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Abstract

In this thesis analytical and numerical methods are used to investigate the stability and
propagation of waves in various fluid-filled elastic-walled channels. In Chapter 2 a lin-
ear temporal stability analysis is performed for various channel wall configurations, the
results of which are compared to determine how different physical effects contribute to
the stability. In Chapter 3 a linear spatial stability analysis is performed for flow between
linear plates, this is a limiting case of the wall configuration in Chapter 2. Roots of the
dispersion relation are found and their stability and direction of propagation determined.

Chapters 4 and 5 focus on the propagation of nonlinear waves on liquid sheets be-
tween thin infinite elastic plates. Both linear and nonlinear models are used for the
elastic plates. One-dimensional time-dependent equations are derived based on a long-
wavelength approximation. Symmetric and antisymmetric travelling waves are found
with the linear plate model and symmetric travelling waves are found for the fully-
nonlinear case. Numerical simulations are employed to study the evolution in time of
initial disturbances and to compare the different models used. Nonlinear effects are found
to decrease the travelling wave speed compared with linear models. At sufficiently large
amplitude of initial disturbances, higher order temporal oscillations induced by nonlin-
earity can lead to thickness of the liquid sheet approaching zero. Finally, in Chapter 6,
an extension of the model from Chapters 4 and 5 is considered, the elasticities of the two
channel walls are allowed to differ. The effect of this difference is determined through a

mix of techniques and the limiting case of one wall having no elasticity is discussed.
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CHAPTER ONE

INTRODUCTION

1.1 Background

Interactions between fluids and elastic boundaries occur frequently in both natural and
mechanical environments (Korobkin et al., 2011). Such problems are mathematically
challenging, due to the coupling between the moving fluid and the deformable boundary.
In this thesis, we examine several variations of these coupled systems involving the flow
of inviscid fluid in a two-dimensional channel between two thin elastic plates. This type
of system can also be used as a simplified model of flow in an elastic-walled pipe, with
reduced dimensionality.

These flows arise in the pulmonary and arterial networks (Grotberg, 1994; Walsh,
1995), where the airways and blood vessels can be modelled as an elastic channel or
pipe. In addition to bending effect and wall tension, the models often include a system
of springs on the outside of the interface to capture the effects of the surrounding tissue.
Such a system also arises in flat-plate-type fuel assemblies used in the cooling systems of
nuclear reactors (Kim & Davis, 1995). These types of nuclear reactors consist of stacks
of flat plates of fuel, between which coolant flows to ensure the temperature does not
reach a dangerous level. More recently, the use of instabilities in these systems as an

energy-harvesting device (Tang & Paidoussis, 2009) has been proposed. In this, a plate



2 Introduction

Figure 1.1: An illustration of the two possible modes, antisymmetric (left) and symmetric (right).
The dashed lines represent the centreline.

subjected to flow either side produces an instability for large enough flow velocity, the
movement of the plate is then used to disrupt the magnetic field of special plates either
side of the channel generating an electric current.

In all the systems we will consider both in the literature review and the main body of
the thesis, two distinct modes of fluid-boundary interface shape are possible, the first is
for the two interfaces to be perfectly in phase with each other, this is referred to as the
antisymmetric mode, the second is for the two interfaces to be in antiphase, this is known
as the symmetric mode. A sketch of the two modes can be seen in Figure 1.1.

A large proportion of the study of fluid flow between elastic plates (or in a pipe)
is focused on stability analysis, which can be split into two distinct varieties: temporal
stability analysis and spatial stability analysis. Temporal stability analysis considers the
behaviour in time of a spatial perturbation, usually in the form of an initial condition,
while spatial stability analysis considers the behaviour in space of a periodic in time per-
turbation at a fixed point. Instabilities in a stability analysis with a spatial component can
be classified as either convective or absolute. Convective instabilities are characterised
by the long time response at the driver tending to zero so that the perturbation is swept
away from the source. Absolute instabilities result in the long time response at the driver
tending to infinity as the perturbation grows quicker than it moves away from the source
leading to the whole domain being affected.

In this introduction we will present a review of relevant literature, looking first at
coupled fluid-elastic systems that are most closely related to the systems we plan to study
in this thesis. These consist of both pipes (Walsh, 1995) and channels (de Langre, 2002).
While we consider systems in this thesis that involve fluid flowing between elastic walls,

it has been shown that the equations for axial flow on the outside of an elastic channel
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are the same (Triantafyllou, 1992). The only difference between the two types of flow is
in the definition of the added mass term of the equations which refers to the mass of the
structure for the beam in axial flow, but is the mass of the fluid conveyed by the pipe.

Walsh (1995) used shell theory to examine pipes with three different kinds of inviscid
plug flow: internal, annular and planar. The internal flow was axisymmetric in a fully
flexible pipe; the annular flow was axisymmetric, between a flexible inner shell and a
rigid outer one; and the planar flow considered flow between a rigid plane and a flexible
one. In all cases the flexible boundary had a spring term to represent the stiffness of
surrounding tissue (Grotberg, 1994; Gaver et al., 1996; Heil & Hazel, 2011). If both axial
and normal displacements of the wall are considered in a coupled mode then unstable
long-wave flutter can occur, but in the absence of the coupling the pipe will be stable.
This long-wave instability was more pronounced at higher wall-to-fluid mass ratios as
this increased the effect of the coupling term.

The stability of a fluid-filled pipe on an elastic foundation has been considered by
de Langre & Ouvrard (1999), but only for the antisymmetric mode. The pipe wall is mod-
elled as a linear elastic plate, with axial tension and a spring foundation, while the fluid
is modelled as internal plug flow. They showed that the case when the bending stiffness
dominates over the tension and spring foundation can be considered as a long-wavelength
approximation of the more general dispersion relation derived by Walsh (1995). In this
case there is a critical mass ratio parameter 5. = 8/9 below which the instabilities are
absolute, while above the instabilities are convective. The ratio of flexural rigidity and
tension is found to be important with absolute instability more likely when flexural rigid-
ity dominates but convective instability is more prevalent when tension dominates.

The analysis of de Langre & Ouvrard (1999) was extended to the symmetric mode
for the same system in the absence of the elastic foundation by de Langre (2000). The
point of transition between convective and absolute instability was found numerically for
systems dominated by flexural rigidity or axial tension, and in the limit of a thin film

(channel thickness tending to zero), the transition was found in closed form.
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These works were combined by de Langre (2002) in a paper determining the tran-
sition velocity at which flows become absolutely unstable for a variety of geometries in
terms of a second physical parameter that depended on the problem. For channel flow,
both antisymmetric and symmetric modes were considered, with the second physical pa-
rameter the nondimensional channel width, for flows both between two plates and two
membranes. The plates were modelled with bending stiffness and wall inertia, the mem-
branes were modelled with tension and wall inertia while the fluid was modelled with
plug flow. Flows over a single flat plate or membrane were also considered, with the
large channel width limit being shown to reduce to the flat plate model. A key feature of
de Langre & Ouvrard (1999), de Langre (2000) and de Langre (2002) is that they do not
seek the individual roots for the dispersion relation, but admit that this is still necessary
to classify which side of the transition velocity absolute instability occurs.

The propagation of two-dimensional hydroelastic waves on sheets of fluid bounded
by nonlinear elastic plates was studied by Blyth et al. (2011). The walls of the channel
were modelled as a nonlinear plate in the absence of wall inertia, while the fluid motion
is governed by Laplace’s equation. Sample solutions were found for a static fluid, which
decouples the two plates, with the insistence of one wave in a unit length. Nonlinear
travelling waves in the presence of moving fluid were found for both the antisymmetric
and symmetric modes, and bifurcation branches were found for the symmetric mode.

In the large-channel-width limit, the behaviour of the two channel walls decouples
and uniform flow over a single elastic plate is recovered. This is also a widely studied
problem, Brazier-Smith & Scott (1984) performed a stability analysis of the dispersion
relation, working numerically to determine the critical fluid velocities and frequencies
that divided different regions of behaviour. The same problem was approached analyti-
cally by Crighton & Oswell (1991) who used asymptotic analysis to determine the same
thresholds in closed form, while the nonlinear stability was considered by Peake (2001).

All the papers discussed above consider infinite length domains, as will be studied in
this thesis. While not of direct relevance it is worthwhile to note that for flow between

two finite length plates, we still obtain both a symmetric and an antisymmetric mode (e.g.
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Michelin & Llewellyn Smith, 2009; Schouveiler & Eloy, 2009).

In the absence of elastic walls, we recover the classical problem of plane liquid sheets
(or liquid jets), in which we can see similar behaviour to the systems we are interested
in. The reduction of order in the boundary conditions results in systems that are slightly
easier to work with but which result in suprisingly similar behaviour to elastic channels
and pipes. The primary difference between the fluid—elastic and the fluid systems is that
in the latter case, pinch off can occur and result in droplet formation (Eggers & Dupont,
1994; Mehring & Sirignano, 1999), for which there is no direct equivalent in the fluid-
elastic systems.

A temporal stability analysis of the antisymmetric mode of a plane liquid sheet was
performed by Squire (1953), stating that a temporal stability analysis of the symmetric
mode revealed it to be unstable but less so than the antisymmetric mode. Li (1993)
demonstrated that Squire’s assertion that the antisymmetric mode is more unstable than
the symmetric mode only held for Weber numbers above a critical value dependent on the
ratio of the fluid and gas densities. For very large Weber numbers, the maximum growth
rates of the two modes become comparable and are thus equally important.

Keller et al. (1973) performed a spatial stability analysis of a semi-infinite jet. The
dispersion relation was derived and then solved asymptotically under the assumptions of
both high and low jet velocity. For high jet velocity, two unstable modes were found.
However one was found to be of extremely long wavelength and so was discarded as it is
unlikely to be observed in short jets as used experimentally. The second unstable mode
was shown to have the same growth rate as the temporal growth rate in Squire (1953)
explaining the good agreement between prior results and experiments. The dispersion
relation was also solved numerically for representative values of the frequency and jet
velocity and contours of the unstable mode were then plotted. From the contours the
growth rate, frequency and wavelength of disturbances can be calculated for different
parameter values.

As well as extending the work of Squire (1953), Li (1993) also performed a spatial

stability analysis of the semi-infinite plane liquid sheet, under the assumption of a high
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velocity in the liquid, so as to ensure only convective instabilities are present, and for
small gas to liquid density ratios. Roots of the dispersion relation were sought by calcu-
lating asymptotic solutions and then classified according to the prevalent technique in the
analysis of spatial stability roots (see Briggs, 1964; Bers, 1983, and Chapter 3). For both
the antisymmetric and symmetric mode one unstable root was found that travelled down-
stream (as the semi-infinite nature of the sheet prohibited upstream travelling waves). A
direct correlation between the density ratio and the spatial growth rate was found, which,
when the ratio was zero resulted in a stable sheet. For inviscid flows, the asymptotic so-
lutions were shown to be indistinguishable from the numerical solution to the dispersion
relation.

Wave propagation in nonlinear planar liquid sheets in a vacuum leading to distortion
and break up was studied in Mehring & Sirignano (1999). A nonlinear system of equa-
tions was derived in terms of the flow velocities and the sheet thickness and centreline.
Travelling wave solutions were found for a linear system based on the undisturbed axial
velocity and sheet thickness, with the other two parameters being zero in the undisturbed
state. These solutions were then used as initial conditions to investigate the temporal evo-
lution of travelling waves on the sheet, with the effect of the nonlinear curvature being a
particular focus. They found a decrease in velocity of the waves in the nonlinear system
in comparison to the linear travelling waves and also at larger amplitude disturbances the
introduction of a higher order temporal oscillation in the symmetric mode. Nonlinear

effects were found to enable sheet disintegration despite the inherent stability.

1.2 Thesis Outline

The thesis can be considered as having two distinct parts, in the first we consider the
hydroelastic stability of linear systems, while in the second we consider wave propagation
in stable nonlinear systems.

We begin in Chapter 2 by considering the linear temporal stability of a uniform plug

flow through a flexible channel. For the dynamic condition specifying the behaviour of
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the fluid—wall interface we consider the impact of a variety of physical effects includ-
ing bending stiffness, inertia, axial tension and springs attached to the wall. We show
the existence of two modes, an antisymmetric mode and a symmetric mode. For vari-
ous permutations of the parameters, we determine range of wavenumbers for which the
system is either stable or unstable, when appropriate we derive conditions that guarantee
stability of the systems and when they are unstable we determine both the most unstable
wavenumber and the corresponding maximum growth rate.

In Chapter 3 we perform another linear stability analysis on the linear plate model
from Chapter 2 but this time from a spatial perspective. This has an increased difficulty
in comparison to the temporal analysis so the concept of the Briggs—Bers technique is
introduced to help determine the stability of roots to the dispersion relation. Beginning
by neglecting as many terms as possible from the dispersion relation, the positions of
the roots are tracked as physical effects are reintroduced to the system increasing the
complexity. At the same time, the propagation direction and stability of the roots is
analysed to give a picture of the behaviour of the system. Results are then compared to
de Langre (2002).

In Chapter 4, our focus shifts from determining the stability of linear systems to wave
propagation in nonlinear systems where stability is assumed by extending the work of
Mehring & Sirignano (1999) for a fluid sheet. The dynamic condition at the fluid-wall
interface is governed by the same nonlinear plate equation used in Blyth et al. (2011), and
we follow their lead in considering the wall to be inertia free. The governing equations
are derived according to the method set out by Mehring & Sirignano (1999) to give a
nonlinear-fluid—nonlinear-plate model. We also consider two simplified models derived
from this: a nonlinear-fluid—linear-plate and a linear-fluid—linear-plate model. Travelling
wave solutions are sought to all three models, analytically where possible but also through
the use of numerical computations. Asymptotic analysis is also used to help validate the
numerical solution for the nonlinear-fluid—linear-plate model as the channel thickness
tends to zero.

In Chapter 5, we build on the work in Chapter 4, by deriving a numerical scheme to
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determine the temporal evolution of travelling wave solutions to the linear-fluid—linear-
plate model in the two nonlinear models. The scheme is validated checking the error
when the scheme is given travelling wave solutions to the two nonlinear models as initial
conditions. Results are then found for both the antisymmetric and symmetric modes with
a focus on the effects of the nonlinear terms in both the fluid and the curvature upon
the profiles of the channel walls. We observe that despite the absence of a destabilising
physical effect it is still possible for the thickness of the channel to approach zero over
time.

As anatural extension to the model used in Chapters 4 and 5, in Chapter 6 we increase
the complexity of the system by allowing the elasticities of the two channel walls to differ.
The requisite changes are made to both the model and the numerical scheme to include
a nondimensional ratio of bending stiffnesses, [). Travelling-wave solutions are found in
the linear-fluid-linear-plate model. These are then used as initial conditions to determine
their propagation through time in the nonlinear-fluid—nonlinear-plate model as we seek to
determine the effect of the ratio. We discuss the equivalence of the D = 1/nand D = n
systems for n € R, and the breakdown of this equivalence at D = 0 and as D — oo.

This thesis seeks to introduce new results in the study of flows between elastic walled
channels, predominantly by extending previous studies for liquid sheets with a free sur-
face. In our temporal stability analysis we show that elastic walled channels can exhibit
previously unconsidered instabilities, while our spatial analysis highlights which roots of
the dispersion relation correspond to different types of propagating waves. For channels
with nonlinear curvature included in the walls we will demonstrate the existence of a new
type of travelling wave, as well as show that nonlinear effects can result in channel closure
in a stable channel. Finally, the system we consider in Chapter 6 has not been considered

previously, so we present some preliminary results as a starting point for future research.



CHAPTER TwO

TEMPORAL STABILITY ANALYSIS OF
FLOW IN AN ELASTIC CHANNEL

2.1 Introduction

In this chapter we will examine the temporal stability of flow in an infinitely long elastic
channel subjected to a spatial perturbation as an initial condition. A set of linear equations
will be derived that couples the fluid flow with the response of the elastic walls to describe
the behaviour of the physical system. A linear stability analysis will be performed to
derive the dispersion relation by considering the response to small perturbations around
an undisturbed state consisting of steady solutions to the system. The dispersion relation
will be examined in various limiting cases to determine the effect the various physical
parameters have on the stability of the system, before combining this understanding to
examine the full dispersion relation.

The coupling in the system will consist of a balance in the dynamic boundary con-
dition between the pressure and the physical effects in the wall. These physical effects
will consist of a bending stiffness, inertia, axial tension and spring response which are
commonly found in the literature (e.g. Walsh, 1995; de Langre, 2002). The bending stiff-

ness and inertia combine to give the terms found in a linear plate equation, a commonly
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used model for channel walls. The addition of axial tension and spring response are moti-
vated by a biological application of systems of this type, specifically flow in blood vessels
(Walsh, 1995) and in airways (e.g. Heil & Hazel, 2011), in which the spring response can
be considered the effect of surrounding tissue on the channel. The channel walls consid-
ered in this chapter are restricted to move only in the transverse direction of the channel,

an assumption justified in the case of blood vessels but not in airways (Walsh, 1995).

2.2 Problem Formulation

We consider an infinite channel containing an incompressible, inviscid Newtonian fluid

of density p. The channel is centered on the z-axis and bounded at y = hy (7,1) by elastic

walls. The fluid has a velocity u = (a(z,9,t), (%, 9,t),0), and pressure p(z, g, t) (see
Figure 2.1). The governing equations for the fluid are Euler’s equations (e.g. Acheson,

1990)

M@= - Lvp (2.2.1)

V-id=0, (2.2.2)

in the range —oo < & < 00, h_ < §j < hy. On§ = hy(Z,1) we have the kinematic
condition

el (hi - g) —0, (2.2.3)

b= e (2.2.4)

On § = hy(&,t), we also use the dynamic condition

9*h 92h
P—pa = D £ prhy—

02h
ot FT 5

ol 0z

+m (ﬁi = HO) . (2.2.5)
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y = Hy

j=h_(z,1)

Figure 2.1: Dimensional problem setup.

The first two terms on the right hand side constitute a linear plate model in which D is the
bending stiffness, and p, and h; are, respectively, the density and thickness of the beam.
The first of the two terms represents bending stiffness in the beam and the second term
represents inertia in the beam. At small amplitudes, such as the initial disturbances that
will be applied, this allows us to capture the correct behaviour while keeping the algebra
relatively simple. The third term represents a longitudinal or axial tension applied to the
plate, with 7" a surface tension. The fourth term represents a restoring force proportional
to the displacement, with m a spring constant per unit area.

Working in a static frame of reference, we have a basic flow, pressure and boundary
position that satisfies (2.2.1), (2.2.2), (2.2.4), (2.2.5) and is steady and independent of .
This is given by

' = (U,0,0), §" =p.,,  hL==H,, (2.2.6)

where stars denote the base state of the system variables. The assumption of the flow
being unidirectional with a constant profile is called plug flow. It is a common choice
in the literature (e.g. de Langre & Ouvrard, 1999; Peake & Sorokin, 2001; de Langre,
2002) for its simplicity to work with as it does not introduce any boundary layers while
maintaining the key features of any results. The effect of alternate base velocity profile
was investigated for thin liquid sheets by Rao & Ramamurthi (2009), where it was found

that for linear or parabolic profiles with their maximum at the centreline of the liquid
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sheet, the effect was to both reduce the maximum growth rate as well as the range of
wavenumbers for which instabilities arose. It is thought a similar behaviour will occur in
this problem, suggesting that the use of plug flow serves to find an upper bound on both
growth rate and wavenumber ranges of instabilities.

Taking the characteristic velocity of the system as U, and the characteristic length as
Hy, a characteristic time is then given by Hy/U. We non-dimensionalise the system as

follows

- 5 . - H -
(x7y> :HO(I7y)7 h:l: :HOh:b (U,U) = U(U,U), = 701;7 p:pa+Pp7
(2.2.7)
where P is an unknown scale for pressure which is to be determined. Substituting into

(2.2.1) and rearranging we obtain

Ju -P

o Vp, (2.2.8)

which suggests a suitable pressure scaling is P = pU? as it removes any dimensional
parameters from (2.2.8). Rescaling (2.2.2), and (2.2.4) shows they remain invariant, but

when we rescale (2.2.5) we obtain

O*hy 0?h 0?hy

=+ + +~(h 1 2.2.9
where
D pbhb T mHg
— — R — = 2.2.10
« pUQHg ) 6 ,OH() ) T pU2H() ’ Y pU2 ( )

are all dimensionless parameters that are ratios of a physical effect to the inertial forces
in the fluid. Specifically, « is the ratio of bending forces, [ is the ratio of mass per unit

length of the plate, 7 is the ratio of tension applied to the plate and + is the ratio of spring
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tension per unit length. The governing equations are now

0
a_? +(u-V)u=—Vp, (2.2.11)

V-u=0, (2.2.12)

in the range —c0 < = < oo,h_(x,y,t) < y < hy (z,y,t). This is subject to the

kinematic boundary condition
V= U— + —— (2.2.13)

and the dynamic boundary condition given by (2.2.9) on y = h... The basic flow (2.2.6)
becomes

u = (1,00, p*=0, R ==+l (2.2.14)

2.3 Linear Stability Analysis

We disturb the basic flow and the walls with small perturbations, u’, p’ and 7,

u=u"+u = (1+u,0), (2.3.1)
p=p+p =0, (2.3.2)
y =R+, =141, (2.3.3)

We linearise (2.2.11) — (2.2.13) and (2.2.9) by neglecting terms quadratic in perturbed

quantities, to obtain

+ (u - V)u' = -Vp/, (2.3.4)

V.-u =0, (2.3.5)



14 Temporal Stability Analysis of Flow in an Elastic Channel

with boundary conditions

o, o
o = a"; n gti ony = +1, (2.3.6)
8477/ 8277/ 8277,
Va— (a g - w;’i) ony—+1. 2.37)

In order to analyse the stability we restrict ourselves to perturbations of the form

u = e*e™i(y), (2.3.8)
p = et p(y), (2.3.9)
n, = et (2.3.10)

where k£ € R and &k > 0 is known, s € C is to be found and it is understood we are
taking the real part in (2.3.8)—(2.3.10). Since this is a linear problem, any general per-
turbation can be considered as a superposition of the above equations. Looking at the
form of (2.3.8)—(2.3.10) we can see that the perturbations consist of a spatial oscillatory
term given by the ¢?**, but an unknown contribution arises from s as it is to be deter-
mined. Since s € C we can write s = sr + 57 and the temporal component becomes
ekt (cos (syt) + isin (syt)). That is to say, the imaginary part of s provides a temporal
oscillation while the real part tells us whether or not the perturbation grows or decays in
time. If Re(s) > 0, then as ¢ increases, e*%' will grow and the perturbation will give
rise to instabilities, while if Re (s) < 0, then the perturbations will decay and be stable.
Finally, if Re (s) = 0 the perturbations will persist, neither growing nor decaying. This
is referred to as being neutrally stable.

