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ABSTRACT
NONLINEAR WAVES ON A STRING
WITH INHOMOGENEOUS PROPERTIES
by
Robert Arredondo

University of New Hampshire, May, 2015

Nonlinear waves on an infinite string with a rapid change in properties at one
location are treated. The string is an idealized version of more complex configura-
tions in both fluids and solids. This idealized version treats the property change as
an interface with a discontinuity in properties. Packets of waves are then considered
with a reduced model, here a set of nonlinear Schrodinger (NLS) equations. The
stress and the displacement must both be matched at the interface, resulting in dy-
namic and kinematic interfacial conditions. The dynamic condition produces an in-
homogeneous effect that cannot be treated successfully with separation-of-variables.
This inhomogeneity is treated here with a time-evolution approach using Laplace
transforms. The results show that this inhomogeneity creates a mean longitudinal
displacement on both sides of the interface and a shift in the position of the interface
as the waves transit the interface. This mean longitudinal displacement corresponds
to a sustained strain in the string. The mean longitudinal displacement develops
three distinct features. One feature has a length scale that is half the wave-length of
the incident waves, while the lengths of the other two features have the same order
as the length of the wave packet. The position of maximum strain as a result of
this mean is often at the interface, depending on parameter values. These results
apply to a variety of applications, such as waves in ocean ice, Rayleigh waves caused
by earthquakes, internal waves in the oceans and atmosphere, as well as waves in

stretched cables.

x1



Chapter 1

INTRODUCTION

Waves are ubiquitous in natural and man-made systems, and they often have a
dramatic effect on the observable features of these systems. Waves are most easily
classified by their restoring force, such as gravity, rotation, and elasticity. The be-
havior of the waves may depend quite strongly on the character of these different
restoring forces. However, there are often features of wave behavior that are shared
by different types of waves. One such feature is the wave behavior near a region
where properties change rapidly.

Waves of all types are routinely treated with the slowly-varying assumption.
Slowly-varying generally means that the length for a change in any feature that
affects the waves is much longer than the length of an individual wave. Such features
include the material properties, a wave packet shape, and the strength of nonlinear
effects. The results with this slowly-varying approximation reliably predict many
aspects of wave propagation.

However, the background state may not be slowly varying, and in fact may contain
very sudden changes in properties. One example of this fact appears in the character
of the ice field in arctic regions. The ocean in arctic regions is covered with a relatively
thin ice layer. Waves have been observed to form on this ice layer, see Campbell [1],
analogous to ocean waves. These ice waves have both gravity and the elasticity of the
ice as restoring forces. The waves are likely to result in fracture of the ice and may
accelerate the disintegration of the polar ice caps, generating much recent interest
in the problem. For example, Wang [2] considered solitary waves with an elastic

model of ice, while Korobkin [3] investigates linear waves in a channel with an elastic
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ice sheet. Measurements of ice thickness show wildly varying values over very short
distances, apparently mostly due to the shape of the ice bottom. Thus long waves,
as in Wang [2], when encountering these thickness variations would respond in a
manner similar to that predicted here.

Another application of the present results is the propagation of waves created by
earthquakes. An earthquake creates a wave field in the Earth that is often modeled as
wave propagation in an elastic media. However real earthquake waves travel through
many different regions with different material properties, e.g. loosely packed sand,
hard packed gravel, solid bedrock, etc. These different materials have different elastic
properties and the interface between these regions is often quite distinct. Again, the
waves would respond to these interfaces in a manner similar to that analyzed here.

Cables and wires are common in many man-made structures. Many types of
excitation will cause packets of waves to propagate along the cables. Different size
cables that are rigidly connected are accurately modeled with the results given here.

In general, a rapid or sudden change in the properties of the media will likely
cause a similar rapid change in the behavior of the waves, and this is a violation of
the common assumption of slowly-varying material conditions. Nonlinear waves that
are rapidly varying are very difficult to treat, yet can be extremely important. The
one configuration with rapidly varying properties that may still be treated within
the slowly-varying assumption is the case where the properties change abruptly, such
that they may be modeled with a discontinuity in properties. This discontinuity is an
interface, with corresponding interfacial conditions. The main subject of this thesis
is the weakly nonlinear theory of waves that are evolving slowly but impinge on an
interface of material properties for the important case of waves on an elastic string.

The linear model of waves propagating on a string results in the second-order
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wave equation,

_ 2
Ut = C Ugy,

where u is the string displacement, ¢ is time, x is position, and c is the phase speed.
The subscripts used here indicate differentiation. The general wave solution to this
equation is

u=F(x =+ ct),

where F'is any function with sufficient differentiability. These waves do not disperse
and are generally called ‘hyperbolic’ waves. A general discussion of the second-order
wave equation appears in many texts, see for example Whitham [4] and Bland [5].

Nonlinear effects with larger amplitude motions may be important for several
reasons. The material may have a constitutive behavior that is strongly nonlinear
or even non-elastic. For many common engineering materials these effects are small
and thus these material nonlinearities are ignored here. Other nonlinear effects may
appear as a result of purely geometric deformation, and these effects are included.
Nonlinear elasticity is reviewed in the book by Antman [6].

The physical model treated here is an infinite string consisting of two semi-infinite
segments, each with different material properties, joined together at the interface.
The interfacial conditions are that the displacement and tension must be continuous
at the interface point. Bland [5] and Fetter and Walecka [7] discuss the linear solution
for transverse waves with this same configuration. Morse and Ingard [8] and Beyer
[9] give the nonlinear equations for constant property strings, but do not provide a
general solution.

Nonlinear waves in discontinuous or inhomogeneous media have been treated
recently in a variety of physical problems. Ellermeier [10] considers weakly nonlinear
acoustic waves in non-uniform infinite and finite layered media; the medium in this

case is an ideal gas and the non-uniformities are variable cross-section and density
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stratification. Chakraborty and Gopalakrishnan [11, 12] consider numerical solutions
to nonlinear wave propagation in Functionally Graded Materials (FGM). FGM are
engineered materials which exhibit the desired variation of material properties along
spatial directions. The FGM properties in Chakraborty and Gopalakrishnan vary
over a finite spatial distance, unlike the sudden change in properties for the string
treated here. Mortell and Seymour [13] also consider nonlinear waves in FGM, but
seek a solution where the inhomogeneity interaction between strong stratification
and nonlinear material properties can be chosen to yield combinations of linear exact
solutions as in Whitham [4]. Ilizuka and Wadati [14] study nonlinear waves in one-
dimensional inhomogeneous lattice structures using the Korteweg-de Vries (KdV)
wave equation. Yajima [15] and lizuka and Wadati [16] treat the reflection and
transmission of soliton waves through a one-dimensional lattice structure, again using
the KAV equation.

The present work considers slowly evolving nonlinear monochromatic waves trav-
eling in a packet, similar to the many studies of dispersive waves. The wave packet
impinges on an interface, creating a reflected wave packet and a transmitted wave
packet, see Figure 1.1. The incident, reflected, and transmitted wave packets must
respect the nonlinear interfacial conditions, as well as the nonlinearities in the gov-
erning equations. Furthermore, the incident and reflected wave packets exist together
on one side of the string, creating a nonlinear wave interaction. The nonlinear evo-
lution during this stage is determined in this thesis. Of particular importance is a
mean longitudinal displacement that occurs. One of the goals of the present work is
to precisely determine this mean longitudinal displacement.

The governing equations are derived in Chapter 2 for a nonlinear one-dimensional
wave equation for transverse and longitudinal displacements for a constant or smooth

property string. In Chapter 3, the string is allowed to experience a sudden change
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AY

Transmitted Wave

Reflected Wave

/ \ Right side string
/ Interface

Left side string

Incident Wave

x

Figure 1.1: Wave Packet Direction

in properties and the interface conditions are developed. Chapter 4 addresses the
neglect of quadratic and higher level terms in the governing equations and the inter-
face conditions and the linear solution is presented. Chapter 5 develops the weakly
nonlinear wave equations from the governing equations and the interface conditions.
In Chapter 6, the weakly nonlinear solution is determined for each side of the string.
The dynamic interface condition could not be satisfied due to an inhomogeneous term
which requires special treatment. An initial value approach using Laplace transforms
is used. In Chapter 7, the third-order equations produce secular terms which must be
suppressed. This results in three NLS equations in terms of the incident, reflected,
and transmitted wave packet amplitudes. Chapter 8 presents the solution to the
NLS equations using numerical integration to solve for the wave packet amplitudes
and to show the resultant behavior of the mean longitudinal displacement equations.

Chapter 9 gives the results from the numerical simulations for various cases of

three dimensionless parameter ratios which emerge. These parameter ratios are var-
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ied systematically to show their effects. It was found that a purely transverse incident
wave produces longitudinal waves and a mean longitudinal displacement when inter-
acting with an interface where properties change suddenly. This mean longitudinal
displacement can be either positive or negative depending upon the parameters and
can have an effect that spans outward from the interface along each side of the string
with decreasing values away from the interface point. The shape of the mean longi-
tudinal displacement curve has unique features attributable to various terms in the
mean longitudinal displacement equations. The mean longitudinal displacement also
induces a strain in the string near the interface. Chapter 10 presents a conclusion of

the results.



Chapter 2

GOVERNING EQUATIONS

Consider an infinite string with smoothly varying properties along its length. Initially
the string is parallel to the abscissa. The properties of the string are dictated by the
mass density per unit length p, the elastic modulus E, and the cross-sectional area
A. Figures 2.1 and 2.2 are schematics of an infinitesimal element of the string in the

reference and deformed positions. The displacements u, v are defined by
u=xz—X, (2.1)

v=y-—-Y, (2.2)

where X, Y are the initial or reference positions, and z, y are the deformed positions.

The angle 1) between the element at time ¢ + 6t and the abscissa is given by

L Y +6v\ | (5% + %)
tan@/)—(gyllo (—5X—|—5u) = —(1‘1‘5—;) . (2.3)

Using subscript notation to denote derivatives, (2.3) becomes

Yx +ux

t =|—7). 2.4
an¢ ( 1+ ux ) ( )

The elongational strain € is defined as

AIX + 6u)? + (8Y + 6v)2V2 — [6X2 + 6Y2)1/2}
e = lim : (2.5)
6X—0 0X
which reduces to

e = [(14ux)® + (Yx +ox)?)? = 1+ YR]'2 (2.6)
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Y

A

T

Figure 2.1: String Element - Reference and Deformed Positions

Since the string in the initial or reference position is parallel to the abscissa,
Yx =0. (2.7)

Equations (2.4) and (2.6) become, respectively,

tanw:( X ) (2.8)

1+ux

e=[(1+ux)?+v%]"* —1. (2.9)

The equations of motion along the horizontal and vertical directions are derived using
Newton’s Second Law of motion,

F =ma, (2.10)

where F represents the sum of the forces acting on the string, m is the mass of the
string, and a is the acceleration. Applied to the string element, the horizontal force
component gives

T cos —Tcosy| = puy dX.
z+0x,y+dy T,y
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Y

A

Position at time = t+dt /j Y+oy

yx+&x+u+ du, Y+ & +v+ &)

llJ/ (X+u, Y+v)

(X)Y) = (X+3X,YHY)

Position at time =t

> X

Figure 2.2: String Element Coordinate Endpoints

Add and subtract

T cos 1)
z,y+0y
and rearrange to get
[T cos 1 — T cos }
r+6x,y+0y z,y+0y
+{Tcos¢ — T cos } = puy 6X.
,y+0y z,y

Divide both sides by X and add dx and dy as appropriate to get

T cos — T cosy 5
z+0z,y+dy z,y+0y _ZL‘
ox ] 0X
T cos visy T cos o] 8y
+ ’ = | T = Pl
0y 0X

Take the limit as § X goes to zero, to obtain

(T cosy) Ox N (T cosy) dy

or  0X oy ox

(2.11)

(2.12)

(2.13)
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However, direct reference to the current state is unnecessary, as the quantity on the

left is merely 0/0X,
(T cos )
0X

The vertical force component can also be treated in a similar matter resulting in

= PUy. (2.14)

OLIY) _ (2.15)

In linear theory, (see Chapter 4), the tension in the string is considered constant
and the angle of the string element is assumed very small. Here the tension is
assumed non-constant and the angle of the string segment is not restrained to be

infinitesimal, resulting in the important nonlinear effects.

