bottom fluid in
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order to match the decay rate set by the free stream. Therefore, a lower viscosity ratio can
enhance penetration, due to the modified wavenumber across the interface. As pointed
out in section 1.1.2, this contradicts what usually happens in single-fluid boundary lay-
ers, where lower viscosities increase the shear sheltering effect, reducing penetration of
continuous modes. Zaki & Saha revealed that long wavelength perturbations penetrate
the most inside the boundary layer and couple most effectively to the mean shear. How-
ever, penetration depth of vortical disturbances does not fully determine and explain the
linear amplification of disturbances. Transient growth of disturbances also depends on
how normal vorticity perturbations are generated by normal velocity. Furthermore, the
presence of an interface can play a leading role in generating transient amplification.

In this and previous sections the reader was provided with a quantitative method to com-
pute the discrete and continuous spectra in two-fluid boundary layers, which completes
the theoretical discussion on modal stability in sections §1.1.1-1.1.2. Neither discrete
instabilities nor penetration of continuous modes inside the boundary layer can system-
atically explain transient amplification. Hence, the aim of the next section is to explore

the transient growth mechanism.

2.5 Optimal disturbances

Following the discussion on the signaling problem, the well-posedness of an initial-value
problem for spatial disturbances is ensured by considering the downstream perturbation
flowfield as an expansion of eigenfunctions from the branches k.o, k;4. The set of eigen-
functions that solves the eigenvalue problem Pp is non-orthogonal, so transient energy
growth is expected. In fact, even though the imaginary part of the eigenvalues of P, is
strictly positive for a particular choice of Re and m corresponding to linear, asymptotic,
exponentially decaying stability of the laminar state, transient growth of energy is also
possible. This transient behaviour has been suggested as a possible trigger for non-linear
effects sustaining turbulence (Henningson & Reddy, 1994).

The work of Ellingsen & Palm (1975) and Landhal (1980) demonstrated the need to
consider the evolution of linear perturbations from initial conditions. Although the pos-
sibility of formulating an initial-value problem for spatial disturbances has been stated,
the analyses of the Orr-Sommerfeld (2.15) and Squire (2.16) equations reveal only the

asymptotic stability of the system. A method to investigate spatial optimal evolution of
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perturbations is therefore necessary to characterise the transient behaviour and is pre-
sented in this section.

Consider a two-phase disturbance constituted of a velocity vector ; = (u;,0;,w;) and a
pressure field p; satisfying the linearized Navier-Stokes equations (2.10)-(2.11) for each
of the top j = T and bottom j = B fluids around a parallel base flow U = (U(y),0,0);
the perturbation is homogeneous in the spanwise direction and has a frequency w.
The interface displacement f = f (z)eth=z—iwt
UL f=iwf+ddr(y—d).

is governed by the kinematic condition

Schmid & Henningson (2001) showed that it is possible to arrange the LNS equa-

tions as a spatial evolution equation in terms of the normal velocity v;(x,y,z,t) =

vj(x, y)et*=2=t and normal vorticity nj = 0;Uj — Oxw; = 7;(x, y)etkz2—iwt,

04
5, = La (2.52)

with q = [0;(x,y), 7j(z,y) f(x),]7. The explicit form of £ is not relevant at this point
and it will be given in Chapter 3. It is sufficient to notice that £ has the same eigenvalue
spectra as Py. The eigenfunctions of Py represent a complete set (Salwen & Grosch,
1981), so any perturbation q can be written as a linear combination of the eigenfunctions

qn of Py, that is:
(i($a y) = Z %n($)qn(y) (2'53)
n=0

Therefore, (2.52) is equivalent to the trivial system of ODEs:

O
o = Apy (2.54)

where Ap, is a diagonal matrix containing the discretized eigenvalue spectra of P,. For
the solution to be well-posed, Ap, is restricted to be ATPA = {ky9, kz4}, in which only
N least-stable downstream propagating modes are included. This reduction of basis de-
termines, in fact, a parabolization of the system (2.52).

Consider the Hilbert space generated by the N least-stable downstream-propagating

eigenvectors, that is Hy = span{qi, qz,--- qu}|A;) ; for any initial condition q(xg) €
A
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Hn, the initial value problem governed by the dynamical system (2.52) is well-posed and
can exhibit transient amplification before reaching its asymptotic state. The disturbance
qo(x) is defined as optimal if it maximises a chosen functional norm at a certain location

x > xg. To proceed further, the concept of the norm must be discussed.

Denote with H(Qz) the Hilbert space on which any vectors a and b of the form

a = [vj, 1, f]T are defined. The following inner product naturally holds:
(a,b) = > /j a'bdy ., VabeH(Q) (2.55)
j=T,B7 %

where -H denotes the Hermitian operator. Note that |ja||* = (a, a).
Following Yecko & Zaleski’s approach, the norm of a perturbation q is defined to be its
mechanical energy, which consists of the kinetic energy of velocity perturbation and the

potential contribution due to the interface deflection (Yecko & Zaleski, 2005b):

a2 = 1/ ru2dn+ T (2.56)
€ 2 Q We

Note that equation 2.56 is equivalent to the condition:

lal? = (a,Eq) = (Cq,Cq) . VqeH©Q), (2.57)

where E = CH”C accounts for the mechanical energy and C given by:

ke O k-

K 0 0 B B
C=|0 K 0| , with K:% 1 0 (2.58)

k. O ko

0 0 I B2 &

where T =~k | 12 = (k2 + k2).

Any downstream propagating disturbance can be approximated as an expansion in

terms of N least stable modes of A%

d(z,y) = Y s(@)an(y) = Qn(x) (2.59)
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where the N columns of the matrix Q are the reduced basis vectors q,(y), n =1,--- , N.
Note that Q is non-singular, therefore the coefficient k(z) are the solution of a linear
system.

At this point, the aim is to find the initial condition qg(z() that maximises the functional

oy @)
J(a;q0;z) = a0 (@) (2.60)

at any location x € €.

Let the growth factor G(x) be the maximum value of the functional J(q;qg;x)
at location = for any possible, non-trivial initial condition qg(xg) € Hy satisfying the
reduced initial-value problem governed by (2.52). The optimization problem that deter-

mines G(z) is defined as the following:

r)= max J(q;qo,T
)= a0l o (%590 2)
S.t.
94 _ o
oz = = (2.61)

q(zo) =qo € Hy

and £ :A(L) CAp

Under (2.59), (2.61) reduces to:

la@)I? _ {a(@),Ea@)

C) = oo o Tzl ooy 20 {a(o), Ba(zo))
= e Q@) EQk(z) - (CQk(x), CQk(x))
(o) |#0 (QK(70), EQK(70))  |n(z0)|£0 (CQk(70), CQK(x0))
— max HF“( )H max HFeZAPxH (20) H _HF iAo 1H2 (2.62)

k(@00 [[Fr(zo)|Z  Iso)20  ||Fr(zo)|?

where the matrix F := CQ is the Cholesky factorization of the Gramiam matrix M =
FHF, defined as

M;; = (a;, Eq;) (2.63)

d,, being the component of the eigenfunction basis in (2.59). Note that M is Hermitian
and positive definite by definition.
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The computation of G(z) reduces to determine the 2—norm of the operator Lp =
Feirp*F~1 which is, by definition, the square of the its largest eigenvalue. This quantity
is also denoted as largest singular value #; (Henningson & Reddy, 1994). It is possible
to decompose Ly in terms of its singular values. This decomposition is called Singular

Value Decomposition (SVD) and follows the relation:
Ly = poUH (2.64)

where O is the diagonal matrix of singular values and its term ©1; = 0 is the largest
singular value. The matrices ¢ and ¥ contain the so-called left and right principal
vectors, respectively. The first column of ¥ is the principal right singular vector, which
is the initial condition qg, that will be amplified by a factor of #; at location x and
transformed into the principal left singular vector, that is the first row of ©.
Alternative methods for optimal disturbances exist: Butler & Farrell (1992) com-
puted optimal disturbances using a variational approach; Andersson et al. (1997), Luchini
(2000), Corbett & Bottaro (2000) used repeated integrations of regular and adjoint equa-
tions in a power iteration procedure. This method will be used in the next chapter to
characterise optimal disturbances on spreading boundary layers, where a complete basis

of eigenfunctions is not available.

Choice of norm The results of the optimization that are presented in the next
section depend on the objective functional J and on the choice of the energy norm. The
former represents the gain of the response, under a measure, to the initial condition;
the latter is the measure under which the perturbations are quantified. Although the
majority of literature on optimal disturbances assumes the gain functional as objective
function, less agreement is found on the selection of a measure. If the kinetic energy
of a disturbance is widely accepted as suitable measure in single-fluid flows, the choice
of the norm is a relevant problem in two-phase flows. In fact, Renardy (1987) and
South & Hooper (1999) have noted that an interface displacement must appear in the
energy norm for the transient growth calculations to converge, even in the absence of
an interfacial energy (i.e. 0 =0, We — o0); the optimization problem would be other-
wise ill-posed, due to possible unbounded growth of the interfacial disturbance. South

& Hooper (1999), Yecko (2003), Malik & Hooper (2005) have provided different norms
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Figure 2.5: Optimal growth in single-fluid boundary layer, w = 0.001, k, = 2.205, Re =
800.

that take into account the interface deflection. Their work is related to the temporal
problem and Schmid & Henningson have pointed out that these norms might not be
relevant in the spatial counterpart. However, in this work, non-linear interactions or
energy transfer mechanisms are not considered, therefore the energy measure reported
by Yecko & Zaleski (2005b) is adopted; note that the potential energy of the interface
displacement in presence of surface tension is considered. Convergence studies of the

chosen norm are available in the Appendix D.

At this point, the reader has been provided with a method for computing the max-
imum possible amplification of a disturbance by solving (2.62). Hence, the next subsec-

tions present G for single- and two-fluid boundary layers.

2.5.1 The single-fluid boundary layer

The single fluid case is presented to highlight the main features of the transient growth
mechanism and as a reference benchmark for the computation of G in two-fluid flows.
The maximum amplification curve GG as a function of the normalised streamwise location

X = x;g’o in a single fluid boundary layer is represented in figure 2.5. The energy amplifies

over a lengthscale of O(1), due to the vorticity tilting mechanism. After the first peak, the
viscous decay becomes dominant, in agreement with the asymptotic stability of the sys-
tem. The envelope of all possible evolutions of any initial condition is denoted with G(z);

note that every point on the curve was originated by a different initial condition. The
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Figure 2.6: Optimal perturbation and response, w = 0.001, k£, = 2.205, Re = 800.
The vector plot shows the initial optimal disturbace field ((,v,w),( < 1.
The contour plot shows the contours of streamwise velocity u at location of
maximum amplification y,, = 1.5; solid and dashed lines denote positive and
negative velocity fluctuations respectively. Contour levels range from —4 to
4 with spacing of 0.25

maximum possible amplification achievable in €, is Gyer = max, G(x), Gpar = G(Tm);
the associated initial condition is the optimal disturbance.

The initial condition corresponding to G,e. (vector plot in figure 2.6) is a stream-
wise oriented vortex inside the boundary layer and evolves into a streamwise oriented
structure, of which contours of the streamwise velocity perturbation at location %,q:
are presented (contour plot in figure 2.6). The spanwise location where the streamwise
response is maximum occurs at the location where the initial normal velocity perturba-
tion is maximum.

The eigenvalue spectrum, which comprises only the continuous spectrum, is shown in
figure 2.7. The corresponding projection spectrum at location x,, shows the weights
k(xm) as a function of the decay rate S(ky;) ; the quantity |k, (X )| represents the en-
ergy density of the eigenfunction q,, for the corresponding k;,, mode. The most energetic
eigenfunctions have a decay rate of O(1072), therefore, from the dispersion relation, their

length-scale 1/k, is O(J). Note that the mean shear d,U, which plays an important role
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Figure 2.7: Eigenvalue spectrum in single-fluid boundary layer, w = 0.001, k, = 2.205,
Re = 800 and energy projection spectrum at initial and maximum location.
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Figure 2.8: Surface plot and contours of G4, for single fluid Blasius boundary layer.

in the vorticity tilting mechanism (equation 2.30), varies on the same O(d) lengthscale.

Contours of Gy,q, are depicted in figure 2.8 for a single fluid boundary layer. Quasi-
steady perturbations are associated with strong transient amplification. This is similar
to what is generally observed in the temporal problem, where disturbances with large
streamwise lengthscale are amplified the most. An optimal spanwise wavenumber O(J)
is observed, leading to maximum energy growth. The maximum possible amplification

optimised over any spanwise wavenumber k. and frequency w is defined G, that is:

Gopt =max Gnar = Gnaa (wo’ kzo) (265)

W, Rz

where (w?, k,°) are optimal frequency and spanwise wavenumber at which G, occurs.
Explanation of the transient growth mechanism comes from the investigations on the
temporal initial value problem from Hultgren & Gustavsson (1981), Benney & Gustavs-
son (1981) and Gustavsson (1981) who indicated that short-time amplification could be
attributed to a resonance mechanism between Orr-Sommerfeld and Squire eigenfunc-
tions. These authors argued that the initial value problem is equivalent to a forced
response problem where the normal vorticity is driven by the normal velocity compo-

nent of the perturbation. Zaki & Durbin (2005) studied the forced temporal evolution of
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normal vorticity by a continuous Orr-Sommerfeld mode and explicitly demonstrated that
the extent of the amplification of the resonant Squire is determined by the forcing term,
k.0,U. This quantity represent the coupling between normal velocity perturbation and
mean shear and hence representative of the vorticity tilting mechanism. The coupling
term is determined by the penetration depth of the continuous Orr-Sommerfeld modes
and the mean shear distribution. Both penetration of continuous modes and mean shear
distribution are affected by introduction of a wall-film layer. In the case of lower vis-
cosity films (m < 1), the mean shear of the top fluid is absorbed by the film due to the
tangential stress continuity at the interface. As a result, the shear is weaker in the top
fluid and stronger inside the film. The coupling between mean shear and normal veloc-
ity fluctuations therefore depends on the viscosity ratio. Hence, the viscosity ratio of
the system would affect the efficacy of the vorticity tilting mechanism in causing spatial
amplification of linear perturbations.

The main findings on transient amplification on single fluid boundary layers were pre-
sented in this section; in the next sections, the focus is on optimal disturbances in
two-fluid boundary layers and on the effect of stratification and surface tension on the
energy amplification mechanism. When no Weber number is specified in simulations,

assume We = oo, which is equivalent to disregarding the surface tension.

2.5.2 The two-fluid boundary layer

The previous subsection described the optimal initial condition that leads to maximum
amplification in a single-fluid boundary layer. In this section, the initial optimal condi-
tion and its maximum energy response in a two-fluid boundary layer are considered.
At first, a chosen set of spanwise wavenumber, temporal frequency, film thickness
and viscosity is investigated to highlight how the introduction of a wall film generally
affects the transient growth mechanism in two-fluid boundary layers; then a global op-
timization procedure is performed to establish the optimal set of parameters yielding to
optimal transient growth reduction.
The energy amplification envelope as a function of the normalised streamwise location x
is shown in figure 2.9. It is clear that another competing mechanism other than vorticity
tilting is affecting the energy growth. Two peaks of G(x) can be observed on distinct

length-scales: the first one occurs at a streamwise distance of y = 1.5, the second one
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Figure 2.9: Optimal growth in two-fluid boundary layer, w = 0.001, k, = 2.205, Re =
800, m = 0.45.

becomes dominant on a much larger lengthscale x ~ 20. The former is related to the
vorticity tilting mechanism and it is characterized by the same streamwise peak location
than the single fluid Saha (2011). Inside the boundary layer, the normal velocity tilts
the mean vorticity that, in turn, generates perturbation vorticity. Therefore the normal
vorticity grows and then decays due to viscous dissipation. The latter does not depend
on mean shear, but it is related to the deformation of the interface (Saha, 2011). Saha
has investigated the temporal equivalent and related the energy growth to the vorticity
generation by the displacement of the interface.

After the first viscous peak, as the magnitude of normal velocity perturbation decreases,
the normal vorticity equations is purely driven by the interfacial matching conditions
and interfacial displacement, which is able to generate normal vorticity by means of the

jump in mean vorticity across the interface. Recalling (2.29), the jump in vorticity, [n],

ou

is proportional to (1 —m) 5.
y:

J f- As (1 —m) increases, the jump of mean vorticity
strengthens, forcing a larger normal vorticity perturbation in response to the interface
deformation. The generation of normal vorticity by the interfacial displacement is re-
ferred to as the interface deformation mechanism. The energy amplification due to the
interface deformation mechanism exceeds that caused by the vorticity tilting mechanism
at this viscosity ratio, m = 0.45.

The optimal amplification curve in figure 2.9 has two distinct peaks at locations x;, =

1.5 and xns, = 24, at which eigenvalue and projection spectra are given in figures 2.11,
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Figure 2.10: Optimal perturbation and response at x;, = 1.5, w = 0.001, k, = 2.205,
Re = 800. The vector plot shows the initial optimal disturbace field
(¢,v,w),¢ < 1. The contour plot shows the contours of streamwise ve-
locity w at location of maximum amplification x s, = 1.5; solid and dashed
lines denote positive and negative velocity fluctuations respectively. Con-
tour levels range from —4 to 4 with spacing of 0.25

2.13, and the initial and optimal disturbances are given in figures 2.10 and 2.12 respec-
tively.

The vector plot in figure 2.10 represents the initial disturbance velocity field that leads
to the energy amplification at peak x s, = 1.5. It is a streamwise oriented vortex inside
the boundary layer and evolves into a streamwise oriented structure, of which contours
of the streamwise velocity perturbation at location s, are presented (contour plot in
figure 2.6). The spanwise location where the streamwise response is maximum occurs at
the location where the initial normal velocity perturbation is maximum.

The corresponding eigenvalue spectrum is presented in figure 2.11, along with the pro-
jection spectrum of the initial disturbance. The introduction of the wall-film layer and
its interface does not affect the energy scale of the continuous spectrum; the energy-
containing modes of the two-fluid boundary layer are of the same lengthscales of those
ones of the single-fluid boundary layer. The relative energy density of the interface mode

iS €int = |Kint|/ D ,, |kn| = 0.0086, which is ~ 1.6 times larger than the most energetic
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Figure 2.11: Downstream-propagating branch of the eigenvalue spectra for a two-fluid
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Figure 2.12: Optimal perturbation and response at xn, = 24, w = 0.001, k, = 2.205,
Re = 800. The vector plot shows the initial optimal disturbace field
(¢,v,w),¢ < 1. The contour plot shows the contours of streamwise ve-
locity u at location of maximum amplification s, = 24; solid and dashed
lines denote positive and negative velocity fluctuations respectively. Con-
tour levels range from —4 to 4 with spacing of 0.25
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Figure 2.13: Downstream-propagating branch of the eigenvalue spectra for a two-fluid
boundary layer, w = 0.001, k, = 2.205, and initial energy projection spec-
trum to yield maximum energy response at y = 24. The interface mode is
marked by o.

continuous mode, whose relative energy is €maz = Kmaz/ Y., |kn| = 0.0052. Contours
of streamwise velocity perturbation are also shown. The optimal disturbance is concen-
trated in a lengthscale of O(J) and it is a streamwise oriented vortex located inside the
boundary layer. The spanwise location of maximum u is determined by the lift-up effect.

The projection spectrum of the initial disturbance that leads to maximum amplifi-
cation at location peak xaz, (figure 2.13) is similar to the one at location x s, : energetic
modes have a lengthscale of O(9) and the neutrally stable interface mode has energy den-
sity comparable to the continuous spectrum. Its relative energy density is €;,; = 0.0102,
which ~ 1.6 times larger than €, = 0.0061. The vector plot of figure 2.12 shows that
the optimal disturbance is also a streamwise oriented vortex inside the boundary layer.
However, a stronger w component is present in the bottom fluid. The streamwise velocity
component at location xys, is qualitatively different from what observed in figure 2.10.
In fact, the location of maximum w is not at the region of upwelling and downwelling,
meaning that the vorticity tilting mechanism is not responsible for the energy amplifi-
cation. The perturbation velocity u is instead related to the interface deformation, from
which it is generated (equation 2.29). The phase shift between the top and the bottom
perturbations is due to the jump in mean velocity gradient: higher shear in the bottom

fluid requires the less viscous lower fluid to slow down (and the top one to accelerate) in



Chapter 2. Non-modal stability: parallel base flow 75

0.1 - — 0.1
* X M »
0.08 1 +0.08
0.06 1 +0.06
0.04 1 +0.04
0.021 0.02
%%y .“o :""“OOQ,
o
0 . <« 0
107° 107 107 10° 107° 107 107 10°
| K n’ ’ Kk n‘

Figure 2.14: Energy projection spectra for a two-fluid boundary layer at locations xa,
and X,

the case of an upward displacement of the interface (equations 2.29, 2.30).

The difference in the response at peaks xas, and xaz, is further highlighted by the
comparison of the projection spectra in figure 2.14. At location Xy, , the interface mode
has a considerable amount of energy, although comparable with the relative energy of
the continuous modes. The energy of the optimal response at location xjy, is instead
entirely determined by the interface mode, which accounts for the majority of the relative
energy €;, = 0.9148, ~ 4 times larger than the most energetic continuous mode at that

location.

2.5.3 Effect of viscosity stratification

The interface mode plays an important role in determining the linear amplification of
disturbances and is directly related to the film thickness and viscosity ratio. In fact,
particular combinations of film thickness and viscosity ratio can make the interfacial
mode unstable, leading to unbounded energy growth.

The amplification curves just presented depend on spanwise wavenumber, temporal fre-
quency, film thickness and viscosity ratio; hence, it is important to identify an optimal
film thickness d° and an optimal viscosity ratio m° for which the maximum transient
growth reduction is achieved, for any wavenumber, k., and frequency, w; assume r = 1.