We now substitute (2.3.8)—(2.3.10) into the governing equations and boundary con-
ditions (2.3.4)—(2.3.7). The momentum equation (2.3.4) can be split up into its  and y

components, noting that (u* - V) = a%’

(s + ik)a = —ikp, (2.3.11)

(s + ik)p = ——. (2.3.12)



2.3 Linear Stability Analysis 15

The continuity equation (2.3.5) gives us

9
ikt 4+ 20 = 0. (2.3.13)
dy

The kinematic condition (2.3.6) and the dynamic condition (2.3.7) can each be split up

into two equations. On y = 1 they are

0= (s+ik)ny, (2.3.14)
p=(ak*+ Bs® +7k* + ) i, (2.3.15)
respectively, while on y = —1 we have
0= (s+ik)n_, (2.3.16)
p=—(ak® + B>+ 7k* +7) i_. (2.3.17)

We substitute (2.3.11) and (2.3.12) into (2.3.13) and rearrange to get

0%*p
— —kp=0 2.3.18
which has solutions of the form
p = Acosh(ky) + Bsinh(ky), (2.3.19)

where A and B are arbitrary constants. Substitution of p into (2.3.11) and (2.3.12) finds

@ and 0 respectively

k

i=— i 7 (Acosh(ky) + Bsinh(ky)), (2.3.20)
k

0 =— iR (Asinh(ky) 4+ B cosh(ky)) . (2.3.21)

which can in turn be substituted into the kinematic boundary condition (2.3.14) and
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(2.3.16) to generate 7). and 7)—

k
7y = ———— (Asinh(k) + B cosh 23.22
M+ (s+i/<:)2( sinh(k) + B cosh(k)), (2.3.22)
k

Finally, we need to satisfy the dynamic boundary conditions (2.3.15) and (2.3.17). Sub-
stitution of p and 7, into (2.3.15) and p and 7)_ into (2.3.17) respectively yield, after some

rearrangement,

4 5 ) k _ Acosh(k) + Bsinh(k)

(ak? 4 B5"+ 7k +9) (_ (s + zk;)Q) ~ Asinh(k) + B cosh(k)’ (2.3.24)
4 9 9 k _ Acosh(k) — Bsinh(k)

(ak: + O Tk 7) (_ (s + zk:)2> ~ Asinh(k) — Bcosh(k)’ (2.3.25)

Clearly the left hand side of both (2.3.24) and (2.3.25) are identical and so we can write

Acosh(k) + Bsinh(k)  Acosh(k) — Bsinh(k)

= 2.3.26
Asinh(k) + Bceosh(k)  Asinh(k) — Bcosh(k)’ ( )

which after multiplying up, rearranging and making use of identities gives us
AB =0, (2.3.27)

so we must have either A = 0 or B = 0. These values of A and B correspond to
two distinct modes, symmetric and antisymmetric. The symmetric mode is characterised
by the upper and lower interfaces being perfectly out of phase, n, = —n_, while the
antisymmetric mode is characterised by the interfaces being in phase, . = n_. This is

illustrated in Figure 1.1. We consider these modes separately.
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2.3.1 Antisymmetric Mode

If we set A = 0 as a result of (2.3.27), then (2.3.19)—(2.3.23) become

p = Bsinh(ky), (2.3.28)
= —- fl Bsinh(ky), (2.3.29)
v =— Y z'k:B cosh(ky), (2.3.30)
Ny = —ﬁB cosh(k), (2.3.31)
o= —M%Bcosh(k’). (2.3.32)

It is clear that 1), = 7)_ and so the upper and lower interfaces are in phase, and therefore
A = 0 generates the antisymmetric mode. To seek a stability criterion we set A = 0 in
(2.3.24), which is quadratic in s. Completing the square then gives a dispersion relation

between the complex growth rate, s, and the wavenumber, £,

ik 2
<S+ 1—|—ﬁk’coth(k)) = falk;a, 8,7, 7), (2.3.33)
where
3 _ 15 _ 1.3 _ _ 6 4 2
fulhs o, ooy, r) = K = 0k® = h® — k) tamh(k) — (aBk° + Sk’ + Bk?)
(Bk + tanh(k))
(2.3.34)
Rearranging leads to
§=- " +/ falk; o, B,7,7) (2.3.35)
1 + Sk coth(k) T I e -

In order for perturbations to be neutrally stable, v/ f, must be purely imaginary else s will
have a root with Re (s) > 0 leading to instabilities. If v/ f, is imaginary then Re (s) = 0

so we have neutrally stable perturbations. Our condition for stability is thus, f, < 0, or
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from (2.3.35),

(Bk3 — ak® — 7k — vk) tanh(k) — (afkS + 78k* + Byk?)
(Bk + tanh(k))?

<0. (2.3.36)

This inequality has not been considered before. We will analyse (2.3.36) after deriv-

ing the equivalent stability condition for the symmetric mode.

2.3.2 Symmetric Mode

If we set B = 01in (2.3.19)—(2.3.23) then we find

p = Acosh(ky), (2.3.37)

ik

= — Acosh(k 2.3.38

it = ——— Acosh(ky), ( )

k

b= — Asinh(k 2.3.

0 SRS (ky), (2.3.39)
N+ = —LA sinh(k) (2.3.40)
= (s +ik)? ’ -

k
). = ———Asinh(k). 2.3.41
1= G ) (23.41)
Equations (2.3.40) and (2.3.41) determine that 7, = —7)_ and the two interfaces are

perfectly out of phase. The same method used to derive the stability criteria for the
antisymmetric mode is used again here, so we omit the working. The dispersion relation

between s and £ for the symmetric mode is

ik 2
(S + 1+ ﬂktanh(k)) = fs(k;a, 8,7, 7), (2.3.42)

where

(B3 — ak® — 7k — vk) coth(k) — (afkS + BTk + Byk?)
(Bk + coth(k))?

fs(k; avﬁaf‘YvT) =
(2.3.43)



2.4 Stability in limiting cases 19

The requirement of Re(s) < 0 for stability still holds, this time for fs, so rearrangement

of (2.3.42) gives a stability criteria of f; < 0, or

(BE® — ak® — 7k® — vk) coth(k) — (afkS + Brk* + Byk?)
(Bk 4 coth(k))?

<0. (2.3.44)

The dispersion relation (2.3.42) and stability condition (2.3.44) will be analysed fur-

ther in the following sections.

2.4 Stability in limiting cases

The stability conditions (2.3.36) and (2.3.44) both contain one variable, £, and four pa-
rameters, «, 3, 7, and ~y. This makes it difficult to analyse directly and determine whether
the system is always stable or if instabilities arise. We will first consider limiting cases
where we set various combinations of the parameters to be zero. Our aim being to deter-

mine which physical features are crucial to the stability of the flow.

2.4.1 Wall-inertia free system

Firstly we consider the case where the wall inertia is negligible. This corresponds to
£ — 0and (2.3.36) and (2.3.44) then become
(ak® + T3 + ~k)

- <0
tanh(k) -

(2.4.1)

— (ak® + 7k + vk) tanh(k) <0 (2.4.2)

respectively for the antisymmetric and symmetric modes. Since o, 7,7y, £ > 0 both condi-
tions will be automatically satisfied. So the system is always stable in the absence of wall
inertia. The other effects are all stabilising, and hence wall inertia is required to obtain
instabilities. Therefore, in all other cases, we have 3 # 0 so as to allow the possibility of

instabilities.
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2.4.2 Wall-inertia only system

Alternatively if we consider wall inertia to be dominant, we have a = 7 = v = 0, and

the stability conditions can be written as

Sk3 tanh(k) <0 (2.43)
(Bk + tanh(k))* ~ o

Bk” coth(k) <0 (2.4.4)
(Bk + coth(k))

for the antisymmetric and symmetric modes respectively. For a single interface this model
can be considered as a sheet of broken ice. Since 3, k > 0 neither stability condition can
be satisfied and so the system is unstable to all perturbations. The growth rate is increas-
ing with the wavenumber. Thus, when we consider the full system with all parameters, it

can exhibit both stable and unstable behaviour.

2.4.3 Wall inertia and bending stiffness (Linear plate model)

Including only wall inertia and bending stiffness, neglecting tension and restoring force,
we set 7 = 7y = 0, which returns us to the linear plate model as our dynamic boundary
condition. Here we see different behaviour in the antisymmetric and symmetric modes

and so consider each in turn.

Antisymmetric Mode

If 7 = v = 0 then the antisymmetric dispersion relation (2.3.33) becomes

(s . ik (k))Q _ (8K — ak®) tanh(k) — afk® 2.45)

1 + Bk coth (Bk + tanh(k))?

For consistency we check the dispersion relation in the limit as p — 0, with the other

parameters fixed, we have @ — oo, § — oo and «/f fixed. Then (2.4.5) reduces to

s? = —ak?*/ 3 the dispersion relation for a linear plate in the absence of any fluid (Brazier-

Smith & Scott, 1984).
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k

Figure 2.2: A plot of fi, (k;a, ) from (2.4.6) for 5 = 0.5 and @ = 50 (dashed-dot line),
« = 100 (solid line) and o« = 150 (dotted line). The dashed line represents the % axis, where the
curve lies below it the perturbations are stable while above the dashed line they are unstable.

Our stability condition for the antisymmetric mode of the linear plate model then

becomes, from (2.4.5),

(Bk3 — ak®) tanh(k) — aBkS <
(Bk + tanh(k))? N

0, (2.4.6)

and we denote the left hand side as fj, (k; «, ). We illustrate the range of values of & for
which the perturbations are unstable for a given pair of values for the parameters « and (3
by plotting fi,(k; v, 8) in Figure 2.2.

The values used in Figure 2.2 exhibit the generic behaviour of f,(k;a, 3), more
formally, examination of f;, shows that f,(0;, 3) = 0, while in the limit k& — oo,
fia = —oo. Near k = 0, f/.(k;a, ) ~ 28k/(B8 + 1)* > 0 so there must be a turning
point in £ > 0. Observation of the curves for a selection of values of « and 3 suggests

there will only be one turning point and it is therefore a maximum.
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Figure 2.3: Contours of kj, for which f, (kf ; a, 3) = 0, for values of the parameters « and /3.
The contours serve as the stability boundary in a-( space, below the modes are unstable while on
or above above the contours the modes are stable.

This translates to a region of instability for small £ up to a critical value of k, denoted
ki, above which the system is stable. Physically, this means the system is unstable to
long wavelength perturbations but stable to short wavelength perturbations.

Having confirmed that the antisymmetric mode contains a range of & values for which
it is unstable, it is desirable to determine how kj, varies with o and . This is done in
Figure 2.3, which gives contours of the critical stability value of £j, where the system
transitions from unstable to stable. For all the contours, the unstable region is below and
to the right of the boundary, which itself is stable. We can see that the unstable region
becomes much larger, very rapidly as (3 increases from small values suggesting that inertia
is the main driver for any instabilities. This agrees well with the prior observation that in
the absence of inertia the system is stable for all positive values of o, 7 and .

If the perturbations are unstable then their growth rate is given by Re(s) = v/fi,, and

the maximum possible growth rate will occur at the maximum of f;, (k; «, 3). This is the
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Figure 2.4: A contour plot of solutions to (2.4.7), the contours are constant values of k; , the
value of k that maximises the growth rate.

point at which

8fla
ok

= 0. (2.4.7)

Physically we have a > 0, 8 > 0 and have assumed k£ > 0. We would normally need to
specify a condition on the second derivative of f;, with respect to k to classify the point
as a maximum but, as previously stated, examination of f;, suggests that there is only one
turning point in £ > 0 and that it must be a maximum (as illustrated in Figure 2.2). We
denote the solutions of (2.4.7) as kj,. These are illustrated in a contour plot (see Figure
2.4), the contours were found by rearranging (2.4.7) to the form o = g(kj,, 5). We can
clearly see that the shapes of the contours are qualitatively the same as in figure 2.3 but
for a given pair of o and f3, the value of k£ on the contour that passes through the point
is lower than in 2.3, this can be explained by £;, lying between k£ = 0 and k = kj, (for
example see Figure 2.2).

The corresponding maximum growth rates are shown in Figure 2.5, with lines of fixed
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Figure 2.5: Contours of the maximum growth rate, given by 4/ fi, (k;ka; Q, B), the contours are
constant growth rates.

fia (K}; o, B). The growth rates are always small for the parameter ranges, suggesting
that any instabilities present are slowly growing on the timescale H,/U. This means the
linear analysis, in which we have assumed the size of the disturbances to be small, is valid

for a long time before nonlinear effects take hold and a new approach must be chosen.

Symmetric Mode

For the linear plate model the symmetric mode dispersion relation, given by (2.3.42)

becomes

(s L. <k>>2 - oot Zafl )

1 + Bk tanh (Bk + coth(k))?
Performing the same check on the dispersion relation as we did for the antisymmetric
mode, that is p — 0 keeping «//3 fixed, we again return the dispersion relation for a

linear plate in the absence of fluid (Brazier-Smith & Scott, 1984).
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The stability condition can then be written, from (2.4.8),

(B3 — ak®) coth(k) — aSkS <0, (2.4.9)
(Bk + coth(k))? B

where the left hand side is denoted f (k;«, ). We verify that (2.4.9) is not always
satisfied in Figure 2.6 by showing that unstable perturbations exist for the same values of
a and [ used for the antisymmetric mode in Figure 2.2.

Figure 2.6 illustrates the general behaviour of f;(k; «, ). We have fi(0; «, 5) = 0,
while in the limit £ — oo, fj;, — —o0. Near k = 0, the gradient of f;; can be expressed in
a series expansion at leading order as f/,(k; o, ) ~ 48k > 0, so there will be a turning
point in the range k£ > 0 that we are interested in. Observation suggests this will be both
the only turning point and it will be a maximum.

Similarly to the antisymmetric mode it is possible to find a single value of £}, such
that fi5(kf; ., 5) = 0. The system is unstable for 0 < k < kj, and stable for kf, < k.
So we again have a system that is unstable to long wavelength perturbations but stable to
short wavelength perturbations.

As before we use a contour plot to illustrate how the critical stability point varies
with o and 8 with lines of constant kj, (see Figure 2.7). While the general shape of the
contours is similar to that of Figure 2.3, the unstable regions, lying below and to the right
of the contours, are larger. This suggests that the unstable region for the symmetric mode
is greater than for the antisymmetric mode. We also see, as in the antisymmetric case, the
instabilities are driven by the inertia parameter.

For small values of k& we can approximate solutions to fis(kyf,; o, #) = 0. We can see
in Figure 2.7 that the critical values £, of k are small. For £ < 1, the equations for the

critical stability point, from (2.4.9), can be written

B —ak? —aBk* = 0. (2.4.10)
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Figure 2.6: A plot of fi5 (k; «, B) for 8 = 0.5 and a = 50 (dashed-dot line), o = 100 (solid line)
and « = 150 (dotted line). The dashed line represents the k axis, where the curve lies below it the
perturbations are stable while above the dashed line they are unstable.

Since k£ < 1, the last term on the left hand side can be ignored and we obtain an approx-
imate expression for kj,
ki, ~ é (2.4.11)

(07

These approximate solutions are also plotted in Figure 2.7 using dashed-dot lines, it
turns out that this approximate solution is excellent for values of kj, up to kj, ~ 0.2, but
even above this value the approximation remains reasonable for the values investigated.

The maximum growth rate of an instability in the symmetric mode occurs at a turning

point of the function f;; with o, 5, & > 0. That is, at points such that

afls
ok

=0, (2.4.12)

the solutions to which we denote kj,. These are illustrated in Figure 2.8, where again,

with the turning point lying between £ = 0 and & = £, the value of %}, of a contour

s>
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Figure 2.7: Contours of kf, for which fi, (kf,; , 3) = 0, for values of the parameters « and /3
(solid lines). The contours serve as the stability boundary, below the modes are unstable while on
or above the contours the modes are stable. Approximations of the contours, given by (2.4.11) are
also shown (dashed-dot lines).

passing through a point corresponding to a given « and f is lower than its equivalent in
Figure 2.7.

The value of the maximum growth rate is plotted in Figure 2.9, it can clearly be seen
that the maximum growth rate of the symmetric mode is orders of magnitude smaller
than that of the antisymmetric mode, for given values of a and /3. Therefore, we can
say that although the symmetric mode is unstable for a larger range of & values than the

antisymmetric mode, the growth rates associated with the antisymmetric mode are much

greater than the growth rates in the symmetric mode.

2.4.4 Wall inertia and tension (Membrane model)

Neglecting both the bending stiffness and the linear restoring force in the full model

derived above in §2.3 changes the limiting case being studied to that of uniform plug flow
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Figure 2.8: A contour plot of solutions to (2.4.12), the contours are constant values of £, the
value of k that maximises the growth rate of instabilities

between two membranes.

Antisymmetric Mode

If we set « = v = 0in (2.3.33), we obtain the dispersion relation for the antisymmetric

mode of uniform plug flow between two membranes

(s e (k))2 e (24.13)

1 + Bk coth (Bk + tanh(k))?

which is equivalent to the dispersion relation derived by de Langre (2002). This gives a

stability condition of

(8 — 7) k*tanh(k) — BTk* <0 (2.4.14)
(Bk + tanh(k))? - o

We denote the left hand side of (2.4.14) as f,..(k; 3, 7). Clearly if 5 < 7 then the sta-

bility condition is automatically satisfied, since 3, 7,k > 0. This constitutes a sufficient
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Figure 2.9: Contours of the maximum growth rate, given by 4/ fis (k:l*s; Q, B), the contours are
constant growth rates.

condition on the stability but it turns out this can be refined further.

We rearrange the stability condition into the form

B
1 + Bk coth(k) =T (2.4.15)

The change from the region where there is potential instability to guaranteed stability

therefore occurs at

g

1+ Bk coth(k) T (24.16)

At k = 0, we have 7 = 3/(1 + ), and the left hand side of (2.4.16), for a fixed /3,
is a decreasing function for £ > (0. Our threshold for guaranteed stability for any k is
therefore

5
=Ty F (2.4.17)
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Figure 2.10: A plot of f,(k; 3, 7) from (2.4.14) for § = 0.5 and 7 = 1/6 (solid line), 7 =
75, = 1/3 (dashed-dot line) and 7 = 1/2 (dotted line). The dashed line represents the k axis,
above this line the perturbations are unstable, while below the line they are stable.

If 7 > 75,.(5) then the system is stable for all k, however if 7 < 7, (/3) then there exists
a range of k for which the system is unstable.

Figure 2.10 shows f,,,,(k; a, B) for three pairs of values of 5 and 7. Examination of
the function and its derivative tell us that f,,,(0; «, 5) = 0, we also see f,,, — —0o0 as
k — oo. Near k = 0 the derivative behaves like f/  (k;«, 5) ~ =2k(B(t—1)+7)/(B+

1), which is positive for 7 < 7¢,. So for 7 < 7¢,, fma is increasing at k¥ = 0 and then

ma?
decreasing for £ large so we must have a maximum in the range £ > 0 and observation
of the function suggests that it will be the only turning point.

Therefore we have a region of instability for long wavelength perturbations and stabil-
ity for short wavelength perturbations. This is similar to the linear plate model examined
in the previous section.

The variation in the position of the critical stability point, denoted k¢ ,, at which

ma’

fma(kSa; B,7) = 0 is illustrated in Figure 2.11. We observe that no instabilities are
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Figure 2.11: Contours of k¢, , for which f,,(kS,,; 3,7) = 0, for values of the parameters § and
7. The contours serve as the stability boundary, below the modes are unstable while on or above
the contours the modes are stable. The dashed line k¢,, = 0 is also the boundary of the global
stability condition, 7 > 75,,(3) as given by (2.4.17).
present for 7 > 7¢ (/) as predicted by (2.4.17). The values of k¢,, along the contours
are much greater for this model of a membrane than they were for the linear plate model,
this can be put down to the inertial terms being the same order of k to the tension terms,
while the bending terms in the linear plate model were a factor of k? different to the
inertial terms.

Where the tension is small enough in relation to the inertia to allow for the presence
of instability, we seek the k value of the maximum growth rate of any instabilities, which

we will denote &, .. Based on our assumption that there is only one maximum in & > 0,

this means solving

0 fma
ok

—0, (2.4.18)

which can be done in the same way as for the linear plate model, by solving (2.4.18) for

7 as a function of 3 and k,,,,, as shown in Figure 2.12. The large region of no solutions is
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Figure 2.12: A contour plot of solutions to (2.4.18), the contours are constant values of k', ,, the
wavenumber that maximises the growth rate of instabilities. The dashed line k;,,, = 0 corresponds
to zero growth rate.

present in the upper left quadrant due to the condition for stability that is independent of &
given by (2.4.17). We see that the position of the maximum growth rate for a given 7 and
B is lower than the position of the critical stability point, as expected from the example
given in Figure 2.10.

The value of the maximum growth rate is given by \/m , this is shown in
2.13. The maximum growth rate is generally much larger than in the case of the linear

plate model, which can be attributed to the similarity in the order of the terms as explained

for the position of the critical stability point.
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Figure 2.13: Contours of the maximum growth rate given by \/ fima(k,4; B, ), the contours are
constant growth rates. The dashed line \/ fna (k,q; B, 7) = 0 marks the global stability boundary.

Symmetric Mode

For the symmetric dispersion relation (2.3.42), setting o« = v = 0 gives

ik 2 (r—B) K3 coth(k) + Brk?
<3 + 1+ ﬁktanh(/{)) o (Bk + Coth(k))2 ) (2.4.19)

which is the dispersion relation for the symmetric mode of uniform plug flow between

two membranes (de Langre, 2002) and the stability condition can be written

(8 — 7) k® coth(k) — Brk? <0

(Bk + coth(k))? = (2.4.20)

The left hand side of (2.4.20) is denoted as f,,s(k; 3, 7). As in the antisymmetric mode

we have the simple condition that if § < 7 stability is guaranteed. So we first seek a
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possible refinement of this condition. Rearranging (2.4.20) we find

B
5 Bk tanh(k) =

(2.4.21)

which at £ = 0 gives the condition 8 < 7. The left hand side of (2.4.21) is a decreasing
function of k for fixed $ and k£ > 0. Therefore its maximum must lie at £ = 0 and so the

critical value of 7, denoted 7, is given by

¢ = B. (2.4.22)

As k — oo, T ~ 1/k, so for all 7 > 75 (/) the system is stable for any perturbation of
any wavenumber k, while for 7 < 7¢ (/3) there will be a range of values of & for which
perturbations will be unstable.

We now assume that 7 < f so that it is now possible for instabilities to arise, which
is shown by plotting f,,s(k; 3, T), for given pairs of values of 5 and 7, in Figure 2.14.

Atk =0, fms(0; 3,7) = 0and f! (k;3,7) ~ 4k3(8 —7) which is positive for 7 < 3
as was assumed. As kK — 00, f.s — —00, so combined with the behaviour at & = 0,
this implies that there is at least one turning point in the region £ > 0 and observation
suggests it is the only one and a maximum. Thus, for 7 < [, the symmetric mode that
results from uniform plug flow between two membranes is unstable to long wavelength
perturbations but stable to short wavelength perturbations.

This analysis is extended to a wider range of values for 5 and 7 in Figure 2.15, where
contours of the critical stability point at which f,,s = 0, denoted k. are plotted. As
predicted there are no instabilities present in the region 7 > (. The values of k¢ . along
the contours are the same order of magnitude as those for the antisymmetric but occur at
higher values of 7. This suggests that for a given pair of parameter values there is a larger
region of instability in the symmetric mode compared to the antisymmetric mode.

As we did for the linear plate model, it is possible to obtain approximate solutions to
the location of the critical stability point. For values of £ large enough that we can take

coth(k) = 1 (this requires only k = 2 or higher), the equation to solve to find k¢, can be
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Figure 2.14: A plot of f,,s(k; 3, 7) from (2.4.20) for 8 = 0.5 and 7 = 1/4 (solid line), 7 =
75 = 1/2 (dashed-dot line) and 7 = 3/4 (dotted line). The dashed line represents the & axis,
above this line the perturbations are unstable, while below the line they are stable.

written, from (2.4.19)

(B —7)k* — BTk’ =0, (2.4.23)
and so we achieve approximate solutions of

k%zﬁgT. (2.4.24)
T

These approximate solutions are plotted using dashed-dot lines in Figure 2.15, the
solutions are very good for £ . = 2 or higher, but for values of k£ below this are found to
significantly underestimate the size of 7 needed.

To find the maximum growth rate when 7 < 3, we are required to solve

0 fms
Ok

—0, (2.4.25)
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Figure 2.15: Contours of k¢, for which f,,s(kS,s; 3, 7) = 0, for values of the parameters 5 and
7 (solid lines). The contours serve as the stability boundary, below the modes are unstable while
on or above the contours the modes are stable. The dashed line k¢, = 0 is also the boundary of
the global stability condition, 7 > 75,.(3) as given by (2.4.22). Approximations of the contours,
given by (2.4.24) are also shown (dashed-dot lines).
the solutions to which will be denoted £ .. This is easy to solve for 7 as a function of
[ and k and the results are shown in Figure 2.16. We have no solutions in the upper left
triangle of the plot as assumed, while the solutions that do exist lie between £ = 0 and
= ki, as expected.

With the position of the maximum growth rate calculated, it is then simple to calculate
the maximum growth rate itself. Itis given by +/ fis(k,; 5, 7) and is illustrated in Figure
2.17. The value of the contours are of similar size to those in the antisymmetric mode,

and again much larger than the maximum growth rates of the linear plate model for the

same reasons as discussed previously for the antisymmetric mode.
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Figure 2.16: A contour plot of solutions to (2.4.25), the contours are constant values of &k}, ., the
wavenumber that maximises the growth rate of instabilities. The dashed line £, ; = 0 corresponds

to zero growth rate.

2.4.5 Wall inertia and linear springs (Elastic solid model)

If we ignore the effects of the bending stiffness and the tension, the model simplifies to

uniform flow between two elastic solids.

Antisymmetric Mode

Under the assumption of no bending stiffness or tension, that is « = 7 = 0, then the

antisymmetric dispersion relation (2.3.33) becomes

ik 2
(8 T ,Bk:coth(k;)>

(vk — BK?) tanh(k) + Byk?