The tension in the string is defined using Hooke’s Law as
T=Ty+LEAg, (2.16)

where Tj is the initial tension and € is the elongational strain. Combining (2.16) and
(2.9) gives
T:T0+EA[[(1+ux)2+v§(]1/2—1]. (2.17)

After expanding, using trigonometric identities, and rearranging, (2.14) and (2.15)

become
Ty, — FA
- (OT) [(1 + UX)UXUXX - viuxx]
EA
+7UXX [(1 + Ux)2 + Ug(] 3/2
= [(1 + Ux)2 + U?g}gﬂutt, (2.18)
T, — FA
(07) [(14 ux)®vxx — (1 + ux)vxuxx]

EA 3/2
"—TUXX [(1 -+ Ux)2 + Ug(] /

= [(1 +ux)? + v?ﬂmvtt- (2.19)
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Define
EA
=" 2.20
= (2.20)
2= E, (2.21)
p

where ¢, and ¢, will be shown to be the longitudinal and transverse wave speeds,
respectively. Use these definitions in (2.20) and (2.21) to obtain
—(cf — ci) [(1 + ux)vxvxx — Ug(uXX}

3/2
+C?\UXX [(1 + UX)2 + v§<} /

= [(1 + Ux)2 + vi}?’ﬂutt, (2.22)

(072_ — C?\) [(1 + U)()2UXX — (1 + UX)U)(’U,XX]

3/2
+civXX [(1 + uX)2 + 1&] /

= [(1+ux)® + 03] 0. (2.23)

The nonlinear equations (2.22) and (2.23) cannot be solved in general, and a
weakly nonlinear approach is pursued here. The binomial series is used to simplify
the terms in (2.22) and (2.23) with fractional exponent. The binomial series is

N n(n—1)(n —2)

(1+0)" =1+nf+ 5 i

[CA R (2.24)

where || < 1. For small amplitude displacements where |(u% +2ux +v%)| < 1, this

leads to

3 3
}3/2:1+3ux+3u§(—i——v_%(—i—u_%(—i——uxv_?(—i—--n (2.25)

[<1+UX)2+U§( 5 5

Use (2.25) in (2.22) and (2.23) and keep only cubic terms to obtain the final form of

the nonlinear governing equations as

uy — Guxx = (5 — &) [(1 = 2ux)vyvxx — vxuxx] + -, (2.26)
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3
vy — Euxx = (A — A) [(1 — 2ux)vxuxx + (uX —ux + 51@()@)@} + - (2.27)

Close examination of (2.26) and (2.27) show that all nonlinear terms have a
common coefficient of

(3 —c2). (2.28)

If the wave speeds are equal, the nonlinear terms vanish from the governing equations.
The severity of nonlinear behavior of the nonlinear terms is dictated by the difference

between the squares of the two wave speeds.



Chapter 3

THE INTERFACE

Now the string is allowed to have a sudden change in properties at one location,
conveniently chosen to be X = 0. Each segment of the string has constant or smooth
properties: E, A, and p. An incident wave packet is created at the left end of the
string and travels to the right toward the interface. When the incident wave packet
reaches the interface both a reflected wave packet and a transmitted wave packet are
created. The reflected waves travel to the left toward X = —oo and the transmitted
waves travel to the right toward X = 4o00.

At the interface the solution must obey both kinematic and dynamic conditions.

The kinematic condition requires the displacement to be continuous at X = 0:
[u], = [u],, (3.1)
[o], = [v],, (3.2)

on X = 0 where the subscript [ and r represent left and right sides of the string
respectively.
The dynamic condition requires the tension 7' to be continuous, see Figure 3.1.

The Cartesian components of the tension give
[T cos @ZJL = [T cos @ZJL, (3.3)

[Tsin@/)}l = [Tsinw}r, (3.4)

on X = 0.

13
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Use (2.8) and (2.17) along with trigonometric identities to get

T costp = (T - BEA)A+ u)f/)z + FA(1+uy), (3.5)

[(1 Fux)? o+ v_%(]

T, — EA
Tsing = — 20~ FAvx 5 + BAux. (3.6)

|:(1 + UX)2 + U_%(

v X

Figure 3.1: Interface Forces

Expand the denominator in a binomial series (2.24), to eliminate the fractional

exponent,

1 1
Tcos¢:T0(1—§v§(+uXv§() + EA(uX+§U§(—uXv§(), (3.7)

1 1
Tsiny =Ty <UX —uxvx + uRVx — Evg’() + FA (uXvX —ukvx + §U§<>, (3.8)
where quartic and higher terms have been neglected.

Finally the dynamic conditions at the interface are

1 1
1o (uxvg( — 51}%—) + EFA (uX + 51)?( — uXvi()

l

1 1
= [To (uxvi - 51&) + FA (uX + 511%( — uxvg()] , (3.9)

r
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1
T(] <UX — UxVx + u?XvX — 51)?() + EA(U)(UX

1
TO (UX — UxVx + Ug(UX — 51}?() + EA(

on X = 0.

1
T 5@)]

2 L 4
UxVx — UxUx + §UX

l

)

T

15

, (3.10)



Chapter 4

LINEAR SOLUTION

Neglecting all quadratic and higher level terms in (2.26), (2.27), (3.1), (3.2), (3.9),

and (3.10) results in

Uy — uxx = 0, (4.1)
vy — Coxx =0, (4.2)
and
[u], = [u] , (4.3)
(o], =[], (4.4)
[ (EA) uX]l = [(B4) uX} , (4.5)
[ox]; = [ox], (4.6)

at X = 0. The linear governing equations (4.1) and (4.2) allow two well-known basic
wave types, transverse waves, where u = 0, v # 0, and longitudinal waves, where

u # 0, v=0. A transverse wave traveling to the right has the solution

v = Aei(kX—at) —FA*@_i(kX_Ut), (47>
u=0. (4.8)

where
o= ke, (4.9)

where k is the wave number and o is the wave frequency. The coefficient A is the
amplitude of the wave and the circumflex (*) indicates complex conjugate. Hence ¢,

(defined earlier) is clearly the wave speed of a linear transverse wave.

16
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A longitudinal traveling wave moving to the right has the solution

u = Aei(kaO't) + A*efi(kao't)’ (41())
v =0. (4.11)

where
o = kcy. (4.12)

and here c) is the wave speed of the longitudinal wave.

The nonlinear theory that follows will treat primarily transverse waves. Nonlinear
transverse waves will create a longitudinal structure, as will be seen. In contrast, pure
longitudinal waves do not create a transverse wave component, and hence transverse
waves are more complex.

Now focus on transverse waves, (4.7) and (4.8). When the interface is included,
the incident waves alone are not sufficient to satisfy the interfacial conditions, e.g.
for transverse waves, (4.7) does not satisfy (4.4) and (4.6). Reflected and transmitted
waves must be included. On the left side of the string both the incident and reflected

waves are present,
v = Aei(le—O't) + A*e—i(k’lX—Ut) + Bei(k}lX-i-O’t) + B*e—i(le+Ut)’ (413)

where A and B are the magnitudes of the incident and reflected wave respectively,
and k; is the wave number on the left. On the right side of the string are transmitted

waves, given by

v, = Cei(er—at) + ane—i(er—O't)7 (414>

where C' is the magnitude and k&, is the wave number of the transmitted waves. The

interfacial conditions (4.4) and (4.6) give

A+ B =C, (4.15)
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ki(A— B*) =k,.C. (4.16)

After rearranging,
B*=TRA, (4.17)
C=TA. (4.18)

where R and 7 are the reflection and transmission coefficients, respectively,

kl_kr

B 41

R [Mk} (4.19)
2%,

T = . 4.20
|:kl+kr:| ( )

Furthermore, the incident, reflected, and transmitted waves must have the same

frequency o.



Chapter 5

WEAKLY NONLINEAR WAVES

The transverse waves are assumed to exist in a packet with a length that is much
larger than the length of an individual wave. The small parameter ¢ is a measure of
the ratio of the individual wavelength to the packet length. Introduce slow scales for

both time and position,

Xm=e"X, (5.1)
t, =e™Mt, (5.2)

where
m=0,1,2. (5.3)

The amplitude of the wave is also assumed to be small, as measured by the small

parameter . The displacement (u,v) is expanded in a power series in «,
u = auy + uy + adug + - - -, (5.4)

v = av, + vy + advg + - - -, (5.5)

In order to achieve the final results, the two small parameters a and ¢ must be
of the same order. The following choice achieves this requirement and simplifies the
analysis:

£=q. (5.6)

The governing equations (2.26) and (2.27) (repeated here for convenience) are

uy — Guxx = (5 — A)[(1 — 2ux)vxvyx — viuxx],

3
Vy — C?_UXX = (ci — cf) (1 —2ux)vxuxx + <uX — u?x + 51&)1}){4 )

19
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Use (5.1), (5.2), (5.4), (5.5), and (5.6) in (2.26) and (2.27), rearrange, and collect

powers of € to obtain

2
UL totg — CAUL XXy = 0, (57)

2
V1toto — C201.X0Xo = 0, (5.8)

2 2 2 2
Uz totg — CAU2,X0Xe = 2C3U1 XX, — 2Ul tot; — CoULXoU1, X0, X0 T CoULXo V1L, X0.X0>  (D:9)

U2,t0t0 -

u3,t0t0 -

Ustoto —

where

2 2 2 2
CrU2,X0Xo = 2CTU17X0X1 - 2U17t0t1 + CoV1,XoU1,X0,Xo + CoU1,X0V1,X0,X0> (51())

2 2 2
CAU3,XoXo = CAULX Xy — ULty + 263U1,X0 X, — 2U1 kot
9 2 ) 2 2
+ CA\U2,XoXx1 — 4U2t0t; — CoU1,XoU2,X0 X0 + CoV1,X0V2,X0 X0
2 + 2 2 + 2
CoV2,Xx0U1,X0 X0 CpV2,Xx0V1,X0 X0 CoV1,x,U1,X0 X0 CoV1,x1V1,X0X0

2 2 2
—2C0V1,x,U1,Xox, T 2C0U1,x0V1,X0X; — 2C0U1,XV1,X0V1, X0 X0, (D-11)

2 2 2
CTU3 XoXo = CrULX Xy — Vlyty T 2C201,X0 X, — 2U1 ¢ty
902 _9 2 2
+2¢702 x4 x, V2,tot; T CoUL,X, U1, X0 X T CoU1, X, U2, X X0
2 2 2 2
TCHV2,X0 U1, X0 X T CoU1,X, V1, XX T CoU1,XoV2,X0Xo T CoU2,X,V1,X0 X

2 2 2 2
—p(U1,x0) 701, X0 x0 + 2C01 X U1 XX, T 2CHU1, X0 V1, XX,

3
+§CS(U1,X0)2U1,X0X0 — 20(2)u1,X0U1,X0u1,X0X0- (512)
cg=(c5 — ). (5.13)

on X = 0.
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Treat these conditions in the same manner as the above governing equations to obtain
[w], = [w], (5.14)

(o1, = [w], (5.15)
[’LLQL = [Ug]r, (516)

[UQL = [vg]r, (5.17)

on X = 0. Note that the third order interfacial conditions are unnecessary.

The dynamic interfacial conditions (3.3) and (3.4) (repeated here) are
[T coS w}l = [T coS w}r,

[Tsinv], = [T'siny] |

on X = 0, where

1 1
T cosyp =1 (1 — 5"0%( —i—uXv?() + EA(uX + 51}?( — u;wi),

1 1
Tsiny =T, (UX — UxvUx + ug(vX — Evg’() + FA (uXvX — ug(vX + 51&)

Again, treat as before:

[EA ULXOL = [EA ’U,LXO} (518)

[To v1,x,], = [To v1,x0) (5.19)
1

§(EA — TO)(ULXO)Q + EA(’LLZXO + U1,X1)

l

1
§(EA — T())(ULXO)Q + EA(UQ,XO + ul,Xl)] s (520)

[(EA — TO)ULXOULXO + TO(UZ,XO + Ul,X1>L =

[(EA — TO)U’LXOULXO + TU(UZXO + ULXl)] s (521)

r

on X = 0.
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WEAKLY NONLINEAR SOLUTION

As stated previously, the incident wave packet travels toward the interface from the
left. Interaction with the interface creates reflected and transmitted wave packets.
During this interaction, incident, reflected, and transmitted waves exist simulta-
neously, while a short time later only the reflected and transmitted waves remain,
traveling in opposite directions. During this entire period, the right-side of the string
only has transmitted waves. There are no changes in string properties encountered
as the transmitted wave moves away from the interface, making it equivalent to an
incident wave problem with smooth or constant string properties. It is therefore

simpler and will be discussed first.

6.1 Right Side of String

If the incident wave is chosen to be a transverse wave, then the transmitted wave

will also be primarily a transverse wave of the form
Uy = 0, (61)

v = Cllei(ero—O'to) + Cfle—i(ero—O'to)’ (62)

where £k, is the wave number on the right side of the string and o is the wave frequency
(0 = ¢, k). The coefficient C; may be a function of all the slow variables. The first
subscript on Cj; denotes the order while the second subscript will be explained later.

