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| ABSTRACT -

TRANSFORMATION OF WAVE. CHARACTERISTICS IN THE
REFLECTION-TRANSMISSION PRQCESS THROUGH OPEN CHANNELS OF
VARYING GEOMETRY

by

Efstathios Lampros Bourodimos

The topics of this thesis are a theoretical development and an
experimental investigation of the transformation of water-wave character-
istics in the reflection and transmission processes through channel transi-
tions of varying geometry, connecting two prismatic channels of constant
cross section.

The theoretical developments are based on small amplitude linearized
wave theory in an inviscid, homogeneous and incompressible fluid. Two
theoretical aspects have been treated:

1. The wave amplitude wariation in a channel of constant width for
a bottom of arbitrary configuration was obtained for the various charac-
teristics of the oncoming waves. The basis of this development is the
energy transmission undiminished by reflection or friction. The general
expression of the integral type was solved for two limiting cases: for
shallow water waves resulting in Green's law and for the range from deep
water to intermediate depth water waves resulting in an exponential
formula.

2. Reflection and transmission coefficients were derived for shallow
water waves for gradual channel transitions, specifically for four cases:

- for linearly varying depth and constant width

for linearly varying depth and width

for linearly varying width and constant epth

for parabolic variation of depth and constant width

Uaowm»
1

The experimental part of the thesis is concerned with the determinations

of reflection and transmission coefficients and of the energy relations
including dissipation for the abowe cases A, B and C. The experimental
range of wave conditions extended from deep water to shallow water waves.
The results are compared to previous investigations and to the conventional
classical theories. Relations were also found with regard to wave steep-
ness, a factor which cannot be theoretically dealt with so far in channel
transitions.
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Reflection and transmission coefficients show considerable dependence
on wave steepness, the decrease being most pronounced for the former.
Reflection coefficients are generally higher than those predicted by Lamb's
theory for abrupt transitions, the incrtease being higher for decreasing
bottom slopes as verified also by comparison to previous investigations.
Transmission coefficients therefore are exhibiting the opposite trend.

Thesis Supervisor: Arthur T. Ippen
Title: Professor of Civil Engineering
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LIST OF NOTATIONS - LOWER CASE

a = amplitude of wave measured from mean surface elevation,
ft or cm. '
b = amplitude of wave méasured‘from mean surface elevation,
ft or cm.
cI,cf... functions defined at section 3.1.
g = gravitational acceleration = 32.2 ft/sec.
h = total undisturbed water depth; ft.
k = wave number = 27n/L, ft—l.
2 = 1length of the transition, ft.
Zl = length as defined in Chapter III, ft;
n = dimensionless parameter for wave group velocity
P = pressure intensity, lb/ftz.
q = rate of flow or flux per unit width; ft2/sec.
t =. time, sec.
u = velocity in k—direction (varying with time) ft/sec.
v = wvelocity in y-direction (varying with time) ft/sec.
w = velocity in z-direction (varying with time) ft/sec.
x = horizontal direction; in wave propagation, ft.
y = horizontal direction, perpendicular to k—lateral direction,
ft.
z = vertical direction, with origin in surface;‘ft;



Cl,...C

Dys...D

F(a,B,Y,x)

*
F Fy,Fu..

Jo’Jl

H = 2a

LIST OF NOTATIONS - UPPER CASE

. 2
total cross-sectional area, ft'.
surface width of the channel, ft .

complex constants in the solution of differential
equations as defined.

velocity of wave propagation (phase velocity) ft/sec.
terms involving Bessel functions as defined in section 3.3.
wave group velocity, ft/sec.

energy ft. lbs. per square ft.

hypergeometric functions as solution of Legendre.equation.
hypergeometric functioms as defined in section 3.5.

Bessel functions of first kind of zero and first order.
wave height - distance from crest to trough, ft.
reflection coefficient - dimensionless.

transmission coefficient: - dimensionless.

breaking parameter - dimensionless.

wave Steepness - dimensionless.

slope of channel bottom - dimensionless.

shoaling parameter - dimensionless.

wave period, sec.