From definition (2.65), note that Gy, which is the maximum amplification achievable



76

150
100 1
G
50 1
0 -
0 5 10 15
X
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- m=04,d=0.1,w=0.001, k, = 2.205, Re = 800.

for any wavenumber k, and frequency w, depends on film thickness d and viscosity ratio

m, that is

Gopt = Gopt (d,m). (2.66)

Let G be the optimal amplification in the single fluid case. The optimal transient growth

gain R,y is defined as

R:R(d;m):@—1 (2.67)
Go
Ropt = Ropt (d) = min R. (268)

Therefore, R,y is the minimum gain achievable for any viscosity ratio m, at a given film
thickness d. The purpose of this section is to determine m® and d° for which maximum
amplification reduction is achieved. As a first approach, the film thickness is chosen to
be d = 10%d, and the viscosity stratification effect is investigated.

The effect of viscosity stratification on the amplification factor for various viscosity
ratios is shown in figure 2.15. As discussed previously, the lift-up mechanism, which
is responsible for the first peak in energy, is weakened by a reduction in the viscosity
ratio m, whilst the interface deformation mechanism, responsible for the second peak, is

strengthened. The two mechanisms are dominant at different viscosity ratios suggesting
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the presence of a critical viscosity ratio where the leading linear mechanism for amplifi-
cation changes from vorticity tilting to the interface deformation mechanism.

To identify the optimal viscosity ratio m?, which determines the lowest amplification
for d = 0.1, consider Gop (m,d = 0.1), that is the maximum amplification for any
value of w and k,. Figure 2.16 shows contours of G,,., for viscosity ratios m =
{1.00, 0.80, 0.50, 0.40 }. It is important to note that the optimal w® and k.° at which
Gopt occurs varies with m. In particular, as viscosity is lowered, the peak location
Pm = (w° k2) moves away from the single-fluid optimal pj g9 = (0, 2.205) to pos5 =
(0.0125, 1.5), where the lowest G, is reached. As the viscosity ratio is further lowered,
the peak location moves towards the low-w, low-k, region. G4 surface for the set of
parameters leading to G, is shown in figure 2.17.

The maximum amplification factor G, is computed over a range of spanwise wavenum-
bers and frequencies at various viscosity ratios. The global optimization procedure eval-
uates the optimal amplification factor G,,; and quantifies the maximum transient growth
gain in the worst case scenario of the most amplifying wave number k.° and frequency
w? as a function of viscosity ratio m. Figures 2.18a-2.18¢c present respectively Gopt,k.°

and w® versus various viscosity ratios m for values of film thickness dy = 0.05,0.1,0.15.

The gain coefficient, R, is computed and its variation is shown in figure 2.19. As the
viscosity ratio is reduced from the single-fluid limit, R gradually increases for viscosity
ratios in the range m € [0.55,1], at the limit of which the R,,,; can be found. For
m € [0.4,0.55], the gain coefficient decreases from the its maximum value R, at
m = 0.55 to the single-fluid value; for m < 0.4 positive gain is registered, meaning that
the two-fluid system performs worse than the single-fluid one. In the range m € [0.4, 1],
the reduction is due to the weakening of the lift-up effect, while for m € [0.01,0.4] there

is a substantial production of energy due to growth of the interface disturbance.

The gain coefficient R was optimised over all possible film thickness, d € [0.01, 1]dy
and the optimal gain at any film thickness, Ry, was determined. A plot of R,,; versus
film thickness is shown in figure 2.20a and corresponding optimal viscosity ratio per film
thickness is reported in figure 2.20b. The optimal viscosity ratio m® is correlated to the
film thickness. This relation can be explained recalling the fact that the mean shear,
which is responsible for the vorticity tilting mechanism, is absorbed by the low-viscous

film, proportionally to the film thickness and to the quantity (1 — m). Assume fixed
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Figure 2.16: G4, contours for viscosity ratios of m = 0.4 (figure 2.16d), m = 0.5 (figure
2.16¢), m = 0.8 (figure 2.16b) and m = 1.0 (figure 2.16a) and d = 0.1.
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Figure 2.17:  Gypq, surface and contours for m = 0.55 and d = 0.1.

reduction; therefore, when d is small, a higher absorption of mean shear is achieved by
maximising (1 — m), that is for low values of m; on the contrary, when d is as large as
the boundary layer, the mean shear is totally absorbed by the film, thus little additional
contribution from the viscosity mismatch is needed to achieve the same reduction. How-
ever, the process is in fact more complex, as higher film thickness have a destabilising
effect on the interface mode, which becomes unstable. As shown in figure 2.20a, 2.20b,
for d > 0.30y, there is at least a wavenumber couple (w?, k.°) for which the flow is un-
stable or the gain coefficient R > 1, meaning that the two fluid configuration performs
worse than the single fluid benchmark. Therefore, m° = 1 and R,y = 1 when d > 0.3.
The optimal film thickness d° is found to be 10%dg, for which the maximum reduction

of —Ropr = 28% is achieved (figure 2.20a).

2.5.4 Surface tension effects

As discussed in section §2.4.4, surface tension can have a stabilising effect on discrete

instabilities (Hooper & Boyd, 1983; Saha, 2011). In two-fluid boundary layers, at the
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Figure 2.18: a) Maximum amplification factor Gy, versus viscosity ratio m; b) opti-
mal temporal frequency w® versus viscosity ratio m; c) optimal spanwise
wavenumber k.° versus viscosity ratio m. - - - dg = 0.05, —— dy = 0.10,

-.—dp=0.15



Chapter 2. Non-modal stability: parallel base flow 81

0.4
0.3 1

0.2 1

0.1

R 04
—0.11

-0.21

-0.31

-0.4 : : : : :
04 05 06 07 08 09 1

Figure 2.19: Reduction of maximum energy amplification versus viscosity ratio m, - - -
do = 0.05, — dp = 0.10, - .- dp = 0.15

—-0.10 1
R opt

—0.20 1

0 0.2 0.4 0.6 0.8 1
do

0.8 1

0.6 1

0.4 1

0.2 1

0 0.2 0.4 0.6 0.8 1
do

(b)

Figure 2.20: (2.20a) Optimal reduction and (2.20b) optimal viscosity ratio versus inlet
film thickness dg
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Figure 2.21: Effect of surface tension on transient growth for m = 0.55, k, = 1.5, w =
0.001. — We = +00,- .-We=50x103, ----We=10x10%, - - - We =
4%x10%, - .- We=2x10%, — We=1 x 103

Reynolds number and viscosity ratio presented in this work, it affects the amplification
mechanism by stabilising the interfacial mode and reducing the ability of the interfacial
energy generation mechanism to produce disturbances. Figure 2.21 shows the effect of
surface tension on energy amplification for m = 0.55, k, = 1.5, w = 0.001, Re = 800
and We = {1, 2, 4, 10, 50, +oc} x 103. These values of We are common in physical
and industrial application mentioned in Chapter 1; wind shearing the ocean surface has
a Weber number 7000.

Larger values of We correspond to lower surface tension. Surface tension has little
influence on the wavenumber or magnitude of peak transient growth, but it acts directly
on the interface mode, weakening its effect on transient growth, as We decreases. The
quantity We™! can be considered as a lagrangian multiplier for f. Consider equations
2.32 for normal stress continuity; when We™! =0, Tyy is independent of f, therefore any
large interface deflection is in fact compatible with the interfacial conditions. As We™!
increases, the product We™!f is now part of the relation for T,y and forces smaller values
for f. For low values of We (i.e. high surface tension), the interface mode disappears
and is replaced by capillary modes (Yecko & Zaleski, 2005a). At the viscosity ratio
presented, the capillary modes have a stabilising effect on transient growth; at larger
viscosity and density ratios (m = 0.018, m = 0.0012), Yecko & Zaleski (2005a) showed

instead that transient growth in temporal mixing layers increases as We increases.
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2.6 Conclusions

In this chapter, the characteristics of transient growth with parallel-flow assumption were
explored. Evolution equations for infinitesimal disturbances in parallel two-fluid bound-
ary layers were derived and presented. Due to the parallel-flow assumption, the solution
of the governing equations is represented by a 4*"-order polynomial eigenvalue problem,
which is solved using mapped Chebyshev polynomials and a standard eigenvalue solver.
Details of the discrete and continuous eigenvalue spectra were briefly discussed, in order
to explain the challenges related to the formulation of the spatial initial-boundary-value
problem.

The optimization problem for the determination of optimal disturbances was formulated.
The mechanism of transient growth was investigated for single and two-fluid boundary
layers, highlighting the presence of a mechanism of energy production due to the presence
of an interface mode, similar to the one investigated by Saha (2011). This mechanism
was found to be efficient at low w and damped by increasing surface tension
Furthermore, the effect of viscosity stratification on amplification was investigated. The
addition of a lower viscosity wall-film introduces a competition between the lift-up mech-
anism (weakened by decreasing viscosity ratio) and the interfacial mechanism (strength-
ened by the increasing jump in viscosity). This competition leads to a critical viscosity
ratio and film-thickness that maximise the beneficial effects of the film on amplification.
A parametric optimization was thus performed to establish an optimal set of parameters
for reduction of reduction of transient growth.

The theoretical and numerical results presented in this chapter are valid under a locally-
parallel base-flow assumption, which might be particularly restrictive in the case of two-
fluid boundary layers, due the different spreading rates of the mean flow and the film.
These issues are investigated in the next chapter, in which the parallelism assumption
is relaxed, a spreading framework for optimal disturbances is derived and comparisons

with parallel-flow stability results are made.
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Chapter 3

Non-modal stability: non-parallel base flow

3.1 Introduction

Streamwise variation of the boundary layer affects the accuracy of growth rates predicted
by locally-parallel methods, for both discrete and algebraic instabilities. Nonparallel
effects are small and of order O(Re~!), but still important (Herbert, 1997). The weak
streamwise dependence of boundary layers has historically been disregarded in order to
satisfy the stability theory built on the Orr-Sommerfeld and Squire theory. This has

resulted in some deficiencies of the parallel analysis, namely:
a) the mean flow nonparallelism is neglected;

b) the upstream history of convected disturbances, both in temporal and spatial analy-

ses, is not considered;

c) scale conversion and energy transfer between modes are not considered.

To address the above limitations, stability theory of boundary layers has expanded to
methods based on parabolic partial differential equations, that would account for non-
parallelism, non-linearity and propagation history. This parabolic framework was suc-
cessfully modified and merged into the so-called Parabolized Stability Equations (PSE),
which describe the evolution of linear and non-linear disturbances in weakly streamwise
dependent flows (Herbert, 1997). In this chapter, the effects of nonparallelism on optimal
disturbances are addressed following a parabolic framework, whilst nonlinear effects are

temporarily disregarded and are analysed by Direct Numerical Simulation (DNS) in the
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next chapter.

A motivation for the need to incorporate mean flow Non-parallel effects lies in the fact

parallel mean flow non-parallel mean flow

She

She

(b) sub-optimal perturbation p*°

Figure 3.1: Effect of mean flow spreading on streamwise velocity response, w,n;,s. dj =
0.10; k2 = 1.5; m® = 0.55; (3.1b) w® = 0.0010, (3.1a) w® = 0.0125. —
boundary layer’s edge; - - - mean interface location.

that the evolution of a disturbance under parallel mean flow assumption can be radically
different from its spreading counterpart. In particular, in two-fluid boundary layers, the
interface location spreads at a different rate than the boundary layer thickness (Nelson
et al., 1995), causing the effect of a wall film on the upper fluid to vary in the streamwise
direction. In particular, consider the optimal disturbance determined in the previous
chapter for the parameter set p° : {w® = 0.0125, k2 = 1.5, m® = 0.55, d° = 0.10} and
the sub-optimal disturbance for the parameter set p*® : {w = 0.0010, k¢ = 1.5, m°® =
0.55, d° = 0.10}; figure 3.1 reports contours in yy-plane of streamwise response of |u| to
the inlet optimal and sub-optimal disturbances under parallel and non-parallel mean flow
assumptions. In the case of the suboptimal set p*° (figure 3.1b), the velocity response at

large streamwise distance radically different. In particular, the interfacial deformation
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mechanism does not appear to play an important role when the boundary layer spreads
(figure 3.1b). Note that the u-response close to the interface is generally weaker also in
the optimal set p° (figure 3.1a). Therefore, it is legitimate to question how the findings
under the parallel linear stability framework might evolve when some of the constitutive
assumptions are discarded. In particular, in this chapter the assumption on base flow
parallelism is dropped and spatial evolution effects are incorporated into a (new) linear
stability framework for optimal disturbances.

A method for the determination of optimal disturbance in two-fluid non-parallel bound-
ary layers is developed, exploiting the fact that the mean flow is governed by the
boundary-layer approximation and, moreover, that the second derivatives of the dis-
turbance velocity profile with respect to the streamwise direction are sufficiently small
and can therefore be neglected without loss of accuracy.

This chapter is organised into 5 sections. The next section describes the mean flow equa-
tions along with boundary conditions. Effects of stratification on mean quantities are
shown. In §3.3, details of the disturbance equations and boundary conditions are given.
The optimal problem for determination of the most amplifying disturbances in two-fluid
non-parallel boundary layers is formulated in §3.4. Details of the numerical method,
which includes non-linear domain transformation and Chebyshev polynomial expansion,
are given. Non-parallel effects are quantified and optimal streamwise amplification and
optimal disturbances are compared with previous parallel results. A summary of the key

results of the chapter can be found in §3.5.

3.2 The non-parallel base flow

The spatial evolution of an infinitesimal disturbance in a laminar, incompressible, two-
fluid non-parallel boundary layer with surface tension is considered. Details of the base
flow, governing equations, optimal disturbance formulation and details of the numerical
solution are given in this section.

The general consideration on mean governing equations and domain topology given in
§2.2 hold.

Consider a domain © = Q, x {QF UQL} x Q. = [0, 2] x {[0,d]U[d, +00)} x (—00, +00)
with smooth boundaries. The base flow consists of a two-fluid non-parallel boundary

layer flow in direction x € €, of the form U = [U;(z,y), Vj(z,y), 0] with physical
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properties density p; and viscosity p;, where the subscript j = {7, B} denotes the top
(y > d) and bottom (y < d) fluids respectively and y € Q, is the wall-normal direction.
We define r and m to be the ratios of densities and viscosities, respectively, i.e. 7 = p;/pr
and m = p;/pr. Note that d = d(x,z) and dy = d(x¢, z). The mean velocity profile
is obtained by solving the two-fluid boundary-layer equations presented in Nelson et al.
(1995) according to the approach described in (Schlichting, 1987, pp. 187-191). In

boundary layer coordinates, the mean flow satisfies:

OF' oF
FF' 4ty F" —x (F'— —F'=—=] =0 3.1
+ v X g e ( )
where F' = MLIL.O:L* with ¥ as the streamfunction and F’ = %—5, " = %1;, " = %iyf’;v
*= gonx7 y=1y 2({,:;37 U= UOO%—I;, V= Uooy%_lg; _F—x%—f. The free-stream velocity

is denoted by U, the kinematic viscosity by v and x is the downstream location relative

to the leading edge. The interface height d = dy/-L= is governed by the kinematic

2upx

condition:

o4 1 (Vor(y—a)
ox x <U5i(y —a) d> 2

where Udor(y —d), Vir(y — d) are the mean streamwise and wall-normal velocities at

the interface. At y = d, continuity of velocities and stresses is applied:

OF O’F
where the operator [-] denotes the change across the interface, (-)r — (-)p and [-]m =

()r —m(-)B.

In addition, the wall and free-stream boundary conditions are:

F(x,0) =0;
(X7 ) Y y—00 8}’

=1 (3.4)

Physical quantities are made dimensionless according to a length scale L and velocity

scale U*, set by the base flow. In particular, U* = U, p* = ppr, u* = ppr. This yields
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the non-dimensional parameters Reynolds and Weber numbers respectively:

e P U* _ prU>% L We=" U _ prU>%% (3.5)
I pr o o

where L = §y = 4.9\/@ and o is the surface tension.

As already discussed in the previous chapter, 6 depends on the viscosity ratio m; the
reference scale for two-fluid computations is therefore normalised to the single fluid Bla-
sius boundary layer thickness dy at the inlet of the domain.

Figure 3.2 show the dipendency of the boundary layer thickness § and mean inter-
face location d on the viscosity ratio m, for different values of the film thickness dy =
{0.01, 0.10, 0.25}. In particular, a very thin film (dy = 0.01, figures 3.2a-3.2b), regard-
less its viscosity, has a limited effect on the spreading of the mean flow; as the thickness
of the film is increased (dy = 0.10, figures 3.2¢-3.2d), the viscosity ratio m can affect the
spreading of the meanflow and of the interface. If the thickness of the wall layer is further
increased (dyp = 0.25, figures 3.2e-3.2f), lowering the viscosity ratio m can significantly
affect the evolution of the mean interface location and the thickness of the boundary

layer.

3.3 The linear perturbation equations

In general, the thickness of the boundary layer varies in the streamwise direction. Con-
sider a location x( far downstream from the leading edge: the purpose of this section
is to find a set of linear governing equations which describes the spatial evolution of
disturbances and which is parabolic in nature. Such a system can be efficiently solved by
streamwise marching techniques (Herbert, 1997). This approach is similar to Andersson
et al. (1999), although unsteadiness is also accounted for, which is important in the case
of two-fluid flows. As seen in the previous chapter, relevant amplification, due to the in-
terface, can be found at frequencies w # 0; a steady-state assumption would thus neglect
the interfacial dynamics. These considerations motivate the use of the boundary layer
approximation (BL) of the incompressible Navier-Stokes equations. Figure 3.3 shows the

. 2 . 2
maximum value of %—xg versus the streamwise distance x; note that %—x% < L
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Figure 3.2: Effect of viscosity on boundary layer thickness d(x), (3.2a) dyp = 0.010, (3.2c)
dp = 0.10, (3.2¢e) dy = 0.25; Effect of viscosity on mean interface location d,
(3.2b) dy = 0.010, (3.2d) do = 0.10, (3.2f) dy = 0.25. —— m = 1 — Blasius,

oem =075 -.-m=0.5,===m=0.25,---m=0.1
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X

. : . . 2
Figure 3.3: Streamwise evolution of maximum value of 387({

3.3.1 Governing equations and boundary conditions

Consider the semi-infinite Hilbert space H(£2) in which the incompressible Navier-Stokes
equations (NS), stated in equations 2.1, 2.2, along with the interfacial condition 2.3, are
satisfied by a vector field U and scalar field P. Under BL, these equations are as follows:

VP,

Pj

VU =0 (3.7)

8t2/{j + (U] : V) Uj = — + I/jA*Uj (36)

where A* = (59—52 + 88—222>. The decomposition stated in equation 2.5 is applied and
the base state U is perturbed by an infinitesimal disturbance field q; = (ﬁ,ﬁ)j =
(U, v,w,p) ; € H(2) which satisfies the BL. These equations are linearized to model
the spatial linear evolution of three-dimensional disturbances around the base flow U,

resulting in the following governing equations:

V N -
Oty + (U - V), + (0 - V) Uy = -~ 4y, A7 (3.8)

V-ia; =0 (3.9)
The additional boundary and initial conditions

50, x6r.) = 0 (3.10)

u;,_o = Ty, (3.11)
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Equations 3.6-3.11 can be written as:

a 0 . R - 0 . 02 .
L£iq; = O (qu]'> — | Boj +B1j8_y +B2j8—y2 q; =0 (3.12)
where
(1 0 0 0]
A U, 0 0 1
A=
V; Up 0 0
0 0 U 0|
_ ) .
0 0 -2 0
0 m 1 82 U,
By — | 00 R0 ~ 0 0
I o m 19 o0V P
0 o rRea: 2oy —Vis: 0
0 m 1 92 vV, )
i 0 0 9 " T ReoE oy o
0 -1 0 0 0 0 0 0
; -V 00 0 . —nl 0 0 0
Blj - 1 B2] - m 1 . (313)
0 _2Vj 0 -r 0 — Y he 0 0
0 0 —V; 0 | 0 0 24 0|

The dynamics of the interface follows the relation stated in equation 2.6. The mean
interface location d is perturbed by an infinitesimal displacement f ; the interface dis-

placement follows the kinematic condition:
(Zf + Cay) orly —d) =0 (3.14)
where

~ a0 p g OVj\ » 4
Lif =52 <Ujf) - <— - ﬁ) i Ga=—u; (3.15)
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At the interface, continuity of velocities and stresses apply:

[ + [g—gﬂ F-0 (3.16)
o] + ﬂ%—ﬂ F-0 (3.17)
[a] = (3.18)

Under the assumptions of homogeneity of span-wise directions and time-harmonic be-

haviour, the perturbation field q; can be written as q; = q; (=, y)e_i“t”kzz. Its spatial
evolution satisfies the following relation:
0 0 0?
Liq; = e (Ajq;) — (Bo; + Blja_y + B2ja—yQ q; =0 (3.22)
where
(1 0 0 0]
Uj 0 0 C
A=
Vi U; 0 0
| 0 0 U; 0
0 0 —ig 0 ]
iw—m2 % 0 0
0 iw— T — " —18V; 0
mpB> 0
i 0 0 w — 7% — a—‘;J —if3 |
[0 -1 0 0 | 0 0 0 0]
-v; 0 0 0 —ml 0 0 0
o -2, o -1 o -zZL 0 0
0 0 =V 0 | 0 0 —24 0|
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The contribution of the streamwise gradient of pressure is represented by c¢. To avoid

ill-posedness, ¢ = 0 (Ashpis & Reshotko, 1990).