(Bk + tanh(k))?

Y

(2.4.26)
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Figure 2.17: Contours of the maximum growth rate given by \/ fis(k%,s; 5, 7), the contours are
constant growth rates. The dashed line +/ fi,s(k7,s; 5, 7) = 0 marks the global stability boundary.

and so the stability condition can be written as

(Bk3 — vk) tanh(k) — Bk? <0
(Bk + tanh(k))? -

(2.4.27)

We denote the left hand side of (2.4.27) as f..(k; 5,~) and illustrate that instabilities can
exist for a pair of parameter values in Figure 2.18. We see that the behaviour of the
function differs in comparison to the linear plate model (Figure 2.2) and the membrane
model (Figure 2.10). In this case the flow is stable for long wavelength perturbations but
unstable to short wavelength perturbations.

This is reinforced by examination of f.,(k; 3,7). Atk = 0, fea(0; 5,7) = —v/(1 +
), which is negative for any 5 > 0 and v > 0. As k — 00, fe, — 00, so there is a point
in the range k£ > 0 where the perturbations change from stable to unstable.

We look first for the critical stability point, denoted k¢, such that f.,(kS,; 8,7) = 0,

for varying [ and ~y. This is shown in Figure 2.19 for contours of k¢,. As the values of
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Figure 2.18: A plot of fe,(k;,~) from (2.4.27) for 8 = 0.5 and v = 0.1 (dashed-dot line),
v = 0.2 (solid line) and v = 0.4 (dotted line). The dashed line represents the k axis, above this
line the perturbations are unstable, while below the line they are stable.

k¢, increases, the contours lie further from v = 0, while for the other models as £}, or
k¢, increases, the contours lay closerto o = 0 or 7 = 0.

For the linear plate and membrane models we were able to seek the maximum growth
rate by looking for the turning point of the stability condition, however in this instance the
concept of a maximum growth rate no longer holds, since as previously noted, when k& —
00, fea — 00. This suggests that the problem is ill-posed as arbitrarily short wavelength

disturbances grow arbitrarily quickly, to counteract this, another physical effect (such as

bending stiffness or axial tension) would need to be included in the analysis.
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Figure 2.19: Contours of k¢, for which feq(kS,; 5,7v) = 0, for values of the parameters 3 and +.
The contours serve as the stability boundary, below the modes are unstable while on or above the
contours the modes are stable.

Symmetric Mode

The dispersion relation for the symmetric mode in the absence of bending stiffness and

tension, from (2.3.42), is

. 2 413 2
(8 N ik ) _ (vk — BE3) coth(k) —zﬁyk | (2.4.28)
1 + Sk tanh(k) (Bk + coth(k))
and the stability condition is therefore
3 _ _ 2
(Bk” — yk) coth(k) — fvk" _ (2.4.29)

(Bk + coth(k))? N

The left hand side is denoted f.s(k; 3,~) and the existence of instabilities in the model is
illustrated in Figure 2.20. The qualitative behaviour of f., is much the same as f,,, there

1s a region of stability for long wavelength perturbations before becoming unstable as the
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Figure 2.20: A plot of f.s(k;f3,) from (2.4.27) for § = 0.5 and v = 0.1 (dashed-dot line),
~ = 0.2 (solid line) and v = 0.4 (dotted line). The dashed line represents the k axis, above this
line the perturbations are unstable, while below the line they are stable.

wavelength of perturbations decreases.

Examination of f., reveals that f.;(0; 3,7) = 0 and near k = 0, f/, ~ —2vk which
is negative for all v > 0 in the range £ > 0 that we are examining. Thus, the function is
decreasing initially, but since f.;, — 0o as k — oo there must be a turning point in k£ > 0
before passing through the critical stability point k¢, such that f..(kS,; 5,7v) = 0.

The behaviour of this critical stability point is illustrated in Figure 2.21 with contours
of constant k¢, as 3 and ~y vary. Again the unstable region lies below and to the right of
the contours, for the same reasons as for the antisymmetric mode.

As previously, approximate values of the critical stability contours can be found if
we assume k is large enough that coth(k) ~ 1. In this case, the equation governing the

location of the critical stability point can be written

Bk* — Byk —~v = 0. (2.4.30)
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Figure 2.21: Contours of k¢, for which f.s(kS; 8,7) = 0, for value of the parameters 5 and -y
(solid lines). The contours serve as the stability boundary, below the modes are unstable while on
or above the contours the modes are stable. Approximations of the contours, given by (2.4.31) are
also shown (dashed-dot lines).

This is a quadratic solution in k& with solution

A2+ 4
kis%wr /P (2.4.31)

2 Y

where the positive root has been taken since £ is assumed to be positive.

The approximate solutions are included using dashed-dot lines in Figure 2.21, as be-
fore for values of k¢, > 2 the approximate solutions are very accurate. Some accuracy is
lost for k¢, < 2 but the approximate solutions remain more accurate for the elastic solid
system than they were for the membrane system.

There is no meaning to the concept of the maximum growth rate for the symmetric
mode, in the same way as for the antisymmetric mode, since f.;, — oo as k — 00,

suggesting the problem is ill-posed.
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2.4.6 Three or more parameters

We now attempt to extend our analysis to the cases where only one of «, 3 or 7y are negli-
gible, to help our understanding of the behaviour of the full system. Further progress can
be made by considering the stability conditions in an alternate form. For the antisymmet-

ric mode, we rewrite (2.3.36) as

S tanh(k) 5 Y
B —" L 2.4.32
B+ tanh(k) =" T (2432)
while for the symmetric mode, (2.3.44) is rewritten as
B coth(k) 2 g
= <ok —. 2.4.33
Bk +ooth(k) =N T2 (24.33)

For the limiting cases to be examined using this alternate form of the stability condi-
tion, the left hand side of each of (2.4.32) and (2.4.33) remain unchanged. We determine
the asymptotic behaviour of the left hand side of these equations now to avoid repetition.

In the antisymmetric mode, the behaviour of the left hand side of (2.4.32) as k — 0,

is given by
S tanh(k) 15}
~ 2.4.34
Bk +tanh(k) B+ 1’ ( )
while as k — o0,
S tanh(k) 1
St ShT A R 2.4.35
pk + tanh(k) k& ( )
Similarly, for the left hand side of (2.4.33), as £k — 0 we have
B coth(k)
—_— _~ 2.4.36
Bk + coth(k) B, ( )
and as k — oo
S coth(k) 1
St ST 2.4.37
Bk + coth(k) k ( )
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We also note that in this form it is simple to show, by rearrangement, that

[ tanh(k) < S coth(k)
Bk + tanh(k) — Bk + coth(k)’

(2.4.38)

since tanh(k) < coth(k) for any & > 0. This formalises the idea found in the previous
limiting cases that the symmetric mode has a larger range of instability than the antisym-
metric mode as (2.4.38) means that symmetric stability implies antisymmetric stability

but not the opposite.

2.4.7 Linear springs-free system

We examine the limiting case when the spring response is negligible when compared to

the other parameters, this is equivalent to setting v = 0 in the stability conditions.

Antisymmetric Mode

If we set v = 0 in (2.4.32), the stability condition becomes

S tanh(k)

< ak’+T 2.4.39
fk + tanh(k) — R ( )

We have already determined the behaviour of the left hand side of (2.4.39) to be ~
B/(B + 1) as k — 0, and in the same limit the right hand side ~ 7. We obtain the
same critical value of 7 for stability as the membrane model given by (2.4.17), which we
now denote 7. We therefore consider only the regime in which 7 < 3/(3 + 1) to allow
for instabilities.

In the limit & — oo, the right hand side of (2.4.39) behaves like ~ a/k? which dom-
inates the behaviour of the left hand side (~ 1/k see (2.4.35)) so the system is always
stable at short wavelengths.

With stability at short wavelengths and the chance of instability at long wavelengths
the qualitative behaviour is the same as that of the membrane model, but it is necessary

to determine the effect of o on the system.
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Figure 2.22: The left and right hand sides of (2.4.39) and (2.4.40) to show the effect of changing
« on the stability of the linear springs-free system for 5 = 0.5, 7 = 0.2. The left hand side of
(2.4.39) is given by the thin solid line, and the left hand side of (2.4.40) is given by the thick
solid line. Above these lines the corresponding mode is stable and below they are unstable. The
right hand sides of (2.4.39) and (2.4.40) are shown for varying values of a: o = 0 (dashed line,
corresponding to the membrane model), o« = 0.01 (dashed-dot line) and o = 0.1 (dotted line).
To this end, the left hand side of (2.4.39) is compared with the right hand side for
different values of « in Figure 2.22, while 5 = 0.5 and 7 = 0.2 are kept fixed, the thin
solid line corresponds to the antisymmetric mode. While it is a single example, it captures
the general behaviour of the system well. For comparison the case oo = 0 is plotted, since
this is equivalent to the membrane model studied previously, then as we increase « first to
0.01 and then to 0.1 the unstable region decreases rapidly with the change from unstable

to stable happening at approximately £ = 3 fora« = 0, k = 2 for &« = 0.01 and k£ = 1 for

a = 0.1. So « is seen to have a stabilising effect on the system.
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Symmetric Mode

Under the assumption that spring response is negligible (2.4.33) becomes

S coth(k)

— < ak? . 2.4.40
Bk + coth(k) — oR T ( )

As k — 0 in (2.4.40), the left hand side has already been found to behave like ~ (3,
the right hand side is unchanged from the antisymmetric mode and behaves like ~ 7.
This gives the same critical value of 7 for guaranteed stability as in the symmetric mode
of the membrane model given by (2.4.22), now denoted 7.

The behaviour in the limit £ — oo is as for the antisymmetric mode and so the system
is stable to short wavelength disturbances. The qualitative behaviour is thus the same as
the symmetric mode of the membrane model.

The exact behaviour is adjusted by the contribution from « as shown in Figure 2.22,
with the thick solid line. The effect of « is seen in a decrease in the size of the unstable
region by lowering the critical stability boundary towards £ = 0. This is in agreement
with the antisymmetric mode. As expected, for a given «, the unstable region is also seen

to be larger than the unstable region for the antisymmetric mode.

2.4.8 Tension-free system

The penultimate limiting case considered is one where the effects of tension are negligi-

ble, obtained by setting 7 = 0.

Antisymmetric Mode

With tension negligible, the antisymmetric stability condition, (2.4.32), can be written

tanh(k
ﬁan() C(kz—f—l

Bk + tanh(k) — K2 (2441

As previously determined, the behaviour of the left hand side as £ — 0 is known to

be ~ 3/(8 + 1), while the behaviour of the right hand side is now ~ ~/k?. Thus for any
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Figure 2.23: The left and right hand sides of (2.4.41) and (2.4.43) to show the effect of changing
~ on the stability of the tension-free system for 5 = 0.5, a = 100. The left hand side of (2.4.41) is
given by the thin straight line, and the left hand side of (2.4.43) is given by the thick straight line.
Above these lines the corresponding mode is stable and below they are unstable. The right hand
sides of (2.4.41) and (2.4.43) are shown for varying values of v: v = 0 (dashed line, corresponding
to the linear plate model), v = 0.0001 (dashed-dot line) and v = 0.0005 (dotted line).

~ > 0 there is now a stable region near £ = 0, as found for the elastic solid model.

The behaviour of both sides as k — oo is known, as it is the same as the limiting case
when v = 0, so the system is stable to short wavelength disturbances, this is in contrast
to the elastic solid model. At first glance it appears that the system is stable, this turns
out not to be the case as the addition of the linear spring term allows an unstable region
to develop for a range of £ values above the stable region for £ < 1 and below the stable
region for k > 1.

In Figure 2.23 a specific case is used to illustrate the general behaviour of the system.
Starting from v = 0, equivalent to the linear plate model, which is unstable at long wave-
lengths and stable at short wavelengths, this is shown using the dashed line. Increasing

results in a new regime as soon as it is non-zero, in which the system is stable to both short
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and long wavelength perturbations but there is a region between these where the system
is unstable, in this example this is shown with v = 0.0001 shown using the dashed-dot
line. As 7y increases further the size of the unstable region decreases until v = +§, at
which point there is only one solution to

h
6tan (k) :Oékf2+ Y

Bk + tanh(k) =X (2442)

in the range £ > 0. For the illustrated case in Figure 2.23, with o = 100 and 8 = 0.5,
vé. ~ 0.00028. Finally, as «y 1s increased beyond ¢ ,, the antisymmetric mode becomes

stable at all wavelengths, this is the dashed line.

Symmetric Mode

For the symmetric mode an assumption of no tension gives a stability condition of

h
BCOt (k) OZ]CQ + l

Bk + coth(k) — k2 (2.4.43)

The behaviour of the left hand side as k£ — 0 is known to be ~ 3, while the right hand
side behaves like ~ +/k%. Thus for non-zero v we obtain the same behaviour as for the
antisymmetric mode, namely a stable region for long wavelength perturbations.

As k — oo the right hand side looks like ~ «k? which dominates over the left hand
side (~ 1/k), so the system is stable to short wavelength perturbations as well. As anti-
symmetric mode instabilities imply symmetric mode instabilities, it is realistic to expect
aregion of instability between the two stable regions already discussed. This turns out to
be true and the general behaviour is identical to the behaviour of the antisymmetric mode.
The only exception being the critical value of «y is now denoted 7. The behaviour is il-
lustrated for a specific pair of values for 5 and « in Figure 2.23. The qualitative behaviour
is the same as the antisymmetric mode, although we note that for the symmetric mode
there is no illustration of an entirely stable mode, as the case given by v = 0.0005, which

is stable to all wavelengths in the antisymmetric mode, still allows a range of instabilities
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in the symmetric mode. For the example shown in Figure 2.23, 75  ~ 0.00062, as we

would expect, this is greater than the critical value for the antisymmetric mode.

2.4.9 Bending stiffness-free system

The final limiting case to be studied is the one in which the contribution from the bending

stiffness is negligible, i.e. we take o = 0.

Antisymmetric Mode

Setting o = 0 in (2.4.32), the stability condition for the antisymmetric mode is found to

be
S tanh(k)
Bk + tanh(k)

<t (2.4.44)
In this case the behaviour of both the left hand side and the right hand side are both
known in the limit £ — 0 from previous limiting cases, the left hand side behaves like
/(B + 1) and the right hand side like v/k?. Thus the antisymmetric mode is stable to
long wavelength perturbations for any v > 0.

Similarly, in the limit & — oo the behaviour is known to be dominated by the right
hand side (~ 7) as opposed to the left hand side (~ 1/k), so the antisymmetric mode is
stable to short wavelength perturbations. However, as in the previous limiting case, when
the effect of tension was negligible, it is possible to obtain a region of instability between
the two stable regions at the limiting values of k.

The qualitative behaviour of this region of instability is very similar to the equivalent
region in the tension-free system. However, due to the lower order in k of the contribution
to the tension in this system, compared with the contribution from the bending in the
previous system, the unstable region is present for both higher wavenumbers and over a
larger range of k£ values, as illustrated in Figure 2.24. For the antisymmetric mode, with

B = 0.5 and 7 = 0.2 as shown in Figure 2.24, ¢, ~ 0.183.
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Figure 2.24: The left and right hand sides of (2.4.44) and (2.4.45) to show the effect of changing
~ on the stability of the bending stiffness-free system for 8 = 0.5, 7 = 0.2. The left hand side
of (2.4.44) is given by the thin solid line, and the left hand side of (2.4.45) is given by the thick
solid line. Above these lines the corresponding mode is stable and below they are unstable. The
right hand sides of (2.4.44) and (2.4.45) are shown for varying values of y: v = 0 (dashed line,
corresponding to the membrane model), v = 0.1 (dashed-dot line) and v = 0.2 (dotted line).

Symmetric Mode

The stability condition for the symmetric mode, (2.4.33), can, in the absence of bending

be written
B coth(k)
Bk + coth(k)

<t (2.4.45)
In the limit & — 0, the left hand side of (2.4.45) is known to behave like ~ 3, while the
right hand side has the same behaviour as the antisymmetric mode (~ 7/k?), resulting in
stability for long wavelength perturbations if v > 0.

Similarly, if & — oo, the right hand side of (2.4.45) (~ 7) is known to dominate
the left hand side (~ 1/k) giving stability to short wavelength perturbations. The same

argument that was used to suggest the existence of symmetric mode instabilities for the
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tension-free system holds here, namely that instabilities in the antisymmetric mode imply
the existence of instabilities in the symmetric mode. This region exists between the two
stable regions for similar values of £ as in the antisymmetric mode, see Figure 2.24.
There exists a v<,, which corresponds to the critical value of «y above which the mode
is stable, and below which the mode has the stable-unstable-stable behaviour evidenced in
Figure 2.24, and for the parameters used is given by v<, = 0.227, which is larger than the
antisymmetric mode as any critical value of gamma is required to be for the symmetric

mode.

2.5 Analysis of the Full System

Having considered numerous limiting cases to the full problem, we now use what we
know of the behaviour of the system to extend this analysis to one involving all four

parameters «, (3, v and 7.

Antisymmetric Mode

Working with the form of the stability criteria given by (2.4.32)

S tanh(k) 5 Y
_ptanh(h) g X, 25.1
Bk +tanh(k) =TT 2 (2.5.1)

The behaviour of each side is well known in both the limits £ — 0 and £ — oo. In
the former the left hand side ~ 3/(3 + 1) while the right hand side ~ ~/k?, so we have
stability. While in the limit & — oo, the right hand (~ «k?) dominates the left hand side
(~ 1/k), again resulting in stability. This suggests that the behaviour exhibited in the
tension-free and bending-free limiting cases, where there is an unstable region between
two stable regions is possible. This is the case and it is illustrated by the dashed line in
Figure 2.25. Another consequence of this behaviour is that there will exist a critical value
of 7, denoted v, such that above this value the system is stable everywhere, this is shown

by the dotted line.
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Figure 2.25: The left and right hand sides of (2.5.1) and (2.5.2) to show the different regimes that
are possible in the full system for both the antisymmetric and symmetric modes. The left hand
sides of (2.5.1) (thin straight line) and (2.5.2) (thick straight line) are given for 3 = 0.5. Three
cases are illustrated for the right hand sides of (2.5.1) and (2.5.2), all for o = 100, the first is given
by 7 = 0.2 and v = 0.00001 (dashed line), the second by 7 = 0.4 and v = 0.00001 (dashed-dot
line) and the final case by 7 = 0.2 and v = 0.001.

The value of 7 chosen for the two cases described was very specifically chosen such
that, since § = 0.5, 7 < /(5 + 1). It turns out, that the stability condition derived for
both the membrane model, and the linear springs-free model holds here as well. Namely,
if 7 > /(f + 1), then the system will be stable for any choice of parameters, this is the
final case illustrated by the dashed-dot line in Figure 2.25 where 7 = 0.4. The value of

~ chosen in this case was done so specifically because it resulted in the stable-unstable-

stable regime when 7 < 77, the critical size required for stability.
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Symmetric Mode

For the symmetric mode we start from the stability criteria given by (2.4.33)

B coth(k) 2 v
_Leotht®) g X 252
Bk +coth(k) =TT T2 (2.5.2)

As for the antisymmetric mode, the behaviour is well known in both the key limits.
As k — 0, the left hand side ~ /3 and the right hand side ~ ~/k?, and the system is
stable. As k — oo the limits are the same as for the antisymmetric mode and so the right
hand side dominates leading to stability. The stability condition on 7 for the symmetric
modes of the membrane and linear springs-free models turns out to hold here as well, and
we give the critical value of 7 to be 7§, = 5.

Again, we have the existence of the stable-unstable-stable regime, providing v < 7%,
the critical value of +, this is illustrated by the dashed line in Figure 2.25 and holds for
both the antisymmetric and symmetric modes, and by the dashed-dot line only for the
symmetric mode while the dotted line shows the case when v > 7}, and the system is

stable everywhere.

2.6 Summary of Results

We have determined the existence of instabilities in a variety of simplifications to the
full problem given by the dispersion relations (2.3.33) and (2.3.42). The results are sum-
marised in Table 2.1. The models have not been broken down into their respective modes
because in all cases the qualitative behaviour is the same, varying only between the mod-
els.

We determined that it is necessary for wall inertia to be present in order for insta-
bilities to arise, and it was shown that in every possible limiting case, as well as the
full system, that the symmetric mode has a larger unstable region than the antisymmetric
mode. It was also found that if tension is present in the system it will be stable (regardless

of mode) if the nondimensional tension is greater than the nondimensional inertia. This
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Non-zero  Parameter Stability
Model parameters size (k<) k>1)
No Wall Inertia Qa, T,y S — S
Wall Inertia Only S8 U — U
Linear Plate a, B U — S
Membrane 7,0 T>TE, S — S
T < Ths U — S
Elastic Solid v, B S — U
No Linear Springs «, 7, 3 T > 78 S — S
T TS U — S
No Tension a,, v < s, S U S
Yas <Y s — S
No Bending 7,7, B v < A, S U S
Vrs <Y S — S
Full Model o, T,7, T < T Y < Vfs S U S
T2 S — S
TZ2Tie V<% S — 8

Table 2.1: A summary of the stability of the varying model simplifications examined. Where
parameter sizes have been specified, they are for the corresponding symmetric mode although
the qualitative behaviour of the antisymmetric mode is the same. S denotes Stable, U denotes
Unstable.

was found to hold in any system in which both tension and inertia were present, including
when all parameters are non-zero.

The spring response was found to stabilise the system at long wavelengths, reversing
the stability of the system there for any system in which it was included. At short wave-
lengths, the spring response was found to have no effect, meaning that in the absence of
any other parameters the system becomes unstable in this region. However, the inclu-

sion of either bending stiffness or tension immediately dominates at short wavelength to

stabilise the system.
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The inclusion of a small enough spring response was found to cause an interesting
effect when in the presence of at least two other parameters (one of which must be f3).
Providing ~y is small enough it is possible to obtain modes in which the system is stable to
both small and large wavenumbers disturbances but unstable for a range of values of k be-
tween the two regions of stability. While the critical value of v, above which this unstable
region does not exist and the entire system becomes stable could be calculated numeri-
cally, this was omitted due to the difficulty in examining the behaviour of something that
depends upon three other quantities.

This has given us different ways in which we can stabilise the full system across all
values of £ > 0, by either making 7 or 7 large enough, however it emerges there are no

cases or modes in which the system is always unstable.






CHAPTER THREE

SPATIAL STABILITY ANALYSIS OF
FLOW IN AN ELASTIC CHANNEL

3.1 Introduction

In this chapter we will determine the spatial stability of flow in an infinitely long elastic
channel subjected to a oscillatory perturbation at a fixed point. The problem will be
formulated for the same channel as used in Chapter 2, but our focus will be on the limiting
case of the linear-plate model. We will derive the dispersion relation for the complex
wavenumber £ in terms of the applied real frequency w.

If w were allowed to be complex, we would be studying exactly the same system as
de Langre (2002) who determined the velocity at which flow transitions from convective
intability to absolute instability without reference to specific roots. Although we restrict
w to be real, we build on this work by calculating the location of roots of the dispersion
relation and determining their influence on the stability of the system.

To make this determination a method of classifying both the stability and direction
of propagation of these roots for k£ will be introduced and applied. We begin with the
simplest model possible, that is, the inertia /3 is negligible and the frequency of oscillation
w is zero. We will then make the system more realistic by including a non-zero frequency

of oscillation, the roots found previously are tracked and their stability checked as the
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frequency changes. Finally, inertia is reintroduced to the system and the roots and their
stability are determined for various sizes of the physical parameters. These results are

then compared with previous related work in the literature.

3.2 Problem Formulation

The system is identical to the one considered in Chapter 2, therefore the governing
equations (2.2.1)—(2.2.2) and boundary conditions (2.2.4)—(2.2.5) still hold. The pri-
mary difference arises in the type of perturbation we apply. In this case, we consider
a time-dependent oscillation with fixed frequency, w, applied with a specified amplitude

at x = 0. This gives us perturbations of the form

u = ei(kxfwt)ﬁ(y%
p/ — ei(kx—wt)ﬁ(y)7 (321)
77;: _ 6i(kx—wt)A 7

where w € R and (y), p(y) and ny are the amplitudes at x = 0. Without loss of
generality we take w > (0. We want to find the wavenumbers £, generated by a given
forcing frequency w.