Use (6.1) to simplify (5.7) through (5.12) to obtain

2
ULt — CAULXoXo = 07 (63)

22
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Ul,toto - C?-vl,XoXo = O?
Utots — CAU2.X0Xo = CaV1.XoV1.Xo.Xo

2 2
V2,toto — CrU2,X0Xo = 2CT/U11XOX1 - 2U1,t0t17

2 2 2
U3 totg — CAU3,X0Xo = 26/\u2,X0X1 - 2u2,t0151 — CyU1,X0U2,X X

2 2 2 2
FCHU1,X0V2, X0 X F CV2,X,V1,X0 X0 T CoU1,X,V1,X0 X0 T 2C501,X0V1,X0 X1 5

2 _ 2 2 2
Ustoto — CrU3,X0Xo = CrUL,X1 X1 — VULitity + 2CTU17X0X2 - 2Ul,t0752 + 26T027X0X1

2 2 2 2
_2U2,tot1 + CoV1,Xx0U2,X0 X0 + CoU2,X,V1,X0 X0 + 560(017)(0) U1,X0Xo-

Note that (6.1) and (6.2) satisfy the first-order equations (6.3) and (6.4).

(6.8)

Substitute (6.2) into (6.6). The inhomogeneous terms of (6.6) produce the secular

terms

)

. 86’11 8011 ; —
2 k'r e, i(krxo—oto)
hor o+

oCy oCt ,
_2kr e 11 11 71(]67«1‘070'1‘/0)'
1k,C {c 0X, +—8t1 e

To suppress these terms,

{CT 0X, * oty } B {CT ox, ot | 0

The solution here is
Chy = Cype’tbr¥imeot),

* * 7i(k leo'tl)
11 =Che )

(6.9)

(6.10)

(6.11)

(6.12)

(6.13)

where C12 may be a function of (Xs,t3). The second subscript is a reassignment

of the coefficient which may be functions of the next order slow scales and not the

current slow scales.
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When the first-order solution is combined with the linear solution, the combi-
nation is merely a linear wave with slightly different wave number and frequency.

These two orders are now merged by redefining the variables k, and o as

k. — (e + 1)k, (6.14)
o— (e+1)o. (6.15)

The linear solution is now
vy = CygeilFrXo=oto) L O oilkrXo—oto) (6.16)

All of the inhomogeneous terms in (6.6) are secular and have been suppressed.

Therefore the solution for vy consists of the homogeneous solution alone,
vy = Oy etkrXo—ato) 4 C’;le_i(k"xo_“t‘)). (6.17)
where Uy and (5, are arbitrary. Set Cy = C5; = 0 to get
vy = 0. (6.18)

Solve (6.5) using (6.16) to obtain homogeneous and particular parts for longitudinal

displacement to get

Usp = OQQei(ero—O'to) 4 C;Ze—i(erO—a'to)’ (619)

.kr . ‘
Usp = _ZI |:01226Z2(k‘rX0—0't0) . OTQQG—ZQ(ero—Uto):| , (620)

where subscripts H and P denote homogeneous and particular. Again choose Cyy =
C35 =0 to get

.kr ' '
Uy = _ZI |:0122ez2(k:rX0—0t0) . CT22€_Z2(kTXO_UtO):| ' (621)



CHAPTER 6. WEAKLY NONLINEAR SOLUTION 25

6.2 Left Side of String

On the left side of the string there are two waves, incident and reflected. Both the

incident and reflected waves are transverse waves with displacements of the form
u =0, (6.22)

Alle (k1 Xo—oto) +A* i(ki Xo— Ut0)+ By ez(le0+Ut0)+B* —i(k1 Xo+0oto) (623)

9

where k; is the wave number on the left side of the string and o is the wave frequency
(0 = ¢, k). The amplitudes A;; and Bj; may be functions of all the slow variables.
Since u; = 0 for the left side, then equations (6.3) through (6.8) are equally valid for
the left side. Note that (6.22) and (6.23) satisfy the first-order equations (6.3) and
(6.4).

The second-order solution must satisfy the inhomogeneous equations (6.5) and
(6.6). Substitute (6.23) into (6.6). The inhomogeneous terms in (6.6) produce secular

terms that result in

ik, [07881;1511 a; 11] krzo—oto) (6.24)
—2iklc{ ?9);{11 agi 11] ikrao—oto) (6.25)
ikyc, [CT ?9 Xlll a£ ﬂ i(krzo+ato) (6.26)
—2ikc, |:CT%§§11 anl} ~ilkrzototo) (6.27)
To suppress these terms,
lCT% + aﬁil} - {CT%;{E %] =0, (6.28)
{CT% + a(,iﬂ = { T%il %] — 0. (6.29)
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The solution is

Ay = AppeitiXi—ot), (6.30)
AT, = Ao inXizot) (6.31)
By = ByeittiXi—ot), (6.32)
B, = Bl ithXi—ot) (6.33)

where A;5 and By may be functions of (X, t2).
As in the previous section, this contribution from the second-order may be merged

with the new linear solution. Use (6.15) and
ki — (e + 1)k, (6.34)
to write the linear solution as
vy = ApgelhiXomoto) 4 px omilkiXo—oto) 4 B, eilkiXo=oto) . px o=ilkiXo=oto) (g 35)

Since all inhomogeneous terms in (6.6) have now been suppressed, the final solu-

tion for vy consists of only a homogeneous part,
vy = AggeitiXo=oto) L ax o—illiXo=oto) | B cilliXotote) | ps o—iltkiXotot)) (G 36)
Setting Agy = A3, = By = B3, = 0 gives
vy = 0. (6.37)

Solve (6.5) using (6.35) to obtain homogeneous and particular parts for longitu-

dinal displacement,

Uoy = A21€i(k1X0—at0) + A;le_i(leO_UtO) + B216i(k1X0+0t0) + Bgle—z’(leo—l-ato), (638)
Ugp = _szl (All)QeiZ(k‘lXo—Uto) _ (Ail)Qe—iQ(leO—O't())
+(B11)2€i2(le0+O'to) _ (Bikl)ze—iQ(le0+O’t0):|

— 202 (Ci — 072.) AHBlleileXO — A*l‘lelei%lXO} . (639)
A
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Set Ay = Al = By = B, =0 to get

ik

1 (A11)26i2(kzX0—0t0) _ (ATI)Ze_ZQ(leO_UtO)

U =

+(Bll)2ei2(kzXo+Uto) _ (BT1)26_i2(kZXO+UtO):|

~ 5.2 (¢} — 2) [A1 Byye X — Ailefle_i%lXO] . (6.40)
X

6.3 Interface Conditions

The solution thus far is (6.1), (6.16), (6.18), (6.21), (6.22), (6.35), (6.37), and (6.40)

repeated here using appropriate subscripts [ and r for the left and right sides:
[ui)i = ], = 0, (6.41)

['Ul]l — Algei(leO—fftO) _|_A>{26—i(le0—0t0) +Bl2ei(le0+ato) _{_B’be—i(kzXO'f‘Uto)’ (642)

[v1], = Chaei(FrXo=ot0) 4 O gilkrXo—oto) (6.43)

[ug]; = —— (AIQ)QeiQ(kzXo—Uto) _ (A>{2)2€—i2(leo—at0)

+(Blz)2€i2(le0+0'to) _ (Bikg)Qe—iQ(le0+Ut0):|

— ;—é(Ci — C,QF) |:A12812612le0 — ATQBTQB_szlXO] y (644)
)

ik,

4

[UQ]r — |:Ci<226—2i(er0—a't0) o 0122€2i(kTX0—0t0):| , (645)
[ws]s = [va], = 0. (6.46)

The kinematic and dynamic interface conditions, (5.14) through (5.21), must be

satisfied at the interface where X = 0. Since the initial tension T equal on both
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sides of the string and v is independent of X, (6.41) and (6.46) may be used to

reduce the eight interfacial conditions (5.14) to (5.21) to four:

(], = [v], (6.47)
[uz], = [u2],. (6.48)
[v1.5,], = [v1.x,],. (6.49)

%(EA — TO)(ULXO)2 + EA(U27XO):|l = |:% (EA - T())(Ul,XO)Q + EA(UQ,XO> s (650)

on X = 0. Use (6.42) and (6.43) in (6.47) and note that the three waves have the

T

same frequency o, resulting in
012 = A12 + Bik27 (651)

Cly = Al + B, (6.52)

on X = 0. This is the same relationship found in the linear solution (4.15). Differ-

entiate (6.42) and (6.43) and substitute into (6.49) to get the following additional

relationships:
k
Cho = /f_l(A” ~B,), (6.53)
* ki *
Cly = k_(An — Bu), (6.54)

on X = 0. Combine (6.51), (6.52), (6.53), and (6.54) to get
By = RA, (6.55)

B} = RA,, (6.56)

where Ag = A12(X = 0) and By = B3(X = 0). Combine (6.51), (6.52), (6.55), and
(6.56) to get
Co = T Ao, (6.57)
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Ci=TA;, (6.58)

where Cp = C15(X = 0) and R and 7 were defined previously as the reflection and

the transmission coefficients, respectively, (4.19) and (4.20).

6.4 Initial Condition Problem

There is an inhomogeneous term in the dynamic interfacial condition (6.50) that the
solution up to this point has not included. This term requires special treatment.
The solutions given in (6.41) through (6.46) are based on the separation-of-variables
method, where space and time are treated separately. A separation-of-variables
approach to the extra inhomogeneous term fails to satisfy the boundary condition at
X — +oo. Instead, an initial value approach using Laplace transforms is pursued
here.

This additional part of the solution that balances the inhomogeneous term in the

dynamic interfacial condition must satisfy the homogeneous equation for the string,

U2 toto — s, xox, = 0. (6.59)

The kinematic and dynamic boundary conditions at the interface may be written as

[u2(0,t0)], = [u2(0,t0)] . =0, (6.60)
| EA(2,(0,10))| = [ BA@ax,(0,40))] = £(0.t0). (6.61)

where
f(O, to) == %(EA - T()) |:U1,X0 (O, t0>i| 2] — %(EA - T()) |:U1’X0 (0, to)] 2] . (662)

Initial Conditions at to = 0 are

u3(X0,0) = 0, (6.63)
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Usg.1,(Xo,0) = 0. (6.64)
The Laplace transform is defined as
L |:g(X0, to)] - / g(XO, t(]) Gistodt(] = G(Xo, S), (665)
0

where ¢ is any function and G is it’s Laplace transform.

Use (6.65) to transform (6.59), (6.60), (6.61), (6.63), and (6.64) to get

52 U(Xo,s) — c3U(Xo, 8) xox, = 0, (6.66)
[U(O, S)L - [U(o, S)L —0, (6.67)
[EA(UXO(O, S))L . [EA(UXO(O, s))]r — F(0,5), (6.68)
where
F(0,s) = % {(EA)l _ (EA)T} { [ o e

+ / (A3)? e?7loestodty — 2 / ApAY eStOdto}, (6.69)
0 0

and U (X, s) represents the Laplace transform of us (X, to).

The general solution to (6.66) is
U(Xo,s) = A(s) e sX0/e)) L B(s) esFo/en), (6.70)

For the left side of the string choose A(s) = 0 to achieve acceptable behavior as

Xy — —oo and likewise for the right side of the string choose B(s) = 0 for Xy — +00.
This gives

U(Xo, s) = By(s) e?Xo/exh, (6.71)

U, (Xo,5) = A (s) emsFo/en)r (6.72)

where subscripts have been added to indicate sides of the domain. Apply the kine-

matic boundary condition (6.67) to get

A,(s) = By(s) = D(s), (6.73)
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on X = 0. This gives the following solutions for (6.66):
Uy(Xo, s) = D(s) eXo/er, (6.74)
U, (Xo,s) = D(s) e=sXo/enr, (6.75)

Use (6.74) and (6.75) in (6.68) to get

{[E—Al + {E—A} } s D(s) = F(0,s) (6.76)
) 1y ],
Use (6.69) in (6.76), solve for D(s), then use (6.74) and (6.75), rearrange and simplify
to get
(BA), — (EA), } 212
Ui(X =
l( 0 S) [(EA/C)\)Z + (EA/CA)T (k’l + k?r)Q
oo ‘ . es(Xo/ex)
s / [(Aof e 200 4 (AF)? et — 2A0A3} e odty p ———, (6.77)
O S
EA),— (FA 2k2 k2
= [ BB, ] B
(EA/C)\)l + (EA/C)\)T (k‘l + k‘r)
o0 . R e_S(XO/C)\)T
* / {(AO)Q e~20t0 1 (A%)? 2ot 2A0A3] e~ dt, - (6.78)
0

Multiply (6.77) and (6.78) by e** and integrate from 0 to oo to inverse Laplace

transform the equations to get

u(XO,tO)l:{ (EA) = (EA), } k212

(EA/C)\)Z + (EA/C)\)T (k’l + k2)2
) 9] A A es(Xo/C)\)lesto
*/ / [(AO)2 e 20t 1 (A%)? et 2A0A(’§} e *0dty p ———— ds,
0 0

S

(6.79)

w(Xo, to)r — { (BA) = (EA), ] ( U212

(EA/CA)[ + (EA/C)\)T k’l + ]{?2)2
0o 9 ] ) G*S(XO/CA)resto
R / / [(A0)2 =120t | (AX)? ¢i2to _ 2A0A;;} e=stodty b SO g,
0 0

S

(6.80)
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where the RHS has been left in integral form.