The infinitesimal interface displacement f can be written as f = f(z)0p(y—d)e~@tHihk=2,
thus following the kinematic condition:
(Zjf +Ca;)or(y —d) =0 (3.24)
where
0 . oV
ij = a—x (Ujf) — <’Lw — 8—;) f; qu = —’Uj. (3.25)
Let ¢ = [qa;, f]T. The spatial evolution of an infinitesimal disturbance ¢y in a
non-parallel two-fluid boundary layer system is the solution of:
Li 0 ;
S¢=| 7 Vi_o, veeno (3.26)
C T f
with boundary conditions:
ugp =vgp =wp =10, y=0
up, wr, pr — 400, y — 400 (3.27)
and matching conditions at y = d, V& € ,:
ou |
— =0 3.28
w5 | (3.28)
oV
— =0 3.29
w+ 5] 1 (3.20)
[w] = (3.30)
ou  Ovl 02U
el - — 31
[[aerax__er[[ay?ﬂmf 0 (3.31)
[[g_w + zﬁva +i0 [[8—‘;]]7” =0 (3.32)
2 [[ov 0*V 2
[[—P]]% Te Ha_y]] - +2 H?ﬂ - = mf (3.33)
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and initial condition

d(z0,y) = do € H(Ky). (3.34)

The interface curvature x has been approximated to k ~ A*f ~ 32f, in agreement with
the boundary layer approximation already made.
Equations (3.26)-(3.34) constitute the initial boundary value problem for a downstream-

propagating disturbance, ¢q.

3.4 Optimal disturbances

Modal stability analysis has focused on the unstable asymptotic behaviour of the dis-
turbance ¢y and linked its exponential growth to turbulence. On the contrary, the
asymptotic stability of ¢g does not imply that the underlying flow is stable. In fact,
as stated earlier, transient growth of fluctuation energy could trigger non-linear effects
sustaining turbulence and represent a mechanism for bypass transition (Andersson et al.,
1999).

In analogy to what has been done in §2.5, the perturbation ¢g is defined as optimal if it
maximises a chosen functional norm.

The main purpose of this section is to introduce a measure for a general disturbance and

to give details of the optimal amplification problem.

Consider the Hilbert space H(f2), any a,b € H(Q) of the form a = [q;, f]T =

[u;,p;, f]T and the following internal products and norm:

(a,b)= ) /Q ) al’lb dy | Va,b € H(Q) (3.35)
j=T,B" %y

<a,b>:/ > /QjaHdeydx:/Q (a,Qb)dz Va,b e H(Q) (3.36)

j=T,B

lal|? = (a, Ea) (3.37)

where the superscript - denotes the standard Hermitian operator, E being the me-

chanical energy matrix in the primitive variable formulation and Q the internal product
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matrix defined as the following;:

K, 0 rI¥3 0
— , K; = , (3.38)
1
0 7= 0 0
K? 0 | )
_ J , K?: . (3.39)
0 0 0 1

The aim is to find the initial condition ¢y € 2 that maximises the functional

2
- 2
[Idoll2

J(¢; do; ) (3.40)

at a given location = € €2,. This is equivalent to finding the initial condition that will
amplify the most at location x.

The growth factor G(x) is defined as the maximum value of the functional J(¢; ¢g;x)
at location x for any possible non-trivial initial condition, ¢q, satisfying the Cauchy
problem in (3.26)-(3.34).

The initial-boundary-value problem defined by equations (3.26)-(3.34) is linear, therefore

JA linear : ¢, = Aypo. The amplification factor, G(z), has the following expression:

G(z) = max J(¢; ¢o; ) (3.41)

lo @I _ Aol _  (Addo, EAsgo)

T 0B e @0l wdd [lgol?  wdd (6o, Ee)
(ATxEAxQSOa ¢0) (ATxEAmF_lFQSOy F_1F¢0)
= max = Imax
#0020  (Edo, ¢o) #0#0  (EF~1F¢o, F~1F¢y)

(F_HATJ:EAxF_lF(bOa F(bO)
— max
#0720  (F"HEF~1F¢y, Fo)

= max{A, (F—HATwEAxF*)} :

where E = FHF and A' is the adjoint operator of A, satisfying the internal product
<a,Ab> - <ATa,b> . Va,be H(Q). (3.42)

The derivation of the adjoint operator A" and adjoint boundary conditions are given in
Appendix A. Note that, although bounded to the appendix, the derivation of the two-

fluid spatial adjoint equations is a fundamental achievement of this work. It represents a
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new and powerful tool for optimization and control in two-fluid non-parallel flows. The
original derivation is based on very general assumptions, so that it can be adapted to
various framework; the boundary layer approximation on the adjoint equations is pre-

sented as a particular case.

Amplification as largest singular value

According to (3.41), G (z) = max;{A; (FHAT,EA,F~1)}, ie. the maximum am-
plification at location x is given by the leading (maximum) eigenvalue of the system
Ly =F HAT,EA,F!. Recall that, given an operator A satisfying equation 3.42, than

the following relations hold:
if Aa = \a, then Afa = AHa | therefore AT Aa = \"Xa Va. (3.43)

Therefore HATAH = 01, that is the largest singular value, as defined in the previous
chapter, §2.5. Thus the computation of the norm is reduced to the determination of
the leading eigenvalue of the operator Lg. Explicitly constructing the operators A and
Al is usually expensive and not possible in this case, due to the missing streamwise
pressure gradient term. Therefore we do not attempt to compute the entire spectrum
of the system F~H AT EA,F~!. Note that the matrices F and F~1 only provide a link
between the energy norm and the 2—norm of the linear operator A,, without modifying
its eigenvalues. As discussed in the previous chapter, the norm of the operator L is

represented by its principal singular value, that is:
|Lr| = mijAj (3.44)

where A; is an element of A, which satisfies Aa = Lra , Va e H(Q).
The leading eigenvalue providing maximum amplification at location x and the relative

initial condition ¢ are directly computed via the Von Misen (power iteration) method:

Ao 8“(95) _ £F¢8($)

= Teeo@] (3.45)
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that is:

FHAT,EAF 168 (2)
[F-HALEAF 165 (2)]

Aoty () = (3.46)

At every iteration n the vector ¢f(z) is multiplied by the matrix FHAT,EA,F~! and

normalised. Assuming that:

i) Lr has an eigenvalue A7'** that is stricly greater then the other eigenvalues in

magnitude;

ii) the initial vector ¢9(z) has non-zero projection in the direction of the eigenvec-
tor associated with A" leading eigenvalue, that is: ¢§(z) - a,™% # 0, where

NPOT QAT — [paMaT \amar ¢ H(();

iii) it exists a subsequence of vectors (¢ (z)) convergent to the leading eigenvector, that

is 3¢ € RT such that |¢f™ (z) — ¢8(2)|| < &

max

then ¢8+1(x) converges to the leading eigenvector a]

and )\, converges to the leading

eigenvalue \7'** of A:

Ny — ATO2| < ¢ (3.47)

Under the assumption in (3.47), G(z) at location x is constructed by solving (3.26)-(3.34)
with a feasible initial condition ¢ and (A.39)-(A.54) with final condition oL = F Lo,
until the convergence condition HgbgH — ¢p|| < € is met at the (n+ 1)"—iteration. The

operator F and its inverse follow from the rescaling conditions (A.37)-(A.38) and is given

by:

A sketch of the algorithm is given in figure 3.4. Additional details on the optimization
procedure are given later on in this chapter, where the numerical implementation is
discussed.

In order to start the adjoint looping procedure, a feasible initial guess QASO satisfying
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430 S¢ =0
¢|xo - fd)T z " —¢" " <c ¢T Ty :f_l ¢|xf
ST¢T =0

Figure 3.4: Optimal disturbance algorithm flowchart

(3.26)-(3.34) is required. At zg, a locally-parallel assumption is taken, such that the

problem S(xg,y)¢ = 0 can be converted in into the eigenvalue problem:
iz, S(y)d = 0 (3.49)

Let ¢,, n = 1,2,---,K, be the K least-stable eigenfunctions of (3.49). The initial

condition needed to initialise the power iteration in (3.46) can be created as the following:

K
¢0 = ij'qu (3.50)
j=1
with
w; =U(0,1) , U(0, 1) uniform random variable in [0, 1].

Thus ¢ is given by a random superposition of eigenfunctions of (3.49). Note that, by
construction, ¢y satisfies the Cauchy problem defined by (3.26)-(3.34) and has non-zero
scalar product with the leading eigenvector al'**.

The next sections deal with technical challenges of solving equations S¢ = 0 and

STo! = 0 on a two-fluid non-parallel base flow, such as spreading mean interface location

and resolution at the interface.

3.4.1 Numerical Method

When dealing with non-parallel flow, one of the main considerations is to keep constant
wall-normal grid resolution inside the boundary layer. In the case of a two-fluid spreading
boundary layer, as the boundary layer grows, the mean location of the interface moves.
For a well-resolved simulation, a high resolution is needed at the interface. However, this

poses the problem of refining the mesh at every x location or having a constant refined
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Figure 3.5: Sketch of computational grid in physical (figure 3.5a) and mapped (figure
3.5b) space.

mesh that covers the mean interface location displacement. Moreover, interfacial match-
ing conditions are valid and must be imposed at the spreading interface location, which
makes it impossible to build an evolution operator in physical coordinates. To overcome
these limitations and to avoid computational expense, a mapping function that depends
on the mean interface location is applied, such that the spreading mean interface location
in physical space is mapped to a flat mean interface location in computational space.
The mapping process allows for high resolution at the interface location throughout the
x domain, without suffering of lack of resolution due to the spreading of the base flow.

The mapping also provides a fixed grid point in the normal direction where the interfa-
cial boundary conditions are imposed.

The next paragraph gives detailed information on the discretization approach and nu-

merical solution.

Coordinates transformation

The semi-infinite physical domain €, is approximated with Q! = {[0,d] U [d,1)}, | being
a large number and [ > 25§y. This assures that the top wall does not affect the correct
representation of the physical process near the boundary layer. Let 7T (z,y) € C*(R?) be
a mapping function such that (z,y) € R? — (£,7) € R%:

T - (3.51)
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The computational domain in (§,7n) coordinates is Q7 = Q% X Q1 = (€0, €] x {[—do, 0] U
[0,4]}. The top wall location is denoted by ¢ = min, n = dy (L - 1), where dy = d(z),
dy = d(zy); the mean interface location in mapped coordinates satisfies the equation

n=0V¢e QgT The bottom wall y = 0 is an invariant for the transformation 7.

Metrics

A sketch of the effect of the non-linear mapping 7 on the computational grid in physical
space is depicted in figure 3.5, where n = 0 represents the spreading interface in (&,7)

coordinates. The Jacobian of the transformation is

o¢ ¢
e | E om0 [ o

N I T P
detJr #0Vx,y € Q (3.52)

Differential operators in (£,7n) coordinates have the following expression:

5= () () (&) (5) ~ s v o 559
EHE-B@e
e~ (ae) () * (51) () (3) (5) +5 (55)

+g—n <8y> <g§> Z2’8877 559

and are used to transform forward and adjoint equations from physical to computation

8

)

space.
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Forward evolution equations

The operators governing the forward evolution in the new coordinate system are:

3¢[£j ‘f] [‘}’] Va, f € H(Qr)

C I
with
~ 0 (= ~ ~ 0
Ljqj = € (quy'> — Bo;q; — By, o~ Ba;
Aj=A,
~ 0
Bo,=Bg—g.—A;
0] 0 g 677 J
B1; = g,B1 — 9. A;
P:zj = g§B2j
C=cC

If= a%(Uf)— (iw—gxaa—g —gyaa—‘;> !

and boundary conditions

up (—do) =0
vB (—do) =0
wp (—do) =0

ur (6) =0

(3.56)

(3.57)

(3.58)
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ov ou ov 5 02U
- — 4 gy— -— =0 3.68
Haéﬂerﬂgy@nJrg 8nﬂm+[[gyan2ﬂmf 0%
ow oV
— 41 ' — =0 3.69
a5 i) +islaSy] ¢ (3.69)
2 ov 0’V (32
_ = - 21l g2=— = 3.70
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Adjoint evolution equations
The operators governing the adjoint evolution in the new coordinate system are:
8 L0 f
Stel=1 "~ _ Bl (3.71)
ct Tt f1
with
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and boundary conditions:

oy () = (376
vl (=do) = 0 (3.77)
wly (—do) = (3.78)
ot
ph (0) + 2Vl (0) + %gy%—n (0) =0 (3.79)
uh (6) =0 (3.80)
wh (0) =0 (3.81)
[u] =0 (3.82)
[v']=0 (3.83)
[w'] =0 (3.84)
’UJr ’LLJr UT
el o5 +o 5], 0 359
wt
[gyaa—n + zﬂvT]] =0 (3.86)
r ot
o]+ e[, ], =7 0

Discretization

As in the case of parallel flow, the discretization of the evolution equations and boundary
conditions uses Chebyshev spectral method. A sufficient resolution near the wall and
an accurate representation of the discontinuities of mean and perturbation variables at
the interface are ensured by discretising top and bottom domains with different grids,
on which separate mapped Chebyshev expansions provide a complete representation of
the disturbance in Q7 = QnTB U Q"TT = [—dp,0] U[0,€]. The domain Q7 is discretised
according to the Gauss-Lobatto quadrature, on which two sets of mapped Chebyshev
polynomials T(n)j ,j=1T,B, are considered.

For sake of clarity, details of the spectral discretization used are reported again. Let
T, (¢),n=1,...,N be N Chebyshev polynomials in the interval I = [—1,1] and = 9(¢)
a mapping function between I and %, ¢ € I, n € Q. Define T; (n) := T; (75‘_1 (77)) as the
mapped Chebyshev polynomial onto the domain QnT Two sets of Chebyshev polynomial

have been used to represent independently bottom and top fluid. In particular, T =
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T; (0t (m), n € Q’%T and TP = T, (6=t (m), n € QgB; as in the case of locally-
parallel analysis, details of the mappinging function 9 are given in Appendix C. The
grid ¢ is generated in the Chebyshev interval I using the N; Gauss-Lobatto points
Cjk = cos <%) and mapped to physical space, such that {n} = {nr}U{np} € Q%. The
number of Chebyshev polynomials used in the top domain Q’%T is of order 150 — 200 and
the bottom fluid counterpart QnTB is chosen according to the relation NL; R~ % ~ 0.1.
In analogy with the parallel case, highly-stretched grids near the interface were found
to introduce inaccurate representation of the oscillatory behaviour of the continuous
modes in the free stream. Grids with clustering factors comparable to linear mapping
are able to provide good resolution near the interface and in the free stream. In fact,
free-stream resolution is key to a correct representation of the continuous spectrum,
which is responsible for the amplification of energy.

Disturbance functions are then expanded in series of mapped Chebyshev polynomials:

N;

Qi (&) =D e (OTY (n) = Tojc;(€) (3.88)

n=0

where the weights c¢;(§) fully characterise the streamwise evolution of the initial condition

¢0 = T()C(O).

Resolution

To solve the iterative method presented in equation (3.46), forward and adjoint equations

must be intergrated in the 2, domain.

In computational space, the domain QET is discretised with a set of points
(€0, &1, - 1€ny_1,En, } such that Q5 = S0P Ag,, where A& = &1 — &. The for-
ward equation (3.56) along with interfacial boundary conditions (3.65)-(3.70) are ap-
proximated in the streamwise direction with a fully implicit Euler scheme, extending the

single-fluid approach of Andersson et al. (1999). Equation (3.56) can be written as:

19}
3¢ (M9) =Lo (3.89)
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where
A 3 5 0 502
M — 7 0 ’ L — BOJ+B1]3_77+B2J8_772 0 .
0 ¢.U 0 W= Gy gy
The schemes used for the calculations are:
1%t order: (M) — (Mog)" = A& (Lg)"H (3.90)
2" order: 3 (Mg)' ™ —2(Mg)' + 1 (Mop) ™" = Ag (Lo)™™ (3.91)

37 order: 4 (Mg)™' —3(Mg)' + 3 (M) ™" — 1 (Mg)' > = A& (L) . (3.92)

It was found that the order of integration does not sensibly affect the computation of G,
as the lack of streamwise ellipticity in (3.89) allows for arbitrary small AE;.

At each streamwise position &;, a one-dimensional boundary-value problem in the wall-
normal direction is solved with the aid of mapped Chebyshev polynomials T;. The chosen
streamwise discretization scheme is imposed at the Chebyshev mapped collocation points
n along with interfacial and wall boundary conditions, leading to the determination of
the Chebyshev spectral coefficients in (3.88) by Gauss elimination of the resulting dense
linear system of dimensions 4 (N7 + Np) + 1. The adjoint problem stated in (3.71) may

be written as an evolution problem:

' _

—M' 9% Ligf (3.93)
where
T H ~ ~ H 9 ~ H 52
MT: Aj 0 LT: BOj—Blj 8_77+B2j 8_772 0
0o U ct w

and discretized as the forward equations. This leads to the determination of the dis-
cretized adjoint. A different approach to the discretization of problem (3.41) is to dis-
cretise the base equation (3.89) and to introduce a discretised measure equivalent to
(3.37). From the choice of discretization of the forward problem and the definition of the
discrete disturbance measure, the discrete adjoint problem is well defined, without the

need to introduce any independent discretization of the adjoint equations (Andersson
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et al., 1999). It is well known that this last approach is the most consistent when solving
problem (3.41), where computing adjoint equations becomes a matter of transposing
the matrices associated with the discretization (Berggren, 1995; Berggren et al., 1996).
However, care has to be taken, as this may lead to inconsistency between the trans-
posed stencil of a differential operator and the stencil of its adjoint operator; also, the
discretization of the adjoint derived by transposition of the forward problem would not
contemplate the presence of additional source terms. When spectral methods are used,
the derivation of the discrete adjoint is less natural and less straightforward. Consistency
of the discretized adjoint formulation with the discretization of the forward problem was
checked under parallel-base-flow assumption computing the eigenvalue sets of (3.89) and
(3.93), which resulted to be one complex-conjugate of the other within 10712 accuracy.
Additional details on the validation procedures and results are contained in Appendix
B.

It is fundamental to remark that the optimization problem (3.41) is particularly well-
conditioned and very few iterations of the algorithm described in (3.46) are needed for
convergence. Thus the approximation introduced by the discretization is unlikely to be
of any importance. The robustness of problem (3.41) is due to the fact that the largest
eigenvalue of the operator Ly is well separated from the rest of the spectrum (Ander-

sson et al., 1999; S. C. Reddy & Henningson, 1993; Schmid, 2007; Trefethen et al., 1993).

The optimization algorithm

This section describes the steps involved in the power iteration, introduced in (3.46), to
compute the largest eigenvalue of L.

At every target location £ € Qg, iterate steps 1-4

1. Solve forward initial-boundary value problem in (3.89), using the wall and interfa-
cial boundary conditions stated in (3.59)-(3.70). At the first iteration, the initial

condition ¢g is chosen using (3.50); at later iterations, it is obtained from step 4.

2. Project forward-solution ¢ at location £ onto adjoint space and determine initial

adjoint condition qbg = F1¢(¢) solving (3.48).
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3. Solve backward final-boundary value problem in (3.93), using the wall and inter-

facial boundary conditions stated in (3.76)-(3.87).

4. Project adjoint solution ¢! at location &, onto forward space and determine new

initial condition ¢g = F' (&) solving (3.48). Scale if needed.

until Hqﬁgﬂ — ¢f|| < € at the (n + 1)"—iteration. The optimal initial condition that
maximises (3.40) is ¢o.
The number of iterations needed for convergence to be reached varies with location

and Reynolds number, but it is usually of order 5 — 15. Similar convergence rates were

found by Andersson et al. (1999) and Luchini (2000).

So far, a robust formulation to study the effects of stratification on spatially de-
veloping disturbances in non-parallel flows was built. A very important step was the
introduction of the domain transformation discussed in (3.51), which leads to a com-
putational domain with constant resolution at the interface and that allows for an easy
implementation of interfacial boundary conditions on spreading flows.

The next sections are dedicated to the analysis of the effects of the spreading of the base
flow on stratification and to the characterisation of the evolution of optimal disturbances

over a non-parallel base flow.

3.4.2 Non-parallel effects

The non-parallel evolution of the mean flow has a substantial impact on the transient
growth mechanism, lowering the effect of the lift-up mechanism and diminishing the
coupling with the interfacial mode (equation 3.28 and figure 3.7). In this section, a
mean flow with optimal viscosity ratio m® = 0.55 is analysed within the framework of
linearized boundary layer equations, with no assumptions on mean flow parallelism. As
the mean flow spreads, the mean interface location grows accordingly. However, the
mean flow spreading rate (0 ~ JE%) is faster than the interface spreading rate (d ~ ZE%),
resulting in a reduction of the film thickness with respect to local §-coordinates. In fact,
in the limit of z — 400, d/§ — 0, recovering the single-fluid limit behaviour.

Figure 3.6a shows the streamwise evolution of U. As the flow spreads, more shear is

absorbed by the lower-viscous film (figure 3.6b). The mean interface location d spreads at
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Figure 3.6: Spatial evolution of mean streamwise velocity U, (3.6a), 9,U, (3.6b), 85[],
(3.6¢), respectively at locations: -e-xy =1, ----x =2, - - -x =5, -.-x = 10,
——x = 15, dp = 0.10, m = 0.55. (3.6d): Boundary layer thickness J and
mean interface location d versus streamwise location y. (3.6e): ratio %l versus
streamwise location y.
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Figure 3.7: [0,U], [0;U] at the interface versus streamwise location x; do = 0.1, m =
0.55

a lower rate then d, as shown in figure 3.6d, thus the influence of the lower viscosity film
on the mean flow profile decreases with streamwise distance. As the flow develops down-
stream, the two-fluid boundary layer converges to a single-fluid boundary layer and the
mechanism of energy production through interfacial deformation becomes unimportant.
Moreover, the jump at the interface of mean shear, 9,U, which fosters the production of
energy through interface corrugation, weakens very quickly. The streamwise evolution of
[[%—Zﬂ , [{%272]}] is given in figure 3.7. For m = 0.55, [{%—[y]}] becomes half of its parallel-limit
value at about xy &~ 2 and a third at y ~ 10.

The parallel-flow assumption has shown the presence of a new mechanism of energy

production that is predominant for low viscosity ratio m and effective on long distances

(x > 10). Here figures 3.6, 3.7 suggest that, when the mean flow spreads:

i) the production of energy through interface deformation might not be relevant and /or

present at all;

ii) the benefit of a lower-viscosity film near the wall might not persit over a meaningful
streamwise distance due to the different spreading rate of mean interface location d

and the boundary layer thickness 9.