‘Bessel functions of second kind of zero and first order.
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NOTATIONS -~ SUBSCRIPTS ~ SUPERSCRIPTS.

-, = incoming wave or energy.:

i
TLLITLITI - indicating wave amplitudes in regions I, II, III, as
A defined in theoretical study (Chapter III).
-* = indicating dimensionless wave amplitude.
o = indicating deep water conditions.
v = reflected wave.
= transmitted wave.
¢ ,
- = 1indicating derivative and also correction of ampli-
tude for zero end-channel reflection.
g ~ Wave energy reflected from the end of the channel.
~,7 = Wave energy reflected upstream.
-y = Wwave energy transmitted downstream.
1.3 = indicating wave conditions in the upstream or down-
? stream region of the channel.
NOTATIONS ~ GREEK LETTERS - LOWER CASE
”hl 1/2 :
a,=L( ) = dimensional parameter, ft. or cm.
1 “h,-h
13
B = wave phase angle, radians.
§ = wave phase angle, radianms.
y = specific weight of water, 62.4 lb/ft3.
e )
= (1- Ej? = dimensionless quantity.
l .
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INSTEAD OF A PREFACE

"Reason, holding in one hand its principles according to which alone
concordant appearances can be admitted as equivalent to laws and in the
other hand the experiment which it has derived in conformity with these
principles must approach nature in order to be taught by it. .It must not,
however, do so in the character of a pupil who listens to everything that
the teacher chooses to say, but of an appointed judge who compels the
witnesses to answer questions which he has himself formulated.

Even physics therefore, owes the beneficient revolution in its points
in view entirely to the happy thought, that while reason must seek in nature,
not fictionly ascribe to it, whatever as not being knowable through reasons's
own resources has to be learned, if learned at all, only from nature, it
must adopt as its guide, in no seekingj . that which it has itself put into
nature. It is thus that the study of nature has entered on the secure path
of a science after having for so many centuries been nothing but a process

of merely random groping"

Immanual Kant, ''Critique of Pure Reason'




I. TNTRODUCTION

1.1 The Significance of the Problem

The problems of the transformation of wave characteristics by channels
of varying geometry are of great practical significance in engineering
applications.

Waves encounter rapidly or slowly varying depth during the shoaling
process on beaches, in entrances to tidal embayments, in estuaries. 1In
addition to depth changes variations occur in the width of channels with
expensions and contractions. In all cases engineers like to obtain in-
formation on the wave reflection and transmission processes and the
propagation of wave energy for effective planning. Theoretical methods
for prediction of the changing wave characteristics in transitions have
remained inadequate in spite of this engineering interest. Some experi-
mental evidence exists to suggest that the classical solution for abrupt
transitions is not sufficient for the description of the transformation
and the partial reflection phenomenon. This report will present an
analytical solution extended beyond presently available theory and ex-
tensive experimental data on reflection and transmission coefficients

for various transitions of linearly varying channel sectioms.

1.2 The Purpose of the Present Theoretical and Experimental Study

More specifically stated, the theoretical and experimental study
reported in the following is concerned with:
1. The analytical wave amplitude variation over a bottom of

arbitrary geometry in a channel of constant width.



2. The analytical wave amplitude variation due to reflection and
transmission for various cases of channels of linearly varying
depth and width. The solutions are restricted to shallow
water waves.

3. The experimental amplitude variations for waves of the entire
spectrum from deep water to.shallow water in channels of linearly
varying depth and width.

The purpose of the first phase of the theoretical approach was to find

a general expression for the amplitude variation as a function of arbitrary

changes in the bottom geometry on the basis of constant energy transport.
No reflection is introduced. The amplitude change between two stations

of different depth must, of course, result in the same value as obtained
from the usual procedure involving constant energy transmission. However,
the approach presented results in a general integral expression which may
be solved for explicit functions describing the wvariation of the bottom
in the direction of wave transmission. In the limiting case of shallow
water waves, the expression reduces to the well-known Green's theorem.

At the other extreme, for the transition from deep water to intermediate
depths, the amplitude increases exponentially.