6.5 Evaluation of the Integrals

The inner integral in (6.79) and (6.80) can be sub-divided into three sub-integrals.
The coefficient Ag only depends weakly on t,, hence an asymptotic approximation
can be found for each sub-integral with repeated application of integration by parts.

The three integral solutions are, e.g.
/ Ale~ 20 gt — A2 / e~ dty + O(?). (6.81)
0 0

Essentially A2 may be removed from the integral here (and below),

—(s+1i20)to _ 2 82
/0 ’ iy = g5y + O, (6.82)
00, ' 1
—(s—zQU)tOdt _ 2 )
/0 ’ 0= gy T O, (6.83)
o 1
/ ety =~ + O(?). (6.84)
0
Neglect terms of €2 and higher and use (6.82), (6.83), and (6.84) in (6.79) and (6.80)
to obtain
[ (BAN-(BA), | 2R
ul(XO;tO) - |:(EA/C)\)l—|—(EA/C>\)T (kl+k7r)2
T (g2 A1 pagak L e
O e A gy 2y s 689
[ (BAN—(BA), ] 2K
ur(XO,tO) N {(EA/C)\)Z + (EA/CA)T (k’l + kr)2
TN - Ayt ot LT s
A ey U gy — e e (680
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After rearrangement, the remaining integrals can each be segmented into three sub-
integrals with the coefficients removed from within the sub-integral (as treated ear-

lier) to give

ds

u(Xo, to) = {(EA/C,\)Z + (EA/cy), | (ki + K, s(s +i20)

oo} 65(t0+X0/CA) oo es(tO+X0/C>\)
g2 [ TS sy [ s (08)
0

Y } (%12 kz)z{mo)? / ettt

s(s —1i20) 0 52

EA), — (EA), k2 k2 00 ps(to—Xo/c»)
ur(Xo,to) _ { ( )l ( ) } l r)2{<A0)2/ c s
0

(EA/ex) i+ (EA/cy)r| (ki + K, s(s +i20)

o) es(toon/CA) oo es(tO*XO/CA)
+(Ag;)2/ —ds—onAg;/o dsy. (6:88)
0

s(s —1i20) s

The remaining six sub-integrals can each be treated with contour integration
using Cauchy’s residue theorem:
n
/ G(X,s)eds = 2mi Z res|G(X, s)e™], (6.89)
¢ i=0
The contour used consists of a line at s =  which is to the right of all singularities
and an semi-circular arc of radius R centered at s = . The two parts of the contour

can be represented by a line integral and an integral over the semi-circular arc as

/ G(X,s)e’ds + / G(X,s)eds = 2mi Z res|G(X,s) e”]. (6.90)
CR LR =0

Taking the limit as R — oo, the integral over the semi-circular arc is zero and the
remaining integral becomes
1 y+ico n

— G(X,s)e’ds = Z res|G(X, s) e”]. (6.91)

271 :
Y100 i=0



CHAPTER 6. WEAKLY NONLINEAR SOLUTION

Define

— y +iR
Cr
AN
Lr
S1
529
— y-iR

Figure 6.1: Contour Integration Including Poles

For @;,Q, > 0, the semi-circle is chosen to the left of the s

34

(6.92)

(6.93)

~ line with

all singularities inside the closed contour, see Figure 6.1. Note: Only one contour

integral figure is shown here. For @), ), < 0, the semi-circle is chosen to the right

with no singularities inside.

For @Q;,Q, > 0, the integrals have simple poles and are not multi-valued, thus the
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residue at each singularity is given by

1 otm=1

res(s,) = =1 llil(ll PR [(s—a)™f(s)], (6.94)

where m is the order of the pole, and s = a is the pole location. For Q;, @, > 0 the

integral solutions are

L ~+ico LQL ds — L [1 . €7i20Q1:| ’ (695)
21 )y _ino S(5+120) i20

1 y+ico eSQu 1 ;
1 e S |:1 B 120QL:|’ 6.96
omi J o s(s—i20) izl € 050

1 y+ioco esQl

— ds = Q,, 6.97
omi ), S s=Q (6.97)
1 Y4100 €SQT 1 )
— - 4 :_[1_ —Z%Qr], 6.98
omi Jo i s(st+i20) 20l € (6.98)
1 y+ico e3@r 1 ,
b _ :__[1_ Z%Qr], 6.99
omi Jo e s(s—i20) 0 2ol € (6.99)

1 Y+ico esQ'r
—ds= Q.. (6.100)

271

y—1i00
For Q);, @, < 0, the integrals do not contain singularities and are zero.

Substitute (6.95), (6.96), (6.97), (6.98), (6.99), and (6.100) into (6.87) and (6.88)
and recall the particular solutions (6.40) and (6.21). The final longitudinal displace-

ment may be written as

UQ(XO’ to)l = _% |:(A12)2622(le0—0't0) _ (ATQ)ZC_ZQ(leO_UtO)

+(B12)2€i2(le0+O'to) _ (B>1I<2)26—’i2(k:lX0+O’t0):|

—5 (3 —c2) {AlgBuei%Xo — ATQB;‘Qe”’WXO] + W, (6.101)
A
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UZ(XO; t(])r — _ZT (012)2612(kTX0—at0 (C* )2 —i2(kr Xo— ato)} + Wr, (6102)
where
_ 0 when ty < [ — )Cﬁ]
W; = B Y/ ,
U, when ty > [_%]l
_ 0 when ty < [X—}
W, = e

U, when t; > [&}

[N

[ (BA)—(EA), 2k7K; , 1 ot X e
U = {(EA/CA)i + (EA/CA),J (ki + k)2 {(AO) 0 [1 —e ( /ex) ]

. X
A 1 — ei2oltorXo/ea)| _ 9 Ao A% |1 4+ 20 1
( ) Z20. [ e i| 0 0 + ex l P (6 03)

EAjcy) 4+ (EA/e))r| (ki + k,.)? 20

Xo

o {( (EA), — (BA), } 27K { DL [1 = et ]
* 1 20 (to—Xo/cx)r *
(A)2—[1—e 0—Xo/ex ]—QAOA to— =2 §. (6.104)

C
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NLS EQUATIONS

The third-order equations are used to finalize the solution. These equations are not
solved, but it is important that all secular terms be eliminated to make the second-
order solution uniformly valid. As a result of the third-order analysis the secular
terms create three non-linear Schrédinger’s (NLS) equations. The NLS equations

will be solved numerically.

7.1 Third-Order Equations
The third-order equations are (6.7) and (6.8), repeated here:
U3 oty — CRUS XXy = 20312, X0 X, — 2Untot; — CoU1X0U2,X0Xo

2 2 2 2
+CoU1,X0V2,x0X0 T CoV2,x0V1,X0 X0 T CoULX; V1,X0 X0 T 2C0V1,X0V1,X0 X1 5

2 2 2 2
U3,tote — C7U3,X0Xo = CrULX X1 — ULyt T QCTU17XOX2 - 21}17750152 + 267027X0X1

2 2 2 2
—20g 41, + CHUL X U2, X0 X, T CoU2,X,V1,X0 X0 T 500(01,)(0) V1, X0 X0

Apply (6.18) and (6.37) to get

2 _ 2 2
U3totg — CAUZ, XX — ZCAUQ,XoXl - 2u2,t0151 — CoU1,X0U2,X0 X0

2 2
UL, x, V1, XX T 2COULXOULXOXU (7'1>

2 2 2
U3 toty — C7U3,X0Xo = CrULX X, — ULty T QCTU17X0X2 - 2U17t0t2

2 2 2 2
_’_COULXou?,XOXo + CoU2,Xx,V1,X0 X0 + 560(017)(0) U1, X0Xo- (72)

37
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Several terms contain derivatives of v; and uy with respect to X; or ¢;. Since v; and

uy are not functions of X; or ¢, the equations further reduce to

2 2
U3 1oty — CAU3,XoXo = —CoU1,XoU2,X0 X0 (7.3)

2 2
U3,toto — CrU3,XoXo — 267U17X0X2 - 2U17t0t2

_Cg (U17X0)2U17X0X0 ) (74>

2 2
UL, X U2, X0 X T CoU2,XoV1,X0 X, T 5

valid for both sides of the string.

7.1.1 Right Side of String

The first- and second-order solutions for the right side of the string are (6.16) and
(6.102), repeated here:

(01), = CraeilerXo=oto) o o o=ilkrXo—oto),
(u2)7» - (012)261’2(ka0—01§0) _ (Cik2>26—i2(er0—ato):| + Wr,

where

0 when ty < [XO}
W, = - r

N
U, when t; > [&1}

T (EA)l - (EA)r 2’“%‘3 2L i e—i2a(t0—X0/c>\)r
o= [(EA/cnw(EA/cA)J <kz+kr>2{<‘40) ik )

* 1 . i20(to—XU/C>\)r] _ * bl
(A ) Iy [1 (& 2A0A0 to a ) .
For the right side of the string (7.3) and (7.4) become

2 4 3 23 krXo— O’t() * 3 *Z'3(k‘ XofUto)
[U3,toto CAU3,X0X0} Cok {0126 " + Chy’e "

_C(Q)k4 [C%ZCT2€ (krXo—0to) + Cl2cvi<22€—z (krXo— oto):|

—icgkr [C’lzei(kv-xo—ﬁo) — C’Ee—i(’ﬂr-Xo—Uto)] Wxoxo)r, (7.5)
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where

~ 0 when ty5 < [%]
(WXOXO)T = Xy "
Cx

(Uxyx,)r when to > [

o= [ ) 20T 2]

*{ _ (A )26—12a(t0 Xo/cx)r (A*) 20 (to— XO/CA)T}; (7.6)

and

[U3,t0t0 - 03U3,X0X0} ”

oC . oC .
5X122 + QZCTkra—t;Q — coky C1,CHy

_i_ei(kTXO—a'to) [22'62 kr

s ocs, ., 9Ch :
— e~ ilkrXo—ato) [2 2k 8X2 2 4 e k,—12 82 —1-00/74540120122

+iC(2)kr [Clzei(erO_ato) C«* i(krXo—0oto :| (WX()X())T

2 | Crae X077 Gy B0 (W), (7.7)

where
(), = Oi when ¢y < |:)C(_/\:|r |
(Ux,)r when to > [)C(_A]r
_ B (EA), — (EA), 2k7 k2 1
(Uxo)r = |:(EA/C)\)Z+ (EA/CA)r] (ko + k) {( )

*{ — (Ag)?e2olto=Xo/ex)r _ (fg¥)2pi2o(to= X0/0A>T+2A0A*} (7.8)

7.1.2 Left Side of String
The second-order solutions for the left side of the string are (6.35) and (6.101),

repeated here:

(Ul)l :A12€i(leofat0) +A>{2efi(leofUt0)++312ei(k1X0+0t0)_i_BTZe*’i(leOJFO'tO),
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(U2>l = _% (Am)?ei?(kzXo—Uto (A* )2 —i2(k; Xo—oto)

+(B12)26i2(le0+0t0) _ (BT2)26—i2(le0+gt0)}

Zkl

20 (C?\ —C ) {Al?Bl?el%lXO AIQBikz@_i%XO} + VT/h
A

where:

0 Whent0<[—f—}

VVl: * l7
U, when t, > [—(X—O}

CAl

120

T (EA)I _ (EA)T 2k2k? 2 1 —i20 (to+Xo/ca )
= (EA/C)\)1+(EA/CA)T:| (kl_ifk,r)z{(/lo) ._[1—6 ( / )]