It is possible to perform the stability analysis as in Chapter 2, however, it is more con-
venient to make a single substitution in the dispersion relation, (2.3.24), found previously.
We set

5 = —iw, (3.2.2)

where, since w € R, s is purely imaginary. This gives us a new dispersion relation, which
we can write in the form

D (w, k) = 0, (3.2.3)

where

D (w, k) = (k —w)> X (k) — (ak® — Bw?k + 7k* + 7k) . (3.2.4)
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Here, «, 3, 7 and ~ are dimensionless parameters giving the ratios of various physical
effects as in (2.2.10), X (k) = tanh(k) for the antisymmetric mode, and X (k) = coth(k)
for the symmetric mode. We focus on the linear plate limiting case, where the effects of
both tension and spring response are negligible. This is equivalent to setting 7 = v = 0
in (3.2.4).

Combining (3.2.3) and (3.2.4), along with our simplifications gives
(k —w)’ X (k) = (k" — Bw?) k. (3.2.5)

In Chapter 2 for temporal stability we sought w € C, in terms of a given k£ € R, however,
in this case we want to find £ € C in terms a given w € R. Looking at (3.2.5) it is clear
this is not a trivial exercise, as we go from solving an equation quadratic in w to solving

an equation that is quintic in k as well as having a tanh or coth component.

3.2.1 Method of determining stability

Once the positions of the roots have been calculated, it is necessary to determine the
stability and direction of propagation of the resultant waves. Traditionally this is done by
calculating their group velocity. The real part of the group velocity gives the direction
of propagation, while the sign of the imaginary part determines the stability (Lighthill,
1960). However, in systems with an infinite amount of fluid that has a background flow,
such as we have here with the plug flow, this technique is no longer reliable because it
is possible for there to be waves that propagate downstream but have a group velocity
pointing upstream (Crighton & Oswell, 1991; Peake, 1997).

To counteract this, an alternative method of determing the stability and propagation of
waves when there is a spatial component to the analysis was proposed by Briggs (1964)
and then refined by Bers (1983). It was originally developed in the context of plasma
physics, but has found extensive use in other areas of mathematics. In its most general
form, it is applied to systems in which both the wavenumber and frequency are complex,

but it also has applications when the frequency is real (Brazier-Smith & Scott, 1984). For



60 Spatial Stability Analysis of Flow in an Elastic Channel

this reason, we focus on the application as described by Brazier-Smith & Scott (1984),
but the formulation by Bers (1983) remains the most detailed introduction to the general
method. Ilustrated examples of the application of the general technique can also be found
in Brambley (2007).

Recall from Chapter 1, that a convectively unstable wave results in a growing distur-
bance away from the driver, while remaining neutral or decaying at the driver. Similarly,
an absolute instability results in a growing disturbance both away from the driver and at
the driver. The latter can be thought of as the instability growing more quickly than it is
advected away downstream, and thus it contaminates the entire domain.

The Briggs—Bers method we use is as follows. For a root k& = ky, w = wy of the
dispersion relation D(k,w) = 0, with wy € R, ky € C, locate the equivalent root for k
when w = wy + iw; where w; € R and w; > 0 and suitably large. This choice of w; needs
to be larger than any naturally occurring growth rate in the system. Then at any point in
time the amplitude of the oscillation at the driver will be greater than any growth caused
by a natural growing disturbance, and the wave will appear to decay in the direction of
propagation.

If, when w; is large, the root has Im(k) > 0 then in order to decay it will propagate in
the downstream direction, while if Im (k) < 0 it will propagate in the upstream direction.
This is fixed by examination of the e?** term in (3.2.1).

Then, we decrease w; continuously until w; = 0, relying upon the fact that the di-
rection of propagation does not change as w; is decreased (providing no other roots are

encountered as w; is varied). One of the following three behaviours will be seen

(a) When w; = 0 the root is in the same half of the k-plane as it started, thus the wave is

evanescent in the direction of propagation.

(b) When w; = 0 the root lies on the Re(k)-axis, thus the wave is a neutrally stable
travelling wave in the direction of propagation. As w; is decreased, the root may

cross the Re(k)-axis any number of times.

(c) When w; = 0, the root comes to rest in the opposite half of the k-plane as it started,
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thus resulting in a convectively unstable wave in the direction of propagation.

It is possible for two roots that originate in opposite halves of the k-plane for large w; to
come together and form a pinch for w; # 0. In systems where the frequency w is allowed
to be complex, this results in an absolute instability.

A useful consequence of this, is, if there is to be a convective instability in the system,
a root must cross the Re(k)-axis when w; > 0, at this point £ € R and w € C which are
the conditions for a temporally unstable mode. Thus, we must have temporal instability
for there to be spatial instability. This is a necessary but not sufficient condition however,
since as w; decreases further the root may come to lie on the Re(k)-axis, or cross back to

the original half-plane.

3.3 Limiting case of 5 =0, w, =0

We consider first a large simplification to the dispersion relation to serve as an introduc-
tion to the application of the Briggs—Bers technique. We assume both a lack of inertia
in the system and the real part of w to be zero. Assuming no inertia determines that
there should be no instabilities in the system since spatial instabilities require temporal
instabilities to be present as discussed above and our work in Chapter 2 found the system
had temporal instabilities only when inertia was present. Therefore, we should only be
able to find evanescent waves or neutrally stable waves. The assumption that w, = 0,
where w, = Re(w) is very restrictive, but it gives a simpler system that lends itself well

to analysis.

3.3.1 Antisymmetric Mode

Under the assumption of no inertia, 5 = 0, the dispersion relation (3.2.5) can be written

ak® coth(k) — (k — iw;)* = 0. (3.3.1)
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Figure 3.1: Illustrations of the positions of the solutions of (3.3.2) for varying «. The solid line
is the left hand side of the equation, while the broken lines are the right hand side. Specifically,
the dashed line corresponds to o = 10 and the dashed-dot line to o = 103.

We retain w in the equation since it is necessary in the application of the Briggs—Bers
technique, but it is understood here to be purely imaginary and is ignored when solving
for k to find the location of the roots. If k € R, there exists a double root at £k = 0 and

1
k2 coth(k,) = — (3.3.2)
«
Solving (3.3.2) cannot be done analytically, but there are two roots, which will approach

k = 0 as a — oo, and will tend to infinity as a — 0, as illustrated in Figure 3.1. We also

consider roots of the form k = ik;, k; € R, for which we rewrite (3.3.1) as

o
K3 cot(ly) = (R @) (3.3.3)

(07
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Figure 3.2: Illustrations of the positions of the solutions of (3.3.4) for varying «. The solid line is
the left hand side of the equation, while the broken lines are the right hand side. Specifically, the
dashed line corresponds to o = 1073 and the dashed-dot line to o« = 103. The graph is symmetric
about k; = 0.

when w = 0 this can be written as

1
k? cot(k;) = ——, (3.3.4)

«

which has solutions in the range k; € [(n — 1/2)7,nx| forn € Z. As a — oo, k; —
(n —1/2)7 and as & — 0, k; — nm. So there is an infinite set of solutions lying on the
Im(k)-axis. To illustrate the behaviour of the imaginary roots when « varies, both sides
of (3.3.4) have been plotted in Figure 3.2. We could not find any solutions that have both
nonzero real and imaginary components of k.

We now apply the Briggs—Bers technique to track these roots and determine the sta-
bility of the corresponding waves. The results are illustrated in Figures 3.3 and 3.4 for

small and large « respectively, for all the roots with Im(k) = 0. The roots are tracked
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by solving the equations numerically using Newton’s method for each w; = Im(w). In
both cases, we see that both roots that make up the double root at £ = 0 start in the
upper k-plane (Im(k) > 0) for w; large and positive, and descend to the Re(k)-axis as
w; decreases to zero, therefore these are right-travelling neutral waves. Similarly, the two
roots that are solutions to (3.3.2) both start in the lower Im(k) plane and ascend to the
Re(k)-axis, suggesting that they are both left-travelling neutral waves. We also see the
roots move inwards towards the double root as « increases. One feature of note in Fig 3.3
is that the two branches of the double root at £ = 0 coalesce before w; has been decreased
to zero, however since both branches start on the same side of the Re(k)-axis this does
not lead to an instability.

For the infinite set of solutions, we provide a non-graphical argument to show the
stability of the roots. Consider (3.3.3) with w = iw;, then

(ki — Wi)Q‘

k? cot(k;) = —
7 cot(k;) 5

(3.3.5)

For any w; the right hand side keeps the same sign as (3.3.4) and thus the root will not
cross the Im(k)-axis at any point as w; is decreased to zero. These solutions can therefore
be divided into two groups, those with k; > 0 and those with £; < 0, the former consist
of right-travelling evanescent waves decaying downstream of the driver and the latter are
left-travelling evanescent waves decaying upstream of the driver.

We numerically sought solutions for which & had both real and imaginary components
but were unable to find any. For this reason it is thought all solutions have been found
and so upon the inclusion of the frequency we can track the positions of the roots as they

change.

3.3.2 Symmetric Mode

Assuming no inertia, from (3.2.5) the symmetric mode dispersion relation can be written

ak® tanh(k) — (k —w)? = 0, (3.3.6)
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Figure 3.3: (a) Solution paths in k-space for the antisymmetric dispersion relation when 8 =
Re(w) = 0 for Im(w) = 2000 (stars) to Im(w) = 0 (circles) when o = 1073, (b) A close up of
the origin, to better illustrate the finishing points of the roots.

(@) 4 b o5
2 0.25

S 0 S o\e/

E EO—"7 S
-2 ~0.25
~4 -0.5

5 25 0 25 5 0.1 -0.05 0 005 0.1

Re(k) Re(k)

Figure 3.4: (a) Solution paths in k-space for the antisymmetric dispersion relation when 3 =
Re(w) = 0 for Im(w) = 2000 (stars) to Im(w) = 0 (circles) when o = 103. (b) A close up of the
origin, to better illustrate the finishing points of the roots.

where, again, w is retained for the application of the Briggs—Bers technique but is ignored
when solving for k. As in the antisymmetric mode there still exists the double root at

k = 0 when k € R, leaving
1
k? tanh(k) =

o .

(3.3.7)

This again has two roots, that behave in the same way as those for the antisymmetric

mode, that approach £ = 0 as &« — oo, and tend to infinity as « — 0. If we consider
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Figure 3.5: Illustrations of the positions of the solutions of (3.3.9) for varying . The solid line
is the left hand side of the equation, while the broken lines to the right hand side. Specifically, the
dashed line corresponds to o = 1073 and the dashed-dot line to o« = 103. The graph is symmetric
about k; = 0.

imaginary roots, then (3.3.6) becomes

(Zlfl — CLJ)2

—kf tan(k;) = ————, (3.3.8)
«
which, when w = 0 is
1
k} tan(k;) = —, (3.3.9)
o

where k; € iR. This has solutions in the range [n7, (n + 1/2)7| where n € Z. For small
« the solution lies closer to (n + 1/2)m and for large « it lies closer to n. This is shown
in Figure 3.5. To avoid unnecessary repetition, we do not give the stability diagrams for

the symmetric mode as we obtain the same results as for the antisymmetric mode.
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Figure 3.6: Sketch of the movement of solutions to the antisymmetric and symmetric mode
dispersion relations as w;, is varied. (a) w, = 0, (b) 0 < w, < we(a), (¢) wr = we(a), (d)
wel() < wy.

3.4 Limiting case of 5 =0

We extend our analysis to include w, # 0, while continuing to assume a lack of inertia,
B = 0. In the absence of inertia the system should remain stable but with the addition of
a real component to the frequency, there will no longer be a double root at £ = 0 so we

will aim to determine how the roots move as w, and « are varied.

3.4.1 Antisymmetric Mode

We first consider solutions to the dispersion relation for which £ = k, € R. Thus, for a

real w = w,, the dispersion relation can be written
ak® coth(k) — (k — w,)* = 0. (3.4.1)

If w, = 0 then the previously examined case is recovered, with roots positioned as in

Figure 3.6(a). The position of these roots was tracked numerically for w, increasing again
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using Newton’s method, their qualitative behaviour is shown in Figure 3.6(b)—(d). As w,
is increased to a non-zero value, but is less than a critical value w, that depends upon «,
the system has four real roots. Two roots, s; and s4, move in the negative Re(k) direction
as w, increases, while s, and s; move in the positive Re(k) direction, with s3 moving
further than s;. Once w, = w.(«), roots s3 and s4 coalesce and then as w, increases
further, the system only permits two real roots s; and s, with s3 and s, leaving the
Re(k)-axis to gain an imaginary component.

The stability of the roots as w, is varied is determined in Figures 3.8-3.10. As ex-
pected from the w, = 0 case studied previously, for values of w, < w.(«) two neutrally
stable waves are obtained travelling in each direction. The meeting of the roots when
w, = w, occurs at Im(k) = 0 and therefore does not produce an instability (Brazier-
Smith & Scott, 1984). However, once w, > w.(«) the two roots that coalesced separate
again with the right-travelling wave gaining a positive Im(k) component and the left-
travelling wave a negative Im(k) component. These two waves are therefore evanescent,
decaying in their direction of travel. The behaviour of the roots was found to be the same
across all values of the bending stiffness «, with an inverse correlation between « and w,
as shown in Figure 3.7.

It is not possible to find solutions to the dispersion relation (3.4.1) of the form £ = ik;,
k; € R when w, # 0. However, beginning from the w, = 0, case the solutions can be
tracked as for the real roots above, the results for this are shown in Figure 3.11.

There is some interesting behaviour exhibited; in all cases there is a pair of solutions
equivalent to £=ng, which move out of the set as w, increases. For o = 1072, this occurred
for ng = 5 (not pictured), for & = 1, ng = 2 and for « = 103, ny = 1. The behaviour
of the roots either side of this root differ. If |n| < ng, the nth root progresses to the next
integer multiple of 7 away from the Re(k)-axis as w, increases. However, for |n| > ny,
the nth root moves inwards to the next integer multiple of 7 towards the Re(k)-axis,
essentially taking the place of the root that has moved away.

As w, increases further and the separated pair of roots move further from the Re(k)-

axis, an integer multiple of 7 near the imaginary axis is always left clear of a root, but
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Figure 3.7: The variation of the critical frequency w, with respect to the bending stiffness c.. The
solid line corresponds to the antisymmetric mode, the dashed line to the symmetric mode.

not necessarily the one it started at originally. This effect can be seen in the stability
analysis of Figure 3.12(c). The root originally corresponded to n = 1 when w, was
small. However, when w,. is large, as w; decreases (moving towards the circles) the roots
move towards the Im(k)-axis but at values near +27, equivalent to n = 2.

The previously mentioned stability analysis was performed for varying w, with the
results for w, = 2000 shown in Figure 3.12. We can see all roots are evanescent either
upstream or downstream. For the roots that lie inside the outlying pair, as w; is varied
there is only a change in Re(k) but further out the predominant change is in Im(k).

The outlying pair of roots from the infinite set have a further significance. When
viewed in conjunction with the real roots discussed previously, and the progression of
two of the roots away from the Re(k)-axis as w,. increases, we see a group of six solutions
that appear related to each other. The progression and formation of this arrangement of

roots is illustrated in Figure 3.13.
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Figure 3.8: (a) Solution paths in k-space for the antisymmetric dispersion relation when 5 = 0
and w, = 0.01 < w.(a) for Im(w) = 2000 (stars) to Im(w) = 0 (circles) when o = 1. (b) A
close up of the origin, to better illustrate the finishing points of the roots.
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Figure 3.9: (a) Solution paths in k-space for the antisymmetric dispersion relation when 5 = 0
and w, = 0.241235 = w,(«) for Im(w) = 2000 (stars) to Im(w) = 0 (circles) when o = 1. (b)
A close up of the origin, to better illustrate the finishing points of the roots.
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Figure 3.10: (a) Solution paths in k-space for the antisymmetric dispersion relation when 5 = 0
and w, = 0.5 > w.(a) for Im(w) = 2000 (stars) to Im(w) = 0 (circles) when o = 1. (b) A close
up of the origin, to better illustrate the finishing points of the roots.
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Figure 3.11: Position of the roots of the infinite set of solutions to the dispersion relation up to
In| = 3 as w, is varied from w, = 0 (circles) to w, = 2000 (stars). (a) a = 1073, (b) a = 1, the
n = %2 solutions finish at k = —6.3916 =+ 19.94064, (c) o = 10°.
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Figure 3.12: Solution paths in k-space for the roots shown in Figure 3.11 when w, = 2000 as
Im(w) = 2000 (stars) to Im(w) = 0 (circles). (a) a = 1073, (b) a = 1, (¢) a = 10°.

We can use these numerical solutions as a guide to find analytical expressions for
some of the solutions at certain parameter sizes. Looking firstly at Figure 3.13(a), we see

four roots with w < 1, and |k| < 1. Approximating tanh(k) ~ k for |k| < 1, (3.4.1),

becomes
k — 2
pro Wl (3.4.2)
Q@
The four solutions to this equation can be written
1 [dw 1 1 1 /1 4w 1
k=t —=+———F, k=x—|———=+—. 343
o\ Vata e oNa Ve aje O

If w < 1/4/a we obtain four real roots. If w > 1/4,/a, we obtain two real roots and
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Figure 3.13: The progression of the key roots for o = 102 as w, increases, numerical solutions
(circles), numerical solutions for the two roots from the infinite set (squares), approximate solu-
tions given by (3.4.3) (crosses), approximate solutions given by (3.4.6) (stars). (a) w, = 0.1, (b)
wyr = 10, (¢) w, = 100, (d) w, = 2000.

two complex roots. Hence an expression for w.(«) is obtained

1

MC(OC> = m, (344)

which, after comparing with Figure 3.7 is found to be valid for o ~ 1 and greater. The
solutions given by (3.4.3) are shown in Figure 3.13(a)-(b) as a comparison to the nu-
merical solutions. For w, = 0.1 the solutions are almost identical, while for w, = 10
to solutions are still reasonable but starting to show less agreement as the assumption of
w, < 1 clearly no longer holds.

Similarly, by looking at Figure 3.13(d), we see w, > 1 and |Re(k)| is large, we can
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approximate tanh(k) ~ sgn(k). The dispersion relation, (3.4.1), can be approximated as

W=+ (3.4.5)
(@)

where the plus sign corresponds to Re(k) > 0 and the minus sign to Re(k) < 0. The

solution to (3.4.5) can be written

2\ 1/5 .
2
k=4 (“’—) exp ( mm) , (3.4.6)
« 5
where m = {—1,0,1}. We do not pick up all five roots from the exponential term
since for roots that would correspond to m = —2 and m = 2 would lie in the opposite

half Re(k) plane violating the restriction on the sign of k. This gives an approximation
of the six roots which are plotted with stars in Figure 3.13(c)—(d). For w, = 100 the
solutions are accurate for the real roots but not for the complex ones (where |Re(k)| is
not as large). However a much better approximation is found when w, = 2000. If w, is
increased further, these approximations will only become more accurate.

While here it was sufficient to assume that w, > 1 to find approximate solutions to
the roots in practice it must be dependant upon . As we showed in Figure 3.7, if « is
small, the critical value of w, above which we develop the complex roots becomes much

larger.

3.4.2 Symmetric Mode

As in the previous section when w, = 0, the qualitative behaviour of the symmetric mode
is the same as the antisymmetric mode. For that reason, discussion of the mode is omitted

here, and instead we move on to focus on the full dispersion relation.

3.5 The full dispersion relation

With a good understanding of how the system behaves in the absence of inertia, we now

examine the full dispersion relation for flow between two elastic plates as given by (3.2.5).



74 Spatial Stability Analysis of Flow in an Elastic Channel

While the two limiting cases already studied were both predicted and found to be stable to
all frequency disturbances independent of the bending stiffness parameter «, the addition
of the inertia parameter, /3, results in a system that permits temporal instabilities. Thus,
while it is unknown which roots, if any, are unstable, their existence is at least permitted
by the system. For both the antisymmetric and symmetric modes, « < 1 and o > 1
will be considered, for 5 = 0.1 and 5 = 0.8, with the solutions tracked between the two
values of 5. These two values of 3 should be sufficient to capture the relevant behaviours
of the system as it is physically unlikely that values of § greater than O(1) would be
found in real systems.

In all cases, there is a root lying on the negative Re(k)-axis, this root is always a left-
travelling neutrally stable wave and so has not been illustrated. Similarly, the infinite set
of roots lying close to the Im(k)-axis, are always decaying in their direction of travel, and
the pair of roots that move away from the axis as w, increases behave in the same way as
they do in the absence of inertia. For this reason, we consider only the three remaining
roots that lie near the positive Re(k)-axis. This is in agreement with Li (1993), who found

the same result for plane liquid sheets.

3.5.1 Antisymmetric Mode

Considering first the antisymmetric mode, the dispersion relation (3.2.5) can be written

(k—w)? = (ak* — Bw?) k coth(k). (3.5.1)

We first consider the case of weak inertia, and take 7 = 0.1. When a < 1, and w, < 1,
we have the behaviour exhibited by the roots in Figure 3.14(a). Using the Briggs—Bers
technique, these roots consist of one root that corresponds to a right-travelling evanes-
cent wave, one right-travelling convectively unstable wave, and one root that is a left-
travelling neutral wave (not pictured). As w, increases, the growth rate of the unstable
mode increases (Figure 3.14(b)), until a critical value of w, is reached, at which point a

pinch occurs in the lower half £ plane (Figure 3.14(c)). This pinch is formed from two
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Figure 3.14: Stability of three of the roots to (3.5.1) as the imaginary part of w is decreased from
w; = 2000 to w; = 0 for varying w,, when o = 1073 and B = 0.1. The end of the curves shown
corresponds to w; = 0. The circles represent approximate solutions to the roots given by (3.5.6).
(@) w, = 0.5, (b) wy, = 1.5, (¢) wy = 3.6725 (d) w, = 4.

roots originating in opposite halves of the k-plane when w; > 1, satisfying the criteria of
an absolute instability. However, as our system requires w € R, and the pinch occurs at
w; > 0, it does not result in any additional instabilities in the system we consider.

Above this critical value of w, the system is stable, consisting now of two evanes-
cent waves, each travelling in the opposite direction and a neutrally stable wave (Figure
3.14(d)).

It is possible to obtain an approximate expression for the position of the unstable root
shown in Figure 3.14. By looking at the position of the roots found numerically, we can

safely assume that Re(k) < 1, suggesting the right hand side of the dispersion relation

is much smaller than w?, thus we require k£ ~ w. It is convenient to make the substitution
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Figure 3.15: Stability of three of the roots to (3.5.1) as the imaginary part of w is decreased from
w; = 2000 to w; = 0 for varying w,, when o« = 102 and B = 0.1. The end of the curves shown
corresponds to w; = 0. (a) w, = 0.00689, (b) w, = 0.00734, (¢) w, = 0.00826 (d) w, = 0.00872.

8 = Bain (3.5.1), giving
(k—w)’ = <k4 — Bw2> ak coth(k). (3.5.2)

Therefore, to obtain a balance in (3.5.2), we require k —w = O(«a''/?), so a series solution

is sought in the form

k(o) =w+arks +aks+ ..., (3.5.3)

To leading order this is the same as the results found by Li (1993) for a plane liquid sheet,
suggesting a qualitative similarity when the effect of the channel walls is small.
Upon substituting (3.5.3) back into (3.5.2), the leading order terms cancel, leaving an

equation for the first order correction in . After substituting and cancelling, the equation
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Figure 3.16: Stability of three of the roots to (3.5.1) as the imaginary part of w is decreased from
w; = 2000 to w; = 0 for varying w,, when o = 1073 and B = 0.8. The end of the curves shown
corresponds to w; = 0. (a) w, = 0.4, (b) w, = 1, (¢) w, = 1.0468 (d) w, = 1.05.

can be written

k= — <B — w2> w? coth(w). (3.54)

So k; is found to be

(3.5.5)

(3.5.6)

For oo < 1 this approximate solution remains accurate until w, ~ 1, above which it starts

to diverge from the numerical solution.
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Considering now o > 1, there is a significant difference in behaviour to that de-
scribed above for o < 1. The first difference is there is no longer a pinch associated
with a critical value of w,, instead there are now two critical values, giving three distinct
ranges of w, where the behaviour of the system is different. These effects are illustrated
in Figure 3.15. In the first region, 0 < w, < wi(«, (), the behaviour is qualitatively the
same as when o < 1, there are three roots, one evanescent, one neutral and one unstable,
the latter of which is right-travelling (Figure 3.15(a)—(b)). At w, = w;(«, [3), the evanes-
cent and unstable roots coalesce on the Re(k)-axis giving three neutrally stable roots,
which exist in the range wy («, ) < w, < wa(a, B) (Figure 3.15(c)). At w, = ws(a, B),
the two roots with the largest Re(k) coalesce, and then split into two complex roots for
wy, > wa(a, B), giving one neutrally stable and two evanescent waves, each travelling in
the opposite direction.