The second phase of the theoretical developments is the major one
and gives specific solutions for the amplitude changes of shallow water
waves over transitions of varioms geometries with full consideration of
reflection from the transition. Again, energy dissipation is neglected.
The following cases have been solved analytically determining the ampli-
tudes and phase angles not only upstream and downstream, but also over

the extent of the transition itself:



A. The case of a transition of linearly varying depth of
arbitrary slope of constant width
B. The case of linearly varying depth and width of arbitrary
slopes.

C. The case of constant depth with linearly varying width.

D. The case of constant width with depth varying parabolically.
All solutions are derived on the basis of linearized;'small amplitude
wave theory applied to shallow water waves. The third phase covers a
very ektensive program of experimental determinations of reflection and
transmission coefficients for a wide range of wave conditions and several
cases of linearly varying depth and/or width (see cases A,B;C,abOVe);
The experimental range of waves was not confined to shallow water waves
alone but was broadened to include initial deep water conditions, with
predominant emphasis given to intermediate waves between deep and shallow
water characteristics. Of necessity the experimental results cannot be
compared therefore to the theoretical findings of the second phase.’
However, the latter results provide convenient limits for comparison
as shallow water conditions are appreached, while the limits of the other
extveme - i.e. deep water conditions - are obviously trivial. For prac-
tical applications it was desirable that the wave range covered by.
experiments be expanded beyond the possibilities of theoretical analysis,

which is not susceptible to approaches for intermediate waves.



IT. THE STATE OF KNOWLEDGE - WAVE REFLECTION AND TRANSMISSION

The following discussion is concerned with a review of the basic
theoretical results obtained up to the present on wave reflection and
transmission. It will become apparent that all attempts in this very
difficult problem had to be confined by necessity to very limited phases
of the problem circumscribed by small-amplitude wave theory. For the
purpose of this review therefore the essential features of this theory -
may be stated here again.

2.1 ‘Summary of Linear, Small Amplitude Theory

The basis of wave theory as derived essentially by Aivy (1) and
Stokes (2) is given by the continuity equation and the dynamic equation
for the motion of a non-viscous, incompressible, homogeneous fluid. The
condition of irrotationality permits the introduction of the velocity

potential ¢. Thus for the two~dimensional problem:

2 ..
ux-lﬁwz ¢xx+¢zz =V ¢ =0 f£from continuity
(2.1)
—¢t + %(u2+w2)+ 2y gz = 0  from dynamic
e conditions (2.2)

The restriction to small amplitude variations permits the reduction of

the dynamic equation to

~6, + B+ gz = 0 @2.3)



The solution is accomplished by satisfying the essential boundary

conditions (figure 1).

w = -¢z =0 for z=-b (2.4)

and 1.
n = E{¢t) for the surface (2.5)

Z=n

Assuming further in line with the small amplitude condition that (2.5) is

approximately satisfied by
1

Further, small amplitude variations, permit the introduction of the

kinematic condition
¢ = N, for z=0 Q.7

The solution of equations (2.1) and (2.3) for these constraitgs results in

the well-known harmonic description of surface variations n as a function

of space and time
n = a sin(kx-ot) (2.8)

representing a progressive wave travelling in the positive x direction.
Velocity and pressure variations throughout the depth may also be es-

tablished from the solution for the velocity potential for this case.
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- ag cosh k(h+z) -
) 5 —osh kb cos (kx-ot) (2.9)

For the linear problem dealt with here superposition of such waves is
permissible; hence for the problem. of reflection; waves travelling in

the opposite direction may be superimposed, considering however appro-
priate phase shifts. Thus for partial reflection the amplitude variation
may be given by (figure 1)

sin (kx+ot+§) (2.10)

n = a, sin(kx-ot) + a

1 2

The phenomenon under consideration in this report is specifically
addressed to the complex problem of solving theoretically and experi-
mentally for the characteristics of the reflected wave in relation to
certain geometries of the channel transition. Basically this requires
the prediction of the reflected wave amplitude a2 and of the phase shift
§ with respect to the incoming wave aj. The amplitude and phase angle

of the portion of the wave continuing in the same direction, the trans-
mitted wave, must also be determined. For these purposes use is made of
the conservation of wave energy. The energies of the wave components in-
volved in the process are given by

2

E = x%—- average energy per unit of surface area (2.11)

This wave energy is transmitted with the group velocity

2 kh

sinh 2Kh! (2.12)

- ci
Co = C Il +

wherein



%
C = (f tanh kh) (2.13)

Equations (2.11) to (2.13) have also been obtained from the small
amplitude solutions of the basic equations cited above, and for the

case of constant depth in the field of wave motion.