Under parallel flow assumptions, the above considerations are trivial, as the mean flow is
constantly identical in the streamwise direction. Relaxing the assumption of parallelism
introduces instead additional degrees of complexity, which are going to be addressed in

this and the following chapter.
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Figure 3.8: Comparison between two-fluid parallel and spreading optimal growth, k, =
1.5, dg = 0.1, m = 0.55, (3.8b) w*® = 0.0010, (3.8a) w® = 0.0125. k, = 1.5,
m = 0.55, dg = 0.1, Re = 800. —— non-parallel, - - - parallel mean flow ,

- m = 1, non-parallel mean flow.

3.4.3 Optimal profiles

In the previous chapter, under the parallel flow assumption, a global parametric op-
timization on film thickness, viscosity ratio, spanwise wavenumber and temporal fre-
quency was performed, leading to the determination of the optimal set of parameters
p° : {m° = 0.55,d} = 0.1,w® = 0.0125,%,° = 1.5} resulting in optimal amplification
reduction. Importance was given also to the suboptimal set p*® : {m° = 0.55,d =
0.1,w® = 0.001,k,° = 1.5}, that highlights the interfacial energy mechanism. In this
chapter, optimal growth results under spreading base flow for the parameter sets p® and
p®° are computed and presented.

Optimal growth curves for parallel and non-parallel case are compared in figure 3.8 for
the parameter sets p° (figure 3.8a) and p*® (figure 3.8b). The spreading of the mean flow
weakens the mean shear and its variation through the interface; as a result, the viscous
peak is reduced and the effect of the interface distortion is very limited. Consider the
parameter set p°; in the parallel case, for x > 6, an interface disturbance starts to grow
(figure 3.8b) and a very strong and energetic perturbation develops and remains through-
out the domain, due to the neutrally-stable interfacial mode. In the spreading case, as
the mean velocity gradients at the interface quickly decrease (figure 3.7), the coupling

with the interface sharply decays, resulting in a much weaker interfacial perturbation.

Thus the spreading of the mean flow dampens the neutral interface mode.

In the non-parallel case, only the lift-up mechanism can convert normal velocity
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Figure 3.9: Comparison of interface perturbation under parallel (- - -) and non-parallel

(——) mean flow (a): w® = 0.0125, (b) w® = 0.0010.

disturbances into streamwise velocity perturbations and the multiple peaks due to the
interface corrugation effect are not visible. In the parallel case, the energy growth of the
neutral interface mode over long distances (y > 10) is a major limitation to transient
growth reduction; in the non-parallel case, the mean flow spreading acts in competition
to the interfacial mechanism, reducing its effect on energy growth.

The relaxation of mean flow parallelism has an effect on the dynamics of the interface.
Figure 3.9 depicts the effect of the spreading of the mean flow on the interfacial pertur-

bation f. Consider the interfacial dynamics for parallel flow (eq. 2.19); its streamwise
iw(

solution is coupled to the normal velocity v and modulated by e T v—0)

. The interfacial

dynamics in non-parallel flows (eq. 3.24) is instead modulated (first-order approxima-

T

e V(@)
——| (@—w0)+o(lz—ao|?)
tion) by e 0 ; therefore, the streamwise frequency of f shifts
. oV (x) |
i —w+ . . . .
from ~ 4 to ~ WU(im)ay , which explains the streamwise wavelength change in

figure 3.9a. For lower values f)of omega (figure 3.9b), this effect is marginal and would

disappear in the case of steady disturbances.

Profiles of the optimal disturbances for the non-parallel and parallel cases are given
in figures 3.10 and 3.11 for p°, p®° parameter sets.
At the optimal disturbance frequency w® = 0.0125, |v| and |w| have comparable magni-
tude (figure 3.10a) both in parallel and non-parallel case; the response |u| (figure 3.10b)
highlights that the jump of mean quantities forces a much stronger response in the par-
allel case rather than in the spreading flow.

The optimal inlet profiles of |v| and |w| (figure 3.11a) and their maximum streamwise
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Figure 3.10: (3.10a) Optimal initial condition and (3.10b) maximum response, w® =
0.0125, k, = 1.5, m = 0.55, dy = 0.1, Re = 800. —— non-parallel, - - -
parallel mean flow.

response |u| (figure 3.11b) show the difference between non-parallel and parallel opti-
mal disturbances in the case of w*® = 0.0010. Although the optimal inlet condition is
a counter-rotating vortex in both cases, the optimal condition arising from non-parallel
optimization sits higher in the boundary layer and exhibits a weaker w component; these
differences are due to the introduction of the normal component of the base flow V', which
modifies the coupling term and the continuity relation. The response is weaker in the
spreading case due to the reduction in mean shear.

As figure 3.7 shows, the streamwise velocity response in the non-parallel case is not
forced to compensate for the large jump in gradients at the interface characteristic of
the parallel flow assumption; therefore, a weaker response is registered along with a
weaker interfacial jump in |ul.

A vector plot of suboptimal and optimal inlet disturbance are reported in figures 3.12a
and 3.12b along with contour levels of the respective streamwise response u, at the
maximum amplification location. The edge of the boundary layer is marked. The lift-
up mechanism still plays a fundamental role in the generation of streamwise velocity
perturbations, since the spanwise location of maximum w response is aligned with the

maximum downward v component.
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Figure 3.11: (3.11a) Optimal initial condition and (3.11b) maximum response, w®® =
0.0010, k, = 1.5, m = 0.55, dg = 0.1, Re = 800. —— non-parallel, - - -
parallel mean flow.

3.4.4 Evolution

The linear evolution of optimal disturbances under non-parallel and parallel mean flow
is presented in figures 3.13, 3.14 for p° and p°° parameter sets, respectively.

Streamwise contours of |u| response are depicted in figures 3.13a-3.13c (p°) and 3.14a-
3.14c (p*°) for non-parallel and parallel setup; contours of interface perturbation are
shown in figures 3.13b-3.13d (p°) and 3.14b-3.14d (p*°) for non-parallel and parallel
setup.

In the case quasi-steady disturbances (w < 0.001), in the parallel setup, a strong inter-
face displacement develops and persists throughout the domain (figure 3.14d), forcing
a strong u perturbation (figure 3.14¢); in the non-parallel setup, although the interface
displacement is virtually unaffected by the spreading of the mean flow (figure 3.14b),
its coupling with the streamwise velocity perturbation is systematically reduced by the
weakening of the jump of mean gradients with streamwise distance(figure 3.14a). For
X > 9, the effect of the interface displacement weakens significantly, preventing any sub-
stantial energy growth via the interface coupling mechanism.

When the frequency increases (w® = 0.0125), the interface disturbance exhibits a peak at
location comparable to the viscous peak (figure 3.9a), suggesting that a positive feedback
mechanism could be present and responsible for an enhanced transient growth. Although
the streamwise frequency of the interface disturbance changes from parallel (figure 3.13d)

to non-parallel (figure 3.13b) setup, parallel (figure 3.13c) and non-parallel (figure 3.13a)
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Figure 3.12: Optimal perturbation and response, (a): w = 0.001, (b) w = 0.0125. The

vector plot shows the initial optimal disturbace field (0, v, w). The contour
plot shows the contours of streamwise velocity u at location of maximum
amplification; the edge of the boundary layer is marked by a thick solid line;
solid and dashed lines denote positive and negative velocity fluctuations
respectively. Contour levels range from —10 to 10 with spacing of 1
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Figure 3.13: Contours of |u| showing the streamwise evolution of the optimal initial
perturbation depicted in figure (3.10a) for p° configuration for non-parallel
(3.13a) and parallel (3.13c) flow. Contours range from 0 to 10 with 0.5 step.
—— marks the location of §, - - - the mean interface location. Re = 800,
m = 0.55, dy = 0.1. (3.13b), (3.13d) Contours of interfacial perturbation
for non-parallel and parallel flow.

evolution of u velocity are governed by a similar mechanism.

Transient growth in parallel and non-parallel cases is mainly driven by the lift-up
mechanism. Figures 3.15 and 3.16 show the comparison between parallel and non-
parallel evolution for p° and p*° parameter sets on the zy-plane at streamwise locations
x = {1.5,2.7,5.0}. The vector plot represent the (v, w) perturbation field and contours
depict u response. As the flow evolves downstream, the streamwise counter-rotating
features of the optimal inlet disturbance induce a u streak, drawing faster fluid from the
bulk of the flow and lifting slower fluid for the near-wall region.

Figure 3.17 presents a comparison between parallel and non-parallel streamwise evolution
of u perturbation velocity and perturbed interface location, for optimal and sub-optimal

parameter sets.
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Figure 3.14: Contours of |u| showing the streamwise evolution of the optimal initial
perturbation depicted in figure (3.10a) for p° configuration for non-parallel
(3.14a) and parallel (3.14c) flow. Contours range from 0 to 10 with 0.5 step.
—— marks the location of §, - - - the mean interface location. Re = 800,
m = 0.55, dp = 0.1. (3.14b), (3.14d) Contours of interfacial perturbation
for non-parallel and parallel flow.
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It is important to notice that, although the spreading of the mean flow does not change
the structure of the optimal disturbance and response, the maximum energy amplifica-
tion is overall weakened by the reduction of the quantity [[%—[y]]] in the streamwise direction.
In fact, the response in the spreading case is only partially affected by the presence of
an interface. The interfacial deformation mechanism, which creates substantial pertur-
bation energy production under a parallel mean flow, loses its strength as the jump in

mean streamwise velocity gradient [[%—Z]] weakens in the streamwise direction (figure 3.7).

3.5 Conclusions

In this chapter, a new framework for the study of optimal disturbances and transient
energy amplification in non-parallel two-fluid boundary layers was presented. The mean
flow formulation for two-fluid boundary layers from Nelson et al. (1995) was summarised
and the impact of stratification on mean variables quantified. Linear perturbation equa-
tions for the spatial evolution of an infinitesimal perturbation to the base flow were
derived under the boundary layer approximation.

The optimization problem leading to the determination of optimal energy amplification
and optimal perturbation was formulated and details of the numerical solution were pre-
sented. In particular, the maximum energy response at a given streamwise location was
determined via the use of the adjoint system to the linear perturbation equations and
computed via power iterations.

The details of the theoretical formulation of the adjoint derivation are reported in Ap-
pendix A; it is important to stress that it is a core concept to this thesis.

In order to adapt the spectral discretization based on Chebyshev polynomials to the two-
fluid non-parallel problem, the physical coordinates were mapped to a computational
space, where the interface is flat. This simplified the implementation of the interfacial
boundary conditions and made the grid resolution near the interface independent of
streamwise location, minimising the computational cost.

The optimal and sub-optimal parameter set p° and p*°, found in the previous chapter to
respectively yield to maximum energy amplification reduction and interfacial production

of energy, were adopted to analyse optimal disturbances over a spreading base flow. This
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Figure 3.15: End view on zy-plane at location x = {1.5,2.7,5.0}, for w® = 0.0125; ar-
rows show the vector field (v, w). Contours of streamwise velocity u are also
represented. PBI with parallel mean flow assumption on the left, spreading
mean flow on the right.

showed that results from parallel analyses are partial and inaccurate, mainly when pre-
dicting the effect of the interfacial energy generation mechanism. In fact, the different
spreading rates between mean flow and thin film lead to a reduced effect of the wall
layer on the bulk of the fluid; the thin film is therefore able to absorb less mean shear as
the base flow spreads. Moreover, jumps of mean quantities rapidly diminish as the flow

develops downstream, reducing the effectiveness of the interfacial energy generation.
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Figure 3.16: End view on zy-plane at location x = {1.5,2.7,5.0}, for w*® = 0.0010; ar-
rows show the vector field (v, w). Contours of streamwise velocity u are also
represented. PBI with parallel mean flow assumption on the left, spreading
mean flow on the right.

The results presented indicate that an accurate description of the transient growth mech-
anism in two-fluid boundary layers requires the spreading of the mean flow to be taken
into account.

So far, the linear evolution of non-parallel optimal disturbances was characterised and
their relation to the parallel counterpart was presented. In the following chapter, the
intent is to relax the assumption of linearity and focus on the non-linear evolution of

spatially developing optimal disturbances. Thus, the next chapter deals with non-linear
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Figure 3.17: Parallel and non-parallel streamwise evolution of u and perturbed interface
location.
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effects on energy amplification.



Chapter 4

Non-linear evolution

4.1 Introduction

Disturbances that have penetrated the boundary layer can be subject to amplification.
The early linear stages of the amplification mechanism were investigated in the previ-
ous chapters, under the assumption of infinitesimal disturbances. The linear approach
followed so far relies on the underlying assumptions that even consistent energy ampli-
fication of disturbances would not trigger non-linear effects or cause interactions with
the base flow. In this framework, energy amplification is independent from the initial
disturbance’s amplitude, allowing for potentially unbounded transient growth. In fact,
Andersson et al. (2001) investigated the nonlinear evolution of optimal disturbances in
single-fluid boundary layers and showed that the streamwise evolution of the perturba-
tion’s energy strongly depends on its initial level.

If the assumptions taken in the previous chapters on infinitesimal disturbances and in-
terfacial deformation are discarded, the evolution of disturbances in two-fluid boundary
layers is governed by NS equations, which can be solved via Direct Numerical Simulation
(DNS).

The linear stability framework developed in the previous chapters represents the semi-
analytical limit of DNS of disturbances with very low initial amplitude; as the pertur-
bation’s initial amplitude is increased, nonlinear terms are no longer neglegible and can
play a fundamental role in the evolution process. Moreover, the interfacial deformation
can reach finite amplitude and, eventually, force the interface to break. In particular,
DNS can account for nonlinear evolution of a disturbance and its interaction with the

mean flow, finite interface distortion and topology change.
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Thus, this chapter reports on DNS of spatially-evolving optimal disturbance in two-fluid
boundary layer.

The optimal perturbation corresponding to the parameter set p° : {w® = 0.0125; k¢ =
1.5; m® = 0.55; d° = 0.1} is prescribed as inlet condition for DNS; its evolution for differ-
ent values of its initial amplitude is computed to investigate potential energy saturation
due to nonlinearity. Similar approach is conducted on the suboptimal perturbation given
by the set p*° : {w® = 0.0010; k2 = 1.5; m® = 0.55; d° = 0.1}.

The aim of this chapter is:

i) to compare DNS and semianalytical results within the linear regime, in order to

cross-validate both DNS and adjoint-looping optimization;

ii) to qualitatively show the impact of nonlinearity on the evolution of optimal distur-

bances.

This chapter is organised in 5 sections. The next section describes the importance
of non-linearity in the amplification of disturbances and transition to turbulence process.
In §4.3, the governing equations of DNS and the details of numerical method used to
compute the non-linear evolution of spatially-evolving optimal initial condition are given.
Importance is also given to the treatment of the interface. The main results on linear and
non-linear evolution are presented and discussed in §4.4. The last section is a summary
of the key results of this chapter.

Note that the DNS code for the simulations presented in this chapter was provided by
Dr. T. A. Zaki and Dr. S. J. Yung, who were responsible for the code setup. The Author
performed the simulations, validated and analysed the results, which add completeness
to this work. The gratitude of the Author towards Dr. T. A. Zaki and Dr. S. J. Jung

for their efforts could not be greater.

4.2 The importance of non-linearity

The idea that nonlinearity could play an important role in transition to turbulence can
be traced back to the early work of Reynolds (1883), Bohr (1909), who focused their
attention on the observation of fluid motion, and to that of Noether (1921) and Heisen-
berg (1951), who proposed analytical investigations on simple models. A consistent and

rigorous nonlinear stability theory was laid later on by Landau (Landau, 1944; Landau
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& Lifshitz, 1959), who linked the development of linear instability to the onset of turbu-
lence.

As explained previously, the linear stability theory is concerned with the determination
of the growth rates of the modal spectrum of the base flow. Below the critical Reynolds
number, these modes are stable and might exhibit algebraic growth, though no energy
transfer between modes takes place. It is now recognised that non-linear self-interaction
of the dominant mode generates harmonics and distorts the mean flow, thus moderating
the dominant mode’s growth rate (Drazin & Rein, 1981). Linear theory does not take
into account mean flow distortion and modal interaction, limiting the validity of the re-
sults presented so far to the early stage of the evolution of a disturbance only. Although
the inclusion of mean flow spreading in the linear formulation represents a step forward
in capturing the correct process of amplification, the influence of the perturbation on
the mean flow is not included. However, after an early linear stage, perturbations can
no longer be considered infinitesimal and their effects on the underlying base flow must
be accounted for (Cheung & Zaki, 2010).

A successful approach that overcomes the limitation of linear theory without the com-
putational complexity of direct solution of the Navier-Stokes equation is to solve the
Nonlinear Parabolized stability Equations (NPSE), which can capture some of the non-
linear features arising after the linear stage (Herbert, 1997; Cheung, 2007). The PSE
formulation assumes a modal decomposition, which makes this method unsuitable for
tracking the evolution of optimal disturbances without decomposing them into eigen-
modes. Tempelmann et al. (2010) proposed a modified linear PSE method for analysing
non-modal growth in three-dimensional single-fluid boundary layers. At time of writing,
the author is unaware of any two-phase NPSE method able to accurately model the
streamwise evolution of optimal disturbances in two-phase boundary layers. Moreover,
DNS can be used to investigate the full bypass process, which is far beyond PSE capabil-
ities. Therefore, the choice of DNS as the main tool to address the effects of nonlinearity

is evident.

4.3 Direct numerical simulation

Direct numerical simulations (DNS) account for non-linearity in two-fluid boundary lay-

ers, which was not captured in the previous linear analyses. Direct numerical simulations
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of two-fluid boundary layers with small-amplitude inflow perturbations are carried out
to complement and extend the results of linear theory.

The optimal disturbance from the spreading optimization for the parameter sets:
- optimal p° : {w® = 0.0125; k2 = 1.5; m® = 0.55; d° = 0.1} ;
- suboptimal p*° : {w® = 0.0010; k2 = 1.5; m® = 0.55; d° = 0.1}

are prescribed at the inflow of the computational domain and their spatial evolution is
computed for different level of initial amplitude. Varying the level of initial amplitude
of the inlet disturbance is equivalent to varying the weight of the nonlinear terms in the
NS solution; the evolution of disturbances is therefore affected by their initial amplitude
and the relative energy amplification can be dependent on nonlinearity.

This and the next section have the dual purpose of:

i) proving that, for low amplitude of the initial disturbance, when the nonlinear terms
in NS equation can be neglected, the DNS evolution recovers the analytical be-

haviour predicted by linear stability;
ii) investigating potential amplification saturation due to nonliner effects.

A brief summary of governing equations and numerical methods used in the current DNS
are given in this section, followed by the details on the DNS setup, interface treatment

and an overview of the potential mean flow distortion due to nonlinearity.

4.3.1 Governing equations

The Navier-Stokes (NS) equations along with the continuity condition govern the evo-
lution in time and space of an unsteady, incompressible two-fluid flow, i/, in the semi-
infinite domain Q. Although already presented in equations (2.2), (2.3), the NS equation
are reported here for sake of completeness and emphasis is given to their full nonlinear

numerical solution:
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The pressure field is denoted by P. The two fluid are separated by an interface, I, 1" €
0L). Incompressibility condition imposes interfacial conditions on the velocity vector, U,

and the stress tensor, 7, to be satisfied on I:
[U-n] =0; [t -t] = o; [r -] = [P]a — okn; [r-t] =0. (4.3)

where n and t denote the unit normal and tangent vector to the interface, I, the curva-
ture of which is denoted by k.

A fractional step method is used to solve the time-dependent, incompressible Navier-
Stokes equations. The computational algorithm is based on a staggered grid with a
local volume flux formulation in curvilinear coordinates (Rosenfeld et al., 1991). The
2nd_order Adams-Bashforth scheme is implemented for the explicit time advancement of
convective terms. A fully implicit Euler scheme is used for the treatment of the pressure
terms; the Crank-Nicolson method is applied to the diffusion term. The combination of
the schemes Adam-Bashforth and Crank-Nicolson for the discretization of the nonlinear
convection/diffusion terms was successfully used by Kim & Moin (1991). The code is

parallelised using Message Passing Interface (MPI).

4.3.2 Inflow condition and domain size

The inflow is composed of a two-fluid boundary layer profile and the optimal perturbation
at the inlet Reynolds number, Re = 800, based on the inlet single-fluid boundary-layer
thickness and free-stream velocity. According to the linear decomposition presented in
equations (2.5), the velocity vector field U is composed by adding the optimal distur-
bance u to the mean flow, U, so that &/ = U + eu. The parameter ¢ is used to rescale
the perturbation with respect to the mean flow, that is ¢ = %; v is normalised so that
maxyv = 1.

The computational domain is (L, /dy, Ly/do, L./d0)=(450,20, i—:) The number of grid
points used is (N, Ny, IN,)=(1025,193,65). The grid is uniformly spaced in the stream-
wise x and spanwise z directions, and is clustered near the interface in the wall-normal
y direction.

The height of the computational domain is selected to be sufficiently large in order to

ensure that the boundary layer is unaffected by the far-field boundary conditions. The

convective outflow condition is applied at the exit plane. A no-slip boundary condition
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is imposed at the solid wall. At the free stream boundary, u = Uy, and v = V. Periodic
boundary conditions are employed in the spanwise direction.

Different initial amplitudes of the inlet perturbation are explored: € = 0.01%, 0.1%, 0.5%.