We now look at the system when the effect of the inertia is much stronger. The results
for &« < 1 can be seen in Figure 3.16. Prior to the pinch occuring, the increase in 3
has resulted in the unstable root having a larger growth rate (Figure 3.16(a)—(b)). It also
becomes clear that the pinch after which the system becomes stable occurs for a much
lower value of w, when S is larger (Figure 3.16(c)). Above this critical value, the system
becomes stable as it did when the effect of the inertia was smaller.

For o > 1, the results for increased inertia are fundamentally different to those found
when 3 was smaller. In that regime, no pinch occured and instead there were two critical
values of w, creating three regions in which the behaviour of the system varied. For larger
£ however, the system retains the behaviour of the equivalent & < 1 system when [ is
larger. The key difference between the two is the much smaller size of w, at which the
system transitions to stable when o > 1 compared to o < 1.

There are parallels to be drawn between results from de Langre (2002) and the regimes
just discussed. In his paper de Langre found the transition point between convective in-
stability and absolute instability in a fluid channel when both w and k£ were allowed to
be complex in terms of the nondimensional flow velocity and channel width. For slow

flows in a wide channel, the only instability found was convective instability, while for



3.5 The full dispersion relation 79

(a) (b)

0.02 0.02
0.01™>__ 0.01]
T .
E g 0
~0.01 -0.01
~0.02 ~0.02
0 001 002 003 0 001 002 003
(c) Re(k) (d) Re(k)
0.02 0.02
0.0 T 0.01] T
T =
E 0 ER
~0.01 ~0.01 /\
~0.02 ~0.02
0 001 002 003 0 001 002 003
Re(k) Re(k)

Figure 3.17: Stability of three of the roots to (3.5.1) as the imaginary part of w is decreased from
w; = 2000 to w; = 0 for varying w,, when o = 10% and 8 = 0.8. The end of the curves shown
corresponds to w; = 0. (a) w, = 0.00689, (b) w, = 0.00872, (¢) w, = 0.00882 (d) w, = 0.009.

flows above a critical background velocity in any width channel and slow flows in a nar-
row channel absolute instability was observed. De Langre’s nondimensional velocity and
channel base-state width are inversely proportional to the parameters we have used for
the bending stiffness, «, and inertia, (3, respectively. His slow flow in a wide channel
therefore corresponds to our large o and small 3 which is precisely the region in which
we did not see a pinch. The three regions where we did see a pinch serve to identify

which roots would form the absolute instability if they were admissable to this system.

3.5.2 Symmetric Mode

When considering the symmetric mode, the dispersion relation, (3.2.5) can be written

(k — w)? = (ak® — Bw?) k tanh(k). (3.5.7)
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Figure 3.18: Stability of three of the roots to (3.5.7) as the imaginary part of w is decreased from
w; = 2000 to w; = 0 for varying w,, when o = 1073 and B = 0.1. The end of the curves shown
corresponds to w; = 0. The circles represent approximate solutions to the roots given by (3.5.6).
(@) w, = 0.5, (b) wy, = 1.5, (¢) wy = 3.672 (d) w, = 3.7.
The method of analysis is the same as for the antisymmetric mode, we numerically cal-
culate the roots of the system for w = w, and check their stability in the usual way.
Looking first at @ < 1, the results when the effect of inertia is small are shown in
Figure 3.18. At this range of « and 3 the results are almost identical to the results for
the antisymmetric mode shown in Figure 3.14 including the frequency of w, at which
a pinch is seen occuring for w; > 0. Until the pinch occurs there is a right-travelling
convective instability. This suggests it is possible to find an approximate solution in this

parameter range as was done for the antisymmetric mode. By following the same method

as outlined for the antisymmetric mode, an expression is readily obtained as

(3.5.8)
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Figure 3.19: Stability of three of the roots to (3.5.7) as the imaginary part of w is decreased from
w; = 2000 to w; = 0 for varying w,, when o = 1073 and B = 0.8. The end of the curves shown
corresponds to w; = 0. (a) w, = 0.8, (b) w, = 1.04, (¢) w, = 1.046 (d) w, = 1.1.
where 5’ = [/« as before. The accuracy of the approximate solutions can be seen in Fig
3.18(a)—(b). The approximation (3.5.8) provides excellent agreement up to w,. ~ 1, but
deteriorates above this value, albeit slowly.

As [ is increased, the qualitative behaviour remains the same, but the system tran-

sitions through the pinch into stability for a smaller w,, which is shown in Figure 3.19.

However, below this critical value of w,, the growth rate of the convective instability,

|w;|, will be higher than for an equivalent w, with a smaller value of 3, so in this sense
the system is more unstable when the effect of the inertia is stronger, but over a smaller
range of wavelengths.

The behaviour when o > 1 and the bending stiffness dominates is different again
from the behaviour both when a@ < 1 and for the equivalent range of « for the anti-

symmetric mode. In Figures 3.20-3.21 there is a convectively unstable root with a very

small imaginary component and therefore very small growth rate. Due to the size of the
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Figure 3.20: Stability of three of the roots to (3.5.7) as the imaginary part of w is decreased from
w; = 2000 to w; = 0 for varying w,, when o = 10% and 8 = 0.1. The end of the curves shown
corresponds to w; = 0. (a) w, = 0.005, (b) w, = 0.05, (¢) w, = 0.068579 (d) w, = 0.1.
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Figure 3.21: Stability of three of the roots to (3.5.7) as the imaginary part of w is decreased from
w; = 2000 to w; = 0 for varying w,, when o = 103 and 3 = 0.8. The end of the curves shown
corresponds to w; = 0. (a) w, = 0.02, (b) w, = 0.05, (¢) w, = 0.0691 (d) w, = 0.1.
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imaginary component subfigure (a) in each of Figures 3.20-3.21 is more closely zoomed
than the others, sometimes to the exclusion of the stable roots. The system then follows
the pattern of the antisymmetric mode when « is large and [ is small. As w, is increased
the solutions transition to three neutrally stable roots, and then to one neutrally stable
and two evanescent roots travelling in opposite directions. The size of the growth rate of
convective instabilities in the o > 1 regime is much smaller, and o must be reduced by
a factor of ten to obtain a growth rate of O(1072). This too agrees well with de Langre

(2002), with both the convective and absolute instability regions of his work caught here.

3.6 Discussion

In this chapter we have extended the linear stability analysis performed in Chapter 2
for the linear plate model by allowing perturbations with a real frequency and seeking
solutions in terms of the complex wavenumber. In order to classify the direction and
stability of the waves found we introduced the concept of Briggs—Bers analysis. By
considering the simplest version of the system possible, we were able to find the location
of the roots and successfully classify their direction, and identify that in the absence of
inertia all roots are either neutrally stable or evanescent in their direction of propagation.
For example, in the absence of inertia or a frequency of oscillation, we found four real
roots and an infinite set of roots lying on the imaginary k-axis.

Working with this knowledge of the roots of the simplest system, we gradually in-
creased the complexity and tracked how the behaviour of the roots changed. Interesting
behaviour was found for all the roots. When w,. is increased enough, a pair of solutions
from the infinite set move off the Im(k)-axis to gain a negative real component, similarly
two of the real roots were shown to gain an imaginary component. The four complex
roots and the two remaining real roots were found to be related to each other by their
asymptotic approximation when w, was large enough.

Upon introducing the effect of inertia, the system could become unstable, and for

both the antisymmetric and symmetric modes convective instabilities were observed for
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(a) (b)

CI(P) CI(P)

B B

Figure 3.22: Sketch of the qualitative behaviour of (a) the antisymmetric mode, (b) the sym-
metric mode, as the bending stiffness, «, and the inertia, 3, are varied. CI denotes the mode is
convectively unstable before transitioning to three neutrally stable waves, CI(P) denotes the mode
is convectively unstable until a pinch forms.

0 < w, < we(a, ) before the system transitioned to being stable. For the majority of
parameter sizes a pinch was seen occurring at w, = w, which was dependant upon both
the bending stiffness, «, and inertia, 3, these regions are denoted by CI(P) in Figure
3.22. This pinch occurred between a convectively unstable root and a neutrally stable
root, when tracing the stability path according to the Briggs—Bers technique and there-
fore the pinches occurred when w; > 0. After the pinch the two roots consist of right
travelling and left travelling evanescent waves. For the other parameter sizes, the system
is convectively unstable, before transitioning to three neutrally stable roots and then to
one neutrally stable root and two evanescent roots, one travelling upstream and the other
downstream. This is denoted by CI in Figure 3.22.

If we were considering a system in which both the wavenumber and frequency were
complex the pinches that arise would result in the onset of absolute instability, however,
in our system absolute instability cannot occur because the amplitude is set in a fixed

point for all time so the instability cannot contaminate the entire domain.



CHAPTER FOUR

TRAVELLING WAVES IN THE
NONLINEAR SYSTEM

4.1 Introduction

We depart from channels with linear-elastic walls and their stability in favour of examin-
ing wave propagation in nonlinear elastic channels. Specifically, in this chapter we extend
the work of Mehring & Sirignano (1999), who sought periodic travelling waves for liquid
sheets that would lead to breakup of the sheet. We begin by formulating a set of gov-
erning equations following the derivation by Mehring & Sirignano (1999), but with the
addition of nonlinear elastic walls in place of free surfaces. We also introduce a second
length scale, giving a parameter for the aspect ratio. The coupling between the fluid and
solid is given by a nonlinear plate equation without inertial effects.

Periodic travelling waves are then sought for two simplified systems, one is a fully
linear system, the other linear only in the curvature. In the linear plate system, a nonlinear
equation for travelling waves is found which is then solved numerically, to give both the
profiles and propagation speed. An asymptotic analysis is performed to give the solution
as the channel thickness approaches zero and is compared to the numerical solution.
Finally, we derive an equation for travelling waves in the nonlinear system which is solved

numerically and the results are discussed.

The work in Chapters 4-5 is currently under review for publication.
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4.2 Problem Formulation

Working in Cartesian coordinates (z*, y*), we consider an incompressible, inviscid, two-
dimensional flow between two flexible walls a mean distance a apart, in a gravity-free
regime (see Figure 4.1). The fluid has constant density p, and its pressure and velocity
fields are denoted p* and (u*,v*) respectively. The upper interface is located at y* =
n;(«*,t*) and the lower at y* = n* (z*,t*). Outside of the channel is assumed to be a
vacuum. If the flow and walls are undisturbed, the fluid is assumed to flow at a constant
velocity U, in the x* direction, with the walls at y* = +a/2. We are interested in long
wavelength perturbations to this undisturbed state with wavelength L. The equations

governing the unsteady fluid flow are the two dimensional Euler equations:

ou*  ov*
= 4.2.1
Ox* + Oy 0 ( )
ou +u*8u +U*8u _ 1op 42.2)

ot D+ oy pox
ov* L ov* Lo gvt _ 19p”
ot* Ox* oy*  poy*’

(4.2.3)

At the interface between the fluid and the flexible wall we have the kinematic conditions

a *
b aZf _— 4.2.4)

O
ot

where the subscript denotes values at the interface y* = 7% . For the dynamic condition,

the wall model is the as in both Plotnikov & Toland (2011) and Blyth et al. (2011)

82 * *3
7R “—i) , (4.2.5)

P <35*2 + 2

where D* is the bending stiffness, <7 is the curvature of the interface and s’} denotes the

arc length. The curvature is related to the interface position by

. 0L oni\*\

Njw
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Yt =a/2

y* =t (a*,t")

Figure 4.1: Dimensional problem setup.

When the pressure is written in terms of 7} and x* (4.2.5) becomes

* * * 8 * a *3 6277;?: 1 *3 62771 ’
pL ==£D fi% (fiﬁx* (fi pe) + B fi B , 4.2.7)
with .
. omi\?| °
fi= |1+ <%) ] . (4.2.8)

Since there is no wall inertia in our model, the governing equations (4.2.1)—(4.2.7) are
invariant under the Galilean transformation x +— x + U,t, u — u + U,. Without loss of
generality, we may therefore take U, = 0, which assumes there is zero mean axial flow.
Solutions with a non-zero axial flux can be recovered by applying a suitable Galilean
transformation.

Assuming that the fluid layer is thin compared to the wavelength of the disturbance,
we follow the derivation of Mehring & Sirignano (1999) who investigated a related prob-
lem for liquid sheets. We first define the centreline 7* and thickness 1* by

—k * * 77*“‘77*— ~% * * * *
Wt ) = S ) = (4.2.9)
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*

The dependant variables are then expanded in powers of y* — n* as

wt = ul(z* 1) (e )yt — 7] b (et ) [yt - a4 (4.2.10)
v* =it 1) o (@ )yt — 7] ot ) [yt — a4 (4.2.11)
pF =i, 1) + pi(a*, t) = 0 st ) [yt — 0P (4.2.12)

We insert these expansions into the governing equations, and consider only the lowest
order in y* — i*. This limits us to a long wavelength approximation, or specifically to
waves whose initial amplitude is much less than their wavelength.

Upon inserting the dependent variable expansions into (v 4 v* )/2, using (4.2.4) and

(4.2.9), an expression for vy is obtained

ot Lon
0 4.2.1
0= G Tu 0820 ( 3)
Using the same process, but on v, — v_, we can find an expression for v
. O 0N | O
T 0877* ot 0;7* _ (4.2.14)
Inputting the expansions into (4.2.1)—(4.2.3), yields, respectively
dug —On"
axS —ulg -+ =0, (4.2.15)
oug L oug 1 (0p} on*
= —— —p] 4.2.16
at* _I_ Oa % (ax* plax* I ( )
v L 0V i
= ——. 4.2.17
o o T @217
We can also combine (4.2.14) and (4.2.15) to eliminate u; and v;
on* 0
o) = 0. 4.2.18

Looking at the expansion for p, we write pj = (p. + p*)/2 and p} = (p. — p*)/7*, and
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substitute into (4.2.16) and (4.2.17), to be left with

oug oug 1[0 (pi+p- on* (pL —p-
— : = —— — 4.2.19
ot g 0 (89&* ( 2 oz* * ’ ( )
ovg ovg 1 (p} —p-

] =— | — . 422
ot* o ox* P ( n* ( 0

This gives us four equations, (4.2.13), (4.2.18), (4.2.19), and (4.2.20) for six variables
(7", 7", ug, vy, P4 and p* ), but we note that we have not yet used the dynamic boundary

condition. Therefore, writing (4.2.7) and (4.2.8) in terms of 77* and n* gives

* a * a *3 82 —% f]* 1 *3 82 —% f’* ’
fi(?x* <fi8x* ( ) (7] i?))) +§ ( £ Ox*2 n i? ’

4.2.21)

pyL =+xD*

where f7} has been redefined to be

1+( 0 (*+ﬁ)>2 7 (4.2.22)
or- \" 7 | -

Therefore, we now have six equations for six variables. We introduce nondimensional

=

fi=

quantities, and depart from Mehring & Sirignano (1999) by using two length scales, one
each for the axial and transverse lengths. Our axial length scale is the wavelength L, and
our transverse length scale is the channel width a. We denote the aspect ratio 6 = a/L,
and assume § < 1. We use a pressure scale of D*/L? based on the dynamic boundary
condition. For the axial velocity scale, we use U = / D*/2pL3 from an inertia—pressure
balance in (4.2.2). Natural time and transverse velocity scales then follow as U/L and

oU. We therefore introduce the dimensionless variables

L b L ) a ) a b )
v5 L3py s LK%
= = = = = — 4.2.23
v=spr P e ST o R 5 ( )

Applying these scales to (4.2.18), (4.2.19), (4.2.13), (4.2.20) and (4.2.21), the final
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equations governing the system are found to be, to leading order,

on 0
Zh Ly 2 — 4.2.24
5 T a5 (wn) =0, (4.2.24)
ou ou 0 20n
o TUar T T e Pt g e o)) (322
o | i _
o e T (3:2:20)
ov ov 2
Pl = —p), (4.2.27)

where
82/'£:|: 52 3
pr =0 ( 9z T3 i) (4.2.28)
ot n
_ 5 7 (5 A
B iéfiax‘l <77 + 2>

(4.2.29)

and

2 9 (.. 2
146 (a_a; ('r;i§))] . (4.2.30)

In (4.2.29) we have expanded the spatial derivatives in (4.2.21). In terms of the centreline

fe=

and thickness, the curvature can be written, from (4.2.28)

0?1 10%n
3
= — +t-——. 4.2.31
Equations (4.2.24)—(4.2.27) are fully coupled, highly nonlinear equations and will be
referred to as the ‘nonlinear system’. After the nondimensionalisation a factor of §—2
remains in (4.2.27), this is an inevitable consequence of two distinct timescales in the
system for symmetric and antisymmetric modes. Whichever mode is being considered,

(4.2.24)—(4.2.30) contains all the leading order terms. We will consider the solution to
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this system numerically but to make further analytical progress we additionally consider
two simplified systems.
Firstly, retaining only the linear terms in 7 and 7) in (4.2.29) and (4.2.30) we obtain

the ‘linear plate system’, which is governed by

on 0

5 g () =0, (4.2.32)
ou  Ou 9°n
ot T lor ~ o (4239
oy
sl =, (4.2.34)

4 A

ov  Ov_ _40m (4.2.35)

ot Ox on Ozt

Note that there is a partial decoupling here, in that neither v or 7) appear in (4.2.32) and
(4.2.33).

Secondly, we consider a full linearisation of (4.2.24)—(4.2.27) about the undisturbed
state. Writingn =1+ 17/, u = u/, 7 =1/, v = v/ and neglecting terms that are quadratic

in the primed variables we obtain

‘3;_2' N % _o (4.2.36)
%_1; _ _5212' (4.2.37)
%’j _ o, (4.2.38)
%_7; _ _‘ggﬁ, (4.2.39)

This will be referred to as the ‘fully linear system’. We now have a full decoupling of
equations (4.2.36) and (4.2.37) for v/ and 1’ from (4.2.38) and (4.2.39) for v’ and 7}'.
The first pair correspond to a symmetric mode, while the second pair correspond to an
antisymmetric mode (de Langre, 2002). The symmetric mode is seen physically as the
top and bottom interfaces being out of phase with 7 = —n*, while the antisymmetric

mode is seen as the interfaces being in phase with 7} = n*.
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4.3 Travelling Waves in the Fully Linear System

We seek the dispersion relations for the two pairs of decoupled equations in the fully
linear system (4.2.36)—(4.2.39). From this we will be able to determine any travelling
waves and their corresponding velocities.
Looking first at (4.2.36) and (4.2.37), which govern the symmetric mode, we use
differentiation to eliminate u’ between them to obtain
8277/ 8677/

55 055 = 0. (4.3.1)

We now seek solutions of the form 7' = n exp(i(kx — wt)), were k is the wavenumber
and w is the frequency of the wave sought. Any general solution can be expressed as
a superposition of these modes. Substituting the ansatz into (4.3.1), we find that the
dispersion relation is

w=+k30. (4.3.2)

For symmetric travelling waves with wavelength 1, £ = 27 and the solutions to (4.2.36)

and (4.2.37) may be written

n' = escos(2m(x — c4t)), (4.3.3)
u' = g4 cos(2m(x — cst)), (4.3.4)

where
¢ = w/k = +47°V5 (4.3.5)

is the wave velocity and ¢, is the amplitude of the travelling wave.
Doing the same for (4.2.38) and (4.2.39), which govern the antisymmetric mode, we

eliminate v’ to find
aQﬁ/ + 4a4ﬁ/ _ O
o2 5 oxt

(4.3.6)
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and the dispersion relation is found to be

1
W= :|:2k:2\/;. 43.7)

So, for antisymmetric travelling waves with wavelength 1, the solutions to (4.2.38) and

(4.2.39) can be written

i’ = eqco8(2m(x — cut)), (4.3.8)

V' = 2me e, sin(27(x — cut)), (4.3.9)

where

Co =w/k = :|:47r\/§ (4.3.10)

is the wave velocity and ¢, is the amplitude of the travelling wave. From the calculated
wavespeeds above we can determine that if § > 1/7 the symmetric mode wave travels
faster than the antisymmetric mode, and vice versa if § < 1/7. However, since we have
made a long wave approximation, we expect 6 < 1 and therefore the antisymmetric

waves always travel much faster than the symmetric waves.

4.4 Travelling Waves in the Linear Plate System

4.4.1 Symmetric mode travelling waves

Periodic travelling-wave solutions are sought for (4.2.32) and (4.2.33), the linear plate
equations that govern the symmetric mode. We seek solutions with wavelength 1 and
speed ¢, giving a temporal period 7' = 1/c. We therefore look for a solution in which u
and 7 depend only upon Z = x — ct, and which is periodic in Z with period 1.

Since we have assumed there is no mean axial flow, there must be no net axial flux

over one time period, or equivalently

T 1/2
/ undt =0 = / undZ = 0. 4.4.1)
0 _

1/2
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The periodic nature of the waves being sought also means we must have conservation of

mass in a spatial period

zo+1 1/2
/ ndr =1 = / ndZ =1, (4.4.2)
o —

1/2

for any x.

Writing (4.2.32) and (4.2.33) in terms of Z, we have

dn d
—— 4+ — = 4.4,
du du d°n
e b U = —§ et 4.4.4
‘Zaz T 444
Integration of (4.4.3) yields
—cn + un = —c, (445)

where the constant of integration has been fixed to satisfy (4.4.1) using (4.4.2). Using

(4.4.5) to eliminate « from (4.4.4) and integrating, we obtain a differential equation for 7,

dn (1 )

where B is a constant of integration. It is convenient to make the change of variables

dty 1
17 = K (1 — W) , 4.4.7)

n =Y/ B, to obtain

where K = ¢?B3/2¢ is to be determined as part of the solution. The value of B is set by

the application of (4.4.2) to any solution, from which we obtain

1/2
B= / Y dZ. (4.4.8)

1/2

Without loss of generality, we assume that the maximum or minimum of Y occurs at

Z =0, with Y (0) = e. From the symmetry of (4.4.7), Y is an even periodic function on
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[—1/2,1/2]. We restrict ourselves to [0, 1/2] and therefore have the boundary conditions

Y(0)=¢, Y (0)=Y"(0)=0, Y'(1/2)=Y"(1/2)=0.  (4.4.9)

The first condition fixes the amplitude of the solution while the other four arise from the
symmetry of the solution. The unknown parameter K in (4.4.7) is determined as part of
the solution. We thus obtain the wave speed c in terms of the maximum or minimum
amplitude € and aspect ratio 9.

The system (4.4.7) and (4.4.9) is solved numerically using the built-in MATLAB
function bvp4c. As an initial guess for Y (Z) and K we use the solution to the linearised

form of (4.4.7) for small perturbations about Y = 1:

Y =1-(1—-¢)cos(2nZ), K = 8n*. (4.4.10)

Once a numerical solution for Y (Z) is found, the trapezium rule is used to integrate
(4.4.8) to find B, and hence 7 and c can be recovered. Finally, v is found using (4.4.5).
Some sample solutions for different values of ¢ are shown in Figures 4.2-4.4.

In Figure 4.2, we see that the basic sinusoidal shape of the travelling wave profiles
found in the fully linear system given by (4.3.3) remains, however we see there is a flat-
tening at the top and a sharpening at the bottom of the solution curves from the nonlinear
terms. The equivalent profiles for u are shown in Figure 4.3, where we see a strong non-
linear response as ¢ — 0. For a wave moving in the positive x-direction fluid flows in
the negative z-direction at the narrowing of the channel, so fluid is forced from in front
of the wave to behind it. As ¢ — 0 we also see the fluid velocity descending to 0 away
from the trough, this arises from the wave velocity c being close to zero.

The relationship between the perturbation amplitude and the velocity of the travelling
wave is shown in Figure 4.4. For a given velocity, the same wave will be found twice
with two different amplitudes € corresponding to a translation of half a wavelength. In
the limit 7(0) = ¢/B — 1, we have c§~'/2 — 472, the fixed velocity found for solutions

of any amplitude in the fully linear case. In the limit ¢ — 0 we have (0) — 0 and ¢ — 0,
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Figure 4.2: A selection of thickness profiles, n, for travelling waves given by (4.4.7) for ¢ =
0.91,0.75,0.62,0.48,0.03. The dashed line is 1 — cos(27Z) to illustrate the nonlinear effects.

as the constriction prevents fluid flow back through the minimum gap.