2.2 The Problem of Channel Transitions and Wave Reflection

(i) Gradual Trdnsitions

A progressive gravity wave entering a region of gradually varying
geometry suffers important changes in its basic characteristics; the
amplitude and phase angle, depending on the shape of the transition.

" As a result of the change of the channel geometry there is a partial re-
flection and transmission of the wave. Both, the transmitted and the
reflected wave, have different amplitudes and phase angles with respect
to the incoming wave (figure 2).

For very gradual transitions the reflection is very weak and the
entire energy is approximately transmitted assuming no loss by bottom
friction. This case is represented by Green's Law for long (shallow)
waves in very gradual transitions under the assumption of zero reflection
and loss. The incoming energy is equal to the transmitted energy and

from the balance of the energy flux we obtain;

(EBC;) = (EBC() (2.14)
*1 *3
and since
C=CG= Vgh  and E=Y—2-

the amplitude variation is given by:

: 1/2 , 1/4
! By h, ' ,
™ = &G =) (2.15)
a3 Bl (h.l



- = - §.=0
n,=a sin(k2x+ot+62) n, a3sin(k3x ot) ( 3 )

1 sin(klx-ct+61) n,=a
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Fig. 2. Wave Partial Reflection and Transmission Process in
a Gradual Transition (Gradually Varying Depth -
Constant Width).
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With steeper bottom slopes reflection must be considered and Green's Law
is no longer applicable. The energy transport relation does not furnish
any information on phase angles. Also frictional effects may become
significant for transitions of considerable length (3). Hence the problem
of wave transformation in such transitions becomes quite complex.

(ii) Abrupt Tradsitions

At the opposite end of the spectrum of transitions which can be
approximated by Green's Law are the cases of abrupt transitions. Here
reflections must be evaluated. The velocity potential ¢ should be de-
fined subject to the appropriate boundary conditions over the abrupt
transition. Such a general potential has not been determined as yet.

However a procedure has been adopted assuming the existence of the

following wave system:

incoming wave: ny = alsin(klx—ot+61) (2.16)
reflected wave: n, = azsin(k1x+ot+62) (2.17)
transmitted wave: ng = a3sin(k2x—dt+d3) (2.18)

Phase angle §_, can be taken as reference angle equal to zero. The water

3
flux at the abrupt transition is continuous at any moment and under the
further assumption of continuity and uniformity of the free water sur-

face (4) in the y-direction we obtain the following relations from

continuity and energy concepts:

From continuity: Y?1+?2 = QB ~at th; abrﬁgt transition (2.19)
or all time
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From energy balance: nlElclBl = anZCZBl + nBEBCBBB (2.20)

where C C, are wave celerities and E E, refer to incoming,

1° G 3 17 Eps Eg
reflected and transmitted wave energies. Also,
2k.h.

171

N ¥ _ 11
o=, =yl Y Zklhl‘]

and

- 2kqhg

1 .
Ny = 51 + =551
3 2 sAlnh;Zth3

If we substitute equations (2.16) up to (2.18) into (2.19) we receive

the relation (4):
azsind2 = aBSin&3 : (2.21)

The phase angles 62 and §, are not known.