1 . X
(A*) [1 _ 6120(t0+X0/C,\)1} _ QAOAE; [to + _0] }7
120 e |y

For the left side of the string (7.3) and (7.4) become

I:u?),toto - Ciu3,XoX0:|l =
+COkl |:A3 13(k; Xo—oto) + A* 3 —z3 (k1 Xo—oto) + B3 13(k1 Xo+oto) + Bik236—i3(le0+ato):|
—cpk! {(A%QATQ + 26 A1 B1a By, )€/ M1X07710) - (A1 ATy + 201 A, B1a By, )e om0
+(BiBiy + 261 A A}y Bio)e'MX0T0) 1 (B1y B 4 20 A1 AT, Byy)e Frotato)
—(A12 B}y + 26 A B, e CRXotato) — (A5, B)? + 261 A}, By, e (FRiXotato)
(8, Buo + 2 AL BL)e O (A42BY, 426437 By e oo
+A>{2B122€i(k1X0+30’t0) + A12B>1k226—i(k1X0+30't0)

+A Bik2€ leO 30’t0 AT22B12el(le03Uto):|

_chkl |:A12ez(leo—0't0) - Ai2e—z(k1X0—Ut0)

L Byyeilti¥ototo) _ BEe—i(kzXo-&-Jto)] (Wxoxo)is (7.9)
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where

0 Whent0<[—%}l

Wxoxo)t =19 :
(UXOXO)I when tg > |:— )C(_)‘:|l

[ (BA) - (EA), 2kiky 20
(Uxoxo ) = |:(EA/C)\)I+ (EA/C)\)T:| (k4 k)2 (S

*{ o (AO)Qe—ﬂa(to-‘rXo/C)\)l + (A6)26i20(t0+X0/c/\)l }7 (710)
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and

0A 0A
- 2 12 . 12
ZQCTkl(@Xg) +@207k:l< o, )

ez(kzXo—a’to)

[Us,toto - CEU&XOXO] =t

— ok} A3 ALy + ki (6] — 3) A2 Bia By,

0A7, 0A%,
@20 k; <3X2) +12c¢ kl( a5 )

+Cgk7l4A12AT22 - C(QJIC?( —3)Al, B2 By,

. aBl2 . aBl2
272k —i2¢,k
‘f‘ZCTZ(aXQ) ZCTZ(Btg)

oi(kiXo+ato)

e~ (k‘lXo—Uto)

C(Q)k?BéBE + Cokl ( —3)A12AT, By

0B 0B
|02 12\ 12
ZQCTkl<6X2) chTk:l< o, )

—i(k; Xo+oto)

—|—Col€l BlgB cgk’f(c% — 3)A12AEBT2 €

3R — 1) Ay B RNt 24 (2 1) A7, B2 koot
—3c2k} (c% — 1)Af23126i(3k"x°_“t0) — 3c2k} (cf — 1)A’f22Bf26_i(3le°_“t°)
ERAAT, B eilkiXooto) _ 214 4 g 2,=ilki Xo+oto)
CgkléLA%2B;<26i(le0—3ato) . CSk?AT22312€_i(kZXO_3Ut0)
—HC%kl [AIQBi(leO*UtO ATQG i(k; Xo—oto) + By el(kzXoJrato) BTQe*i(leoﬁrto)] (WXOX())l
—Cgk? [Auei(kzxo—ffto) + A*l<2e—i(kzX0—Uto) + Blgei(le0+‘7t0) + Bikze—i(kzxo-i-ato)} (WXo>l»

(7.11)

where
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[ (BA)—(BA), 2hik; 1
(Uxo )t = |:(EA/C)\)Z T (EA/cA)r] (ki 4 k)% (ex )i

*{<A0)26_i2‘7(t0+X0/C>\)l + (A3)26i20(t0+X0/0A)z _ 2A0A8}7 (7.12)

2 2 2
2= (CA—QC) (7.13)
Cx X

7.2 Secular Terms

Equations (7.5) and (7.9) produce no secular terms. Secular terms in (7.7) and (7.11)
are suppressed using the relations,
/ eMmXeminX qX =0, (7.14)

for n # m, and

/ emXemmX dX = 2, (7.15)

—Tr

for n = m, where m and n are integers. Multiply each equation by one of the four
secular exponential factors e*(*Xoxot) and integrate over one period. Finally the

NLS equations are

, 0A : 0A "
ZQCJQ( Otj) + ZQCzkl(aXf) — ok AR AT,

+c2kH 2 — 3) A B1aBly — 2k A1 (N)) =0, (7.16)

B B
z2c,kl(8 12) - z‘zc?kl(@) + k! B1,* B,

—Cgk’?(Ci — 3)A12A>{2Blg + Cgk?Bu(Nl) = 0, (717)

e (G ) a2t (G2 ) - GICHCH, - ACu(N) =0, (19
2
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where
B 0  when tg < [— &1}
Nl = EL )
Ml when t0> |:_)c(_>‘:|l
B 0 when ty < [f—A]
NT = B T
M, when ty > [f—f]
with

. 27.2
Ml:_{( (EA), — (EA), } AR2K: 1 AL

EA/C)\)Z + (EA/CA)T (k,‘l + k’r)Q (CA)I

- — (FA 4k2k? 1
Mr — [( (EA)l (E )7" :| [ ™r AOAS

EA/C)\>1 + (EA/CA)T (kl + kT)Q (CA)T

44

(7.19)

(7.20)
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SOLUTION

The equations governing the complex amplitudes of the incident, reflected, and trans-
mitted wave packets are (7.16), (7.17), and (7.18) respectively. The interfacial con-
ditions are given by (6.47) through (6.50). The mean longitudinal displacement due
to the inhomogeneity in the interfacial conditions is governed by (6.101) through
(6.104). These equations will be treated numerically. Before the numerical approxi-

mation is discussed, the equations are made dimensionless.

8.1 NLS Equations

All variables are made dimensionless using k; and (¢, );:

Ajy = kA, (8.1)
By = kB, (8.2)
Cha = kiCha, (8.3)
Ay = kA, (8.4)
g = kyus, (8.5)
X; = kX, (8.6)
tj = ki(c-)it;, (8.7)

where the circumflex denotes a dimensionless quantity and the subscript j = 0,1, 2.
Note that the dimensionless variables are defined with the string properties from the

left side. The dimensionless equations are

45
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i Oh _ _ip i iy daBuBt — K
( A12> + Ko < 8)212) N _§K1A%2AT2 + §K2A12312BT2 — iK1 AN, (8.8)

2

B OBia\ i s ogpe G i Gea s
( A12) — Ko( }2) = —K,B,’B}, — §K2A12A12312 + iK1 B2 N, (8.9)

8252 8X2 2
oC oC i e A
( afj) + Ky (8—)(122) = 5 K01’ Cly — iR Cia N, (8.10)
where
[CT]Z
Ky = =1, 8.11
0 [C-r]l ( )
c3
K =|2— 8.12
' [CE ]17 ( )
62 02
Ky,=|Z-2241 8.13
’ [Ci cz * ]17 ( )
Ky = [CT]T, (8.14)
[CT]Z
k3 (02 . 02)l
K, = {—} {A—} (8.15)
ki1 L(er)r(er)
k1 T(c3 — cz)l}
Ky=|Z| |21t 8.16
i M Lc»)r(cm (8.16)
Nl _ OA when tAO < —)f'o(g—;)l |
M, when ty; > —Xo(g—:)l
(cr)
Nr _ 0  when {y < XO (CA)Z |
M when to > X(] ((g:))l
M, = KgA A, (8.17)
M, = K; A A, (8.18)
- ] afs)’
K¢ = k (8.19)
(EA), (c &
1 + (FA), (c:\)r [ ky }
1 _ (BA), ATk
Ky = z & " ’;1) I ] (8.20)
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8.2 Interface Mean Longitudinal Displacement

The mean longitudinal displacement is governed by (6.101) through (6.104). Taking
the average of (6.101) and (6.102), the oscillatory terms vanish and the interfacial

mean longitudinal displacement terms remain. The equations become

15 2 ) ) =
aQ(thO)l — _271 (1 . i_;—) |:ABez2k:lXo _ A*B*e—z2k1X0:| + M/la (8.21)
A/
aQ(X())tO)T - VT/T? (822)
where
_ 0 when {5 < [— )c&]
Wi = XL

U, when ty > [— &]
1

Cx
_ 0 when tg < [?}
— SN

U, when t, > [f—f}

Apply (8.1) through (8.7) as before to get the dimensionless equations:
- [ABX - ABX} L, (5.23)

i, = W,, (8.24)

where

Ks = ( - é)l (8.25)

15

. 0 whent< —X

g [0 i< -x(z),
U, when t > —X(f:—;)l
. 0 whent< X((CT)Z
V@} - oA )
g (cr)i

U. when > X
(ex)

3
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- a2 i2[i+X (e foa)i]
Ul = Kg (AO) 5 1—e

k| R B

>
+
S,
N
(‘JlQ
> =
N—
=
—
—~
oo
DO
D
N—

U = KQ{( A;)Q% [1 _ 2 [f—fc(cT)z/(cA)T)}]

_(1210)2% [1 — e [’?_X(CT)Z/(CA)T}} - 212101213 {tA — Xﬂl }> (8.27)

1 . (EA),. 2[&]2
Ky = [ - 0 1 IR (8.28)
(=] + e ) 1+ ]

8.3 Parameters

There are four dimensional parameters for each side of the string related to the string
properties: the density p, the elastic modulus E, the cross section area A, and the
initial tension Ty. For the string to be continuous at the interface, the initial tension
must be the same on both sides of the string. Furthermore, F and A only appear
together as the product FA, and hence may be treated as a single parameter. This
leaves five free parameters. In addition, the initial conditions that create the incident
wave packet introduce wave number, amplitude, and packet length, as well as the
packet shape.

After non-dimesionalization, the material properties are reduced to three dimen-
sionless parameters: the wave speed ratio ¢2, the density ratio p,, and the elastic-area

product ratio (EA),. These parameter ratios are defined as

= [é}l (8.29)

2
o=
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Pr

po =", (8.30)
_ (BA),
(EA), = T (8.31)

The wave speed ratio (8.29) relates the longitudinal and transverse wave speeds
for the left side of the string where the incident wave packet begins. When the wave
speed ratio is unity, the coefficient of the non-linear terms in governing equations,
(2.26) and (2.27), is zero. The non-linear terms vanish for the left side of the string.

The wave speed ratio is equal to the reciprocal of the initial strain in the string,

since
2
, ¢ FEA
which is found using (2.20) and (2.21). Furthermore,
) T 1
I-FBA- @ (8:33)

where ¢ is the change in length and L is the initial length of the string. Hence when
the wave speed ratio is unity, the string’s stretched length would be twice the affected

initial length, see Morse [8]. Therefore

2> 1. (8.34)

With the use of (2.21) and (4.9), the density ratio can be related to the wave

number ratio by

ky pr} 2
— == . 8.35
- |2 (5.5
This allows the reflection and transmission coefficients (4.19) and (4.20) to be

written as
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L [1-%

R = 1+Z , (8.36)
L ki |

[ o9 ]

T = —. (8.37)
Rl

If the density ratio and wave number ratio are equal to zero, then the right side
of the string has zero density. This would require that the interface be rigidly fixed.
The elastic-area product ratio can only be equal to zero under the circumstance
where either the elastic modulus or the cross-sectional area of the right side of the

string is zero. Therefore, both p, and (EA), must be positive,
pn >0, (8.38)

(EA)n > 0. (8.39)

All three parameter ratios appear in the coefficients of both the NLS and mean
longitudinal displacement equations in various combinations. How the values of these
parameters affect the behavior of the equations will be discussed further in the results

section.

8.4 Numerical Techniques

For numerical computation, the complex amplitudes 121, B , and C' are converted into
magnitude and phase using

A= Re', (8.40)
B = Se, (8.41)

C = Pe. (8.42)
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o1

Apply (8.40) through (8.42) to (8.8) through (8.10), expand, simplify, and separate

into real and imaginary parts to get

R+ KoRx =0,
St - K()SX = 0,
P+ K3Px =0,

1 1 ~
O+ Koox = —§K1Rz + §K252 — K1 N,

1 1 .
0, — Koy = 5K1R2 - 51{252 + KN,

1 3
WV + Kapx = —§K4P2 — K3N,,

where
- 0 whent < —X(g—;)l
1= )

M, when { > —X’(i—;)l

. 0 whenf < Xk
N. = (C )r
)i

M, whent> X <CT)

M, = KgR2,

M, = K;RZ.

Use (6.55) and (6.57) to get the relationship between R, S, and P,

ki — k,

5= kl+kr

Re—i(¢>+9)7

2k

R i(¢—¢)
T

Use (8.40) through (8.42) in (8.23), (8.24), (8.26), and (8.27) to obtain

i = KsRS sin(¢ + 0 + 2X) + W,

(8.43)

(8.44)
(8.45)

(8.46)
(8.47)

(8.48)

(8.49)

(8.50)

(8.51)

(8.52)

(8.53)

(8.54)
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where
. 0 whent<—X(&),
Wy=4 ) et
U, whent > —X(z—;)l
. 0 whent< X((CT)Z
W, = ex)r :
U, when ¢ > X((CT)I
CA)T
- 2 . . P > 2|2 ~ (Cr
U = Ky |R; (Sm(2¢0) + sin [Q(t + X(er/ea) — gbo)})_zRo {t + X<c_>z} :
A
(8.55)
U, = Ko | R? <5in(2¢0) + sin [Z(f — X(eo)i/(ex)y — ng)} ) —2R2 [f % ((zr))l ] ,
A)r

where subsrpcipt 0 again refers to the value at X = 0.