4.4.2 Asymptotic analysis

We perform a matched asymptotic expansion of the solution of equation (4.4.7) subject
to the boundary conditions (4.4.9) in the limit ¢ — 0. This corresponds to the limit in
which the opposite walls are almost touching. We expect to find two asymptotic regions:
an inner region close to Z = 0, in which Y = O(¢) and the right hand side of (4.4.7) is
dominated by the Y 2 term; and an outer region in which Z = O(1), where Y is large
and the right hand side of (4.4.7) is dominated by the constant term.

The numerical results suggest Y (0) ~ g3

, giving the lengthscale for the inner re-
gion as Z = O(e?); and also that Y ~ 73 in the outer region, and K ~ ¢73. The

symmetries in the problem suggest an expansion in 2, and so we write

K=c?(Ko+e’Ki+--+), (4.4.11)
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Figure 4.3: A selection of velocity profiles from (4.4.5), corresponding to the thickness profiles
shown in figure 4.2. The trough of the largest wave descends to —1196.8 but has been truncated
here to better illustrate the shape of the other curves.

where K, K; are O(1). Different expansions will be used for Y in the inner and outer

regions.

Outer Region Z = O(1)

In the outer region Y scales like 3, so a solution is sought of the form

Y = [Wo(2) +EWi(2) +-- -], (4.4.12)
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Figure 4.4: The velocity c of the travelling wave as a function of the maximum or minimum dis-
placements 7(0) and 77(1/2). The dashed line is the numerical results, the dotted line is the linear
wavespeed (4.3.5), then the asymptotic results are given by the solid line which is 1(0) against
¢ from (4.4.47) and (4.4.46) and the dot-dashed line which is 7(1/2) against ¢ from (4.4.48) and
(4.4.46).

Substituting (4.4.11) and (4.4.12) into (4.4.7), we obtain

€

AW, i
-3 0 2 1 PR
izt Az }

1
=3 (Ko + 2K, + - - [1— 7
Hod St ) M S i@ v 2m@ 117
(4.4.13)
or alternatively,
AW, A4,
174 +e az* +...=(Ko+eKi+--) (1+0 (%) (4.4.14)
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The boundary conditions are

Wi(1/2) + 2Wi(1/2) +... =0, WY (1)2) + W/ (1/2) +...=0. (4.4.15)

Writing down the leading-order terms of (4.4.14) and (4.4.15), we have

d*w,
dz4

= K, subjectto W;(1/2) =W/ (1/2) =0. (4.4.16)

The solution to (4.4.16) can be written as

K nN\* B 1\?
WO(Z)—Z—E(Z—§> +7°(Z—§) + Ey, (4.4.17)

where By and E are constants of integration. The constants will be determined later
through matching.
Evaluating the terms at the next order we have

d*w;y
dz4

= K, subjectto Wj(1/2) =W/ (1/2) =0. (4.4.18)

The form of the solution to (4.4.18) is the same as (4.4.17) and after application of the

boundary conditions is

K nN\* B 1\?
Wl(Z):2—41(Z—§> +—1(Z——) + B, (4.4.19)

with Ky, B; and F to be determined through matching.

The outer solution with first-order correction is therefore
K, N\* B, 1\?

— | Z - = — | Z - = E
24 ( 2) L) ( 2) ko

K N\* B 1\2
e (B f, 1 bif, 1
+e (24 (Z 2) + 3 (Z 2) +E1>+

Y =¢73

(4.4.20)
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Inner Region Z = O(&?)
For the inner solution we use the scaled coordinate ( = Z/£2. In this inner region, Y’
scales like €, so a solution is sought in the form

Y=c(FQ)+R )+ R(Q)+--). (4.4.21)

We substitute (4.4.21) into (4.4.7) and obtain
_Ld*Fy e d*Fy e d*F,
d¢4 d¢t d¢t

F
= (Ko+’Ki+--) (1 — e 2Fy? (1+2€2F1+m>) . (44.22)
0

or alternatively,

E'Fy | AR AR
ac dc ac

— (Ko + 22K, + 0 (=) (—F02 + &2 <1 + 25) +0 (84)> . (4423)

F§
subject to
Fo(0)+2F(0)+...=1, E)0)+*F(0)+...=0, F/(0)+&*F"(0)+...=0.
(4.4.24)
At leading order (4.4.23) and (4.4.24) imply
d4F0 . / "
aci =0, subject to Fy(0) =1, Fy(0) = Fy(0)=0. (4.4.25)
The solution to (4.4.25) is
Fo=1+a3¢?, (4.4.26)

where the constant ag will be determined later by matching.
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At O(g?), (4.4.23) and (4.4.24) imply
d*F K )
5 C41 = —F—O‘; subjectto  Fy(0) = F/(0) = F"(0) = 0. (4.4.27)
By repeated integration, the solution of (4.4.27) is
Ko [(¢ ¢ 1 ;
Fl —rao |:(§ + a—g arctan (a%{) - 3_613 In (1 + a(z)CQ) + ﬁlCQ , (4428)

where /3, is another constant, which can only be determined by matching.

To achieve a full matching it becomes necessary to determine some behaviour of the

second- and third-order corrections, F5 and F3, to the inner solution. At O<€4), (4.4.23)
implies

d4F2 Kl Fl .
ac — e T (1 25 subjectto  F3(0) = F;(0) = F3"(0) = 0.

(4.4.29)
Writing
Fy= K;f + 5 (Q), (4.4.30)
we see that
dF K )

aa e Mgy subjectio F(0) = F3(0) = F3"(0) = 0.

(4.4.31)

In the limit { — oo, FZ”” — 0 which implies F™ — s, a constant. We then have

e Ood4ﬁ K K2 3A

day  6d} |16 16

(4.4.32)
The large-¢ behaviour of F} is thus given by Fy ~ K(*/24 4+ a¢3/6 + - - -. Similarly,

it can be shown that F3 ~ K(?/24 as ( — co. We now have all the terms necessary to
provide a complete matching.
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The inner solution, is then given by

K, 3 1 R
Y =¢ (1 +a3¢? — 524—6;; {(% + a%) arctan (¢) — 37%3)1n (1+ag¢®) + ﬁlCQ}
4 Ko 4 1 3 6 Ky 4

or, when rewritten in terms of 7,

ZQ
_ 2
Y—€<1+a08—4

€2K0 Z + 2\ arctan  ag2 L 1+a2Z2 + 4 Z
dag [\ 3e8  ade? 0c2 3a} 0 gt Ll

Koz* 1 73 Ko Z*4
4 0 6 0
+ — + —qg— F - | + — e e ] 4.4.34
c |:24€8 6 256 ] c |:24€8 } ) ( )

Matching

To perform an accurate matching it is traditional to introduce an intermediate variable,
however, in this case it was possible to perform the matching in terms of the outer variable

Z. Beginning with the outer solution (4.4.20), we write it in terms of ascending powers

of €
Y =T 3+ T 1+ 0(e), (4.4.35)
where
Ko By Ko By , (Ko B Ko Ko
Fa=(-24+ 24 E) -z 22422 ) 4+22 (224 20) - 320 4 420
’ <384+8+0) (48+2>+ T PREEY]
(4.4.36)
K B K B , (K1 B K LK
Iy=(-—t+24p)-z(Z2+2 ) +22 (2 +2 ) -2t L
! <384+8+1) (48+2)+ (16+2> 2%
(4.4.37)

For the inner solution (4.4.34), in the limit ¢ — 0 the natural log term is negligible relative

to the other terms and we replace the arctan term with the first two terms of an expansion
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around Z = co. Written in ascending powers of ¢ it becomes

Y =3y 3+, +0(e), (4.4.38)
where
Ky K
=722 — 73 Y 4.4.
L T Y P Y] (4.4.39)
Ko KOBl 1 Klﬂ' K2 ™ 331&071’
=72 — — 73 0 (7—3In(4
R <12ag daq > 6 <4a0 T 5az |16 7 3D+ 5
K,
Py 4.4.40
+ 25, ( )

Comparing coefficients of varying powers of Z in the £~ terms in (4.4.35) and (4.4.38)

we obtain a set of equations for ag, Ky, By and Ej. These can be solved to find

72 w2

Ky=6r? By=-—, Fy=—. (4.4.41)

@ = 1’ 64

57

Comparing the coefficients in the ¢! terms gives us a set of equations for Bl, Ky, By and

E4, which when solved yield

B = —3% (7—6In(2)), K;=96(4—31In(2)),
Bi—4(3In(2) —4), By — 411 (4—31n(2)). (4.4.42)

In both cases, there are five equations for only four unknowns, but the coefficients of Z*

are already identical, reducing the number of equations by one.

Composite Solution

To calculate a composite solution, which is valid across the entire domain, we add to-
gether the inner and outer solutions and subtract off the overlapping terms. The overlap-
ping terms are the limit of the outer solution as Z — 0, or equivalently the limit of the

inner solution as ( — oo. Substitution of (4.4.41) and (4.4.42) removes the parameters
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from the solution, and the composite solution is then

2 ' = 1\> =2
y=e3{"(z-2) - (z-2) + T
c {4 ( 2) g ( 2) R
) 1\* 1\* 1
+e? (404 -3m@) (23] +2BW@) -4 (Z2-5) +;(@-3mQ)
+ 1+7T222— 23 Z—3+ ] rctan i —iln 1+7T222
c 4et SO\ 3e8 Tz ) MM oz 33 4et

2 72 n2Z%  p27° 72
—5 - (7= 3In(4)) y} } - { o~ g T (16— 61n(4)) ?} . (4.4.43)

The term in the first set of curly brackets is the outer solution, the second set contains the
inner solution and the third set are the overlap terms. The second-order correction terms
to the inner are omitted from the composite solution as they were not fully calculated,

and only used to provide a complete matching.

Recovery of  and c

To express this solution in terms of the scaled variable  we need to compute B using

(4.4.8). Taking into account the symmetries of the solution we have
1/2
B = 2/ Y dZ. (4.4.44)
0

Looking again at (4.4.43) we can see that the contributions from the inner solution at the
two leading orders O(¢72) and O(¢™!) are cancelled out by the terms in the overlap, so
the greatest contribution from the inner solution will be O(¢), this takes place over the
inner region of O(£?) so we would expect the contribution from the integral to be O(g?).
This is negligible compared with the contribution from the outer solution. So we can

rewrite (4.4.44) as

12 2 4—3n(2
B = 25_3/ Wo + Wi dZ + O(e) =73 (L + 2¢? (L()) +0 (54)) .
0

(4.4.45)
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Using (4.4.11) and (4.4.45) the wavespeed c can then be expanded as

[2K5D 1440 16
=\ == V100e® (1 - —e*(4-3In(2))+ O (54)) : (4.4.46)

™ ™

while using (4.4.45) the minimum value of 7 can be expanded as

n0) =5 =—5¢ (1 -3¢ (4—3In(2) + 0 (54)) : (4.4.47)

Finally, using (4.4.20) and (4.4.45), the maximum value of 7) can be expanded as

n(1/2)= = (113/2) = %(1 +0(=Y). (4.4.48)

Comparison with numerical solutions

The numerical and asymptotic results are compared in Figure 4.5. Figure 4.5(a) shows the
point of largest deflection, which occurs at Z = 1/2. The asymptotic solution remains
accurate up to initial amplitudes of ¢ ~ 0.1. Similarly, Figure 4.5(b) shows that the
asymptotic solution for the unscaled velocity, K of the travelling waves remains accurate
up to a similar value of €. For an initial amplitude of ¢ = 0.03 the numerical solution is
indistinguishable from the asymptotic solution (as shown in Figure 4.5(c)), while when
e = 0.2 the asymptotic solution is still reasonable but it is starting to diverge from the
numerical solution (see Figure 4.5(d)). The asymptotic results from (4.4.46)—(4.4.48) for
the speed—amplitude relationship are also shown in Figure 4.4. The lower curve fits the
numerical data much better because the asymptotic solution has greater accuracy there;

the error in the lower line is O(£®) while in the upper line it is O ().

4.4.3 Antisymmetric mode travelling waves

To look for antisymmetric travelling-wave solutions of the linear plate system (4.2.32)—
(4.2.35), we take n = 1 and v = 0 in the governing equations. On making this substi-

tution, (4.2.32) and (4.2.33) are identically satisfied, while (4.2.34) and (4.2.35) become
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Figure 4.5: A comparison of the numerical results for symmetric travelling-wave solutions of the
linear plate system (4.4.7)—(4.4.9), with the asymptotic analysis of section 4.4.2 for ¢ < 1. (a)
The maximum thickness perturbation Y (1/2) against €. (b) The scaled wave speed K against
€. (c) and (d) The thickness perturbation for ¢ = 0.03 and ¢ = 0.2 respectively. In all cases,
the numerical results are shown with solid lines, leading-order asymptotic results with dot-dashed
lines and the first order corrections with dashed lines.

linear equations equivalent to (4.2.38) and (4.2.39). The travelling wave solutions are
therefore the same as the antisymmetric solutions found for the fully linearised system,
as given by (4.3.8) and (4.3.9). With no nonlinear effects contributing, antisymmetric

travelling waves of any amplitude have a sinusoidal profile 7 = esin(27(x — ct)) and

move with speed ¢ = 4 /V/06.

4.4.4 Mixed-mode travelling waves

We consider whether there exist any travelling wave solutions to (4.2.32)—(4.2.35) in
which both the symmetric and antisymmetric components are non-zero. The partial de-

coupling means that the symmetric component of any such solution must satisfy (4.2.32)
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and (4.2.33) and so be a symmetric travelling-wave solution in its own right. We there-
fore look for travelling-waves solutions to (4.2.34) and (4.2.35) with n and u given by the
previous solution with speed c.

We can eliminate u from these equations using (4.4.5). Equation (4.2.35) can then be
integrated once, and v eliminated using (4.2.34). The resulting equation for 7 is

&%) 6 di

7T wmaz = (4.4.49)

where F' is a constant of integration. This equation is linear in 7) but contains a non-
constant coefficient involving 7, where 7 and ¢/ /4 are known from the symmetric solu-
tion. For a given symmetric-mode amplitude € we thus have a third-order equation with

two unknown parameters: ¢ and F'. The required five boundary conditions are
7(0) =¢ea,  7(0)=7"(0)=0,  7(1/2) =47"(1/2) =0. (4.4.50)

These conditions specify an odd solution with wavelength 1, and the arbitrary amplitude
is set by €,. The system (4.4.49) and (4.4.50) are then solved using bvp4c.

For symmetric travelling wave components with ¢ ~ 1 we found ¢ ~ 1/m, which is
the value at which the symmetric and antisymmetric waves in the fully linear system have
the same speed. As ¢ — 0 the required aspect ratio J increased. Since we assumed 6 < 1
in the problem formulation, these solutions are not valid in our model. It follows that
there are no long-wavelength mixed-mode travelling waves in the linear plate system.

We can interpret this result in terms of interactions between symmetric and antisym-
metric travelling-wave components. For such interactions to arise, the components need
to have comparable velocities at the same wavelength. However, in the fully linear sys-
tem, we saw that at long wavelengths (0 < 1) the velocity of the antisymmetric mode
was much greater than that of the symmetric mode. Therefore no interactions are possible
when the system is close to being linear. Nonlinear effects only serve to slow down the

symmetric modes still further, and hence make the velocity difference even greater.
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4.5 Travelling Waves in Nonlinear System

4.5.1 Symmetric mode travelling waves

To seek travelling-wave solutions to the symmetric mode of the nonlinear system; we
have to use a different formulation to the one used for the linear plate system as we are
unable to make the change of variables = Y/ B to eliminate the constant of integration
B.

Since we are considering the symmetric mode, we must have 7 = v = 0, and from

(4.2.31) the curvature can be simplified to

Ky = 2, 4.5.1)
2
where
K= Nzz (4.5.2)

(1+1a22)**

From (4.2.28), the pressure can be written

Py = g, (4.5.3)
where
Pk 6%K3
=0 =—+—. 454
p ( g ) (4.5.4)
Thus we have, from (4.2.24) and (4.2.25),
on 0
20y 2 - 4.5.
N + B (un) =0, (4.5.5)
Ou , ov_ 9 (4.5.6)

% Yar T o

Note, (4.2.34) and (4.2.35) are identically satisfied. The formulation proceeds in the same

way as for the linear plate system until (4.4.6), which is replaced with

c? 1 K3
——|1-= s — B =0. 4.5.7
%5 ( 772) + Kss + 3 ( )
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To provide a way to ensure the conservation of mass constraint (4.4.2) can be satisfied,

we introduce the incremental volume

Z
V(Z) = / n(Z)dz'. (4.5.8)
0

The fifth-order system (4.5.2)—(4.5.8) is then recast as a system of first order equations

inn, ng, k, ks and V

n
3/2

ons _ (1 ¥ i(s%@) " (45.10)
a 1 1/2

o (1 " 1527@) . (45.11)
ks 1, ,\" c? 1 623

oV

A (4.5.13)

With five equations and two unknown parameters B and ¢ we require seven bound-
ary conditions. With an imposed amplitude, the symmetry conditions used before, and

required volume constraint, we set

77(0) =1+aq, UZ(O) =0, /{5(0) =0, V(O) =0,

nz(1/2) =0,  ky(1/2)=0, V(1/2)=1/2. (45.14)

This system is then solved using bvp4c as previously.

The wave profiles were found to be almost identical to the profiles found for the linear
plate system. The primary consequence of the extra nonlinearity is a lowering of the
speed for a travelling wave when compared to the linear plate system. This is illustrated
in figure 4.6(a) for varying values of §, while in figure 4.6(b) we can see how little the
wave profiles vary with §. For the velocity, the difference between the nonlinear system

and the linear plate system is very small for 6 = 0.1 but becomes greater as J increases
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Figure 4.6: (a) The velocity ¢ of the nonlinear system symmetric mode travelling waves as a
function of the maximum or minimum displacements, 7(0) and 7(1/2) respectively, for varying
values of §. (b) A selection of thickness profiles for travelling solutions of the nonlinear system
with e = 0.35. In both cases the thin solid line is 6 = 0.1, the dashed line is 6 = 0.2 and the
dot-dashed line is § = 0.3. The dotted line is the velocity in the linear plate system, equivalent to
the limit § — 0.

from there.

4.6 Discussion

We have formulated a nonlinear set of equations to describe the propagation of waves at
the interface of fluid and solid in a channel with elastic sides. We also derived simplified
models in the form of a linear plate system and a fully linearised system. Analytic solu-
tions were found for both the symmetric and antisymmetric modes in the case of the fully
linearised system.

For the linear plate system, an equation for symmetric mode travelling waves was
found and solved numerically for both the wave profile and propagation speed. An
asymptotic analysis was performed for the symmetric mode as the channel thickness
approached zero and this was found to have a strong agreement with the numerical so-
lution. The antisymmetric mode was shown to be identical to the fully linear system.
When travelling waves were sought that involved both a symmetric and antisymmetric
component, it was found that due to the size of the difference in propagation speed they

were unlikely to be observed in the aspect ratio regime we considered.
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In the nonlinear system, we again found an equation governing symmetric mode trav-
elling waves, which was solved numerically in the same way as the linear plate system.
The profiles were found to be almost identical to those in the linear plate system, just
propagating at a lower velocity. Further to this, the profiles were also shown to be al-
most independent of §, which as it was increased, had the primary effect of decreasing

propagation velocity futher still.






CHAPTER FIVE

TEMPORAL EVOLUTION OF LINEAR
DISTURBANCES IN THE NONLINEAR
SYSTEM

5.1 Introduction

In this chapter, we build on the work done in Chapter 4 to determine numerically the tem-
poral evolution of linear disturbances in the nonlinear system. The governing equations
of the previous chapter are transformed into finite difference analogues. A numerical
scheme is then constructed to solve the equations in both space and time for a given set
of initial conditions. This scheme is then validated before being used to investigate the
effects of the nonlinear terms in the curvature have upon the temporal evolution of lin-
ear travelling wave solutions from Chapter 4. As the amplitude of the initial profiles is
increased, the effects of the nonlinearities become move prevalent and some interesting

results are observed and discussed.

5.2 Numerical Method

Our starting point is the equations derived in the previous chapter to describe inviscid

flow in an elastic-walled channel. For reference, they consist of the full curvature system,
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the linear plate system and the fully linear system. The full curvature system is given by

on 0
— + = = 2.1
5 T g (un) =0, (5.2.1)
ou ou 0 201
— fu—=—|=— - —— —p_ 2.2
5 T U, 5y P+ +D-) nax(m p-)|, (52.2)
on 0n _
Sl (5.2.3)
ov v 2
5 T, = 5, 0+ —p-), (5.2.4)
where
G%i 52
pe =%6 ( 52 T3 i) (5.2.5)
o4 n
_ 5 7 (p4+ 2L
_iéfia_Zl <77i2>
0’ ny o AN Uj 0’ Y’
307 109 (a9 (a9 (o0 O (s T
FOL 055 (”i 2) 22 ("i 2) Oz (”i 2) +3( 22 <77i 2))
(1 [ 92 m\° 0? m\° [ 8 m >
3p9 | L[ O (a0 o O (oM O (s
£ 2(ax2 (”i2)> 180 < 22 ("iz)) (8x (”i2)) ’
(5.2.6)
and )
fi= |1+ Q(Aiﬂ) i (5.2.7)
* oz \17 2 o
The linear plate system is given by
an 0
a1 T ap (un) =0, (5.2.8)
ou  Ou o°n
on on _
5 tuz =, (5.2.10)
ov v 4 9
e =7 2.11
ot " "or ~  onort (-2.1D)
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Finally, the fully linear system is given by

%_Z' N g_l; ~0 (5.2.12)
%‘;’ _ _521’1' (5.2.13)
%—’Z/ — ), (5.2.14)
%—z/ _ fg%. (5.2.15)

We wish to solve for the temporal evolution of u, v, 17 and 7 given periodic boundary
conditions in z and initial conditions at ¢ = 0. To solve (5.2.1)—(5.2.4) or (5.2.8)—(5.2.11)
numerically we use a Crank—Nicolson scheme (e.g. Smith, 1985). This involves discretis-
ing the domain into a grid before rewriting the governing equations as finite difference
analogues. For the grid we divide the spatial domain x € [0, 1] up into n equally spaced
nodes, with the spacing denoted Axz. We split the grid for the temporal domain into m
points with a spacing of At. Each point is defined by ()f , with ¢ denoting the spatial grid
point and j the temporal grid point, this can be seen in Figure 5.1.

trj+2 o o . o
S
J+1 e ) " .

J ° ° ° ° °

1—21—1 ¢ i+1t+2
z

Figure 5.1: Diagram of the numerical grid.