3

A solution can be obtained uynder the assumption that 62 = m, as
in the case of complete reflection from a vertical wall, that implies
63 = 0 i.e. the transmitted wave has the same phase angle as the in-
coming wave.(4)

Under this assumption (62 = m):

and the transmission and reflection coefficients can then be defined for
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deep water and intermediate depth waves as follows:

_ 3 4qLyBy - malsB, |
K =2 “TNLB T l.B (2.22)
1 M T e3Py
a . 2n,L.B.
K’.::'éé‘:lJ’Kr: L:Bl+lnlLB (2.23)
: 1 L o s AR L T

In the case of waves which are deep in both channel sections nl=n2=n3=%

and L1=L3 the previous coefficients become:

B.-B 2B

=
1w
’_l

For shallow water waves on the other hand, nl=n2=n3=l, and hehée:(fa

N ig. .ClBlﬁ— C3B3;
a

K =
T 1 ClBl + C3B3
t a1 r C131'+'C3BB

Experimental tests have been conducted at the M.I.T. Hydrodynamics
Laboratory (6, 7) with deep water and intermediate depth waves over
abrupt and gradual transitions, and the results have been compared with
the various transmission and reflection coefficients defined above. The

experimental evidence is in fair agreement with these theoretical defi-

nitions.
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2.3 Theoretical Solutions for Linear Shallow Wave Theory for Gradual

Tféﬁsitioné

The theoretical difficulties encountered in abrupt transitioms
for the determination of amplitude and phase angles are augmented in
the case of gradual transition, when we want to consider reflection,
for the following reasons:

(1) The mass flux varies continuously with position and time over the
length of transition and only over a full wave cycle is the net storage
equal to zero.

(ii) The characteristics (amplitude, wave length, phase angle) of both
transmitted and reflected waves vary continuously over the transition
with both position and time.

On the basis of small amplitude linear wave theory Takano(8) has
solved the general case of transitions with abrupt ends submerged in a
uniform rectangular channel. He gives the theoretical transmission and
reflection coefficients.

P. Jolas (9a,b) following Takano's.theoretical investigation has
determined these coefficients experimentally. Howeyver in this experi-
mental work no corrections were introduced for reflections from the end
of the channel.

Dean and Ursell (10) solved the problem of wave reflection and
transmission coefficients and of the force components on a semi-immersed
circular cylinder the axis of which is perpendicular to the direction of
propagation of the waves.

As in all other wave tank experiments their measured data were

influenced by reflection of the transmitted wave from the end of the
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chaﬁnel. However they established a mathematically rigorous method by
which these data could be modified to the idealized case of an endless
channel, in which the transmitted wave suffers no reflection. Their
modified experimental data agreed fairly well with the theoretical
predictions. They established also the important result that usually
the channel-end reflections are not negligible. This was confirmed by
the present experimental investigation.

Ursell, Dean and Yu (11) studied also the reflection phenomena on
a smooth beach and compared their results to the findings of Miche (12)
considering deep-water wave steepness.

Bocco and Gagnon (6) performed experiments for intermediate depth
and deep water waves with transitions, i.e. sills with front slopes
1:0.58 (@?600) and 1:2.75 (0=20°) a horizontal section of finite length
and abrupt downstream ends. They analyzed the experimental data according
to the method proposed by Dean-Ursell (10) and compared the reflection
and transmission coefficients with Lamb's theory for abrupt transitioms.

Ippen, Alam, Bourodimos (7) extended the experimental investigation
of Bocco and Gagnon for the entire spectrum of wave conditions from deep
to shallow depth waves with a transition of slope 1:16 (0=3.57°) between
two uniform rectangular regions upstream and downstream with emphasis on
the effect of wave steepness on reflection and transmission.

Using linearized small amplitude shallow wave theory, Perroud (13)
studied the problem of wave motion in a channel of linear or expomentially
varying cross section. However, he simply introduced the usual assumption
of a linearized resistance, constant throughout the transition length, and
neglected reflection of any type along the transition. Therefore the

amplitude of the progressive wave decreases exponentially as in the case
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of a channel of uniform section.

Kajiura (14) investigated on a rigorous mathematical formulation
the same problem for a transition of non-linear variable depth for long
waves of small amplitude. The approach is that of a boundary value
problem after a linearization of boundary conditions. He found that the
transmission and reflection coefficients can be predicted by the theore-
tical coefficients of Lamb (5) for an abrupt transition for small values
of the ratio of the length of transition, %, to the incident wave length,

L He confirmed again that Green's Law is valid for weak reflectionms.