Equations (8.43) through (8.48) are solved using a two-step Lax Wendroff method,
see Ames [18], for linear terms and the third-order Adams Bashforth method, see
Gear [19], for non-linear terms. All interior points are treated with a central difference

scheme, for example (8.43) and (8.46) are discretized as

1 At
Ri,j—i—l = Ri,j - §KOE(RH—L]' - Ri—l,j)
1/ At)?
+5 (KOA—x) (Rit1,j — 2R j + Ri—1,;), (8.57)
1 At
¢i, j+1 = ¢i,j - §K - OA_x(¢i+1,j - ¢i71,j)

1/ At)’
—|—§ <KOE> (¢i+1,j - 2¢i7j + ¢i—1,j)
At

—£K1(55R3, ;—B9R: . +3TR ;_, —9R} ;)
At
+ i (5557 ; — 5987, | +3757, ,— 957, 3), (8.58)

where 7, 7 are the space and time grid points, respectively.
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At the interface (the right boundary point) an upwind scheme was used, for example

(8.43) and (8.46) are discretized as

1 At

Ri,j—H = Ri,j - §K0A_:L‘(Ri7j - Ri—l,j)
WA
+3 (KOE> (Ri,j —2Ri_1,; + Ri—2,j), (8.59)
1 At
¢i, j+1 = ¢i,j - §K - OA_:C(¢i’j - ¢i71,j)
1/ A\’
+§ <KOE> (‘bi,j —2¢;1,j + <Z51'72,j)
A (55 R R’ TR? R}
T 1(55R; ; —59R; ;| +3TR; ;_, —9R} ;)
At
+ g i (5557 ; — 59857 ;| +3757 ;5 — 957, 3). (8.60)

Simulations use 2000 spatial points on each side of the string with AX = 0.01.
The time step chosen is At = .005. A raised cosine curve is used for the incident

wave packet. The wave packet consists of 8 individual waves, see Figure 8.1.

8.5 Strain

The strain in the string can be directly calculated using (2.9) repeated here
€= [(1+ux)2+v§<]l/2 — 1.

Use the binomial series expansion and retaining up to cubic terms for the frac-

tional exponent gives

1 1
EZUX+§U§(— §UX’U§(+-“. (861)

As before expand the displacements using the slow scales (5.1) and (5.2) to get

u = euy + Uy + ¥ug + -+, (8.62)
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Amplitude

1.00

0.75

0.‘25
Figure 8.1: Wave packet showing raised cosine envelope (dashed line) and individual waves

(solid line).

v =cv, + vy + vy + - - (8.63)
Take the derivatives and group by powers of ¢ gives
ux = ety x, + 2 (Uax, + U1.x,) + Uz x, + Usx, +ULx,) T (8.64)
vx = eV x, + 2 (Va,xo + V1x,) + €2 (Us.x, + Vo.x, + V1X,) + (8.65)
For both sides of the string it was determined that
up = 0, (8.66)
vy = 0. (8.67)

and it was also determined that us and vy are not functions of X; and since the

third-order solution uz and wvs is not sought, the strain can be simplified as

(8.68)

1
¢=¢’ (5“%){0 + u2,X0>'
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Non-dimensionalize and separate the wave amplitudes coefficents A, B, and C

into magnitude and phase components gives the following expressions

v1x,)? = — | 2R%cos (26 + 2(Xo — to)) + 25%cos (20 + 2(Xo + to)
%0 /1

+RScos(¢ + 0+ 2Xo) + RScos(¢ — 6 — 2ty) — 2R* — 252] , (8.69)

(ug,xo)1 = [R%os (ng +2(Xo — to)) + S2%cos (20 +2(Xo — to))

‘|‘K8 2RSCOS(¢ + 0 + 2X0):| + (WXO)Z- (870)



Chapter 9

RESULTS

Three free dimensionless parameters emerge from the non-dimensional equations: the
wave speed ratio ¢2, the density ratio p,, and the elastic-area product ratio (EA),.
While these parameters are present in several of the coefficients in the governing
equations, each parameter can be connected to a physical process that it approxi-
mately controls. The wave speed ratio ¢ primarily sets the relationship between the
transverse waves and the longitudinal interfacial mean longitudinal displacement.
The density ratio p, has the major effect upon the magnitudes of the reflected and
transmitted waves. The elastic-area product ratio (F'A), has the major effect upon
the mean longitudinal displacement when incident, reflected, and transmitted waves
are acting near the interface.

A choice of unity for any of the three dimensionless parameters have unique
consequences for the results. For example, when ¢? is unity many coefficients vanish,
causing the non-linear terms in the NLS equations to vanish, see (8.12), (8.13), (8.15),
and (8.16). When p,, is unity, the reflection coefficient is zero and the transmission
coefficient is unity, see (4.19) and (4.20). As a result, there is no reflected wave and
the transmitted wave is identical to the incident wave in shape and amplitude; the
incident wave passes through the interface unchanged. When (EA),, is unity, the
interfacial part of the mean longitudinal displacement becomes zero. Hence careful

choice of the parameters can be used to select particular cases.

96



CHAPTER 9. RESULTS 57

9.1 A Typical Case (Case T1)

Choose
¢ =16.0, (9.1)
pn = 0.4, (9.2)
(FA), =0.5. (9.3)

This is called Case T1. For this case both p, and (EA),, on the left side of the string
are greater than the corresponding values on the right side. Thus the left side is
more dense and stiffer.

The results for this case are shown in Figures 9.1, 9.2, and 9.3. Figure 9.1 has
three sub-figures, each representing a single time. Figure 9.1a corresponds to a time
prior to the incident wave reaching the interface, Figure 9.1b corresponds to a time
when the incident wave is transiting the interface, and Figure 9.1c corresponds to
a time when the reflected and transmitted waves have disengaged fully from the
interface.

Each sub-figure has three panels. The top panel shows the wave magnitude versus
horizontal position. The incident wave (solid line) and reflected wave (dashed line)
are shown on the left side of the string and the transmitted wave (solid line) is shown
on the right side of the string. The second or middle panel shows the wave phase
versus horizontal position. The third or bottom panel shows the mean longitudinal
displacement. Note that the mean displacement is a longitudinal displacement, de-
spite being plotted vertically. The interface is shown as a vertical dash-dot line in
the center of each panel. This same combination of time values and panels will be
used again for other cases.

The mean longitudinal displacement is zero before the incident wave packet has

reached the interface, and after the incident waves have disappeared and been con-
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verted into reflected and transmitted waves, as shown in the third panel of Figures
9.1a and 9.1c. This mean longitudinal displacement is only nonzero when the wave
packet is interacting with the interface, as shown in Figure 9.1b.

This result may also be inferred directly from equations (6.101) and (6.102). The
mean longitudinal displacement for the left side of the string is given by (6.101) and
has two components. One component is proportional to e”2¥Xo and this component
depends on the presence of both the incident and reflected waves acting simultane-
ously. This oscillatory mean longitudinal displacement is a result of direct interaction
between the incident and reflected waves. If either the incident wave or reflected wave
packets do not exist, then this component is zero. The oscillatory component of the
mean is evident in Figure 9.1b for X < 0 as very fine-scale oscillations. The wave-
length of this oscillation is always half the wavelength of the incident waves (or twice
the wave number).

The other component is W;, which is the mean longitudinal displacement due
to the inhomogeneity in the interfacial conditions. The right side only has one
component W,. (no oscillatory part), also due to this interfacial effect. This interfacial
mean longitudinal displacement is only nonzero when the incident waves are exciting
the interface, e.g. when Aq # 0.

Figure 9.2 shows the development with time of the mean longitudinal displace-
ment. Given in Figure 9.2 are mean longitudinal displacement profiles at a sequence
of times, each profile shifted by a fixed value merely for display purposes. It is evi-
dent in Figure 9.2 that this mean longitudinal displacement expands outward from
the interface as the incident wave begins to interact with the interface. The extent of
this mean longitudinal displacement is therefore not the same as the incident wave
packet length, as in many other nonlinear wave systems. The mean longitudinal

displacement length is related to the incident wave packet length only in the sense
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of the time associated with the incident wave packet to interact with the interface.
This mean longitudinal displacement length or span of longitudinal influence directed
outward in both directions from the interface is determined by this time along with
the longitudinal wave speed, c,.

The interfacial component of the mean longitudinal displacement appears to be
comprised of two parts, clearly evident in Figure 9.2. One part is the broad shape
that continues to grow with time. The other part is a narrower effect that results
in a peaked shape at the interface. These two parts can be clearly distinguished in
the expressions for W in (8.26) and (8.27). Both effects are due to the quadratic
contributions of v? for both sides of the string. Since (v1); is the sum of the incident
and reflected waves (and their complex conjugates), then (v}); consists of squares of
the amplitudes of the incident and reflected waves A2 and A§?, and cross terms 2Ag Aj.
The A3 and Aj? terms are responsible for the oscillatory part of the interfacial mean
longitudinal displacement, and the frequency of oscillation is twice the incident wave
frequency. The cross product AgA§ contributes a linear variation with position (as an
increase on the left side). Both contributions have compact support. Note in Figure
9.2 that combination of oscillatory and linear components of the interfacial mean
longitudinal displacement results in a relatively large displacement of the interface.

There are two curves in Figure 9.3. A solid line shows the maximum mean
longitudinal displacement versus time. A dashed line shows the mean longitudinal
displacement at the interface position. Figure 9.3 shows that overall, the largest mean
longitudinal displacements occur when the incident wave packet is nearly centered at
the interface. Also the fluctuations are slightly smaller at the interface (dashed line),

e.g. the interface is not the location of the maximum mean longitudinal displacement.
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Figure 9.1: Case T1: Results with parameter settings of p, = 0.4, (FA), = 0.5, and
¢ = 16.0, at times of (a) £ = 3.10, (b) £ = 3.82, and (c) £ = 4.54.
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Figure 9.2: Case T1: Mean longitudinal displacement evolution versus time from ¢ = 3.10
(bottom) through ¢ = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.3: Case T1: Mean maximum vs. time plot - solid line is maximum mean longitu-
dinal displacement and dashed line is the mean longitudinal displacement at the interface

location.
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9.2 p,=(FA),=1 (Case 1)

Now choose

pn =10, (9.4)
(EA), = 1.0, (9.5)

but allow ¢? to have a sequence of values. This is called Case 1. Table 9.1 lists the
parameters for this sequence. Results for Case 1 are shown in Figures 9.4 through
9.7.

When p,, is unity, the reflection coefficient is zero and the transmission coefficient
is unity. Therefore there are no reflected waves for Case 1 and the transmitted wave
packet has the same magnitude and shape as the incident wave packet. Since (EA),
is also chosen to be unity, this becomes a special case where the material properties
for both sides of the string are the same and the incident wave passes through the
interface with no change. The mean longitudinal displacement for this case is also

Zero.

Table 9.1: Parameter Test Case 1

Case | p, | (EA), | ¢ | 1y max.

la | 1.0 1.0 1.0 0

1b | 1.0 1.0 4.0

0
le | 1.0 1.0 9.0 0
1d | 1.0 1.0 16.0 0

If ¢2 is also chosen to be unity, then the nonlinear terms are zero (Case la), and
this case is shown in Figure 9.4. This is equivalent to the linear case for a string

with constant properties everywhere. Figure 9.4 shows results at three time values,
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as before. The third panel for each time shows the mean longitudinal displacement,
which is zero for this case. The first and second panels show the magnitude and
phase. Clearly for this case the wave packet moves to the right with the transverse
wave speed ¢, and no other change, as expected.

Figures 9.5 through 9.7 (Cases 1b and 1c) show results with ¢2 # 1. Since p,
and (EA), are unity, there is still no reflected wave packet and the mean longitu-
dinal displacement is zero. However, with ¢ # 1, the nonlinear effects are nonzero.
Figures 9.5 through 9.7 show that the magnitude of the wave packet is unaffected by
the nonlinearity for these sub-cases, and the only difference between the linear and
nonlinear cases is the phase, which now develops a variation within the wave packet,
and this variation becomes increasingly rapid with time. A larger value of ¢? means
the rate of increase of this variation is faster, as can be seen by contrasting Figures

9.5 through 9.7. This result can be inferred directly from (8.43) through (8.48).