4.3.3 Treatment of the interface

In the present DNS, a level-set method is employed for capturing the interface between
the two fluids. In the level-set approach, the interface is represented implicitly by an
iso-surface of a smooth function, g = g(x,t), with x € Q, ¢ € [to,tf]. This can be chosen

to be the signed distance from the interface, i.e.,

l9(x, )] = |x = xr|, (4.4)

where xp corresponds to the closest point on the interface from x, and g(x,t) > 0 on
one side of the interface, and g(x,t) < 0 on the other side. Therefore, the interface is

the iso-surface given by g(x,t) = 0, which can be transported according to:

dg
5 Tl Vg =0, (4.5)

and differentiated to compute the normal vector n and the curvature s of the interface,

defined as:

R Vg
n=—-, 4.6
Vgl (4.6)
and
k=-V-n. (4.7

Advantages of the level-set method include automatic handling of topological changes,
efficient parallelisation as well as easy representation of the interface curvature. The
conventional level-set technique relies on representing the interface as the zero level set
of a signed distance function. However, one of the main limitations of this method is
poor mass conservation. The present study exploits the conservative level-set method
in conjunction with a ghost fluid approach (Desjardins et al., 2008). The conservative
level set method was originally proposed by Olsson & Kreiss (2005) and Olsson & Kreiss
(2007), who employed a hyperbolic tangent function, h = h(x,t), instead of the signed
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distance function in equation (4.4). The scalar field A is defined as:

h(x, 1) = % (tanh (9(;‘—6”> 4 1) , (4.8)

where e is a parameter that sets the thickness of the profile. The location of interface is
defined as the h = 0.5 iso-surface. The transport of the interface can still be performed
by solving the same equation as (4.5) for h. However, provided that relation (4.2) holds,

the interface transport equation can be re-written in conservative form, that is:

% +V - (Uh) =0. (4.9)

Therefore, the scalar field h is a conserved quantity. However, in order to preserve the
shape of the hyperbolic tangent profile, a re-initialization equation is needed to ensure
an accurate and conservative transport of the interfacial profile. This equation is as the
following:

oh

5 TV (h(1 = h)h) = V- (e(Vh- 2)n). (4.10)

Equation (4.10) consists of a balance between the sharpening effect of the left-hand side
and the diffusion term on the right-hand side, which ensures that the profile remains
of characteristic thickness e. Since equation (4.10) is also written in conservative form,
the successive solution of equations (4.9) and (4.10) accomplishes the transport of the
h = 0.5 iso-surface, preserving the shape of the hyperbolic tangent profile and imposing
the conservation of h.

In order to handle large density variations across the interface, the ghost fluid method
(Fedkiw et al., 1999) is used to account for the density jump and surface tension through
the pressure term; the jump in the viscous stresses are modelled using the continuum
surface force approach (Brackbill et al., 1992).

The treatment of the interface as described ensures that the discontinuity features can be
captured by the DNS. However, it must be pointed out that, due to computational cost
and numerical issues, sharp variations of physical quantities are modelled using smooth

approximation of Heaviside function, i.e.:

1

H(jx = xr)) ¥ T

(4.11)
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where k is a parameter controlling the sharpness of the transition. The DNS therefore
accounts for sharply-varying physical quantities rather than discontinuous ones as in
the two-phase spatially-evolving perturbation equation presented in the previous chap-
ters. This difference of formulation of interfacial conditions and representation has to be

considered when comparing results from DNS and linear stability close to the interface.

Instantaneous and time-averaged flowfield

In the case of two-fluid flows, it is necessary to clarify the concept of mean quantities
within the DNS framework. Whilst the PBI has a native discontinuous representation
of the velocity and pressure fields, and therefore there is no confusion on the meaning
of averaging, the DNS models the two-fluid flow as continuous flow field with sharply-
varying physical properties. Hence, the standard averaging methodology would not be
entirely appropriate. It is possible to consider averaged quantities conditional to which
portion of the flow they belong to; these averages are called conditional averages. The
inlet disturbance has an oscillation period T' = %, which is used to correctly sample and

average instantaneous quantities over time:

11
=-— [ udt , time average ; (4.12)
el T
11 . . .
w=—7 [ u dt , conditional time average, j = T, B; (4.13)
T
111 _ .
Upms’ = — —/ U, dz| , root mean square, j = T,B. (4.14)
€ LZ Q.

Averaging over the oscillation period ensures that both principal and harmonic frequen-

cies of the inlet disturbance are correctly sampled.

4.3.4 Mean flow distortion

When the assumption on infinitesimality of disturbances is discarded, nonlinear inter-
actions between the base flow and the perturbation are allowed. Therefore, the base
flow is subject to modification in relation to €. As € increases, nonlinear effects of the
perturbation on the base flow become appreciable (figure 4.1). In the nonlinear case, the
inlet disturbace has an increasing weight in determining the solution of the base flow; as
a result, as € increases, the boundary layer thickens. Figure 4.2 shows the full flowfield

U =TU + u for e = 1% and inlet optimal perturbation determined by the parameter set
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p°. The presence of a non-infinitesimal perturbation introduces distortion in the flow

field, which might eventually create inflection points and trigger other instabilities.

— —
S — S— 0.8
— —
— —
Yy 24— y 21— 0.6
do T —— do T ——
—
0.4
. £
1 1
0.2
0 0 0
0 2 4 6 8 10 12 0 2 4 6 8 10 12
X X
(a) linear (b) nonlinear

Figure 4.1: Mean flow distortion due to nonlinearity. Thick solid line marks the edge of
the boundary layer.

— x10~%
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—
—
1
0
0 2 4 6 8 10 12
X
(a) U+ eu (b)) V+ev

Figure 4.2: Instantaneous full flowfield ¢ nonlinear distortion. Thick solid line marks
the edge of the boundary layer.

4.4 Evolution of optimal disturbances

In this section, the evolution of optimal disturbances computed in Chapter 3 is discussed.
In particular, the spatial initial value problem imposed by the optimal disturbances is
solved using the parabolic boundary layer approximation (PBIl) (equations 3.26-3.34)
and compared to full nonlinear DNS solution.

The perturbation streamwise kinetic energy F = E(x), defined as:

B [ [ laP+1oR + o ag a0, (1.15)
Q. Ja,
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is used to quantify the differences in the streamwise evolution of disturbances between
PBI and DNS. As DNS accounts for nonlinearity and finite interface deformation, the
initial amplitude of the inlet disturbance determines in fact the streamwise evolution of
the disturbance itself. The parameter € can be considered as a controller of the nonlinear
behaviour of the evolution. In particular, consider different values of the controller ¢;
and the corresponding energy evolution Fj;(x); if the relation Ej(x) = €;F;(x)/e; holds,
€;, € are in the range addressed in this work as “Linear Regime”; when the opposite is
true, €; belongs to the parameter space that in this work is referred to as the “Nonlinear
Regime”. According to this rule, low values of € (e ~ 0.01% — 0.1%) are not able to
trigger nonlinear effects, which become instead evident as € is increased to 0.5%.

In the next subsection, the evolution of optimal and suboptimal disturbances in Linear
and Nonlinear regimes are presented. Note that only results for one value of € in the
Linear Regime (e = 0.1%) and Nonlinear Regime (e = 0.5%) are presented in this chap-
ter.

The analyses are presented in a systematic manner: firstly, an overview of the perturba-
tion streamwise kinetic energy and interface displacement are given, then a side-by-side
comparison between PBl and DNS (for the Linear Regime) and linear DNS and nonlinear
DNS (for the Nonlinear Regime) follows. In particular, instantaneous and conditional

averaged flow fields and interface displacement are compared.

4.4.1 Linear regime

In the linear regime, the initial amplitude of the inlet disturbances is set to be 0.01 —
—0.1% of the free-stream velocity; this choice ensures that the nonlinear terms in the
NS equations have negligible effect.

Define the amplification of kinetic energy as Gg(x) = % The streamwise evolution
of perturbation’s amplification kinetic energy G g for the optimal (p°) and suboptimal
(p*°) disturbances are shown in figure 4.3, for a value of € = 0.1% in the linear regime.
In the linear regime, very good agreement between PBl and DNS is found, as both meth-

ods provide the same prediction on maximum energy amplification and peak location.

The streamwise evolution of the interface displacement perturbation f for boundary

layer equations and signed distance function for DNS is presented in figure 4.4. Note
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Figure 4.3: Comparison of streamwise evolution of amplification of kinetic energy Gg
for (4.3a) w® = 0.0125, (4.3b) w® = 0.0010, k,°, m°, d°, Re = 800, ¢ = 0.1%.
—— PBI, - .- DNS.

that the interfacial displacement in DNS is reconstructed solving equation 4.8 for the
isosurface of level 0.5.

Figure 4.4b highlights the interfacial behaviour at low w: the interface displacement sat-
urates as y increases, forcing a jump in the streamwise velocity profile; as discussed in
the previous chapter, the spreading of the mean shear reduces the ability of the interface
displacement to generate u perturbations.

Both linear theory and linear DNS show agreement of the computation of the interface
perturbation.

At the optimal frequency, w® = 0.0125, f exhibits multiple peaks (4.4a) modulated by

—iwt 25 |
U()
~ € To

The appreciable difference of the interface displacement perturbation between PBI and
DNS is due to the different instric representation of the interface in these two meth-
ods. In particular, the assumption of linearity allows for direct tracking of the interface
displacement in the PBI, as it was shown in the previous chapter (eq. 3.24). This is
not possible in the DNS, which can account also for changes of topology. The interface

displacement is therefore retrieved through isosurfaces of h (eq. 4.8).

An accurate energy growth prediction relies on the correct rappresentation of the in-
terface displacement and interfacial boundary conditions. Both the approaches followed

with the two-fluid parabolized boundary layer equations and with the DNS ensure this.
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Figure 4.4: Comparison of streamwise evolution of interface displacement for (4.4a)
w? = 0.0125, (4.4b) w® = 0.0010, k, = 1.5, m = 0.55, Re = 800, ¢ = 0.1% .
—— PBIL - .- DNS.

Linear evolution of optimal disturbance p°

Consider the linear (e = 0.1%) evolution of the optimal disturbance for the parameter
set p°. A comparison between PBI (on the left hand side) and DNS (on the right hand
side) evolution is presented through spanwise and streamwise section views of the per-
turbation flowfield, for instantaneaous and conditional averaged data in figures 4.5-4.13.
The aim of this section is to compare PBIl and linear DNS in order to cross-validate the

two formulations.

Instantaneous fields Sections of yz-plane at streamwise locations y = {1.0,2.7,5}
are depicted in figure 4.5. The vector plots show the normal and spanwise velocity fluc-
tuations (v, w); the streamwise velocity fluctuation, u, is represented by contour lines.
Solid and dashed lines mark positive and negative values. The interface location is also
shown. Both PBIl and DNS describe the same counterrotating vortices evolving down-
stream. The spanwise wavenumber and location inside the boundary layer of u-velocity
and (v, w) velocity field of the perturbation are in strong agreement. In particular, as
the inlet perturbation evolves (figure 4.5a- 4.5b), fast fluid is pushed towards the inter-
face, forcing the growth of a streak in the streamwise direction. Due to the unsteadiness
of the inlet disturbance, the streamwise extent of the streaks is proportional to 27 /w?:
along the streamwise direction, positive streaks move higher in the boundary layer (figure

4.5¢-4.5d) and are replaced by negative streaks further downstream (figure 4.5e-4.5f). A
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closer view of the interface location is given in figure 4.6. In figures 4.6a-4.6b and 4.6e-
4.6f it is appreciable how the streamwise evolution of the counterrotating vortices forces
downward and upward motion of the interface. Although countour plots of (v, w) veloc-
ity fields are plotted on different grids, both PBI and DNS present the same dynamics
of the interface and flowfield.

Figure 4.7 presents a side view comparison of the linear streamwise velocity field com-
ponents and perturbed interface location.

The inlet perturbation (4.7b-4.7c) forces the growth of the streamwise streak (4.7a) and
deforms the interface (4.7d). The unsteadiness of the inlet perturbation is further re-
marked in figure 4.7, which highlights the spatial frequency in the streamwise direction.
As inlet vortex decays, u and f grow, sustaining also a perturbation in the spanwise
direction.

Note that PBIl and linear DNS yield to the same description of the velocity field
and interface displacement. In particular, both the lift-up mechanism and the growth
of streaks are well represented in both cases; the non discontinuous formulation of the
velocity field in the DNS does not appear to be a limiting factor. These comparison
show that, for instantaneous data, the linear DNS retrieve the semi-analytical solution

of PBI.
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Figure 4.5: End view on zy-plane at location x = {1.0,2.7,5}, for w® = 0.0125 and
e = 0.1% (linear). Solid line delimits the interface; arrows show the vector
field (v,w). Contours of streamwise velocity u are also represented.
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Figure 4.6: End view on zy-plane at location xy = {1.5,2.7,5.0}, for w® = 0.0125 and

€ = 0.1% (linear). Solid line delimits the interface.
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Figure 4.7: (4.7a)-(4.7c) Side view of contours of instantaneous u, v, w fluctuation in
PBI (left) and linear DNS (right). (4.7d) Interface location in PBI and linear
DNS, w® = 0.0125, ¢ = 0.1%.
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PBI DNS
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Figure 4.8: Side view of contours of conditional averaged u fluctuation in the top and
bottom fluids, € = 0.1%, w® = 0.0125

Averaged data Contours of conditional averages of u, v, w velocity components are
depicted in figures 4.8-4.10. In particular, figures 4.8a- 4.8b present a comparison of
streamwise evolution of u,,s between PBl and DNS; figures 4.9a-4.9b and 4.10a-4.10b
show that the streamwise decay of the inlet disturbance v,,,s and w;,,s is consistent
between PBI and DNS in the top and bottom fluid. Very good agreement between PBI
and linear DNS is found. The data presented were sampled over 10 oscillation periods;
overall, figures 4.8-4.10 highlights that DNS averages converged to the linear solution.

In the linear limit, provided that the sampling time is larger than the native perturbation

period, DNS can retrieve the semi-analytical description of averaged velocities.

Denote with ug\/[ the maximum value of u,.,s at any location y in top and bottom
fluid (j = T, B), normalised by its maximum value, and with y%/A, the y— location at

which ug\/[ occurs, normalised by & (by §/(do/dg), if j = B), that is:

J
j _ maxy Urms T B 416
Y max, max, u,\ .’ J ’ (4.16)
Yar, = (y + i = maxul,,)/9, (4.17)

uip, = (v ¢ uy = maxup,,,)/6/(do/0) (4.18)
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Figure 4.9: Side view of contours of conditional averaged v fluctuation in the

bottom fluids, € = 0.1%, w® = 0.0125
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Figure 4.10: Side view of contours of conditional averaged w fluctuation in the top and

bottom fluids, € = 0.1%, w° = 0.0125
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Figure 4.11: Comparison of maximum of conditional averaged u fluctuation, € = 0.1%,
w? = 0.0125 between PBl and DNS. ——: PBI, - - -: DNS

and define fug\/l, yfm and wg\/l, yg\/[w accordingly.

Figures 4.11-4.13 report the comparison between PBI and linear DNS of the quantities
ug\/[,y%/[u, v%/[,y%/[v and w?w,y%/[w.

Very good agreement is found on the prediction of the maximum value of averaged
velocities and its relative location in the top fluid; in the bottom fluid, due to the mean
velocity distribution in the normal direction and the no-slip boundary condition at the
bottom wall, the maximum fluctuation velocity occurs near the interface. Figures 4.11-
4.13 highlight that the growth of u fluctuation velocity in the streamwise direction is
triggered and sustained by the decay of v— and w—components. The normal location of
the maximum streamwise velocity in the top fluid evolves downstream at the spreading
rate of the boundary layer; hence, yzj\}u is approximately located at half of the boundary
layer extent, throughout the x—domain. In the bottom fluid, the location yﬁu follows
the spreading of the interface. Due to the different spreading rates between ¢ and d, the

location yﬁu is seen to move towards the wall during the evolution. Similar consideration

apply to Yy , iy -
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Figure 4.12: Comparison of maximum of conditional averaged v fluctuation, e = 0.1%,
w? = 0.0125 between PBl and DNS. ——: PBI, - - -: DNS
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Figure 4.13: Comparison of maximum of conditional averaged w fluctuation, € = 0.1%,
w? = 0.0125 between PBl and DNS. ——: PBI, - - —: DNS



Chapter 4. Non-linear evolution 143

Linear evolution of suboptimal disturbance p*°

In this subsection, the streamwise evolution of sub-optimal disturbance for the parameter

set p*® between PBl and DNS in linear regime (¢ = 0.1%) is compared.

Instantaneous fields Sections of yz-plane at streamwise locations x = {1.0,2.7,5.0}
are depicted in figure 4.14, where a comparison between PBl and DNS is presented,
velocity data are instantaneous unless otherwise specified. The vector plots show the
normal and spanwise velocity fluctuations (v, w); the streamwise velocity fluctuation, w,
is represented by contour lines. Solid and dashed lines mark positive and negative values.
The interface location is also shown. PBI and DNS show agreement in the description of
the counterrotating (v, w) field and u response. As the two-fluid boundary layer spreads,
the optimal disturbance evolves into a streak due to the lift up mechanism (figures 4.14a-
4.14b). Due to the quasi-steadiness of the inlet disturbance, the streamwise extent of
the streaks is larger than the computational domain, which does not capture the spatial
variation of u-fluctuations. A close view of the interface deformation is given in figure
4.15, where the downward flow deflects the interface. PBl and DNS grids are different,
however the main structures of (v, w) flowfield are coherently represented. Note that the
counterrotating vortices deflect and stretch the interface.

Figure 4.16 depicts a conparison of streamwise velocity and interface deflection in the
xy—plane. Figures 4.16b-4.16¢ highlight that the decay of the v and w components
fosters the growth of u fluctuation in the streamwise direction. Due to the low temporal
frequency of p®°, figure 4.16 show only a positive streak and negative interface deflection
throughtout the y domain.

The comparison on instantaneous data presented in figures 4.14-4.16 show that
the linear PBI code can correctly capture the spreading of the interface and the main
flow structures and, in particular, the spreading rate of the streaks and the interface

disturbance in the linear DNS converge to the semi-analytical solution of PBL
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Figure 4.16: (4.16a)-(4.16¢) Side view of contours of instantaneous u, v, w fluctuation
in PBI (left) and linear DNS (right). (4.16d) Interface location in PBI and
linear DNS, w? = 0.0010, € = 0.1%.
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Figure 4.17: Side view of contours of conditional averaged u fluctuation in the top and
bottom fluids in PBI and linear cases. (4.17a): top fluid, (4.17b): bottom
fluid. w® = 0.0010, € = {0.1%}.

Averaged data Countours of conditional averages of the velocity field are depicted
in figures 4.17-4.19. In particular, figures 4.18a-4.18b and 4.19a-4.19b show vy, Wrms
components in the top and bottom fluids; the evolution of u,,,s is depicted in figures
4.17a-4.17b. Due to the long period of oscillation of the inlet disturbance, DNS requires
a very long time to reach convergence (= 10 longer than p° case). Mean quantities were

computed over 4 oscillation periods.

Figures 4.20-4.22 report the comparison between PBIl and linear DNS of the quan-

tities u{VI, y?%, U%/I, y?% and wgw, yg\/[w, as defined in eq. 4.16.

As in p° case, the prediction of the maximum value of averaged velocities and its
relative location in the top fluid is consistent between PBI and DNS. The decay of v—
and w—components in bottom and top fluids forces the growth of u fluctuations in the
streamwise directions in both fluids. The growth of the boundary layer leaves the normal
location of the maximum streamwise velocity y]:\c[u unaffected; the location yﬁu is driven
by the spreading of the interface, reaching half of its inlet location. The retrival of the
locations of maximum averaged velocities in the DNS is affected by the reduced number

of sampling cycles.
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Figure 4.18: Side view of contours of conditional averaged v fluctuation in the top and
bottom fluids in PBI and linear cases. (4.18a): top fluid, (4.18b): bottom
fluid. w*® =0.0010, e = {0.1%}.
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Figure 4.19: Side view of contours of conditional averaged w fluctuation in the top and
bottom fluids in PBI and linear cases. (4.19a): top fluid, (4.19b): bottom
fluid. w® = 0.0010, € = {0.1%}.
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Figure 4.20: Comparison of maximum of conditional averaged u fluctuation, € = 0.1%,
w®® = 0.0010 between PBI and DNS. ——: PBI, - - —: DNS
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Figure 4.21: Comparison of maximum of conditional averaged v fluctuation, ¢ = 0.1%,
w®® = 0.0010 between PBI and DNS. ——: PBI, - - -: DNS
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Figure 4.22: Comparison of maximum of conditional averaged w fluctuation, € = 0.1%,
w?® = 0.0010 between PBl and DNS. ——: PBI, - - -: DNS

Observations

The comparison presented up to this point showed very good agreement between PBI
and linear DNS for the optimal and suboptimal parameter sets p° and p*°. The DNS
code is fully validated against extensive literature; the fact that PBl and DNS yield to
the same physical description of the linear evolution of optimal disturbances is a firm
point on the validation of the PBI approach.

In the quasi-steady case p®°, the reduced number of sampling of DNS data show some
degree of noise in the retrival of values and location of maximum averaged velocities.
The retrieval of the interface disturbance in DNS is achieved through solving for h = 0.5
in equation 4.8 rather than by direct tracking, as in PBl. The solution of h = 0.5 depends
on the choice of the parameter e, which controls the thickness of the interfacial layer,
and the inversion of the hyperbolic function; these differences lead to small discrepancies

in the description of the interface deflection between DNS and PBI.
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Figure 4.23: Comparison of streamwise evolution of amplification of kinetic energy Gg
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Figure 4.24: Comparison of streamwise evolution of normalised interface displacement
for (4.24b) w® = 0.0125, w®* = 0.0010, (4.24a) k,° = 1.5, m® = 0.55,
Re = 800, —: PBI, - .- non-linear DNS (e = 0.5%) regime.

4.4.2 Non-linear regime

The aim of this subsection is not to provide an extensive and complete study on non-
linearity, but to characterise how the non-linear evolution of kinetic energy differs from
linear predictions.

The disturbances determined previously for optimal, p° : {w = w® = 0.0125; k,°

1.5; m® = 0.55; d° = 0.1}, and sub-optimal, p** : {w = 0.0010; k,° = 1.5; m°® =
0.55; d° = 0.1}, set of parameters are prescribed at the inlet of the computational do-
main and their evolution is investigated.

The initial amplitude, €, of inlet disturbance is set to ¢ = 0.5% and it is found that
non-linear effects cannot be discarded.