1°
Evangelisti (15) on the basis of small amplitude linear shallow

waye theory defined the wave modification in a channel of monotonic
variation of width and breadth. He gave a solution in terms of Hankel
functions.-

The most important contribution in this field in recent years is
due to Dean (16). He determined theoretically the wave reflection and
transmission coefficients on the basis of linearized shallow wave theory
for three linear transitions of rectangular section, each of which is
joined to uniform channel segments upstream and downstream. The three
cases are: (a) linearly varying depth - constant width, (b) gradually
varying depth and width, and (e) gradually varying width - constant depth.
His solution is restricted to the reflection and transmission coefficients
without consideration of the amplitude variation over the transition and
the phase angles in the three regions.

Stoker (17) presents a mathematically yvigorous treatment of different
cases of wave motion over sloping beaches. In Appendix A a general re-

view of his pertinent contribution is given. 1In addition other studies
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are reviewed there, which have less direct connection with the present
investigation. This includes a study by Beitinjani and Brater (18)

who investigated the refraction of waves in a trapezoidal channel on the

basis of Stokian wave theory.:
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ITI. THE GENERAL PROBLEM OF WAVE MOTION THROUGH
TRANSITIONS OF VARYING GEOMETRY

3.1 THE CASE. OF WAVE MOTION OVER A BOTTOM OF CHANGING GEOMETRY -
A DEVELOPMENT TO THE FIRST ORDER OF APPROXIMATION

We assume

V24 = 0 (3.1)

and

4 . e 1ot (3.2)

for irrotational motion of a homogeneous incompressible, non-viscous

fluid. The boundary value problem, after linearization of the non-linear

B.C. for the linearized wave motion, is:

gn + ¢ = 0 (3.3a)
n, - ¢ =0 (3.3b)
for z = 0 (instead of z = n).
From the geometry (fig. 4) we have:
-ikl,—,-*.E:_‘.?—%-_ (34)
dx Tu ) =
x
for z = h(x).
From (3.3a, b) B.C. after élimination of N, we have:;
= 3.5
bop* 89, =0 (3.5)

on z = 0.
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~ _—iot .
Since ¢ ~ e 1o , the (3.5) relation above becomes:

2

9 4 =
6= 9, | (3.6)

on z = 0.

The wave problem is now the following:

¢z + ¢x.h% =0 (on z = ~h) (3.4)
g2 .
—g—¢—¢z=0 (on z = 0) (3.6)

A change in the horizontal scale is next introduced, using the method
of "strained coordinates' (M. Van Dyke: Perturbation Methods in Fluid

Dynamics (25)): x—p X l,x-%.;)( pL

The above equations, (3.1), (3.4), and (3.6), thus assume the form:

6, * 2oy = O (3.7
q?
‘7; ¢ - ¢z =0 (on z = 0) (3.8)

Il

) +‘p2¢xh)'((x) =0 (onz-=-h(X) (3.9

since
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1 - - ]
hx(X) + hXXx FhX

~ 000 A
With ¢ = ¢e , where ¢(X,z), we get:

. @
$,, = ¢,,© (3.10)
A —G(X)
oy = (¢X (X)cb)e (3.11)
P P T e
Oxx = (¢XX + ;(9X¢)X + §6X¢X - :r¢)e (3.12)

Substituting (3.10), (3.11), (3.12) into (3.7), (3.8), (3.9), we

obtain:

3, - 026 + inf20. 8 + 0. 31 + w2, =0 (3.13)
.A_Q:EA_A _
2 ¢ = ¢z (on z = 0) (3.14)
%+ 1u0.%n(X) + u28.h'(X) (on z = -h) (3.15)
z T THYx%x LS .