9.3 (FA),=1,¢2 =4 (Case 2)

Now choose

(EA), = 1.0, (9.6)
2 =4.0, (9.7)

along with a sequence of values of p,, and call this Case 2. The choice of 2 = 4
is merely for convenience, as the phase for this choice is less congested. Table 9.2
shows the parameter values for Case 2, and results are shown in Figures 9.8 through
9.19.

For Cases 2a and 2b, p, is less than one which makes the right side of the
string less dense than the left. This causes the reflected waves to be smaller and

the transmitted waves to be larger in magnitude than the incident waves, as can



CHAPTER 9. RESULTS 64

Table 9.2: Parameter Test Case 2

Case | p, | (FA), | ¢ || 4y max.

2a | 0.25 1.0 4.0 0.24

2b | 0.75 1.0 |4.0 0.05

2¢c 1.5 1.0 | 4.0 0.07

2d | 2.0 1.0 | 4.0 0.13

be seen in the top panels of sub-figures in Figure 9.8. The third panel in Figure
9.8b shows that the mean longitudinal displacement is weak but non-zero. Figure
9.9 gives more profiles of this mean longitudinal displacement. The interfacial part
of the mean longitudinal displacement with (E'A), = 1 is zero, hence the mean
longitudinal displacement shown in Figures 9.8 and 9.9 contains only the direct
interaction between the incident and reflected waves on the left side. This feature
makes Case 2 a special case.

Figure 9.10 shows the maximum displacement with time as the packet interacts
with the interface. There is a maximum in the displacement that occurs when the
packet is centered near the interface. However when the packet is very nearly centered
on the interface, the mean longitudinal displacement decreases briefly. This brief
effect is due to the symmetry that exists only when the incident wave packet is
centered, nearly cancelling this part of the mean longitudinal displacement.

Case 2b, shown in Figures 9.11 through 9.13, only differs in the value of p,,
now larger but still less than unity. Figures 9.11 through 9.13 show that the results
closely match the results of case 2a in Figures 9.8 through 9.10. The significant
differences are that the reflected wave is much weaker for case 2b, and as a result
the mean longitudinal displacement is also much weaker, but otherwise has the same

character. Thus as p, approaches unity, the result quickly approach the behavior
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shown in Case 1.

For Cases 2c and 2d, see Figures 9.14 and 9.17, p,, is greater than one, which now
makes the right side of the string more dense than the left and causes the reflected
wave and the transmitted wave to be smaller in magnitude than the incident wave.
As p, increases from unity, the mean longitudinal displacement oscillations on the
left side of the string grow larger. Reflected and transmitted waves are present and
both reflected and transmitted wave magnitudes are smaller than the incident wave.

Three conclusions can be drawn from the results of the p,, variation in this case

and from the data in Table 9.3.

1. For p, > 1: The left side of string is more dense than the right. The incident
wave upon reaching the interface causes both reflected and transmitted waves.
In the limit as p, — oo, the magnitude of the reflected wave approaches unity
at 180° out of phase and the magnitude of the transmitted wave approaches

Zero.

2. For p, = 1: Both sides of the string have the same density. The incident
wave upon reaching the interface continues to pass through with no change in

magnitude or shape and there is no reflected wave created.

3. For p, < 1: The right side of string is more dense than the left. The incident
wave upon reaching the interface causes both reflected and transmitted waves.
In the limit as p, — 0, the magnitude of the reflected wave approaches unity
and the magnitude of the transmitted wave approaches a value twice that of

the incident wave.
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Choose

Table 9.3: Density and Wave Number Ratio Comparison

Density | Wave Number | Reflection | Transmission
Ratio Ratio Coefficient | Coefficient
(pr/p1)'? ki /K R 7
0 0 1.0 2.0
25 0.5 0.3333 1.3333
.50 0.7071 0.1716 1.1716
.75 0.8667 0.0718 1.0718
1.0 1.0 0 1.0
1.25 1.1180 -0.0557 0.9443
1.50 1.2247 -0.1010 0.8990
1.75 1.3229 -0.1390 0.8610
2.0 1.4142 -0.1716 0.8284
10 3.1623 -0.5195 0.4805
100 10 -0.8182 0.1818
1000 31.6228 -0.9387 0.0613
1000000 1000 -0.9980 0.0020
400 400 -1.0 0
p=1,c =4 (Case 3)
pn = 1.0,
=40,

66
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along with a sequence of values of (FA),. This is called Case 3. Once again the
choice of ¢ = 4 is made for convenience, so that the phase is less congested. Table 9.4
shows the parameter values for Case 3. This table also includes the span of influence
lengths on both sides of the interface of the mean longitudinal displacement under
the columns (X min.) and (X max.). Results are shown in Figures 9.20 through
9.31.

With the choice p,, = 1 the reflection coefficient is zero and there are no reflected
waves. Since there is no reflected waves, the magnitude of the incident waves are
unchanged by interaction with the interface. This is seen for Case 3a in Figure
9.20. The top panels of each sub-figure of Figure 9.20 show that the wave packet
merely moves to the right without any significant evolution is shape. However, the
mean longitudinal displacement is not zero as the wave packet interacts with the
interface, as can be seen in the third panel of Figure 9.20b. More profiles of the
mean longitudinal displacement are shown together in Figure 9.21, as before. This
mean longitudinal displacement is purely due to the interfacial inhomogeneity, but
does show both parts, including the oscillatory component. Figure 9.22 shows the
maximum of the mean longitudinal displacement, indicating again that the maximum
mean longitudinal displacement occurs when the packet is nearly centered on the
interface. Case 3a has (EA), < 1. With such values, the coefficient of the mean
longitudinal displacement Ky is positive, and the mean longitudinal displacement is
positive on both sides of the interface. This corresponds to a nonuniform shift to the
right of the region near the interface.

Case 3b only differs from Case 3a in its value for (F'A),,, now being (EA), = 0.75,
closer to unity. The results for Case 3b are shown in Figures 9.23 through 9.25, and
are generally the same as Case 3a, except now the mean longitudinal displacement

is weaker. As with Case 3a, (F'A), < 1 and the mean longitudinal displacement is
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positive everywhere, as shown in Figure 9.25. As (F'A),, — 1, the mean longitudinal
displacement gets progressively weaker, being zero with (EFA), = 1, as discussed
above.

With (EA), > 1, the value of Ky is negative and the mean longitudinal displace-
ment is also negative. For example, Case 3c has (E'A),, = 1.5 and results are shown
in Figures 9.26 through 9.28. Figure 9.26 shows that the wave packet still propagates
to the right with no significant changes, other than an increase in the oscillations
in phase. However the mean longitudinal displacement in Figure 9.26b, also shown
in Figure 9.28, is everywhere negative. This negative mean longitudinal displace-
ment is a shift to the left. Thus in general, when the stiffness increases across the
interface, the mean longitudinal displacement is negative, indicating a shift toward
the source of the waves. Case 3d shows similar results to Case 3c, as (FA),, grows
larger away from unity, the mean longitudinal displacement becomes greater in the

negative direction, see Figures 9.29 through 9.31.

Table 9.4: Parameter Test Case 3

Case | pn | (EA), | & | iy max/min. | X min. | X max.
3a | 1.0 025 |4.0 4.44 -7.8 3.6
3b | 1.0]| 075 | 4.0 1.16 -7.8 6.7
3c | 1.0 1.5 4.0 -1.91 -7.8 8.9
3d | 1.0 2.0 4.0 -3.69 -7.8 10.6

9.5 p#1,(FA), #1,c2 =4 (Cases 4, 5, and 6)

Cases 4, 5, and 6 treat values of p, and (FA), that are not unity. Again ¢2 = 4 for

convenience.
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Table 9.5: Parameter Test Case 4, 5, 6

Case | pn | (EA), | & | iy max/min. | X min. | X max.
4a | 0.3 0.3 4.0 2.33 -11.0 7.8
4b | 0.3 0.7 4.0 0.99 -11.0 11.0
4c | 0.7 0.3 4.0 3.51 -7.8 4.8
44 |07 0.7 |4.0 1.26 -7.8 7.8
doa | 1.3 0.4 4.0 3.49 -7.8 4.4
5b | 1.8 0.7 4.0 1.61 -7.8 5.0
oc [ 04 1.3 4.0 -0.90 -8.8 13.3
bd | 0.7 1.8 4.0 -2.78 -7.8 12.2
6a | 1.3 1.3 4.0 -1.19 -7.8 7.8
6b | 1.3 1.8 4.0 -3.20 -7.8 8.8
6c | 1.8 1.3 4.0 -1.30 -7.8 6.6
6d [ 1.8] 1.8 |4.0 -3.34 -7.8 7.8

Case 4 has both p, and (EA), less than unity, making the left side of the string
more dense and stiffer than the right side. Results are shown in Figures 9.32 through
9.43. This case has reflected and transmitted waves, as well as nonzero mean longi-
tudinal displacement. As before, since p,, < 1, the transmitted wave is larger than
the incident wave while the reflected wave is smaller. Also, the mean longitudinal
displacement due to the direct interaction is not zero, and since (EA),, < 1, the in-
terfacial mean longitudinal displacement is positive. Case 4a has p, = (EA), = 0.3
and results are shown in Figures 9.32 through 9.34. Overall the results agree with
the previous cases that isolated the effects of the parameters. However the mean lon-

gitudinal displacement now includes all components and is therefore more complex,
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as shown in Figure 9.36. Furthermore, the maximum mean longitudinal displace-
ment shown in Figure 9.37 indicates that the oscillations in the mean longitudinal
displacement are larger after the wave packet has passed the time when it would be
centered on the interface.

Cases 4b, 4c, and 4d are shown in Figures 9.35 through 9.43, all with values
of p, and (F'A), that are less than unity. The results are similar to Case 4a, and
indicate that as these parameters approach unity, the mean longitudinal displacement
becomes weaker. Some combinations of parameters produce unusual patterns in the
mean longitudinal displacement, for example Case 4¢ with p,, = 0.7 and (F'A),, = 0.3,
results shown in Figure 9.38, indicates a very narrow region at the interface where
the mean longitudinal displacement is quite large, and an even narrow peak at the
interface location.

Case 6 has both p, and (EA), greater than unity, making the left side of the
string less dense and less stiff than the right side. Results are shown in Figures 9.56
through 9.67. Here (EA), > 1 causes the mean longitudinal displacement to be
negative, as before. The transmitted waves are larger than the incident waves, and
the reflected wave is small. This makes the oscillatory part of the mean longitudinal
displacement very small and difficult to discern in Figures 9.56 through 9.67.

Finally, Case 5 uses a combination of values p,, and (E'A),,, with one greater and
the other less than unity. In all these cases, the value of (EA), controlled the sign
of the mean longitudinal displacement, despite a value of p,, that was greater or less

than unity, see Figures 9.44 through 9.55.
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9.6 A sequence of ¢? values (Case 7)

Now choose

pn = 0.25, (9.10)
(EA), = 0.5, (9.11)

this being a typical case with the left side of the string more dense and stiff than
the right side. The ¢ value is allowed to be varied, this is called Case 7. Table
9.6 gives the parameter values and a summary of the results of mean longitudinal
displacement and strain. The mean longitudinal displacement along with the trans-
verse displacement create an associated strain in the string. The strain is calculated
directly from (2.9) using values of 4y and v; for each time step in the numerical
program.

The results for Case 7 are shown in Figures 9.68 through 9.87. As p, < 1,
then the transmitted wave is larger than the incident wave and the reflected wave
is smaller. The mean longitudinal displacement has all parts non-zero. This can be
seen in Figures 9.68 through 9.70 for Case 7a. The strain for this case is shown in
Figures 9.71 and 9.72. Figure 9.71 indicates that the largest values of strain for this
case occur on the left of the interface, and are due to the fine-scale oscillations that
result when the incident and transmitted waves exist simultaneously. The effect of
the mean longitudinal displacement is relatively small for Case 7a.

Case 7b has ¢2 = 9, larger than Case 7a, and results for this case are shown
in Figures 9.73 through 9.77. The behavior of the wave packet is not significantly
different here, but the strain is larger, as shown in Figures 9.72 and 9.77.