The functions u, v, n and 7 are all calculated in a time-weighted manner, in the form
gi=g +0(g" —ql), (5.2.16)

where 6 is the weighting term produced by time averaging (e.g. Eggers & Dupont, 1994;
Cheong & Howes, 2004). For the Crank—Nicolson scheme, § = 0.5, while § = 0 cor-
responds to a fully explicit scheme in time, and § = 1 is a fully implicit scheme. The

Crank—Nicolson scheme is advantageous over an explicit scheme such as Lax—Wendroff
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which requires prohibitively small timesteps for convergence due to the high order of
the spatial derivatives. Central finite differences replace the spatial derivatives as follows

(e.g. Abramowitz & Stegun, 2012)

% T 9 = %tvgm’ (5.2.17)
% 7 gt =7 _(Azif)j gl (5.2.18)
% gt - 22t 492(2;)?9’“ s (5.2.19)
% gV $2 T i JE ﬁii); 2ir1 + Givz (5.2.20)

The maximum error in these spatial derivatives is —(Ax)3 f(3) /6, and is the error for the
first derivative approximation. For the temporal derivative, forward differencing is used

and can thus be written as

) gl g
dg N 9
ot At

t=t;,x=x;

(5.2.21)

with error O(At), which decreases to O((At)?) when 6 = 0.5 (Cheong & Howes, 2004).
Finally, we note that it is convenient to use a staggered spatial grid, with 7 and 7) evaluated
at the grid points, and v and v evaluated halfway between grid points. Thus, equations
involving a time derivative of n or 7, are solved at the grid points z;, and equations
involving time derivatives of u and v, references to the thickness and centerline are solved
at the half grid points ; /2, for example

@ N —0i + gi+1 '
or|,_ Ax

xT.
1+%

(5.2.22)

At this point, we can rewrite the governing equations as finite difference analogues,
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and in so doing the fully nonlinear system, (5.2.1)—(5.2.4), can be written as

‘|‘(UZ—U7,_1)’I71 = 0,

i1 . . At {(uz + ui71) (77¢+1 - 771'71)

mem Ax 4
(5.2.23)
; - AL [ (u Ui—1)
j+1 o = 7 1+1 1—1
u; u; + N { 5 ]
At _ _ Nig1 — i _ ]
+A_x [Piﬂ _p;r + Py — P —2 (m (pl—':l +p; —Pit1 Py ) = 0
(5.2.24)
At [ (u; + wim1) (D1 — Mi1) Vi + Vi |
~j+1 = i i—1 i+1 i—1 — At i i—1 - 0
T nz + Ax [ 4 2 | ’
(5.2.25)
; o At [ug (Vg1 — vimq) 2At
1 7 i+1 1—1 _ _
7' _Ug_l_A_x [ 2 } +(52(77i+1+77i) (Pl +pf =P —pi) = 0,
(5.2.26)
where
v
— 165, (Wi - )
[ I 11 I I\ 3
83 o (am el ) (e T (e ) pg (a4 T
1+ 771 2 771 2 771 2 + 772 2
_1 77H 3 ’)’]H 3 771 2
+ 83 | = (£ - 1867 it + = T 2.27
and

I 2 %
1+ 62 (AI ”—) ] . (5.2.28)
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Note, p; and f; are evaluated on the grid points x;. The finite difference analogue equa-

tions for the linearplate system, (5.2.8)—(5.2.11), are given by

i D[ ) (e =) 0, (5229
‘ LAz 4
, At | u; (Uip1 — i oA
W 4 2 {u (u = u 1)] n (m+1 V)= 0, (5230
ﬁg“ B ﬁf N % {(ul + ui1) iﬁiﬂ — 7711)] _ {UZ + Vi 1] 0, (5.2.31)

. AL [uy (v — v 4AL .
CE v [u - HQ - lq * 6 (M1 +mi) ( i +772W) boe2

There is no need for finite difference analogues to the fully linear system, (5.2.12)-
(5.2.15) since we have found analytic solutions. At each timestep a matrix system of
equations is formed from the finite difference analogues that is then solved by LU de-
composition and back substitution. To ensure periodicity of solutions, we insist that in a
spatial domain with n grid points we must have f; = f,, for the four variables. We use
linear travelling wave solutions from Chapter 4 as initial conditions, specifically, for the
symmetric mode we use (4.3.3)—(4.3.4), and the antisymmetric mode uses (4.3.8)—(4.3.9).

It was found that in some cases, particularly when solving the equations for large
amplitude symmetric disturbances, spurious numerical oscillations occured. To suppress
this numerical noise we follow Eggers & Dupont (1994), and include an additional term
in the left-hand side of (5.2.24) and (5.2.30). This takes the form of a numerical viscosity,

and in derivative form it looks like

(NPuug) (5.2.33)

where the subscripts denote differentiation and 9 is an upwinding parameter. It turns out
the effect of the numerical viscosity is not significantly dependent on the magnitude of J,
therefore O = 0.05 was chosen following Eggers & Dupont (1994).

As a final note, the numerical model breaks down as n — 0, so we terminate our

calculations if n = 0.01 or less at any point in the domain at any timestep.
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5.3 Validation

It is necessary to test the numerical scheme to ensure the results are sufficiently accurate.
To do this, we test the effects of varying both the spatial and temporal resolutions, before

considering the principle of energy conservation.

5.3.1 Spatial and temporal resolutions

We first test the effect of varying both the spatial and temporal resolutions. This is done
by considering the evolution in time of a travelling wave solution to the fully nonlinear
system as given by solutions to (4.5.7). If the code is accurate, the profile of 7 should be
preserved. We calculate solutions over one period of the travelling wave for four spatial
resolutions: Az = 0.01, Az = 0.005, Az = 0.0025 and Az = 0.00125, and three
temporal resolutions: At = 0.001, At = 0.0001 and At = 0.00005. At the end of
the period each solution is compared to the original profile by calculating the root mean

square error (RMSE), for two vectors = and y of length n, the RMSE is given by

1
RMSE = | ~ Z(x — ;)2 (5.3.1)

The RMSE is a suitable choice of error measure for this system since it provides a good
balance between both local and global error, as well as being efficient to calculate from
the natural output of the code at each time step. The results are illustrated in Figure 5.2.

In Figure 5.2(a) we see that for all temporal resolutions, as the spatial resolution
increase (Axz decreases) the error in the solution profile decreases. We chose Ax =
0.0025 as our working resoution as the large increase in time required to calculate the
solution at the finest resolution was not worth the reduction in error offered.

Figure 5.2(b) shows that the coarsest temporal resolution (At = 0.001) gives a sig-
nificantly larger error than the two finer resolutions. However the difference between the
two finer resolutions is negligible at any spatial resolution. Again, we do not take the

finest temporal resolution to work with, instead we take At = 0.0001 as the reduced
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Figure 5.2: Root mean square errors after one period of a travelling wave solution of the sym-
metric mode of the nonlinear system. (a) Spatial error for At = 0.001 (plus signs), At = 0.0001
(circles), At = 0.00005 (asterisks). (b) Temporal error for Az = 0.01 (squares), Az = 0.005
(plus signs), Az = 0.0025 (circles), Az = 0.00125 (asterisks)
computation time results in such a small increase in error.

These results are specific for the symmetric mode, as we do not have nonlinear trav-
elling wave solutions for the antisymmetric mode. To test the effect of varying the spatial
and temporal resolutions on the antisymmetric mode we are limited to examining the be-
haviour of a fixed point in the domain (x = 0) over time as we vary both the spatial and
temporal resolutions. In Figure 5.3 we illustrate the results for varying spatial resolutions
att = 0.1 for a fixed At = 0.0001, similarly in Figure 5.4 the results are shown for vary-
ing temporal resolutions at t = 0.1 for a fixed Az = 0.0025. We find the same behaviour
as in the symmetric mode.

We also note the same tests were performed for the linear plate systems and the results

were consistent with what has been presented here so they have not been included.

5.3.2 Energy conservation

The formulation of the system and governing equations is such that there is no method
of energy dissipation built in, for that reason it should be possible to construct energy
conservation equations for both the nonlinear and linear plate systems.

To construct our energy equation for the nonlinear system we first note that work done
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Figure 5.3: The effect of varying the spatial resolution on the fully nonlinear antisymmetric
mode at a fixed point in the domain. The dashed line corresponds to Az = 0.005, the solid line
to Az = 0.0025 and the dashed-dot line to Az = 0.00125.

on either wall can be expressed as the rate of change of bending energy, and is then given

LAY IR . N U0
WE(i/o ) d5>&(§/0 de) (5.3.2)

We take nu times (5.2.2) and u? /2 times (5.2.1), and add them together to obtain

by

9 (nu? d (nu? N 0 _ on .
u <7) v 2 (7 vounp) = 28 () p+ 2, (533)

where p = (py + p_)/2, p = py — p_. We also take nv times (5.2.4) and v?/2 times

a [ nv? o (nmuw*\ = 2,
a(7)+%( 2 )= P 634

(5.2.1)
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1.05

Figure 5.4: The effect of varying the temporal resolution on the fully nonlinear antisymmetric
mode at a fixed point in the domain. The dashed line corresponds to At = 0.001, the solid line to
At = 0.0001 and the dashed-dot line to A¢ = 0.00005.

we now combine (5.3.3) and 62 times (5.3.4) and rearrange to get

~

0
% (g (u® + 5%2)) + % (% (v + 0%0%) + Qunp> +2 (a—?er %) =0, (5.3.5)

where we have used (5.2.1) and (5.2.3) to replace

0 on - 00 0

%(un):—at, uax—v—at, (5.3.6)

respectively. Integrating over one wavelength, the middle term is periodic and so van-

ishes, leaving

o1 [ Y7o on_
Eﬁ/ 77(usz(s%z) dx+2/ (%m — % _) dr = 0. (5.3.7)
0 0

The last term is seen to be equivalent to the work done and we so our energy equation for
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Figure 5.5: The variation in the energy in the nonlinear system over time, as given by (5.3.8).
(es=0.1,6 =0.1)

the nonlinear curvature system is

12

e 2, 52,2 ' i n
s s [ e B 639

where F; is the constant energy in the system. At each timestep these integrals are evalu-
ated numerically using the trapezium rule, for a travelling wave solution to the nonlinear
system with amplitude €, = 0.1, and the results are shown in Figure 5.5. We see a
small smooth fluctuation of less than 1.2% but the energy remains fairly constant around
E; = 4.03, suggesting the code is accurate.

For the linear plate system, due to the decoupling we only derive the energy equation

to the symmetric mode. If we multiply (4.2.33) by un, rearrange the derivatives and
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integrate over one wavelength, then we find

d (o2 5 /0%\? nu? o' ondtny  &n P\’
¥ O {7_{_5(%) dil?—l-[74‘5(“77@%4_‘_58;53_(9ta$ax2>}o_07

(5.3.9)

The two terms in the integrand in (5.3.9) represent kinetic energy in the fluid and bending
energy in the wall respectively. The terms contained within the square brackets represent
energy fluxes with the first being the flux of kinetic energy, while the final three represent
flux of bending energy. All the terms in the square brackets in (5.3.9) are periodic in

space and so this equation simplifies to
You2 6 (0%\°
UL (_> dz = B, (5.3.10)

where £ is the constant energy in the system. This integral is evaluated numerically at
every time step using the trapezium rule. We found that the energy varied on a scale of
O (107°) implying the energy is conserved and verifying that the wave is neutrally stable,
as we would expect an unstable wave to have an energy increase associated with it, and a

decaying wave to have an energy decrease.

5.4 Results

5.4.1 Symmetric waves

The effect of nonlinearity upon the propagation of waves in a symmetrically disturbed
channel is investigated by comparing a linear solution, a solution of the linear plate system
and a solution of the full curvature system. In all cases, we start with the linear travelling-
wave solution (4.3.3) and (4.3.4) as the initial conditions for n and u at ¢t = 0, with
77 = v = 0. We then compare the analytical evolution of the linear solution with the
numerical solutions to (5.2.1)—(5.2.4), and also (5.2.8)—-(5.2.11).

Figure 5.6 shows the propagation of a wave with initial amplitude ¢, = 0.7 and § =

0.1 for one nondimensional time period 7" = 0.0801 determined by (4.3.6). It is worth
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noting in light of (4.2.23) the transverse and axial length scales are different. We see
that the nonlinear terms in the linear plate system and nonlinear system solutions reduce
the velocity at which the wave propagates, as in the time taken for the linear solution
to advance one wavelength, the linearised- and full-curvature solutions travel much less.
This also agrees with the results from the travelling waves for the fully nonlinear system
found previously, that the waves in that system travel slower than those in the linear
plate system. In the nonlinear solutions, the fluid tends to group into bulges with a clear
steepening and slackening of the gradient of the wall shape.

Figure 5.7 shows the resultant axial velocity profiles for the perturbations. Comparing
Figures 5.6 and 5.7 directly we can see that the narrowing channel results in an increase
in the magnitude of the velocity driving the flow backwards through the channel into the
bulges.

At this amplitude it is necessary to use the full solution as the linear and leading-
order solutions do not capture the full nonlinear behaviour. We note that for amplitudes
of €5 ~ 0.3 and below, the three solutions are virtually indistinguishable as the effect of
nonlinear terms becomes negligible. For amplitudes of €, ~ 0.8 and larger, it was found
that in finite time 1 will become small enough to halt our calculations. An example of the
wall profiles and the axial velocity at the moment we stop the calculations is illustrated

in Figure 5.8.

5.4.2 Anti-symmetric waves

We can perform the same investigation for antisymmetric waves as we did for symmetric
waves. Our three solutions are again a linear solution, a linear plate solution and a full
curvature solution. For antisymmetric solutions the linear solution corresponds to (4.3.8),
the leading-order solution to (4.2.26) and (4.2.35) with initial conditions (4.3.8), (4.3.9)
and a constant thickness 7 = 1, and the full-curvature solution corresponds to (4.2.24)—
(4.2.27) with initial conditions (4.3.8), (4.3.9),n =1 and u = 0.

The propagation of the three waves for an initial amplitude £, = 0.8 is illustrated in

Figure 5.9, with 6 = 0.1. The linear and leading-order solutions are identical because
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Figure 5.6: Propagation of waves with initial profiles given by (4.3.3) and (4.3.4) with e, = 0.7
and 6 = 0.1. In all cases the dashed line is the fully linearised profile, the dot-dashed line is the
linear plate profile and the solid line is the full curvature profile. (a) ¢t = T7'/4, (b) t = T/2, (¢)
t=3T/4and (d)t =T.
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Figure 5.7: The axial velocity profiles associated with the wall profiles in Figure 5.6 witheg = 0.7
and 0 = 0.1. In all cases the dashed line is the fully linearised profile, the dot-dashed line is the

linear plate profile and the solid line is the full curvature profile. (a) t = T'/4, (b) t = T/2, (¢)
t=3T/4and (d)t =T.
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Figure 5.8: (a) The wall profiles as n approaches 0 for the symmetric mode. (b) The correspond-
ing axial velocity profile. In both cases e, = 0.8, 6 = 0.1 and ¢t = 0.0241

(4.3.8) and (4.3.9) satisfy (4.2.26) and (4.2.35) directly. The magnitude of the variation
between the full-curvature and the other two solutions even at this amplitude is caused
by the coupling in the governing equations that is not present in the linear or leading or-
der solutions. We also see the same reduction in the wave velocity for the full-curvature
solution that was present in the symmetric waves. The channel thins on the slopes and
gathers in bulges at the bends. The antisymmetric mode can handle much larger pertur-
bations than the symmetric mode, as a consequence the thickness is not small enough to
halt the calculations until £, ~ 1.25, as illustrated in Figure 5.10, along with the axial ve-
locity profile. It is possible to see two spikes in the magnitude of the axial velocity profile
corresponding to the two points the channel is narrowing at. It is worth noting that while
both the symmetric and antisymmetric profiles illustrating the moment the calculations
halt occur at the same time, this is coincidental as the calculations are stopped at different
times for different initial amplitudes of the perturbations.

The difference in velocity of the waves in the symmetric mode and the antisymmet-
ric mode has been discussed for the fully linear system and linear plate system. This
difference is accounted for physically by the difference in magnitude of the axial and
transverse velocities required to move the fluid in the channel. It is illustrated for the
fully nonlinear system in Figure 5.11. To show the differing wave speeds, the symmetric
and antisymmetric modes were calculated separately for the same amplitude of distur-

bance and parameter values, and then the deviation of the thickness and centerline from
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Figure 5.9: Propagation of waves with initial profiles given by (4.3.8) and (4.3.9) with ¢, = 0.8
and 0 = 0.1. In all cases the dashed line is the fully linearised profile, the dot-dashed line is the
linear plate profile and the solid line is the full curvature profile. (a) is 7'/4, (b) is T'/2, (c) is 3T'/4
and (d)is T'.
their base values were plotted for a specific point over time. In the symmetric mode we
can see a higher order temporal oscillation stemming from the nonlinear terms, this is in
agreement with Mehring & Sirignano (1999) who found the same oscillations arose for
liquid sheets.

Figure 5.12 shows the evolution over one period of the thickness of disturbances to
all four variables, rather than just two as illustrated previously. Even for such small

perturbations, we can see that there is quite a large response when both the centreline and

thickness are disturbed.
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Figure 5.10: (a) The wall profiles as 1 approaches 0 for the antisymmetric mode. (b) The corre-
sponding axial velocity profile. In both cases ¢, = 1.25, 6 = 0.1 and ¢ = 0.0241

Figure 5.11: The deviation from the undisturbed values of the thickness, 7(0,t), with e, = 0.45
and § = 1 given by the solid line, and the centreline, 7j(0, t), with ¢, = 0.45 and § = 0.1 given
by the dashed line.

5.5 Discussion

We have discretised the equations derived in Chapter 4, to formulate a numerical scheme
to describe the propagation of waves at the the interface of fluid and solid in a chan-

nel with elastic sides. The numerical scheme was then validated to ensure the spatial
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Figure 5.12: Propagation of waves with initial profiles given by (4.3.3), (4.3.4), (4.3.8) and (4.3.9)
with e, = €5 = 0.1 and § = 0.1. In both cases the linear plate profile is given by the dot-dashed
line and the full curvature profile is given by the solid line. (a) is 7'/4, (b) is T'/2, (c) is 37" /4 and
d)is T.

and temporal resolution were sufficiently accurate. We also derived energy conserva-
tion equations for both the nonlinear and linear plate systems and checked the numerical
scheme satisfied this condition.

Qualitatively the results found are similar to work done on liquid sheets. We showed
that for large-amplitude disturbances the curvature causes strongly nonlinear behaviour
and introduces a higher-order temporal oscillation on top of the main wave. Similar
higher-order oscillations have been observed in analogous problems for liquid sheets. In
both the symmetric and antisymmetric modes the accumulation of fluid in bulges in the

channel is similar to the formation of droplets when the elastic plates are replaced by free

surfaces (Mehring & Sirignano, 1999).



CHAPTER SIX

CHANNEL FLOW WITH DIFFERING
WALL ELASTICITIES

6.1 Introduction

As a natural extension to the work done previously in Chapters 4 and 5 we now seek to
determine how the behaviour of the system changes when the bending stiffnesses of the
two channel walls are independent of each other. Recent work by Vance et al. (2014)
suggests that Jupiter’s moon Ganymede may have an internal structure consisting of al-
ternating ice and ocean layers, with the ice layers having different physical properties
which may lead to a situation such as the one dealt with in this chapter.

We will first formulate the governing equations in the same manner as in Chapter
4 before seeking linear travelling wave solutions. In contrast to the work in Chapter 4
however, travelling wave solutions are not sought for the nonlinear system. Instead, the
focus is upon numerical results such as were found in Chapter 5, where the evolution of
the nonlinear system is determined for varying values of the bending stiffness ratio. We
will also investigate the interesting limiting cases of the ratio tending to zero and infinity,

corresponding to flow between one rigid wall and one elastic wall.
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6.2 Problem Formulation

As in Chapters 4-5, working in Cartesian coordinates (z*,y*), we consider an incom-
pressible, inviscid, two-dimensional flow between two flexible walls a mean distance a
apart, in a gravity-free regime. The fluid has constant density p, and its pressure and
velocity fields are denoted p* and (u*, v*) respectively. The upper interface is located at
y* = ni(z*,t*) and the lower at y* = n* (z*,t*). Outside of the channel is assumed
to be a vacuum. If the flow and walls are undisturbed, the fluid is assumed to flow at a
constant velocity U, in the z* direction, with the walls at y* = +a/2. We are interested
in long wavelength perturbations to this undisturbed state with wavelength L. In contrast
with Chapters 4 and 5 we allow the elasticities of the interfaces to be independent of each
other.

The governing equations are established in a similar way to Chapter 4; we will just
highlight the key differences here. The first difference is in the dynamic condition at the

channel walls, in place of (4.2.7) we now have

* * * 8 * 8 *382771 1 *3827]*i ’
Py ==Di | fig~ (fi—ax* (fi gz ) ) o\ g ) | (6.2.1)
where )
fi= 11+ O 1 (6.2.2)
= ox* ’ -

and D7 is the bending stiffness of the walls, with the subscript specifying the top (+)

or bottom (—) wall. For simplicity, we choose to scale the axial velocity based on the

D*
= 2.
U=1\l3,m (6.2.3)

This introduces a new nondimensional quantity

bottom wall parameter, namely

D
L

D (6.2.4)

the ratio of the elasticities of the walls. We consider only D, > 0 and D_ > 0, ensuring
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D > 0. If D = 0 this corresponds to an entirely passive top wall, or to a rigid bottom
wall, similarly as D — oo, this corresponds to a passive bottom wall or to a rigid top
wall.

The nondimensional governing equations are given by

% . % (un) = 0, (6.2.5)
%HL%:— %(Dm +p—)—%%(Dp+—p—) ; (6.2.6)
% n u% o (6.2.7)
% - ug—; = —% (Dp+ —p-). (6.2.8)

where

son 3 (3 09) 1 (2 02 9) (3 0=) |
_ (6.2.9)
and 1
N 27 2
fo=l146 (% (ni§>) ] . (6.2.10)

The above set of equations is referred to as the nonlinear system. If D = 1 these reduce
to equations (4.2.24)—(4.2.30) of Chapter 4.
We introduce a fully linear system based on a linearisation about the undisturbed state

by writingn = 1+ 1/, u = v/, 7 = 7/, v = v’ and neglecting terms that are quadratic in
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the primed variables. The resulting system of equations can be written

on'  ou
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6.3 Linear Analysis

(6.2.11)
(6.2.12)
(6.2.13)

(6.2.14)

We look first at the linear system given by (6.2.11)—(6.2.14), to seek a dispersion relation,

observing that if D # 1 then the decoupling of the system that exists when D = 1 is no

longer present. Eliminating v/ and v" from (6.2.11)—(6.2.14) we insert an ansatz for 7’

and 7}’ given by

n = nyexp(i(kz — wt)),

i = i expli(kz — wt)).
In order to avoid n), = 7, = 0, we must satisfy the following quadratic in w?

92 4 6
wt — (%Jr%) (D+1)w? +4k*D = 0.

The solution for w can be written as

5 1 5§ 1)\ 4D
_ 3 v e 2 _
w=*+k (4+5k2)(D+1)i\/<4+5k2> (D+1) Ex

From (6.3.4) we can obtain an expression for the phase velocity

o
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=t ma (S ) wens (e L) @2

(6.3.1)

(6.3.2)

(6.3.3)

(6.3.4)

(6.3.5)
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The choice of either a plus or a minus before the second square root suggests the existence
of two different modes; these can be considered continuations of the antisymmetric and
symmetric modes that exist when D = 1. The positive root is analagous to the antisym-
metric phase velocity and the negative root is analagous to the symmetric phase velocity

when the roots are calculated numerically. The two differing phase velocities are denoted

5 1 5 1\’ 4D
Cq = :|:/{72\ (Z + m) (D+1)+ \/(Z + m) (D + 1)2 R (6.3.6)

_aey (L LY ot
[ L e e R

where the subscripts denote which mode the velocity approaches as D — 1. For sim-

plicity, the two modes will be referred to throughout as the antisymmetric mode and the
symmetric mode, but it is understood that this is a simplified description as the lack of
decoupling means these terms no longer hold any real meaning. We instead use them
to refer to the continuation that collapses to the traditional mode when D = 1. Having
now determined the dispersion relations and phase velocities we seek travelling wave

solutions to the linear system of equations for each mode.

Antisymmetric Mode

We seek periodic travelling wave solutions so we look for solutions of the form ' =
Acos(2m(z — ¢,4t), where A is the amplitude and ¢, is the phase velocity. Using a bit of
foresight, we rescale the amplitude as A — A’(D — 1) since we require the amplitude

of i’ to be zero when D = 1. Upon substituting this into the linear system of equations
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(6.2.11)—(6.2.14) and following through the algebra, we obtain a system of solutions

n' = A" (D —1)cos(2m(x — cqt)), (6.3.8)

u = A'"(D —1)c, cos(2m(x — cqt)), (6.3.9)
2 D+1

0 =A {5(;;)4 _ ;_ )} cos(2m(z — cqt)), (6.3.10)
2

v =A {(5(;1?)4 - (D; 1)} 27c, sin(27m(z — cqt)). (6.3.11)

Symmetric Mode

We perform the same operation, again seeking periodic travelling wave solutions, this
time starting with a solution of the form 7' = B cos(27(z —cst), where B is the amplitude
and ¢ is the phase velocity. We make the same rescaling of B — B’(D — 1), and from

this we obtain a new system of solutions

2

n =B {(;570:)2 —2(D + 1)] cos(2m(x — cst)), (6.3.12)
2

W = B {(2570:)2 —2(D + 1)} cs cos(2m(x — cst)), (6.3.13)

i' = B'(D — 1) cos(2m(z — c,t)), (6.3.14)

v' = B'(D — 1)27mc sin(2m(x — ¢t)). (6.3.15)

6.4 Numerical Method

To determine the temporal evolution of waves in the nonlinear system, we use the same
scheme as we did previously in Chapter 5, adjusted for this problem. For this reason we
omit the details of the scheme, but we will still validate our choice of spatial and temporal
resolution.