In this section, the evolution of optimal disturbances for ¢ = 0.1%, 0.5% is presented.
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Figure 4.25: Comparison of streamwise evolution of kinetic energy E for (4.25a) w®
0.0125, (4.25b) w*® = 0.0010, k.°, m°, ——: PBIl, -.- non-linear DNS
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Figure 4.26: Comparison of streamwise evolution of interface displacement for (4.26a)
w? = 0.0125, (4.26b) w® = 0.0010, k,° = 1.5, m® = 0.55, Re = 800, —:
PBI, - .- non-linear DNS (e = 0.5%) regime.

At first, an overview of energy growth and interface perturbation is given; then detailed
view of streamwise and spanwise sections of the velocity flowfield are compared.
Transient energy amplification, G g, versus streamwise distance, y, for linear and nonlin-
ear cases is shown in figure 4.23; the streamwise evolution of the interfacial perturbation
is presented in figure 4.24. Non-linearity introduces lower energy gain than in the linear
case, with reduced interface deflection. However, note that the quantities presented are
normalised by their initial amplitude €; hence, despite nonlinear effect yield to lower nor-
malised energy growth than their linear counterparty, they overall reach higher values of
kinetic energy. This is shown in figure 4.25, which depicts the evolution of kinetic energy,
E, versus streamwise distance, x for PBl and nonlinear DNS. Although the initial energy

of the inlet perturbation is amplified less in the non-linear case, it reaches higher absolute
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values. The same considerations apply to the interface perturbation: figure 4.26 presents
the non-normalised interface displacement € f,,,s. Non-linear DNS show more prominent
interfacial distortion and significant deviation of the interface disturbance from the the-
oretical value predicted by linear theory is appreciable.
Figure 4.23 highlights that non-linearity acts as a limiting mechanism for algebraic
growth of disturbances; this could be seen as a stabilising effect. However, the introduc-
tion of nonlinear contribution yields to higher levels of kinetic energy than linear cases
(figure 4.25), which can have destabilising effects on the mean flow (Cheung & Zaki,
2010), and appreciable interface distortion (4.26), which can lead to film break-up.

The next two subsections investigate the nonlinear evolution of optimal disturbances
for the parameter sets p® and p*° with the purpose of highlighting the mechanism re-

sponsible for changes in energy amplification and interface deformation.

Nonlinear evolution optimal disturbance p°

Consider now the nonlinear (¢ = 0.5%) evolution of the optimal disturbance for the
parameter set p°. A comparison with its linear evolution is presented. Note that all
results presented in the next subsection are normalised by ¢; this choice was made to

highligh the distortion of the perturbation flowfield introduced by nonlinearity.

Instantaneous field Sections of yz-plane at streamwise locations y = {1.0,2.7,5.0}
are depicted in figure 4.27. The vector plots show the normal and spanwise velocity
fluctuations (v,w); the streamwise velocity fluctuation, u, is represented by contour
lines. Solid and dashed lines mark positive and negative values. The interface location
is also shown. As € increases to 0.5%, a certain degree of distortion of the instantaneous
flowfield is evident (figure 4.27), mainly towards the interface, where the combined effect
of positive and negative streaks induce severe interface deflection. A close view of the
interface evolution in spanwise planes at the streamwise locations x = {1.0,2.7,5.0} is
reported in figure 4.28, where it is visible how the intermittent effect of downward and
upward motion of the flow forces the interface, which creates plume-like structures.
The streamwise extent of these plume-like structures is fairly limited and propor-
tional to U/w?; the alternation of positive and negative streaks also limits the streamwise

extent of and forces interface breakup. This is particularly evident in figure 4.29, where



154

Linear DNS Nonlinear DNS
x = 1.0 x = 1.0
3 3
R I N R A A I DIRSN] I I I I DR N R RS s
2,llIir——--\\\\\\||lll/¢a—-~\\\\\l 2‘,|llzr——-.\\\\\‘|,,,,14,—-~~s\\\i
Yy R PP AR Y B T PP A R A
00 M1t rroma U S B LR W R Y PP

PUPEEN N
L)
At

:.J_' re..

SANNNYYT AL 17700070 L0

N y( ANV T Ay /\)k/ Slomaa
VA A

7/\)()'\/ ALY x-S L

Figure 4.27: End view on zy-plane at location xy = {1.0,2.7,5.0}, for w® = 0.0125
and ¢ = {0.1%0.5%} (linear an nonlinear regimes). Solid line delimits
the interface; arrows show the vector field (v, w). Contours of streamwise
velocity u are also represented.
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Figure 4.28
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side views of linear and nonlinear evolution of streamwise velocity fluctuations and in-
terface location are compared. The nonlinear interface distortion is captured in figure

4.29d, where it is compared to its linear counterpart (figure 4.29c).
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Figure 4.29: Side view of contours of instantaneous u fluctuation in linear (4.29a) and
non-linear (4.29b) case. Interface location in linear (4.29c) and non-linear
(4.29d) case. w® = 0.0125, ¢ = {0.1%, 1%}.

Instantaneous data show how nonlinearity distorts the streaks in the spanwise (fig-
ure 4.27b)and streamwise (figure 4.29b) direction and how the interface is affected. In
particular, the plume-like structure at y = 2 is related to the alternation of positive
and negative streaks in the streamwise direction. Also, figure 4.29d highlights that the
riconstruction of the interface is challenged for x > 4; this suggests that increasing grid

resolution in the streamwise direction might provide better resolved interface dynamics'.

L A lower resolution grid in the streamwise direction was orignally run (N5 = 513); the results presented
in this thesis were computed on a finer grid (N, = 1025), which provided marginal improvements. Higher
resolutions have not ben investigated in this work.



Chapter 4. Non-linear evolution 157

Linear DNS Nonlinear DNS

St

> o

Figure 4.30: Side view of contours of conditional averaged w fluctuation in the top
and bottom fluids in linear and non-linear cases. (4.30a): top fluid, linear;
(4.30b): top fluid, non linear; (4.30c): bottom fluid, linear; (4.30b): bottom
fluid, non linear. w® = 0.0125, € = {0.1%,0.5%}.

Averaged data Conditional averages of Uyms, Urms and wyms velocity fluctuations for
top and bottom fluids are presented in figures 4.30-4.32. Larger interface deflections
due to nonlinearity are evident in figures 4.30d, 4.31d, 4.32d, where, on average, the
bottom fluid is thicker than in the linear cases (figures 4.30c, 4.31c, 4.32¢). Nonlinear
streamwise fluctuation velocities (figures 4.30b-4.30d) have comparable magnitude to
linear case (figures 4.30a-4.30c) in the top and bottom fluid; the same relation applies
to normal and spanwise velocities vyp,s and wpy,s in the top fluid (figure 4.31a-4.31b,
4.32a-4.32b), whilst in the bottom fluid, stronger velocity fluctuations are induced by
the larger interface deformation (figures 4.31¢-4.31d, 4.32¢-4.32d).

Recalling the definition of u{VI, the maximum value of u;,,,s at any location y in the
top and bottom fluid (j = T, B), normalised by its maximum value, and yg\/[ the y—
location at which ugv[ occurs, normalised by § (by dyd, if j = B) (eq. 4.16), plots of u{w
U%/I, w?\/f and respective yg\/[ are presented in figures 4.33-4.35.

The evolution of the maximum value of velocity fluctuations in the top fluid has low
sensitivity to nonlinearity; this can be seen in figures 4.33, where the maximum value of
streamwise velocities is plotted versus streamwise distance. In the bottom fluid, due to

the high distortion of the interface, the maximum value of the averaged velocities and
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Figure 4.31: Side view of contours of conditional averaged v fluctuation in the top
and bottom fluids in linear and non-linear cases. (4.31a): top fluid, linear;
(4.31b): top fluid, non linear; (4.31c): bottom fluid, linear; (4.31b): bottom
fluid, non linear. w® = 0.0125, € = {0.1%,0.5%}.
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Figure 4.32: Side view of contours of conditional averaged w fluctuation in the top
and bottom fluids in linear and non-linear cases. (4.32a): top fluid, linear;
(4.32b): top fluid, non linear; (4.32c): bottom fluid, linear; (4.32b): bottom
fluid, non linear. w® = 0.0125, € = {0.1%,0.5%}.
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Figure 4.33: Comparison of maximum of conditional averaged u fluctuation, ¢ =

0.1%, 0.5%, w® = 0.0125 between linear and nonlinear DNS. ——: linear
DNS, - - -: nonlinear DNS
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Figure 4.34: Comparison of maximum of conditional averaged v fluctuation, € =
0.1%, 0.5%, w® = 0.0125 between linear and nonlinear DNS. ——: linear
DNS, - - -: nonlinear DNS
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Figure 4.35: Comparison of maximum of conditional averaged w fluctuation, ¢ =
0.1%, 0.5%, w® = 0.0125 between linear and nonlinear DNS. ——: linear
DNS, - - -: nonlinear DNS

its location are significantly affected; in particular, since the bottom fluid is on averaged
thicker in the nonlinear case, the quantities yﬁu, yﬁv, yﬁw are larger than in the linear
case. Also, due to the fragmentation of the interface, ugw, vfﬁ, w{w are non-smooth
and can exhibit higher maximum values than in the linear cases (particularly evident in
figure 4.35). The combined effect of bottom fluid thickening, which leads on average to
increased absorption of mean shear, and higher velocities in the bottom fluid, determine

lower transient growth (figure 4.23a).

In the next section, a similar analysis is carried out on the suboptimal disturbance.



Chapter 4. Non-linear evolution 161

Nonlinear evolution suboptimal disturbance p*°

Consider the nonlinear (¢ = 0.5%) evolution of the suboptimal disturbance for the pa-

rameter set p*°. The comparison with its linear counterparty is presented in this section.

Instantaneous fields Sections of yz-plane at streamwise locations x = {1.0,2.7,5.0}
are depicted in figure 4.36, where a comparison to the linear evolution is presented. The
vector plots show the normal and spanwise velocity fluctuations (v, w); the streamwise
velocity fluctuation, u, is represented by contour lines. Solid and dashed lines mark pos-
itive and negative values. The interface location is also shown. Figure 4.36 remarks that
the streaks are generated by the lift-up mechanism and that, in the case of low temporal
frequency, nonlinearity does not significantly alter the shape of the streaks in the top
fluid. However, bottom fluid and the interface undergo sever distortion. The distortion
of the interface is shown in figure 4.37, where a close view of the interface and (v, w) ve-
locity field underlines how the interface is stretched and strained by the counterrotating
motion in the zy-plane. The streamwise evolution of the inlet suboptimal streamwise
vortex forces forward and backward propagating fluctuation streaks, which shear the
film, causing the formation of ligament-like structures (figure 4.37c). A streamwise view
of u, v, w, f is given in figure 4.38. As v and w decay in the streamwise direction, a
streamwise velocity perturbation u is forced to grow, causing strong deformation of the
interface. The interface is subject to substantial nonlinear deformation (figure 4.38h)
over a lengthscale proportional to U/w®®. Due to the quasi-steadiness motion of the per-
turbation streaks, the interface doesn’t break but evolves into ligament-like structures

(figure 4.38h).
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Figure 4.36: End view on zy-plane at location x = {1.0,2.7,5.0}, for w*® = 0.0010
and € = 0.1% (linear) , 0.5% (non-linear). Solid line delimits the interface;
arrows show the vector field (v, w). Contours of streamwise velocity u are
also represented.
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Linear DNS Nonlinear DNS

Figure 4.38: Side view of contours of instantaneous u fluctuation in linear (4.38¢) and
non-linear (4.38f) case. Interface location in linear (4.38g) and non-linear
(4.38h) case. w* = 0.0010, e = {0.1%, 0.5%}.
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Linear DNS Nonlinear DNS

Figure 4.39: Side view of contours of conditional averaged s fluctuation in the top
and bottom fluids in linear and non-linear cases. (4.39a): top fluid, linear;
(4.39b): top fluid, non linear; (4.39¢): bottom fluid, linear; (4.39b): bottom
fluid, non linear. w®® = 0.0010, ¢ = {0.1%,0.5%}.

Averaged data Conditional averaged data provide a good measure of the deformation
of the bottom film. In particular, contours of conditional averaged of U;ms, Vrms, Wrms
velocity fluctuations are depicted in figure 4.39-4.41 for linear and nonlinear cases. In
the linear case, the bottom and top fluid occupy separate and distinct portions of the
domain; in the nonlinear case, on average, they overalap over a region of thickness of
order of the boundary layer thickenss. This means that the interface heavily oscillates
driven by the alternance of quasi-steady positive and negative streaks. The nonlinear
case shows a comparable response to the linear case in the streamwise direction in the
top (figure 4.39b) and bottom fluids (figure 4.39d). Due to nonlinearity, the bottom film
is subject to strong deformation and spanwise and streamwise velocities mainlyin the

bottom fluid are also affected (figures 4.40d-4.41d).

In figures 4.42-4.44, the maximum values u{w vg\/[, wg\é, and location of velocity fluc-
tuations y{wu, y?%, y%/Iw are given. The analysis of the values and location of maximum
averaged fluctuation velocties highlights that nonlinearity has little effect on the top
fluid. In particular, the streamwise evolution of maximum s, Vrms, Wrms Huctuations
and their y—locations are almost unaffected by nonlinearity in the top fluid; in the bot-

tom fluid, due to the strong deflection of the interface, the value and location of uﬁ, vﬁ,,
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Figure 4.40: Side view of contours of conditional averaged v,,,s fluctuation in the top
and bottom fluids in linear and non-linear cases. (4.40a): top fluid, linear;
(4.40b): top fluid, non linear; (4.40c): bottom fluid, linear; (4.40b): bottom
fluid, non linear. w®® = 0.0010, ¢ = {0.1%,0.5%}.
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Figure 4.41: Side view of contours of conditional averaged w,,s fluctuation in the top

and bottom fluids in linear and non-linear cases. (4.41a): top fluid, linear;
(4.41b): top fluid, non linear; (4.41c): bottom fluid, linear; (4.41b): bottom
fluid, non linear. w®® = 0.0010, ¢ = {0.1%,0.5%}.
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Figure 4.42: Comparison of maximum of conditional averaged u fluctuation, w® =
0.0010 between linear and nonlinear DNS. ——: linear DNS, - - —: nonlin-
ear DNS

w? can vary substantially with the degree of nonlinearity involved (figures 4.42, 4.43,

4.44). Given the boundary conditions at the bottom wall, the location of the maximum
velocity in the bottom fluid naturally happens close to the interface. Hence, since the
interface location is distorted by nonlinearity, the quantities yﬁu, yﬁv, yﬁw are larger

than the in the single fluid case.

Observations

In the previous two sections, a comparison between linear and non linear DNS was
presented, analysing energy growth, interface deflection, instantaneous and conditional
averaged data.

In Chapter 3, it was shown that one effect of mean flow evolution was the rela-
tive thinning of the film layer with respect to the boundary layer, due to the different
spreading rate of the interface. This resulted in a streamwise decay of the capacity to
absorb mean shear by the bottom layer, limiting the beneficial effects of the near-wall,
low-viscosity film. In the nonlinear case, this phenomenon is even more evident due to
the strong deflection of the interface.

In the case of higher temporal frequency (p°), the quick alternation of fast and slow

moving streaks forces the interface into plume-like structures, which eventually break as
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Figure 4.43: Comparison of maximum of conditional averaged v fluctuation, w®® =
0.0010 between linear and nonlinear DNS. ——: linear DNS, - - —: nonlin-
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Figure 4.44: Comparison of maximum of conditional averaged w fluctuation, w*’ =
0.0010 between linear DNS and nonlinear DNS. ——: linear DNS, - - -:

nonlinear DNS
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propagating downstream; in the low temporal frequency case (p*°), the interface does
not undergo rupture but is deflected and strained into ligament-like structures that are

carried downstream.
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4.5 Conclusions

This chapter has presented the effects of nonlinearity after the early linear stage of
the amplification process. Although linear models successfully describe the evolution of
infinitesimal disturbances, later stages of amplification involve non-linear effects. There-
fore, Direct Numerical Simulations were carried out to investigate the non-linear evolu-
tion of optimal disturbances in two-fluid boundary layers.

This chapter had the dual purpose of:
a) comparing and validating PBl and DNS evolution in the linear regime;
b) showing effects of nonlinearity on transient growth and interface deformation.

The linear regime in DNS simulations was determined by increasing the initial amplitude
of the inlet disturbance from € = 0.01% to € = 0.1% and comparing the evolution of the
normalized solution field u/e.

The linear evolution (e = 0.1%) of optimal disturbances with DNS showed very good
agreement with linear, spreading predictions from PBI, both in terms of energy growth
and physical features. Thanks to a discountinuous formulation, the description of the
interface deflection and evolution in PBl is accurate and smooth; in the DNS, the interface
perturbation is retrieved via the inversion of the sign distance equation, resulting in a
non-smooth function. Both methods were found to agree on the magnitude and spatial
frequency of the interface displacement.

To assess the effects of nonlinearity on the evolution of optimal disturbances, their
streamwise evolution in linear (e = 0.1%) and nonlinear (e = 0.5%) regimes was com-
pared. The disturbaces for optimal, p° : {w® = 0.0125; k.° = 1.5; m°® = 0.55; d° = 0.1},
and sub-optimal, p*° : {w® = 0.0010; k.° = 1.5; m° = 0.55; d° = 0.1}, set of param-
eters were used as inlet condition for the spatial DNS investigation. It was found that
for initial amplitude equal to € = 0.5% non-linear effects become non-negligible and can
alter the predictions of linear stability theory. In particular, for high temporal frequen-
cies (w? = 0.0125), the interface undergoes large deformation; the combined effect of
non linearity and alternation of positive and negative streaks induces the interface into
plume-like structures, which eventually break. In the low-omega case (w®* = 0.0010),
the quasi-steady motion of streaks, although creating large interface deflection, does not

break the film layer but induces the growth of ligament-like structures.
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The analysis of conditional averaged data showed the impact of nonlinearity on top
and bottom fluid maximum velocities and their evolution in the streamwise direction.
The interface deflection was shown to be sensitive to non linearity; as a consequence, the
flowfield in the bottom fluid is affected by nonlinearity more than the top fluid. Maximum
velocities in the bottom velocities are driven in fact by the interface deflection, whilst
the location and magnitude of maximum velocities in the top fluid is almost unaffected

by nonlinearity.
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Chapter 5

Conclusions

5.1 Summary and key results

Amplification of free-stream disturbances that have penetrated into the boundary layer
has an important role in bypass transition. The focus of this work has been to assess
the extent to which the amplification mechanism is affected by a wall-film. In order to

accurately address this problem, a spatial framework has been adopted, namely:

1. Spatial transient amplification of linear disturbances in parallel two-fluid boundary

layers.

2. Spatial transient amplification of linear disturbances in spreading two-fluid bound-

ary layers.

3. Non-linear evolution of optimal spatially-evolving disturbances.

The following subsections summarise the key results and findings. The last section
of this chapter includes a discussion of how the findings of the current work lay the

foundation for future investigations.

5.1.1 Transient amplification under locally-parallel assumption

In Chapter 2, the non-modal stability of locally-parallel two-fluid boundary layers was
examined. The Orr-Sommerfeld and Squire equations, which govern the linear stability
of an infinitesimal disturbance, were solved in order to determine continuous and dis-
crete spectra. This modal information is key to the solution of the optimization problem
leading to the determination of parallel optimal disturbances. The solution to the op-

timal growth problem has revealed the presence of a mechanism of energy production,

173



174

which competes against the vorticity tilting mechanism. This amplification mechanism
was found to be similar to the one investigate by Saha (2011) in a temporal framework
and therefore it was denoted as interface deformation mechanism. The interface defor-
mation mechanism is driven by the jump in mean vorticity across the interface, which
introduces normal vorticity perturbations proportional to its displacement and occurs
on longer lengthscales than the vortex tilting mechanism. This, instead, is driven by
normal velocity, which tilts the mean spanwise vorticity into the wall-normal direction
and occurs on a lengthscale corresponding to the viscous decay of the normal velocity
component. The optimal conditions associated with these mechanisms are streamwise
oriented vortices.

As the viscosity ratio is reduced, the lift-up mechanism weakens, whilst the interfacial
energy generation strengthens. The competition between these two vorticity generating
mechanisms leads to an optimal viscosity ratio, for which maximum transient growth is
achieved, at a given film thickness. A parametric optimization was performed and the
optimal viscosity ratio m® and film thickness d° that maximise the reduction of transient
amplification were determined. The set is: p° : {w® = 0.0125,k, = 1.5,m° = 0.55,d° =
0.1}, at Re = 800.

5.1.2 Transient amplification and nonparallelism

Chapter 3 was centred on developing a new framework for the study of optimal distur-
bance and transient amplification in spreading two-fluid boundary layers. The motivation
for this chapter was driven by the need to relax the parallel assumption that permeated
the Linear Stability Theory, without having to recourse to more complex methods. Under
the boundary-layer assumption, the optimization problem leading to the determination
of spatially-evolving optimal disturbances and energy growth was formulated and solved.
The formulation of the optimal growth problem involved the derivation of the two-fluid
spreading adjoint equations of the Navier-Stokes equations, which are new and a power-
ful tool for optimization and sensitivity analyses.

Due to the spreading of the interface, a mapped computation domain was used, in order
to allow for an easy implementation of interfacial boundary conditions and for improved
grid resolution near the interface.

The optimal set of parameters determined in the previous chapter and the additional
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case with w® = 0.0010 was considered. An investigation on how nonparallelism affects
the amplification mechanisms and optimal disturbances was carried out. It was found
that, as the flow spreads, the mean shear weakens and jumps of mean quantities di-
minish. The former phenomenon results in a weaker lift-up effect due to a reduction in
the coupling term between normal velocity and normal vorticity; the latter drastically
reduces the effectiveness of the interface deformation mechanism, which becomes unable
to produce substantial energy amplification. Note also that the mean interface height
spreads proportionally to X%, while the edge of the boundary layers grows as X%- Thus,
as the streamwise distance increases, the effects of the lower viscosity film on the bound-
ary layers decrease.