Assuming that ¢ has a development in power series in a perturbation

scheme of the form:

§ =30 L 3@ 23 @ 330 (3.16)
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; th ;
we take the terms of zero  order after the insertion of (3.16) into

(3.13), (3.14), (3.15). The terms of zeroth order yield the equations:

“(0) "(0) _
9, s 62 = 0 (3.17)
9;23( ) - $z(0) =0 (onz=0) (3.18)
320) =0 (onz=-h) (3.19)

The terms of first order yield the equations:

(l) ~(1) _ (0) ~(0)

zz G§¢ [29 XX¢ ] (3.20)
gg_g(l) - gél) =0 (on z =0) (3.21)

6P 4100 8P =0 (on z = ) (3.22)

Dropping "hats" we have the solution of zeroth order problem (3.17)

with B.C. (3.18), (3.19).
¢(0) = a(o)(X) cosh ex(z+h) (3.23)

Note that 9§ is considered as an "eigen value" since equation ¢zz - 6§¢=0
contains functions of independent variable z only.

Applying the boundary condition ¢§O) =0 on z = -h,
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© _ & ~
¢z = a(X) sinh eX(—h+z) = 0 (3.24)

and for B.C. (3.18)

0)
gi aEX) cosh ex(h+0) = asgg sinh ex(h+0)

or

%; aggg cosh 6Xh = GX aggg sinh exh

and finally

a? _
g

GX tanh (eXh) (3.25)
Substituting the solution (3.23) into the first order problem we get,
for 2 from (3.20):

zz X

¢(l) - 62¢(1) = -1 ZGX [?éo:icosh eX(z+h) + a(o)[(GXXz + (exh)X sinh ex(z+h)£]

()]
+ eXX a cosh GX(z+h)

¢(1) - 6§¢(l) = —i[ZGXaéo) + 0 a(o)]cosh ex(z+h)

zZzZ XX

- 2129 o ro G (8yhy) Jsinh 6, (z+h) (3.26)
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Now the nonhomogeneous second part is mainly a function of z and the

(1)

whole equation for ¢ can be represented as follows:

24 - .
" - 6X¢ =cq cosh 9X3i+ (CIIXI+ CIII) sinh EXXI (3.27)

Integrating we get: (?arhcu.la\' Soﬁ‘twn)

* . * 2 *
b = cr X151nh SXX1+ 1 XI cosh GXX1+ CrrT X,cosh GXXI (3.28)

(%e-2¢h)

Thus,

* *
" o_ 24 =
) .OX¢ 26_c_ cosh eXXI+ 2CII cosh eXx

XTI I

* *
+ ACIIXIGX sinh 9XX1+ 2cIII GX sinh eXXx (3.29)

* *
"o 924 = _
) 9X¢ (ZGXCI + ZCII)cosh GXXI

* % .
+ (2cIII GX + 4CII 6X32s1nh eXXI » (3.30)

with

2 c

% 111 = 111
thus,
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* °I1T

.cIII = 5% _ (3.31)
X
* c;']:I
CI‘I = %o (3.32)
X
* %1 ‘m
C. = 70 = = (3.33)
I 29X 46X
In our case,
om0 ©)
cq 1[26XaX + SXXa ] (3.34)
- _19.(0)
erp = i2a eXXGX (3.35)
_ _:.(0)
Crrr = ia [(eXhJX)BX (3.36)
Hence
.5 (0 :
. 12a P[00 T 0, ©
°rrr T~ 26, = ~ia" Thyby
. (0)
x 2ia eXXeX . ia(O) .
‘11 T 40 = 2 XX
X
(0) ()] 0)
c* . IZ?XaX + SXXa(O)] . 2ia " OryOy o 20 a9 i —ia§0)
I ZSX 40X ZGX
So
PR ()
c; = -iay (3.37)
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L, (3.38)
C .. = —ia(o)h ] (3.39)
D)

Thus ¢ , the first order solution, becomes:

¢(l) = a(l) cosh GX(z+h) + b(l) sinh eX(z+h) —iaéo)(z+h)sinh ex(z+h)

. a(o) ' 2
=13 SXX(z+h) cosh ex(z+h)
~1a©h_o_ (z+h) cosh 6. (z+h) (3.40)
XX X :
The B.C. on ¢(l) are:
2
'%;-¢(l) - ¢§1) =0 (onz=0)

¢(1) + iexhx.q;(o) =0 (on z = _h)

z

b(l)ex - ia(o)hXeX + iexhxa(o) =0

So

b(l) =0 (since GX # 0)