Figure 9.76 shows that the fine-scale oscillations are still responsible for the largest
values of the strain, despite a significant larger contribution from the mean longitu-

dinal displacement as shown in Figure 9.74. It seems in general true that the largest
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Table 9.6: Parameter Test Case 7

Case | pp | (FA), | ¢ | iy max/min. | X min. | X max. || Strain max.
Ta | .25 D 4.0 1.49 -7.8 11.0 15.3

7b | .25 D 9.0 2.39 -13.3 15.5 46.6

7c | .25 D 16.0 3.17 -15.5 21.7 91.8

7d | .25 D 25.0 3.93 -18.9 26.7 151.0

strains are due not to the interfacial part of the mean longitudinal displacement, but
to these fine-scale oscillations in the mean longitudinal displacement. Also note in
Figure 9.77 that largest overall values of the strain occur after the center of the wave
packet has passed through the interface. Cases 7c and 7d, with even larger values of
2, shows the same general trends in the strain and of the mean longitudinal displace-
ment. In general it may be concluded that as the wave speed increases, the mean
longitudinal displacement and the strain also increase. It can also be concluded that
as seen in the Case 7 set of graphs and in Table 9.6 the span of influence to the left

and right of the interface also increases with larger values of ¢2.
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Figure 9.4: Case la: Results with parameter settings of p, = 1.0, (FA), = 1.0, and

¢z = 1.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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c2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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Figure 9.6: Case lc: Results with parameter settings of p, = 1.0, (FA), = 1.0, and
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Figure 9.7: Case 1d: Results with parameter settings of p, = 1.0, (EA), = 1.0, and

¢ = 16.0, at time of (a) £ = 3.10, (b) £ = 3.78, and (c) ¢ = 4.54.
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Figure 9.8: Case 2a: Results with parameter settings of p, = 0.25, (FA), = 1.0, and

c2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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Figure 9.9: Case 2a: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 2.0 units
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Figure 9.10: Case 2a: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.11: Case 2b: Results with parameter settings of p, = 0.75, (F'A), = 1.0, and

c2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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Figure 9.12: Case 2b: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 2.0 units

vertically.
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Figure 9.13: Case 2b: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.14: Case 2c: Results with parameter settings of p, = 1.5, (FA), = 1.0, and
2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.



CHAPTER 9. RESULTS 82

20

18 :

16

14

12

0
-40 -30 =20 -10 0 10 20 30 40
leO

Figure 9.15: Case 2c: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 2.0 units

vertically.
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Figure 9.16: Case 2c: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.17: Case 2d: Results with parameter settings of p, = 2.0, (EA), = 1.0, and
2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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Figure 9.18: Case 2d: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 2.0 units

vertically.
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Figure 9.19: Case 2d: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.20: Case 3a: Results with parameter settings of p, = 1.0, (EA), = 0.25, and

c2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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Figure 9.21: Case 3a: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.22: Case 3a: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.23: Case 3b: Results with parameter settings of p, = 1.0, (E'A), = 0.75, and

c2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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Figure 9.24: Case 3b: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.25: Case 3b: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.26: Case 3c: Results with parameter settings of p, = 1.0, (FA), = 1.5, and

2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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Figure 9.27: Case 3c: Mean longitudinal displacement evolution versus time from £ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.28: Case 3c: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.29: Case 3d: Results with parameter settings of p, = 1.0, (EA), = 2.0, and

2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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Figure 9.30: Case 3d: Mean longitudinal displacement evolution versus time from £ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.31: Case 3d: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.32: Case 4a: Results with parameter settings of p, = 0.3, (EA), = 0.3, and

c2 = 4.0, at time of (a) = 3.10, (b) £ = 3.78, and (c) t = 4.54.
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Figure 9.33: Case 4a: Mean longitudinal displacement evolution versus time from £ = 3.10
(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.34: Case 4a: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.35: Case 4b: Results with p, = 0.3,

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.

(EA), = 0.7, and ¢ = 4.0, at time of (a)
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Figure 9.36: Case 4b: Mean longitudinal displacement evolution versus time from £ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.

Figure 9.37: Case 4b: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.38: Case 4c: Results with p, = 0.7, (EA), = 0.3, and ¢ = 4.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.
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Figure 9.39: Case 4c: Mean longitudinal displacement evolution versus time from £ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.40: Case 4c: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.41: Case 4d: Results with p, = 0.7, (EA), = 0.7, and c2 = 4.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.
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Figure 9.42: Case 4d: Mean longitudinal displacement evolution versus time from ¢ = 3.10
(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.43: Case 4d: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.44: Case 5a: Results with p, = 1.3, (FA), = 0.4, and ¢2 = 4.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) { = 4.54.
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Figure 9.45: Case 5a: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.46: Case 5a: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.



CHAPTER 9. RESULTS 103

w15 .
g .
2 1ot : 1
= L ! 4
G 0.5 :
=00 . . el . . . .
-100 -80 -60 -40 -20 0 20 40 60 80 100
leO
o 2F T g
3
< 1T 1
W o - - - =
2 .
I -1 : 1
a 2t n n n n " E|
-100 -80 -60 -40 -20 0 20 40 60 80 100
leO
sf ! 1
4+ ! 4
13 31 1
== 2l 1
1t ]
0 n n n n ‘ n n n n
-100 -80 -60 -40 -20 0 20 40 60 80 100
leO
(a)
w 1.5 T T T T T T T T T
=) L : 4
= 1.0
= L ! 4
& 0.5 :
=00 ‘ ‘ ‘ L ; ‘ ‘ ‘ ‘
-100 -80 -60 -40 -20 0 20 40 60 80 100
leO
o~ 2F T T T T T T T T T g
s il |
x
W Qe e = e = = = =—"
<
bl ]
a 2t L L L L i L L L L E|
-100 -80 -60 -40 -20 0 20 40 60 80 100
leO
5F T T T T : T T T T .
4t : 1
s 31 : 4
== 2t 1
1t /\\ g
0 ; . ; ; ; ; . ; ;
-100 -80 -60 -40 -20 0 20 40 60 80 100
leO
w 1.5 T T T T T T T T T
S
= 1.0f 1
= L 4
9,: 0.5
00 ‘ — — ‘ ‘ ‘ ‘
-100 -80 -60 -40 -20 0 20 40 60 80 100
leO
. 2F T T T T T T T T T 3
=t
< I o 1
§ === =
T ]
o —2b L L L L i L L L L E|
-100 -80 -60 -40 -20 0 20 40 60 80 100
leO
5F T T T T : T T T T 1
4k ]
1S 3F 1
== 2t ]
1k ]
0 ; . ; ; n ; ; ; ;
-100 -80 -60 -40 -20 0 20 40 60 80 100
leO

()
Figure 9.47: Case 5b: Results with p, = 1.8, (EA), = 0.7, and c2 = 4.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.
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Figure 9.48: Case 5b: Mean longitudinal displacement evolution versus time from £ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.49: Case 5b: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.50: Case 5c: Results with p, = 0.4, (EA), = 1.3, and ¢ = 4.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.
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Figure 9.51: Case 5¢: Mean longitudinal displacement evolution versus time from £ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.52: Case 5¢: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.53: Case 5d: Results with p, = 0.7,

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.

(EA), = 1.8, and ¢ = 4.0, at time of (a)
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Figure 9.54: Case 5d: Mean longitudinal displacement evolution versus time from ¢ = 3.10
(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.55: Case 5d: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.56: Case 6a: Results with p, = 1.3, (FA), = 1.3, and ¢ = 4.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) { = 4.54.
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Figure 9.57: Case 6a: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.58: Case 6a: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.59: Case 6b: Results with p, = 1.3, (FA), = 1.8, and c2 = 4.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.
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Figure 9.60: Case 6b: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.61: Case 6b: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.62: Case 6¢c: Results with p, = 1.8, (EA), = 1.3, and ¢ = 4.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.
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Figure 9.63: Case 6¢: Mean longitudinal displacement evolution versus time from £ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.64: Case 6¢: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.65: Case 6d: Results with p, = 1.8, (FA), = 1.8, and c2 = 4.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.
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Figure 9.66: Case 6d: Mean longitudinal displacement evolution versus time from £ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 3.0 units

vertically.
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Figure 9.67: Case 6d: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.68: Case 7a: Results with p,, = 0.25, (FA),, = 0.5, and

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.

c2 = 4.0, at time of (a)
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Figure 9.69: Case 7a: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 4.0 units

vertically.
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Figure 9.70: Case 7a: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.71: Case 7a: Strain evolution versus time from ¢ = 3.10 (bottom) through

t =3.90 (top) in increments of At = 0.08 each separated by 200 units vertically.
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Figure 9.72: Case 7a: Strain maximum versus time plot.
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Figure 9.73: Case 7b: Results with p, = 0.25, (FA),, = 0.5, and

()

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.

c2 = 9.0, at time of (a)
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Figure 9.74: Case 7b: Mean longitudinal displacement evolution versus time from ¢ = 3.10

(bottom) through # = 3.90 (top) in increments of Af

vertically.
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Figure 9.75: Case 7b: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.76: Case 7b: Strain evolution versus time from # = 3.10 (bottom) through

t = 3.90 (top) in increments of At = 0.08 each separated by 200 units vertically.
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Figure 9.77: Case 7b: Strain maximum versus time plot.
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Figure 9.78: Case 7c: Results with p, = 0.25, (EA), = 0.5, and ¢2 = 16.0, at time of (a)

t=3.10, (b) £ = 3.78, and (c) £ = 4.54.
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Figure 9.79: Case 7c: Mean longitudinal displacement evolution versus time from ¢ = 3.10
(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 4.0 units

vertically.
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Figure 9.80: Case 7c: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.81: Case 7c: Strain evolution versus time from ¢ = 3.10 (bottom) through

t = 3.90 (top) in increments of At = 0.08 each separated by 200 units vertically.
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Figure 9.82: Case 7c: Strain maximum versus time plot.
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Figure 9.83: Case 7d: Results with p, = 0.25, (FA), = 0.5, and ¢2 = 25.0, at times of

(a) t = 3.10, (b) t = 3.78, and (c) t = 4.54.
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Figure 9.84: Case 7d: Mean longitudinal displacement evolution versus time from ¢ = 3.10
(bottom) through # = 3.90 (top) in increments of Af = 0.08 each separated by 4.0 units

vertically.
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Figure 9.85: Case 7d: Mean longitudinal displacement maximum versus time plot - solid

line is mean maximum and dashed line is mean at the interface.
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Figure 9.86: Case 7d: Strain evolution versus time from # = 3.10 (bottom) through

t = 3.90 (top) in increments of At = 0.08 each separated by 300 units vertically.
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Figure 9.87: Case 7d: Strain maximum versus time plot.



Chapter 10

CONCLUSION

Waves on an infinite string have been treated here. The string has two regions, each
region having constant properties. The interface between the two regions has a very
sudden change in properties. A packet of waves are allowed to approach this interface
from one side. The results are related to a variety of applications, in particular, the
dynamics of ocean waves propagating through an ice sheet of non-uniform thickness.
Such ocean waves are believed to contribute to the disintegration of polar ice.

The waves in the string are assumed to be modeled by continuum elastic effects.
Geometric nonlinearities are included using a weakly nonlinear approach, but ma-
terial nonlinearities are neglected. The present results focus on purely transverse
waves. Linear theory shows that the incident waves will create reflected and trans-
mitted waves, depending on the material properties. The weakly nonlinear theory
considered here produces three nonlinear Schrodinger equations, one for the incident,
reflected, and transmitted wave packets. The amplitude of the waves is measured
by a and the length of the wave packet is measured by 1/e. Both parameters are
assumed small, and the further assumption that o = € is made for simplification.

The results show that these transverse waves generate a longitudinal mean dis-
placement in the string in the vicinity of the interface. The mean longitudinal dis-
placement is determined with a Laplace transform technique. This mean longitudinal
displacement is composed of three parts. One part is due to the direct interaction
of the incident and reflected waves, and has a spatial oscillation with twice the
wavenumber of the incident waves. The other two parts are driven by the motion of

the interface itself, with one part having a temporal oscillation at twice the frequency
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of the incident waves.

The results depend on three parameters, p,, (EA),, and ¢2. The value of p,, di-
rectly affects the amplitude and shape of the reflected and transmitted waves through
the reflection and transmission coefficients. The value of (EA), plays a dominate
role in the magnitude of interfacial mean longitudinal displacement terms. How-
ever, p, and 2 also contribute in a smaller way to the interfacial mean longitudinal
displacement terms.

The value of ¢? contributes to the phase angle of the three waves and is present
in the coefficient of the interfacial mean longitudinal displacement terms and con-
tributes to the span of influence of the mean displacement. In general, an increase in
c¢? results in an increase in the length of the span of influence. The span of influence
is also not always equal on each side of the interface.

When the left side of the string has greater material properties than the right,
the mean longitudinal displacement is positive. When the right side of the string
has material properties greater than the left, the mean longitudinal displacement
is negative. A positive mean longitudinal displacement indicates that the string is
shifting toward the right, while a negative mean longitudinal displacement causes
the string to shift to the left.

The maximum strain is on the left side of the string near the interface, and occurs

when the incident wave is past the halfway point through the interface.
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