Comparisons of transient growth under parallel and spreading base flow assumptions
suggest that results from linear parallel stability can be inaccurate and misleading and
that the growth of the mean flow must be taken into account in transient growth com-

putations.

5.1.3 Non-linearity

Chapter 4 had the dual purpose of providing a validation for the spreading two-fluid linear
analyses presented in Chapter 3 and extending those findings to the non-linear regime.
The DNS of the optimal inlet condition from linear (spatially-evolving) optimization
for very low initial amplitude ¢ = 0.01%,0.1% was considered and very good agreement
with the linear prediction of energy growth presented in the previous chapter was shown.
The inclusion of non-parallelism in the two-fluid optimal disturbance formulation was
therefore an important modelling effort towards a more accurate characterization of the
optimal linear amplification mechanism in two-fluid boundary layers. It was also found
that, due to its discountinuous formulation, the PBI provides a smooth and continuous
description of the interface deflection.

As the initial amplitude of the inlet disturbance is increased, non-linear effects are
no longer negligible and cannot be discarded. For ¢ = 0.5%, the introduction of non-
linearity results in larger interface deflection, which strongly affects the flowfield in the
bottom fluid.

It was found that the nonlinear effects on the interface vary with its temporal frequency

of oscillation. In particular, in the quasi-steady case (w*® = 0.0010), the introduction
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of nonlinearity lead to the formation of ligament-like structures; at higher frequency,
w?® = 0.0125, the interface is induced into plume-like structures, which eventually break.
These structures drive the location and magnitude of the maximum averaged velocities
in the bottom fluid; nonlinear DNS simulations of quasi-steady optimal disturbances
on much longer domains would be required to investigate their potential evolution into

ligaments.

5.2 Future work

The main conclusions of this thesis indicate that the transient amplification of energy is
reduced significantly by the introduction of lower viscosity wall-film under parallel base
flow assumptions. A similar boundary layer profile to the one investigated in this work
can be determined by wall heating, which lowers the viscosity near the wall; passive
control techniques, such as wall heating/cooling, can delay transition by stabilization of
the boundary layer (Lauchle & Gurney, 1984). However, an accurate description of the
optimal transient energy evolution in two-fluid boundary layers must account for mean
flow non-parallelism. Optimal growth studies carried out on a spatially-evolving base
flow showed that the stabilising effects of the wall layer quickly decrease with streamwise
distance from the leading edge.

The mathematical framework on two-phase adjoint equations for spatially-evolving
flows can be extended to include (weakly) nonlinearity. In particular, under the assump-
tion that the interface is a function on the chosen domain (i.e. no change of topology
takes place), one can incorporate nonlinear terms in the forward equation and solve for
(weakly) nonlinear optimal disturbances. A similar result can be obtained by performing
direct optimization on the (nonlinear) Navier-Stokes equations (Monokrousos, 2011); the
extention of two-fluid flows, however, might be possible only under restricitve condition
on the interface deflection.

The formulation of the two-phase spatially-evolving adjoint Navier-Stokes equations
can be used to investigate receptivity in two-fluid boundary layers and to design optimal
control algorithms that minimize the transient energy response. On the contrary, the
same framework could be successfully applied to determine optimal disturbances that

facilitate the atomization of the wall layer.
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Appendix A

Two-fluid adjoint perturbation equations

This appendix presents the derivation on the two-fluid adjoint equations for spatially-
developing flows.

The adjoint system can be derived by imposing the relation in (3.42) and choosing appro-
priate adjoint boundary conditions such that the internal product in (3.36) is identically
satisfied on H(Q U Q).

Introduce ¢ = [q*, fT]T and ¢ = [q, f]T vectors with qf = [uT,UT,wT,pT]T, q =
]T

[u,v,w,p]" and consider the adjoint relation:

(v.86) = (s'v,0) (A1)

GHEED- e IEL LD -

where £ denotes the boundary layer operator, C the coupling operator between q and f,

that is

and Z the interfacial operator, respectively defined in equations 3.22 and 3.24.

qf col|lq]
qﬂHC I] s >:/QqTHﬁqu+/meH<Cq+ff> i (A3)
[qT ] q >:/Q<£TqT>quQ+/Q (ctquﬁﬂ)ﬂfdw

T

(A4)
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Note the interface displacement f is a distribution at the interface: f := fd(y —d).
The aim is to find the operators £f, Ct, ZT such that the relation:

H H
/QqTHﬁqu—k i fTH(Cq+If) dw:/ﬁ(ﬁTqT) qu+/ (CTqT+ITfT> fdx

Qg

(A.5)

is satisfied ¥ q,q', f, fT € H(Q).
The derivation proceeds by explicitly computing the integral on the left hand side of
(A.5) and finding interfacial and wall boundary conditions such that right hand side

satisfies the equation.

Before explicitly computing the integral on the left hand side of (A.5), the adjoint deriva-

tion of a general viscous term is presented:

0%, 0 ([ 0u; 0 (0u; Ou,
/Q Ui ’uaxj(‘)a:j s /Q Ui ’uaxj <8x]> s /Q Ui M(‘)xj (&Tj + axl> s
_ [0 s ((Oui | Ouy / Oui* (Ou; | Ou; _
N /Q &Tj ( . (&Tj + 8@)) s Q ’uaa;j &Tj + axl de =

w ((Ou;  Ouj oul* Ou, oul* Ou,

:/F—,uu,- <8xj + 6@)7%]- I’ + Quaxj oz, dQ + Quaxj oz, dQ = (A.6)
ot (B s [ 2 () - o

* /Q aii (” 32; “j> ds = /Q” aij?;i uj A2 =

:/F_,w;* (% + gzﬂ> i +ugigumj +ugigujm dr — /Q“ <aijgij“i> 40

I' being the boundary set of €2, i.e. I' = 9f.

In the particular case of boundary layer approximation, the term % is dropped; hence,
the corresponding adjoint term does not appear and the relation A.6 equates to zero.
However, first order terms can be retained to facilitate the dermination of the adjoint

stress interfacial conditions.
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So, from (A.5):

/ at’£q do = (A7)

Ty [ree 0 0 0
/ / [ 5297 ~ Borar —Birg-ar — Bar——ar| dy

dy dy
+ / A 0 -B -B 0 B 0 dy dx =
Ba. as 0B4dB 1Ba aB — 2B8 4B | ay

Ty oo 0 +H 5, H d +H

/ / qr [ A:I;Ia Q} - BOTHQ; + 8_ <B1T qif > - BzTHa—yngr } dy

0 0 H 0 H
+/0 [ ABa qjg BOBqB +a—y(Bqu;3 )_B2ga—y2qTB ] dy dx

400 d Tf
+ / al ATqT "y + / ABqB dy
d Zo 0 zo
BC,
—/ BquT‘ - qBBquB‘
o o o 4|t o
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+ By qr ZTQT ] + O qap 2BqB , qr bap aqu . dpb2p 8qu .
8 +o0 8 d 8 +o0o 8 d
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d 0 Z o la 9z 7|,

BCy

that is
H
/ at’ £q do = / (chT) q dQ+ / BCH dy + / BCH dx  (A8)
Q Q Q, Qu
If it is shown that:
H H
BC, dy+/ BC, dﬂc:/ (chT+ITfT) fda:—/ Y Ca+If) de (A9)

then it is proved that £f, CT, Z1 satisfy the adjoint definition in (A.1).
Consider BC, term and denote with [a] the difference of a quantity a(y) through the
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interface, i.e. [a] = ar(y =d) — ap(y = d):

Ty d
/ BCy dx = —/ [—ug‘/ug - 2?)5‘/7); — wg‘/wg - vgpg - pgvg . (A.10)
T zo

r +m
+ —u?Vu} - 2?}?‘/1}} — wCI;IVwJ:F - vf’p{pif — p?vH

Oujy g i Owjy ouf ovfl owif (1T
+ _ﬂBa—yuB‘FMBa—yUB—F,UBa—wa 0+ /LTa—y’LLT—F/LTa—y’UT—FMTa—y’wT .
~ d 400
auTB " 81}}; i aw% au; i av; i aw}
— | ppufi =L + ppvf =2 + ppwp 2 L+ proff =L+ —ZL
_,UBBa BBay Bayo MTTa TTay Tayd
d 400
ovg 4 ovg s Ovg ovfl 3 ovf' vyl 5
+ _,UBWUB‘F,UBa—y’UB—F/LBWWB + MTW,&T—I—MT@—Z/UT_‘_MTO—Z/,LUT ]

T ox "0z

0
~ d 400
)l o) ! ol ol ol
— ,uBug—B + ,uB’Ug—B + MBwH—B — MTUH L4 MTU:,I!—T + uTwH . dx
ox Y z y 4

Ty
:—/ —pBUB‘ —vaT‘ + HuHVuT—I—UHpT+2vHVvT—|—wHVwT—|—pHUT]] —21)31!‘/1)}‘
0 0 +00 +00

Qup v, Ovg g Owp T> < ouf v Ovf - Owf T)
+ (w22l + up =20l + pp—=Lwh || + | prLuk + pr— vk + pr—Lw
<5y3 oy P oy P, oy T gy T )i
vl ut! vl owH ou' vt wt
g9 | ou ¢ OV y  OWT Hou n9v oW
pror = ) [[,uayu—l—,uayv +p aywﬂ—k[{uu oy + pv 9 + pw ay]]
o
Qg g ¢ g owpl 4 ovfl ovfl
+ (IUBW“B_‘_#Ba—UB—F’uBWwB 0+ MTW,&T—I—MT@—Z/UT_‘_MTW,LUT o
" 81)73 I (%L I 81)73 I 81)} I 81)} " 81)}
gy Tty TR, )| T\ Gy TN Ty I )
o
vt vt out vt vt vt
HOV HOV P ACAR | IS IR ST BTN | |
+[[,uu oz + pv 2y + pw 8zﬂ [[,uaxu —I—,uayv —I—,uazwﬂ T

Applying the forward boundary conditions at wall and free stream:

u(0)=0; v(0)=0; w(0)=0. (A.11)

u(+00)=0; w(+00)=0; p(+o0)=0. (A.12)
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leads to a choice! of wall and free-stream adjoint boundary conditions as the following:

uhb (0)=0; oh(0)=0; wh(0) =0. (A.13)

ovt
p} (400) + QV’U;« (400) + ,uTa—Uy (400) =0 u} (+00) =0 wr} (+00) =0. (A.14)

Interfacial adjoint boundary conditions on the adjoint velocities can be fixed to:

[[Mﬂ ~0; [M] ~0; [[uﬂ]] ~0. (A.15)

leaving BC,, to be:
rf out oot ot vt ow'
B dr = . H,_t H H H
/w Cy dx /xo [[v p' + pu <—8y +—ax>+,wu —8y +—8y + pw —ay +

[[ H ot <8uH OUH> t <8vH 8UH> t <8wH 8UH> Tﬂ
=l tp |t ot ) | || de
9y Oz y y y

Ty
_ A F
—/x BCy —l—BCy dx .

0

At this point, impose the forward velocity and stress boundary conditions (3.28)-

(3.33) at the linearized interface location.

Analysis of BC’Z‘/4 term
ot out ot owt  ovt
A_ _|,H T ovi AN |\, =, (W ov AL | g (W OU
e == [l engy) | - [ (G 50 - e (G 50

Note that in general, for any A, B € Q

[(A,B)] = ArBr — ApBp = Ar[B] + Bp[A] = Ap[B] + Br[4] (A.18)

!The choice of adjoint boundary condition is somehow arbitrary. However, some conditions on adjoint
velocities result in forward/adjoint coupled boundary conditions
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Therefore, with use of (A.15)

A o owl ot H oul  ovf
- _ b _ bt
BCy = —wp [[u( y + z)ﬂ Up [[u( y + )ﬂ (A.19)

auT ot ot ol

Imposing the conditions (3.28)-(3.30) leads to the following choice of adjoint stress

boundary conditions:

[[u (%—j + %—i) ~0; (A.20)
[[u (Cw + %f) ~0; (A.21)
[( T+2MW>_: — ft. (A.22)

BC’Z‘/4 reduces to

oul ot ov 151%
BCJ‘——vaTwB(; n g;)[[ ﬂfH <pB+2uB aB> ﬂa—yﬂ 1 (A23)

In the next paragraphs, the residual terms are analysed to determine the adjoint

bondary conditions.

Analysis of BC’; term

ot outl  ovH owtl  oH
F_ T _,H v _ 1 e 7 _ T I
BE,y [[(p ”“ay)ﬂ [[““<ay+aw>]] Hw“<ay+az>]]

(A.24)

With the use of (A.18),

vt ot v ow vl
pef = ot [ (o vy )| ot [ (G + )] -t [ (G + %52

(A.25)

The application of (A.15), (A.18) and of the forward stress conditions (3.31)-(3.33) results
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n:

VZ]] 7 (A.26)

BCZJ;:—UT<U/<;H—H v ﬂfH> T[[ i ﬂfH HM828

Under the assumption of small curvature of the interface, x can be expressed as a linear

function of the interfacial displacement, i.e. Kk = Af.

The total residual after applying forward and adjoint boundary conditions is given

by:

out vt oUu vt
A F_ _ Hgt H B
BCy +BCy = ?}Tf +MB<8 + 8w> H :|:|f (pB+2,uB 8y>

(A.27)
02V 02U 92V |
o Gl % E R o e e

Recall now the kinematic condition for the interfacial displacement f:

) )
<8t+Ua>f—vT (A.28)
it follows that:
) B,
—odf T = — <at+Ua ) FH gt (A.29)

Introduce the following operators:

oul,  ovl,\ TouU v oV
fot — B , 9B\ || 9Y i
C'lq 'uB<8y + ax>ﬂayﬂ+<p3+2,u3 8y>ﬂ8yﬂ (A.30)
v 02U v
ot H_ |y, VY _.tl,2°Y t
! (JA [[% 8y2ﬂ> ! [[” 8y2ﬂ o [[Mﬁy&ﬂ
B) o\
ITfT:—<8t+Ua ) It (A.31)
Thefore,

BCA + BCF = fH (cT f 7t fT) . (cq VT f)H Iy (A.32)
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from which it follows that:

/ BC, dx:/ £ (chT+ITfT) dx—/ (cq+zf)HfT dx (A.33)

x

= BC, =0 Vaq,f,q', f € H(Q)

For the adjoint relation (3.42) to hold, the residual term BC, must vanish.

Analysis of BC, and rescaling conditions

+00 H
/ BC, dy:/d a. Aflqr

Qy

d
Ty H Ty
dy + / af; Afas| dy (A.34)
0 x

xo 0

For BC, = 0 to be satisfied V q, f,q', fT € Q, the following conditions must be met:

H Tf
ar Alqr| T =0 (A.35)
zo
H ZTf
dfy Affaz| =0 (A.36)
0
that is
H H
o Allgr| =dq). Allqgr (A.37)
Tf o
H H
ay Aflgp = ay Allgp ) (A.38)
¥ 0

The relations (A.37)-(A.38) provide the projection condition between forward and adjoint

systems at xg and xy.

Provided that (A.37)-(A.38) hold, it is proved the existence of the adjoint system ST
L0 qf

Stol = =0 (A.39)
ct 7t fT
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with
ot — |_am 9 _ _9B1)" B, Ba_2 f (A.40)
4 Ox 0 oy ! oy 28y2 1 '
oul, ovl,\ ToU al,\ Tov
Tql = B, Z'B el 19, B i A .41
¢ MB<8y+8w>[[5yﬂ+<pB+uBﬁy Hayﬂ (A4
oV U v
ot H_ 9,2V |I) _,f1,22Y t
o (oa - [ ]) - o] o o]
d o\
i (9 7Y t A42
17 <8t * Ua:::) / (A.42)
boundary conditions:
uly (0) =0 (A.43)
vl (0) =0 (A.44)
why (0) =0 (A.45)
i i vt
P (+00) + 2V ol (+00) + g (+00) =0 (A.46)
ul (+00) =0 (A.47)
wh (+00) = 0 (A.48)
_uT]] —0 (A.49)
—’UT]I —0 (A.50)
_wT]] —0 (A.51)
oul ovf
gu’ OV 2 A.52
g ( dy i >ﬂ ! (4.52)
owt vt
w9 = A.
g ( dy 0z )ﬂ ! (4.53)
ot
<p1 N 2uai> _ gt (A.54)

and rescaling conditions as in (A.37)-(A.38).
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Appendix B

Validation

Some of the validation results for the two-phase parallel and spreading code are presented
in this appendix.
This sections refers to the validation of the two-phase spatial codes used for the compu-

tations in this thesis:

1. eigOS-Sq, eigOS-SqAdj : parallel OS-Sq eigenvalue solver, parallel adjoint OS-Sq

eigenvalue solver;
2. tg0OS-Sq: parallel optimal growth (via SVD);
3. tgBL: spreading optimal growth (via Adjoint Looping).

Due to the lack of literature results on two-phase spatial Orr-Sommerfeld and Squire
eigenvalue problem, the author has validated the spectral parallel code using several
methods. It is important to highlight that there is a one-to-one relation between transient
growth mechanism and eigenvalues. Therefore, the validation of an optimal growth curve
(computed via SVD) implies that the underlying eigenvalue problem (and its adjoint)
is accurate. Moreover, the transient amplification of the solution to the initial value
problem of an optimal disturbance, by definition, must reach the G,,,. value at the
same streamwise location xas. On the basis of these considerations and using the well-
established PSE (Cheung & Lele, 2009) and DNS (Zaki, 2005) codes, a rigorous validation
pattern was followed.

First of all, the ability to correctly represent single-fluid-limit features was constantly
monitored throughtout the implementation and validation (fig. B.2).

The code eigOS-Sq was at first validated against the two-phase Orr-Sommerfeld solver
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Figure B.1: Two-fluid boundary layer eigenvalue spectrum, w = 0.001, k, = 1.5,

r= Z—B =10, m = 0.55, Re = 800. o: Orr-Sommerfeld eigenvalues (OS), +:

Squire eigenvalues (SQ); : complex conjugate OS and SQ adjoint eigenval-

ues. x: data from Cheung & Zaki (2010), obtained via Parabolized Stability
Equation code in parallel limit.

built in the PSE code. Then adjoint code eigOS-SqAdj was developed and consistency
between eigenvalues and adjoint eigenvalues was checked for any viscosity and density
ratio and Weber number (fig. B.1).

The code eigOS-Sq uses the eigenvalues computed by eigOS-Sq and eigOS-SqAdj to
compute optimal growth. Two different and independent implementation of the optimal
growth problem (via SVD and via Adjoint Looping) were compared, yielding to identical
results. However, additional and conclusive validation was provided by direct comparison
with tgBL, run in parallel-flow limit (fig. B.3).

The spreading single and two-phase capabilities of tgBL were tested against results from
DNS. Optimal single and two-phase disturbances were computed with tgBL via the
adjoint looping method and provided as inlet condition to the DNS solver. The linear
evolution of kinetic energy (normalised by its inlet value) of the optimal disturbance was
compared with the G,,q, envelope computed with tgBL, via Adjoint Looping (fig. B.4),
showing perfect agreement. This validates the two-phase spreading forward and adjoint
solutions and the choice of the boundary layer approximation for the chosen Re number.

More details of the comparison with DNS data can be found in Chapter 4.

Additional validation of the temporal problem was originally carried out. Temporal

eigenvalues were validated against literature; figure B.5 show a comparison against Malik
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Figure B.2: Comparison of optimal growth in single fluid Blasius boundary layer. Ref-
erence, data from Tumin & Reshotko (2001): o, w = 0; O, w = 0.005. —,
- .- two-phase parallel and spreading spectral code in single-phase parallel
limit.

50

40 1

30 1

20 1

10 1

0 1'0 2'0 3'0 4'0
X
Figure B.3: Comparison of optimal growth in two-fluid boundary layer, Re = 800,

w =0.002, k, = 1.2, r = 0.5, m = 0.5. —: tgOS-Sq; +: tgBL, parallel-
limit.
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X

Figure B.4: Streamwise evolution of kinetic energy E for w = 0.001, k, = 1.5, m = 0.55,
Re = 800, € = 0.01%, computed with DNS; *: Evelope of G4z, computed
with tgBL

& Hooper (2007).
Transient growth was computed for various viscosity and density ratios and Weber
numbers; figure B.6 shows a comparison of transient growth at different Weber numbers

versus Yecko (2008).
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0 0.5 1

Figure B.5: Three-dimensional two-fluid flow eigenvalues, Re = 3000, m = 2, » = 0 for
a) ky =1,k, =0,b) ky, =05, k, =05 ¢) k, =0, k, = 1. * OS mode, +
SQ mode Malik & Hooper (2007); o OS mode, O SQ mode, temporal SVD

code
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Figure B.6: Energy growth G(t) for k, =0, k, = 1, r = 0.9, m = 20, Re = 900. - - -
Yecko (2008), —— temporal SVD code



Appendix C

Non-linear mapping of Chebyshev polynomials

Define T}, (y) := T, (19_1 (y)) as the mapped Chebyshev polynomial onto the domain €.
The mapping function is ¥ and relates the Chebyshev interval I = [—1,1] to physical
space (2, such that y = ¥(¢), V¢ € I,y € Q.

Two sets of Chebyshev polynomial have been used to represent, independently, the bot-
tom and the top fluid. In particular, T7 = T,, (19_1 (y)), y>dand TP =T, (19_1 (y)),
y <d.

To achieve high accuracy in calculations, it is important to control the number of col-
location points in the mapped domain. Rational maps on a semi-infinite domain have
proved successful in distributing grid points so that the interface region is highly resolved

(Schmid & Henningson, 2001). The mapping function ¢ has been chosen to be:

L(¢G+Dy,” .
e i y=>d
non-linear: y; =9 (¢;) = L-(L=2y2)G; (C.1)
Gy <
ar(d-2P) ¥y=
where the parameters ., yZ control the clustering location of half of the Gauss-Lobatto

d

points (respectively, in the intervals [d,y!], [yZ,d] ). In the case that y! = £, yB = 4,

a linear mapping is recovered:

SEL i y>d
linear: y; =9(() = - (C.2)
2~ if y<d

Details of the Chebyshev differentiation polynomials in physical space are given below.
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Figure C.1: Chebyshev collocation points under linear mapping.