To obtain the numerical solution and allow us to perform the tests listed above we
need to specify initial conditions for the system. We use the travelling wave solutions

to the fully linear system given above by (6.3.8)—(6.3.11) for the antisymmetric mode
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Figure 6.1: The effect of varying the spatial resolution on the continuation of the fully nonlinear
antisymmetric mode at a fixed point in the domain. The dashed line corresponds to Az = 0.005,
the solid line to Ax = 0.0025 and the dashed-dot line to Az = 0.00125. In all cases At =
0.0001, D =2, =0.1,¢, = 0.1.

and (6.3.12)—(6.3.15) for the symmetric mode as with one change in each case. We do a
second scaling of the amplitude for each mode to ensure that the amplitude of 7 for the

antisymmetric mode and 7 for the symmetric mode can be explicitly set, this helps when

comparing numerical solutions. These rescalings are

A — (6.4.1)

2 (D+1) ]’
5(2m)* 2

€s

[(;5;%2 2D+ 1)}

with €, representing the amplitude of the antisymmetric mode and ¢, the amplitude of
the symmetric mode.

The spatial resolution test for the numerical scheme consists of running the code until
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Figure 6.2: The effect of varying the spatial resolution on the continuation of the fully nonlinear
symmetric mode at a fixed point in the domain. The dashed line corresponds to Az = 0.005, the
solid line to Az = 0.0025 and the dashed-dot line to Az = 0.00125. In all cases At = 0.0001,
D=2,0=0.1,e, =0.1.
t = 0.1 with a fixed temporal resolution of At = 0.0001 and a fixed bending stiffness
ratio of D = 2. We track a single point in the domain (x = 0) for the duration of the run
and then plot the results to compare three spatial resolutions, Az = 0.005, Az = 0.0025
and Az = 0.00125. The results for the antisymmetric mode are shown in Figure 6.1 and
for the symmetric mode in Figure 6.2. For both modes, the two finer resolutions are of
similar accuracy, while Az = 0.005 is of similar accuracy for 7, v and v but with some
variation in 7, we take Az = 0.0025 in what follows.

The temporal resolution test consists of running the code until £ = 0.1 with D = 2
and a fixed spatial resolution of Ax = 0.0025, while varying At. The three temporal
resolutions tested are At = 0.001, At = 0.0001 and At = 0.00005. The value of

the four variables at the tracked point is plotted for the antisymmetric mode in Figure

6.3 and for the symmetric mode in Figure 6.4. For all four variables in both modes,
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Figure 6.3: The effect of varying the temporal resolution on the continuation of the fully nonlinear
antisymmetric mode at a fixed point in the domain. The dashed line corresponds to At = 0.001,
the solid line to A¢ = 0.0001 and the dashed-dot line to At = 0.00005. In all cases Az = 0.0025,
D=2,0=0.1,¢, =0.1.

a temporal resolution of At = 0.001 was found to be insufficiently accurate and clearly
different to the two finer resolutions which show no visible difference. In order to save on

computation time, we fixed At = 0.0001 rather than using At = 0.00005 as we maintain

a sufficient level of accuracy.

6.5 Equivalenceof D =1/nand D =n

We remark first upon the equivalence of examining both D = 1/n and D = n for any
n € R,. Physically, this is simply a switching of the bending stiffness of each wall,
and is solving the same system under a reflection. In the nondimensional system the
transformation also involves a temporal element, as the velocity scaling is based on one

wall and this in turn has an effect upon the temporal scaling. The transformation, to
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Figure 6.4: The effect of varying the temporal resolution on the continuation of the fully nonlinear
symmetric mode at a fixed point in the domain. The dashed line corresponds to At = 0.001, the
solid line to At = 0.0001 and the dashed-dot line to At = 0.00005. In all cases Az = 0.0025,
D=2§=01¢=0.1.

change a solution for D = 1/n into a solution for D = n is as follows,

t— % (6.5.1)
n—=, (6.5.2)
u — /nu, (6.5.3)
n— =, (6.5.4)
v — —+/nu. (6.5.5)

For the travelling wave initial conditions the wavenumbers stays the same but because the

temporal scale changes we also need

L L (6.5.6)
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Figure 6.5: The initial positions of the channel walls when D = 1/2, (a) Antisymmetric mode
(eq = 0.1), (b) Symmetric mode (¢; = 0.1). In both cases § = 0.1.

For the antisymmetric mode there is another transformation needed, that is

A

where ) is the wavelength of the initial disturbance applied to the system, at all times in
this chapter A = 1. The need for this half wavelength shift is due to the symmetry of
the mode under a reflection in y. It is best described through the use of an illustration,
see Figure 6.5, which shows a pair of example initial conditions when D = 1/2. We
consider a transformation of the vertical axis y — —y, which captures both (6.5.2) and
(6.5.4). We can clearly see, looking at the symmetric mode in Figure 6.5(b), that the walls
both bend in towards y = 0, and so after the transformation both walls with still point
in. Conversely, both walls bend down for the antisymmetric mode (Figure 6.5(a)), one
towards y = 0 and one away, after the transformation both walls bend up hence we need

the half wavelength shift.
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6.6 Phase velocity

The dependence of the phase velocity on the bending stiffness is seen in the expressions
for ¢, and ¢4, (6.3.6) and (6.3.7) respectively, and hinted at by the necessity of the trans-
formation (6.5.6). Figure 6.6 illustrates this dependence explicitly when other variables
are held constant.

The phase velocity of the antisymmetric mode is shown in Figure 6.6(a), and tends to
infinity as D does. However, at D = 0, the phase velocity can be calculated from (6.3.6)

to be

5 1
_ 1.2 e
o=k [2 (4+5k2>, (6.6.1)

which is shown by the dashed-dot line in Figure 6.6(a) for k = 2.

Similarly, the phase velocity of the symmetric mode is illustrated in Figure 6.6(b).
This mode has zero velocity when D = 0, so there is only one mode of travelling wave
to be found at this point. However, in contrast to the antisymmetric mode, the symmetric

mode has a finite phase velocity as D — co. Specifically, from (6.3.7), we obtain

[/ 80
cs — k m, (662)

which is shown by the dashed-dot line in Figure 6.6(b) for £ = 27.

A key result to take away from the dependence of the phase velocities on the bend-
ing stiffness ratio is the breakdown of the transformations when D = 0 as can be seen
in Figure 6.6. This will be discussed further in section 6.8. As a consequence of this
equivalence, in the rest of this chapter we only consider bending stiffnesses in the range

0<D<I.

6.7 Temporal Evolution

With a spatial and temporal resolution shown to be sufficiently accurate, we now inves-

tigate the effect of varying the ratio of bending stiffnesses, D), on the nonlinear temporal
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Figure 6.6: The change in phase velocity with respect to the ratio of bending stiffnesses for the
antisymmetric mode (solid line) and symmetric mode (dashed line). The antisymmetric phase
velocity at D = 0 (circle) and the symmetric phase velocity in the limit D — oo (star) are also
shown. In both cases § = 0.1.

evolution of travelling wave solutions to the linearised system. As a reminder, the nu-

merical model breaks down as 17 — 0, so we cease calculations when the thickness of the

channel drops below 1 = 0.01.

6.7.1 Antisymmetric Mode

Using the numerical scheme and initial conditions outlined in section 6.4 for the anti-
symmetric mode, we investigated four values of the bending stiffness ratio, D = 1/2,
D =1/4,D =1/8and D = 1/10, for a fixed amplitude initial disturbance of ¢, = 0.1.
We ran the codes for the duration of a single period of the equivalent linear travelling
wave for 7). We found that at amplitudes this small, the effect of the nonlinear terms was
negligible upon the antisymmetric mode even for D = 1/10 which was the smallest value

we tested. This is shown in Figure 6.7(a), where the linear and nonlinear solutions are
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Figure 6.7: The position of the channel walls at the end of one period of the linear travelling wave
solution when D = 1/2, (a) Antisymmetric mode (¢, = 0.1), (b) Symmetric mode (¢5 = 0.1). In
both cases the solid line is the nonlinear system, the dashed line is the linear system and § = 0.1.
plotted over each other due to their similarity. This is backed up by results from Chapter
5 where it was found that nonlinear effects are negligible at small amplitudes. Since the
nonlinear effects are negligible, the leading order behaviour (which would be affected by
variations in D) clearly does not change enough to become significant.

At larger amplitudes the effect of the bending stiffness ratio, IJ, becomes much more
obvious. Figure 6.8 shows the position of the channel walls for varying D after one period
of the equivalent linear travelling wave. The results indicate that as the ratio decreases
from D = 1/2 (Figure 6.8(a)) to D = 1/10 (Figure 6.8(d)), the difference in velocity
between the nonlinear and linear systems actually reduces. We also see that the channels
exhibit the same thickening at the bends and thinning on the straights that is evident when
D =1 (e.g. Figure 5.9), however this effect is more pronounced at ratios closer to D = 1
and weakens as D — 0. This is due to the top wall having less resistance to motion from
the bending stiffness and so it starts becoming slaved to the bottom wall, matching its
motion.

We were able to obtain numerical solutions for amplitudes up to €, = 1 before the
codes broke down, however, even at this large amplitude we were unable to obtain re-
sults for the antisymmetric mode that had a sufficient narrowing of the channel to cease

calculations within one time period.
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Figure 6.8: The position of the channel walls at the end of one period of the linear travelling wave
solution for the antisymmetric mode, (a) D = 1/2,(b) D =1/4,(c) D = 1/8 and (d) D = 1/10.
In all cases the solid line is the nonlinear system, the dashed line is the linear system, ¢, = 0.7
and 0 = 0.1.

6.7.2 Symmetric Mode

We now investigate the effect of the bending stiffness ratio on the symmetric mode. Fol-
lowing the same procedure used for the antisymmetric mode we run the numerical code
for varying D for the duration of one period of the linear travelling wave solution (for the
symmetric mode, the duration is set by the period of 7).

In contrast to the antisymmetric mode we see that even for small amplitudes, at
smaller ratios of D, the effect of the bending stiffness can be seen to be reducing the
velocity of the travelling waves, as shown in Figure 6.9 for D = 1/10.

As the amplitude increases the nonlinear effects become stronger and the wall profiles
begin to deviate from those of the linear travelling wave profiles. The nonlinear effects
can be seen to decrease the phase velocity of the waves. As the bending stiffness ratio,

D, decreases, the nonlinear effects become even stronger and results in the majority of
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Figure 6.9: The position of the channel walls for the symmetric mode at the end of a single period
of the linear travelling wave, (a) D = 1/2, (b) D = 1/4, (¢) D = 1/8 and (d) D = 1/10. In
all cases the solid line is the nonlinear system, the dashed line is the linear system, £, = 0.4 and
d=0.1.
the fluid gathering in a single bulge.

At larger amplitudes the symmetric mode exhibits strong nonlinear effects leading to
71 decreasing below the threshold required for the calculations to cease. We found that
the thickness passing this threshold occured for smaller amplitudes of disturbance than
were required previously when D = 1 (see Figure 5.8), occuring here for amplitudes of
es = 0.7 while for D = 1 ampitudes of ¢, = 0.8 or higher were required. The timestep
that calculations were ceased for the varying values of D tested are shown in Figure 6.10,
where we immediately notice the similarity of the profiles in subfigures (b)—(d). The
difference between the shape of the channel walls in subfigure (a) and subfigures (b)—
(d) is explained by the size of D, as D gets larger and approaches D = 1 it would be
expected that the required amplitude for the thickness 7 to break the threshold should

increase towards €, = (.8 and so the wall profiles illustrated can be put down to the same
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Figure 6.10: The position of the channel walls at the point the channel walls touch for the sym-
metric mode (a) D = 1/2 att = 0.0901, (b) D = 1/4 att = 0.0222, (¢) D = 1/8 at t = 0.0243
and (d) D = 1/10 at ¢ = 0.0256. In all cases the solid line is the nonlinear system, the dashed
line is the linear system, e, = 0.7 and § = 0.1.

nonlinear effects that caused wall touches in Chapter 5.

Equivalently, as D gets smaller, the top surface becomes freer and the touch can occur
earlier than for D = 1/2, with the difference in bending stiffness between the two walls
having a greater effect. As the bending stiffness ratio decreases further towards D = 0
the wall profiles become more similar in shape but steepening on the back end of the fluid
bulge and shallowing at the front end. As D decreases, we find the nonlinear time for the
walls to touch starts increasing again, this is due to the decreased phase velocity of the

waves as DD — 0 as shown in Figure 6.6, so although the profiles are relatively similar in

shape, they travel slower and take longer to experience the same point as higher values of

D.
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6.8 Limiting casesof D =0and D — oo

As briefly touched upon in section 6.6, the limiting cases of D — 0 and D — oo are
not trivial and we see some interesting results arise. From a physical point of view, these
modes are equivalent but mathematically they appear at first glance to exhibit different
behaviour.

Physically, in the limits D — 0 and D — oo, one wall is much stiffer than the
other, and thus has a much higher natural oscillation frequency. At lower frequencies
this wall apears rigid, so we get one slow travelling wave solution in which the stiff wall
has negligible motion. The motion of the wave is governed by a balance between the
elasticity of the weaker wall and the fluid inertia.

At higher frequencies the weaker wall appears to offer no resistance to motion, and
acts as a stress free boundary. The second travelling wave solution is therefore a fast
wave in which the stiffer boundary oscillates. In this case the wave motion is governed
by a balance between the elasticity of the stiffer wall and the fluid inertia. The weaker
wall becomes slaved to the motion of the stiffer wall.

Looking at the case when D — 0, we refer back to Figure 6.6 and we see that in
that limit, the phase velocity of the antisymmetric mode tends to a non-zero value but the
phase velocity of the symmetric mode tends to zero. This implies that there are therefore
no linear travelling-wave solutions to the symmetric mode when D = 0 with a non-zero
phase velocity. This was tested numerically using the standard initial conditions given by
(6.3.12)—(6.3.15) and (6.4.2), and we found that the inital profiles were conserved without
moving for all time.

For the equivalent ratio of bending stiffnesses, the antisymmetric mode does have
travelling wave solutions to the linear system with a phase velocity given by (6.6.1). This
system can be thought of physically in two different ways, firstly it can be obtained by
the top wall of the channel having no bending stiffness whatsoever, or secondly by the
bottom wall becoming rigid. This mode was tracked over one period of the equivalent

linear travelling wave and is illustrated in Figure 6.11, where we can see that there is a
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Figure 6.11: Propagation of waves in the nonlinear antisymmetric mode when D = 0 and ¢, =
0.7 for the duration of one period of the equivalent linear travelling wave solution. In all cases the
dashed line is the fully linearised profile and the solid line is the nonlinear profile. (a) is 7'/4, (b)
isT/2,(c)is 3T /4 and (d)is T.

distinct difference in the behaviour of the two walls. The bottom wall appears to behave
normally, maintaining a steady profile shape while moving to the right albeit at a slower
pace than the linear travelling wave profile, this decrease in velocity is expected due
to the nonlinear terms, while the smooth shape is maintained as the timescale of the
system is nondimensionalised on the bending stiffness of the bottom wall. However, the
top wall starts out smooth but begins to exhibit strong deformations from the smooth
profile at t = T'/2 (subfigure (b)) which progressively gets worse. Due to the form this
deformation takes we remain unsure as to whether it is a physical response or an indicator
that the numerical model cannot cope with a completely free boundary with no restoring
force.

Looking now at the limiting case of D — oo, examination of relation between phase

velocity and the bending stiffness shows that waves in the antisymmetric mode move have
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cs — 0o as D — oo. This is unphysical and suggests that the problem is ill-posed in its
current form. This could be counteracted by rescaling U based on the bending stiffness
of the top wall before taking the limit D — oo. However, this in turn would lead to one
of the modes having an unbounded phase velocity as D — 0 so it is not beneficial to do
SO.

Conversely, in the symmetric mode as D — oo, the phase velocity tends to the finite
limit given in (6.6.2), suggesting the existence of travelling waves in the symmetric mode.
Physically, these would be the equivalent of the two cases mentioned previously, but
flipped. So it could occur through the bottom wall of the channel having no bending
stiffness, or by the top wall becoming rigid. It was not possible to examine this mode
numerically, although we would expect the results to be the equivalent of those presented
in Figure 6.11 under some suitable transformation to switch the bending stiffnesses of the

wall whilst retaining the requisite features of the rest of the system.

6.9 Discussion

In this chapter, we have formulated a nonlinear system of equations for a channel with
elastic boundaries, with each boundary having an independent bending stiffness. By
taking a suitable linearisation of this system we were able to find linear travelling wave
profiles for the two modes that are analagous to the antisymmetric and symmetric modes
we had previously in Chapters 4 and 5, which are obtained in this system when the ratio
of the bending stiffnesses is equal, i.e. D = 1.

The symmetry of the bending stiffness ratio meant a transformation could be found to
show the equivalence of two bending-stiffness ratios D = 1/n and D = n forn € R,
allowing us to limit our investigation to 0 < D < 1. The numerical scheme used in
Chapter 5 was modified to allow its use with the new system of equations, and we were
then able to start determing the temporal behaviour of waves within the system. The effect
of the bending stiffness ratio was found to be negligible when the nonlinear effects of the

curvature were negligible, and significant when the nonlinear effects were present. We
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were able to make the walls touch for the symmetric mode (insofar as the code considers
a touch, i.e. 7 < 0.01 at some point in the domain) and at amplitudes smaller than when
D = 1, but not for the antisymmetric mode before the code broke down. Finally we
discussed the limiting case of either wall losing any bending stiffness and observed that
the two-mode system collapses to a single mode by examining the effect of D upon the

phase velocity of travelling waves in the linear system.






CHAPTER SEVEN

CONCLUSIONS

7.1 Summary of Results

In this thesis we have considered the hydroelastic stability and propagation of waves in
fluid-filled channels. Throughout, we have discussed the results at relevant points, but
here we summarise what was done in each chapter and the key results.

In Chapter 2 we performed a temporal linear stability analysis for plug flow between
two elastic plates. We incorporated the physical effects of bending stiffness, inertia, axial
tension in the channel walls, and a spring backing to the channel walls. The dispersion
relation for the full problem was derived and analysed for various limiting values of the
physical parameters. It was found that the only physical effect that destabilised the sys-
tem was the wall inertia, 5. At long wavelengths the spring response, 7, was found to
be stabilising, while the bending stiffness, o, was stabilising for short wavelength distur-
bances. The effect of the axial tension, 7, is to stabilise the system at long wavelengths
above a critical value that is dependent upon the other parameters present. In the pres-
ence of inertia and a small spring response, and at least one other parameter, the system
exhibited the interesting behaviour of being stable at both short and long wavelengths but
unstable for a range of wavelengths in-between. To the best of this author’s knowledge

this behaviour was previously unknown and so the results presented here provide a good
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starting point for further research to be carried out into the likelihood of these behaviours
to show up in real world systems.

In Chapter 3 we reconsidered the stability analysis from a spatial perspective, and
formulated the required dispersion relation for the system considered in Chapter 2. We
then focused on the linear plate model which included the bending stiffness and the wall
inertia. The Briggs—Bers technique was introduced to determine the stability and direc-
tion of propagation of the roots to the dispersion relation. Unstable roots were discovered
for a range of parameter values and frequencies of the driver. The results in this chapter
were compared with those of de Langre (2002) and in each of the key regions he outlined,
we were able to determine the root that would result in convective instability. Further-
more, although the setup of our system precluded the formation of absolute instabilities,
we were still able to determine which roots would correspond to the formation of this
instability type when the frequency, w was allowed to be complex.

At this point, our focus switched from performing stability analyses on potentially
unstable systems, to focusing on the propagation of waves in systems that are stable.
In Chapter 4 we extended the work of Mehring & Sirignano (1999) on the nonlinear
breakup of liquid sheets to elastic channels. We formulated the governing equations as in
Mehring & Sirignano (1999), although with the addition of a nondimensional parameter
of an aspect ratio, and with the behaviour of the elastic plate governed by a nonlinear
plate equation in the absence of inertia. Two simplified systems were also considered,
one with a linearised curvature, and the other with a ful linearisation of the flow and cur-
vature. For the fully linear system, analytic travelling wave solutions were found, while
for the linearised curvature system, an equation was derived for travelling waves that was
solved numerically due to its nonlinearity. An asymptotic analysis of these equations was
performed in the limit of the channel thickness tending to zero. The asymptotic solution
showed good agreement with the numerical simulations. A similar numerical approach
was used on the full system. The travelling wave profiles were found to be nearly identical

to the linearised-curvature system, but propagating at a much lower velocity.
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This work was built upon in Chapter 5 where we determined numerically how the non-
linear terms affected the propagation of linear travelling-wave profiles. We constructed
central finite difference analogues for the governing equations of Chapter 4, and used a
Crank—Nicolson scheme to advance the system forward in time. This scheme was val-
idated using the nonlinear travelling wave profiles of the previous chapter, as well as
verifying that a derived energy conservation equation was satisfied at each timestep. The
primary effect of the nonlinear terms in the curvature was to reduce the velocity at which
waves propagated through the system. At higher amplitude disturbances the nonlinear-
ities were also responsible for a higher order temporal oscillation forming. Despite the
system being stable, this oscillation could lead to the channel walls touching in finite
time. The work in Chapters 4 and 5 had not been applied to the study of elastic-walled
channels before, and so resulted in the observation of new periodic travelling waves, as
well as the higher order oscillation giving rise to a mechanism to force the closure of a
stable channel.

Finally, we considered in Chapter 6 an extension of the system in Chapters 4 and
5, whereby we considered the equivalent system without the assumption of the flexu-
ral rigidity of each wall being the same. The governing equations were formed in the
same way, with the introduction of a second nondimensional parameter, D, the ratio the
bending stiffness of the top wall to the bottom wall. By performing a linear analysis we
showed that there were two modes in the system, analogous to the traditional antisym-
metric and symmetric modes, which were recovered when D = 1. It was shown that
there was an equivalence between studying D = n and D = 1/n for n real and positive,
so we were able to limit our study to 0 < D < 1. We also discussed the physical and
mathematical relevance of D = 0 and D — oo.

Aside from the already discussed new instabilities found when performing the tempo-
ral stability analysis, it is worth reinforcing what new work this thesis has introduced. In
our spatial stability analysis, we determined the particular roots that cause unstable waves
for a range of frequencies and physical parameter values. By adopting the Plotnikov &

Toland (2011) model of nonlinear curvature we have extended the work of Mehring &
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Sirignano (1999) to include the effect of elastic channel walls. This resulted in new
travelling wave solutions that have not been considered before. We also managed to de-
termine what effects are caused by the nonlinear terms in the curvature. The work in the
final chapter was all new as the flow through an elastic channel with differing bending

stiffnesses has not been considered before.

7.2 Further work

The work contained in this thesis can be extended in several ways which will be discussed
in this section to serve as a possible motivator for future work.

This thesis has considered only inviscid plug flows in channels between two elastic
walls, this was done to allow us to focus on the fluid-structure interaction. A natural
next step would therefore be to include the effect of viscosity in the fluid. This would
introduce another physical parameter to the system and also result in the introduction of
boundary layers at the interfaces between the fluid and solid. While viscosity is known
to act like an energy sink and thus is likely to have a stabilising effect upon the system, it
is not known for sure if that will be the case in this regime.

Another physical effect that has been ignored in this thesis is the effect of gravity.
While it is not believed that it will have much effect on the horizontal configurations we
have considered here, it would be likely to have an effect when considering vertical flows.
For the equivalent problem of liquid sheets falling under gravity, a thinning of the sheet
is found to occur (Lin, 2003). For a channel equivalent, this may lead to a detachment of
the fluid from the elastic walls, but it is currently unknown if this will be the case.

In Chapters 4—6, we considered stable systems for which wall inertia was negligible,
this was in order to make the problem easier to work with. These systems can be thought
of as ones where the channel walls are particularly light or thin, or the fluid is particu-
larly heavy. Our work in Chapters 2—-3 showed that inertia is required for instabilities to
occur. Therefore, the next logical step in considering these systems would be to intro-

duce this effect, and investigate how this alters the behaviours currently exhibited. This
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would involve adding a term to the right hand side of (4.2.7), which would take the form
+pyhy0%n/Ot?, where p, and h;, are the density and thickness of channel wall. Care
must be taken when dealing with this term numerically, as currently time derivatives are
calculated using forward differences. A preliminary numerical calculation suggests that
instabilities do arise, and also result in a significant decrease in the propagation speed.

A final extension of this work would be to consider the same system as in Chapter
6 but with the top elastic wall replaced by a free surface. A system like this would be
useful in modelling very large floating objects, such as floating runways and ice sheets.
Some work has been done on this system already, Mohapatra & Sahoo (2011) have con-
sidered the interaction of surface gravity waves in the presence of an elastic bottom. The
difference in order between the boundary conditions at the free surface and elastic plate,

although making the system harder to work with, could lead to some interesting results.
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