T, (07'()
= ) 9
=T (19‘1(11))_19” (i‘l(y)) T, (19_‘11(31)2 (C.4)
7 (07 (w) 7 @0 w)
ST (07 W) 0 (0 ) 3T (0 ) 0 (7 ) ©5)
V(0 Ww) VW)
B () KA Canl ) B i ©)
7 (0 w)" 70 )’
= B0 W) (07 )" | 15T (9 1w) O 071 )° ©6)
7 (071 (w) V(07 1w)
1075, (01 () 0" (97 () 9" (97 (y) 4T, (971 () 9" (9~ ()
7 (01)° 0 y)’
6L (0T W)Y (0 () T (07 w) 9" (0 w) | T (9 )
70 (w)° 70y’ 70 )’

These relations were derived by the Author and verified with the help of Mathematica.



Appendix D

Energy norm and expansion convergence

The convergence of the mechanical energy norm of a perturbation stated in equation
(2.57) is address in this section. This norm is based on Yecko and Zaleski’s formulation
(Yecko & Zaleski, 2005b).

Consider a perturbation expanded in terms of N Orr-Sommerfeld and Squire eigenfunc-
tions. The maximum transient growth value G,,q can be considered as the value of a

convergent series in terms of well-resolved modes that constitute the projection basis of

AGmax (N)
Gmaz (N) ’

where AG a2 (N) = Grge (N + 1) — G (N), is used to study how G, varies as N is

cardinality N. The quantity AG, denoted as residual and defined as AG =

increased, conditioned to the inclusion of well-resolved modes.
A plot of the value of the residual versus the number of well-resolved modes N is depicted

in fig. D.1.
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Figure D.1: Convergence residual of the energy norm for different values of viscosity
ratio m, w = 0.001, k£, = 1.5, Re =800. —: m =10;-.-: m = 0.8 ;
----m=06;-----m=04;—: m=02.



Appendix E

Other applications

This Appendix brings together work undertaken by the Author during his PhD studies
on subjects related to the application of single- and two-fluid adjoint equations. The
aim of this Appendix is to collect notes that can be useful to other students but are not
strictly related to the main subject of this thesis.

In particular, in the next section, attention is given to:

E.1 derivation of two phase adjoint Navier-Stokes, PSE and Orr-Sommerfeld equations;

E.1 Adjoint Navier-Stokes equations

The aim of this section is to fomulate and present the adjoint of linear Navier-Stokes
equations, governing the evolution of an infinitesimal perturbation in two-phase shear
flow.

Let b=[u v w p]T be the vector containing the forward perturbation variables and
d=[U V W P]T the mean variables, U = [/ v/ w' p/]" the vector containing
the adjoint variables.

Define the operator

plO + L] —pA vV

= (E.1)
V- 0
with
8111' 8UZ
=U,— — E.2
Lu = U; Iz, + u; oz, (E.2)

whereu=[u v w] andU=[U V W]
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Note that the evolution of a generic perturbation in each fluid can be re-written as

HP =0 (E.3)

Suppose that S is a Hilbert space, with inner product < -,- >. Consider the con-
tinuous linear operator H : S — S. There exists a unique continuous linear operator

H':S — S with the following property:

<UHE >=<UHI &> VYU dcS (E.4)

Finding the adjoint of the problem defined by the relation (E.3) is equivalent to
determine the operator H' that fulfils the relation (E.4), provided an inner product

<>

Define an inner product as the following:

t
<ab> ://a*-b d0dr | VabeS=[0,4 x Q (E.5)

The inner product < W, H® > is constructed explicitly using the index notation:

t
< U, HD S— / / UE (H®), dOdr — (E.6)
0 JQ

ou; ou; oy, dp 0%u; ou;
/* 1 . 2 . ) I3 7

/ / ( T Uiga, 79 i Ox; > * Ox; M(‘)wj(%cj +P axi)deT
~—~ —_—— ~——

Convective Pressure Viscous Mass

Consider each term separately:

Pressure term

t t t I
= / / u;” op dQudr / /u;*pﬁi dari'dr —/ / aui‘ p dQdr (E.7)
0o Jo ' Oz o Jr 0 Ja Ox;

where I' = 0f) denotes the boundary surface of the domain €2 and n is the normal unit

versor to the surface I'.
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Mass term

3 . t t /%
M:/ /p/*% deT:/ /p’*uirii deT—/ / Ip u; dQdr (E.8)
0 Jo o O 0o Jr 0 Ja O;

Convective term

ou; oy,
C—//upat pU8 +up]a dQudr (E.9)

I%x
c, = // *p aul deT—/pué*u, b dQ— // Ou; —tu; dQdr
t
Cy = //u;*p j —/ /pUju;*u,-ﬁj dli’dr
0 Ja 0oJr

t a/*
—// ~Uju; dQdr
83:]
o [ fromtan [ |

- dQdr
Viscous term

vV o= / / - dQdr = / / s (ggj) dQdr (E.10)
= // Moz, (giﬁgii) ddr
[ o ) e [ 58 ()
_ / / (a‘” g‘”) dldr + / / aa‘;; gz; ddr

t oul* au]
Q
+/ 83:] ox; dSddr

ou, au] oul*
// Z(axj a)“”“”//awj( ax-“>dd7
82 /* au/* 82 /%
/ / E?x](?x] u; deT+/ / B, < Dz, u-> deT—/ / (%U](%nzuj dQdr
/*
= / / <8u2 g?) n; +,uaa w;n; +u88u u;n; dl'dr

82 /* 82 ;*
_ .| a0
/0 /Q,U 8%8% Ui+ Z?xjaxiu dSddr

/*
.Z'
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Combining terms Combining all terms together, the quantity

A=<V HO>=C+P+V+M

can be written as the following:

! aU.;* aué* 8UJ . ap/* aZu/*i
A_/o /Q< p< o Yon, T om uj>— 9o Hom,0m, | © (E.11)
~—~ N ——

Convective Pressure Viscous
oul*
_ &p) dQdr + 9A
al’i
Mass
0A = / puiu; | dQ+ (E.12)
Q
O0Ay
t
+/ / (pUZ-u;»*uj +p*u; + u;*p) n; dl'dr
0o JI
t ou; Ou; ou’* ou’*
I*x 1 i 7 A~ i A
—uu , . 1. dl'd
+/0/1“< pu; <axj+axi>+u8$jul>nj+,uaxjujnl T

OAr

Equation (E.12) satisfies the condition (E.4) when the boundary term 0A vanishes.

It is straightforward to prove that in the single fluid case, due to the vanishing
boundary conditions at infinity on the forward variables, the choice u™* (x,¢) = 0 and
u”* (I') = 0 provides correct boundary conditions for the adjoint linearized Navier Stokes

system, so that 0A = 0, defined as the following:

HIW =0 (E.13)
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with

-V 0
. ou, 9U%
L = -U i oz, + c%zij u;

where w/ = [/ v/ o] and U* = [U* V* W*T.

two-phase case In the two-phase case, the situation is much more complex, due to
the jump conditions on the forward variables at the interface.

Define the jump operator [-] as [§] = &vottom — &wop, Where & represents any variable
experiencing a jump across the interface.

The matching conditions on the forward variables at the interface are:

[u] =0 [v] =0 [w] =0
(E.15)
I (3 + 3)1 =0 [-p+ 2] = o I (% + 821 =0
Consider the boundary term A = 0A; + OAr.
04 = [ g us(t) — pu Oui(0) d0 = [ (x0) —w (E.16)
Q
t
0 Jr

! ou; Ou; oul* ou’*
—pu* v J (PR I i whs dld
o (i (G ) o ) o g i v
Consider a generic integral I = [.q -0 dI.

Assuming
e periodicity of the function ¢ in the Z direction

e vanishing boundary conditions at infinity
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the only relevant normal versor f; to the surface I' is ; = §. The I can be written

as:

1= /F 4§ dF = Q(+00) - Qr(R) + Qu(h) — Q(—o0) = [Q]  (E.18)

where y = h identifies the position of the interface and T, B denote “top” and “bottom”

fluid quantities. The following relation holds.

t
aAp:/ /p(u;*ui)VdFdT (E.19)
0 Jr
t ou; ov
Pk, /* T
—I—/O /F[v D — pu; <8y —I-&Eiﬂ dl’dr
¢ our o™
1% ) i
—I-/O /F[p v—l—,uul< By + aazlﬂ dl’dr

ou; Ov ou* | o™
— ol A I ! " ' ’
= [p (uj'w;) V] + [v"p — pugj <8y +83:i>]]+[[p ’U+Muz< By + 83:Z>]]

Consider a three-dimensional perturbation and base flow. The time integration does
not affect the derivation of the adjoint boundary conditions, since they must be satisfied

at any time. The boundary term dA can be expanded as

OAr = [p (u"*u+v"v + w*w) V] (E.20)
+[[U/*p—ﬂu/* %‘i‘@ _Mv/* @‘i‘@ _Mw/* a_w‘i‘@ ]]
dy Oz oy Oy oy 0z

+ [ + 8u’*+<%’* o 81)’*+8v’* o 8w’*+8v’*>ﬂ
pvT R oy Oz H oy dy H oy 0z

ov ou Ov ow  Ov
_ 1% _ - _ 1% - g _ /% - -
0Ar = v <p 2uay>]] [u™p <8y + 83;)]] [w™p <8y + 82>]] (E.21)
1 '™ ou™* o™ ow™ o™ )
+[[v<p +2’”‘ay [+ [pu 8y+(9x [+ [pw By + 5 I

+ [pu*uV] + [pr* oV ] + [pw*wV]

ol BN, (0 B0\, . (0w Ov
~ v (p g 1=l (o + 50 )1 - T (G + 50 )]

/% 8,0,* /% 8L/* 8L,* 1%
—|—[[v<p —I—Quaypv VT +[u( p dy t—o ) T V]

8 /% 8 /%
+ [w <u< ;Uy + gz > +pw’*V>]]
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Recalling the forward boundary conditions (E.15) and choosing the adjoint velocities

to verify the jump condition at the interface as the following:

[«'T=0 [v]=0 [w'] =0 (E.22)

the boundary term OAr can be written as:

iy o1 (0 00N e (P00
OAr =v 2,uay]] up 8y+8$ ] —w™[p 9y +3, | (E.23)
/% avl* /% aul* 8,0,* 1%
+olp™ + 2 oy + pu"* V] + up 3y + o + pu™V]

awl* a,U/*

/%
—l—w[[u( 3y + aZ)—l—pw V]

/%

au/* 8’0/*

_|_

= "ok +vp” + Quav + p" V] + ufp < 99 5 > + pu*V]

dy

aw/* a,U/*

£3
+w[[,u< 3y + aZ>+pw V]

Consider a spectral expansion of the forward variables: ® = delortifz—iwt the

normal stress condition is:

- i(a2+62)v
] = CWe(aU + W —w

) = —,U (E.24)

where We denotes the Weber number and the * notation has been discarded.

As a result:

/%

0
OAr = v <[[p’* +2u avy + " V] - ’ywv'*> (E.25)

au/* 8’0/* 811)/* a,U/*

Ix %
—l—u[[,u<ay + 8x>+pu V]]—i—w[[u( 3y + aZ>+pw V]
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In order to fulfil the requirement expressed in eq. (E.4), OAr must vanish, so that

/%

ov
/% 2
[p™ + 2u 3y

+ p*V] = 4,0 (E.26)

a 1% a /%
[[u( ;‘y + 5 > + V] =0 (E.27)

8 /% a /%
[[u( ;Uy + gz > 4wV =0 (E.28)
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Two-Phase adjoint linearized Navier-Stokes equations

Under the assumption presented in the previous paragraphs, adjoint linearized Navier-

Stokes equation have been derived. The adjoint problem is formulated as the following:

ou! ou, OU?
o L i J .
p< at oz 0w
HIW =
Oy
8:Ei
with the initial condition:

v (x,t) =0

and boundary conditions:

at infinity

)

o Py
8:Ei Mal’jal’j

u/ (£00) = v/(£00) = w'(£o0) =0

at the interface

[v] = [v'] = [w] =0

[v' + 24
(24
Ay

[ ow’
2y

ov

/

dy
o'
or
o'

t o

V] = ol
+ —) +pu' V¥ =0

> +pw' V] =0

(E.29)

(E.30)

(E.31)

(E.32)

(E.33)
(E.34)

(E.35)
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From Adjoint Linear Navier-Stokes to Adjoint Linear Parabolised Sta-
bility Equations

It is possible to derive the Adjoint Linear Parabolized Stability Equations (A-LPSE)
from Adjoint Linear Navier-Stokes (A-LNS) equations.

Assume that = ¢£ and z = €, where ¢ = O(Re™!) are slowly-varying spatial

variables and U = (U(x,y, 2), eV (z,y, 2), W(x,y, z)) is a slowly-varying base flow.

Under the normal mode assumption, a generic adjoint variable ¢ can be written as:

M,N

¢($7y7 th) = Z qg(ﬂj‘,y)Amn(ﬂj‘)an(Z,t) (E36)

m,n
with
Amn(ﬂi‘) = Emne_ifoz amn(x) dx

an(z t) — e_iﬁ'nz"f‘iwmt
)

The first and second derivatives can be written as:

M,N
% = Z % <¢§($>y)Amn($)) Binn(z,1) = (E.37)
M,N -~ M,N
; 78¢(@Z y) Amn(!E)an(Z7 t) + mzn QZB(JE, y)aj{?i;man(z’ t) =
M,N /.~
Z (a(b(a‘za y) _ Z‘am(x)(b(x’ y)) Amn(a})an(Z, t)
M,N 4~
g_z _ mz a¢(;;y)Amn(:n)an(z,t) (E.38)
96 M,’N o /. M,N .
M,N
20 =3 (i) B, 5) A (2) B2, ) (E.40)
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2 M,N ~ .
% = (%) — % (% — z‘am(a:)(b(a:,y)) A () By (2, 1) (E.41)
- % <8¢(83; y) m(x)q%(ac,y)) Apn(2) By (2, 1)

_l_
M5 15 205 s

20 T A (T ) xz,
e
+ <a¢(8? 28 m($)¢3(w,y)> (—icumn(x)) Amn(2) Brn (2, 1)
M,N 5
-y (a q;(;’y) - 82(;)&(9:,34) — i2amm ¢(§g’cy’) +a2m<5(x7y)> Apin () By (2, 1)
) MN a5

g_yf -3 %Am(x)l%mn(z,t) (E.42)
82(25 M:N ~
00 =3 8200w ) A () B2 (143)

Under the slowly-varying assumption, some derivatives can be discarded. In fact:

0%¢ oy,

92 < O(1) 52 < O(1)
1 0¢ 9%¢
Te 9r < 0(1) 922 < O(1)
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It is possible to write the eq.(E.29) as the following:

p<—iwmu—U%+Uiamu—Vg—Z+Wiﬁnu+g—U +88_Vv+88_W >:%—iamp
1 .Oa . Ou 9 0u
el R s ity — i
+Re< Zﬁxu+ “ 8x+( + ) +8y
. ov , ov , ou ov oW Op
p<—zwmv—U£+Uzamv—Va—+Wzﬁnv—l—8y —|—a—v+8— > a_y
i da ov 9 0%
el N s ity — il
+Re< Zaxv+ M B +(a +0n)v +8y
ow ow ou oV ow op .
p <—zwmw U% + Uiapw — Va— + WiB,w + — 5V U+ 5.7 + 5, w) =5, 100D
P08 e Y (2 g 2w T
+Re < Z@azw+2mm Ox + (o + ) v+ y?
—@ + iU + B w =
ox " 0 e
The adjoint Parabolized Stability Equations can be written as:
Ll W =0 (E.44)
where
0 0? 0  Oa
T ; _ B~ _ —Z o Zm
Ll 1w + i0m A B@y Ca 5 +i8, D+ E — Max + P N (E.45)
‘Ilmn - [u;nn U;nn w;n,n plmn]T
and generic component of ¥,,,, is written as:
(2,9, 2 Z W (2,9) AL, (2) Bl (2,1) (E.46)

with
Ab (@) = eyme o @mn () dx

Bl (2,1) = et

The matrices G, A, B,C,D,E, N, M are now given.
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=
Q)
o o o

ow
P oz

ow
P oy

U 0 0 1 v 0 0 0]
0 pU 0 0 0 oV 0 1
A= r B = P
0 0 pU 0 0 0 pV 0
1 0 0 0] 0 1 0 0
(100 0] [, 0 0 0|
010 0 0 p 00
c=M c=| "
Relog o1 0 00 po0
000 0] (000 0
PG — fie (am + 57) poY
ou ov
E_ Pay Pa—y_%(a?n‘i‘ﬂr%)
Po Poe Por
] 0 0
[ U + 2o 4= 0 0 1]
N 0 pU + 2icm 4 0 0
0 0 pU + i, = 0
] 1 0 0 0|

0

—_
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o O

£ (az, +53)
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o o o O

The adjoint interfacial jump conditions can be derived applying the parabolization

technique to eq.(E.35):

at infinity

U (£00) = v/ (F£o00) = w'(£o0) =

at the interface

[w] =[v'] = [w] =0

o'

v +2pu——

Jy

[ ow’
iy

Hu(%—gﬂa

— zﬂnv'> + o'V =0

ox

+pu' V'] =50

- z'am)fu’) +pu' V] =0

(E.47)

(E.48)

(E.49)
(E.50)

(E.51)
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From Adjoint Linea Navier-Stokes to Adjoint Orr-Sommerfeld and Squire

It is possible to derive the Adjoint Orr-Sommerfeld and Squire Equations (A-OSSq) from
A-LNS.

Assume a parallel base flow U = (U(y),0,0). Under the normal mode assumption,

a generic adjoint variable ¢ can be written as:
By, 2,1) = p(y)ear T (E.52)

Write the first and second derivatives as:

% = —iag (E.53)
% = —if¢ (E.54)
g—f = iwe (E.55)
A¢=<aa—;+§—;+aa—;>¢=(m—k2)¢ (E.56)

(E.57)

where D := 6% and k? = o? + %

Discarding the * notation, we can then write the eq.(E.29) as the following:

p (—iwu + ialUu) = —iap+p (D* - k*)u (E.58)
) (—z’wv +ialUv + g—gu> = Dp+pu(D*—K)v (E.59)
p (—iww + ialUw) =—ifp+up(D* - k) w (E.60)
iau — Dv+ifw =0 (E.61)

Adjoint Squire Equation Define:

_ Ou  Ow

=5~ 5 = —ifu + taw (E.62)

The Adjoint Squire equation is:

[—iwp +ialU — p (D* — k*)]n =0 (E.63)
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Let H be an operator such that H = pM —puA and H ™! exists, where M = (—iw + ial);

then the adjoint adjoint Squire equation satisfies:

Hn=20

(E.64)

Adjoint Orr-Sommerfeld Equation Re-write eq.(E.58)-(E.61) using the operator

H.
Hu = —ijau
Hv + a—Uu = Dp
dy
Hw = —ifw

Hv = iau + ifw
From eq.(E.65), (E.67) and with the use of eq.(E.68), we have that:

H(icu + ifw) = H(Dv) = k*p

(E.65)

(E.66)

(E.67)

(E.68)

(E.69)

Pressure is then proportional to the operator H acting on a linear combination of Dwv

and 7, since eq.(E.64) holds. In fact,
1
p= EH(D’U +cn)

where ¢ is a constant to be determined.
From eq.(E.65) and (E.67):

—i

u=H""(—iap) = —iaH (p) = 2 (Dv +c1n)
w=HN(ifp) = —iBH (p) = T2 (Do + ean)
Using eq.(E.68):
Oé2 ﬁ2
Dv = E(DU +can) + E(DU + can)

= Dv+ — (a®c1 + fPer) n < a’c; + %2 =0

(E.70)

(E.71)

(E.72)

(E.73)
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An additional condition can be derived from the kinetic energy, known to be E =

5 (|Dv]? + E2[v] + n]?).

1 a’c? + %3
2 2 2 2 212 1 20,12
— 40P+l = 5 (1D + P+ LR R) e
ey + ﬁ262 .
— = 1
Constants ¢; and co can be easily determined:
22+ 322 = o+ P a = pla
—
a’ei+ ey = 0 o = —afp

Consider eq.(E.66)

ou 1 1
Mo+ ( iy (Dv+ 2 n)) D <k2H(Dv + n)) D <k2H(Dv)> (E.75)
21 — 1028 D ﬁ D(H(Dv)) (E.76)
v —la— Y dy 77 = v .
k> (—iwpv + icpUv — w(D? — k*)v ) — zoz,oaaUDv — zﬁaaUn = (E.77)
—iwpD?v + z'apaa—UDv + iapUD?*v + u(D?* — k*)?v
Y
lip(w — iaU)(D? — k*) — p(D* — k*)*| v — z’2apaaUDv — zﬂg—U = (E.78)
Y
The adjoint Orr-Sommerfeld equation is then:
lip(w — iaU)(D? — k%) — u(D? — k?)? Jv-— z2ozp88UDv - ZﬁaU 0 (E.79)

Adjoint Orr-Sommerfeld and Squire equations Under the assumption of parallel

flow and normal modes, A-LNS take the form:

T : 20U
Log —zﬂa—y v

L =0 (E.80)
Sq n
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with
]L . . 2 2 2 272 . OU
Lhg = [iplw—iaU)(D* — k%) — p(D* — k*)*] — z2apa—yD (E.81)
£l = [~iwp +ialU — ju (D* — k?)]
and interfacial boundary conditions as the following:
[aDv + pn] =0 (E.82)

[v] =0

[8Dv — an] =0

[(—iwp + icpU — w(D? — k% — 2)) Dv] =
[u(aD?v + 3Dn)] = 0

[4(BD*v — aDy)] =0

—ik*

We(aU — w)v
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