Thus:
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=0
(l) _ @ . (1), (0)
zlz- = a GX 51nh9Xh + b X cosheXh - iaX (sinhe h + 6 h cosh® h)

0)
2 . (0)
5 GXX(Zh coshexh +h GX sinhBXh)—la %@X(coshexh + exh sinhexh)

-i

or

(0)

(l)l ()
2

z=0

RPN () FE . a 2
coshexh iaX ‘h 81nh6Xh i eXXh coshexh

L (0)
ia hXOXh coshexh] (3.41)

Multiplying (3.41) by a?/g, we get:

2 (1) o2 . (1) . (0), . i (0), .2
. ¢ Iz=0 = [a" " coshbeh — ia;""h sinhoh ~ 5 2™ 6, h"coshosh
_ 4 .(0)
ia hxexh coshexh] (3.42)
2
and using the B.C.,-g— ¢(1) = ¢§1) at z=0 for the above ¢(1), we have:

((0) I . oh | ‘
ay [ 1(81nh6Xh + GXh coshexh) + io o 81nh6Xh]

- (0)[ (2h coshe h + h26 sinhoyh) + 19 (coshoh
+ 8_h sinh6_h) -’123'6 h2c shé_h - 223 h h_8, cosh6_h] (3 43)
x+ SERRVgR) TR 9 Vxxt €08 g XX xH 2

From (3.25) we have:
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- gb
cothb h = ——X'
X o2

Dividing (3.42) by sinhGXh, multiplying by i and using (3.25), we get:

9 gho2 h, 62
a)go)[g--g--}l -1 - f;yz—ﬂ = a(o)[ﬁ%-exexx + g —%&3% (3.44)

Differentiating (3.25) with respect to X, we get:

' tcz %
=g (eXh)X = Oy (3.45)

Substituting this in (3.44), we get:

(o)
a)go) (hXeX) = - a(o)g —r X[hexeXX + hXe}?-(]
or
(0)]
0) _ a 2
- ay hxeX = -3 gex[(hGX)X]
or
(0)
‘aX g 2
= - [(he,) ] (3.46)
a(o) 'qth X X

After integration of (3.46), we get:

0
a8 2
S5 = f?gh; [(heX)X] dx
ax,)
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28 - &) exp [ J 15—1@6 ) J dx} (3.47)

0)

The integral clearly indicates that an increment of amplitude, a " *,
is obtained since for shallower water hX s 0 and the integral remains
positive. For hX > 0 (in the direction towards deeper water) the
integral becomes negative and the amplitude decreases;

Special appllcatlons of (3.47) are:

a. leltlng case of shallow water waves

b. Deeper part of intermediate wave region

a. Limiting case of shallow water waves

~ %-” k(x) is small and when the

water is shallow and depth, h, is small, the quantity GXh =

Assuming eXh is small, since GX

g

— becomes
L

smaller and then (3,25) becomes:

ghe 1
1 X = oy
6h - 0% h or hoy =o() "2

Differentiating with respect to X,

X x 1

Substituting the last two equations into (3.47) and integrating, we

get:
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N ] o 24.2
aigg = a%%i) exp [~ 1§  Eﬁ%;‘jéhx dx]
0

X

. h g '
aégg = aggi) exp[- f§0-2§ dx] = aggi) exp[- %-Qn h]X
(o]

a(éoig = ag(i) eicp[% L in %%?;]

or

5
o
s
]

1
I
5

:

or

a%%} = a, and h(Xo)
aggi) = a; and h(X) =

i
=

il
o2

__.=’cﬂ_) ' (3.48)

This is the well known Green's Law for shallow water waves for the

case of pure transmission without reflection or dissipation of energy.

b. Deéeper part of intermediate wave region

For the deeper part of the intermediate region when tanh 9Xh+1,
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(3.25), gives ex,g*%g. Then the general formula, (3.47), for the

amplitude relation becomes:

2@ = 2@ exp [w P{x

(o}

0] ]

¢ Eho"

a&O{; - 2@ exp[~ I'X‘o 2 dx]
and, after integration,
a(X) = ag)(i)exp [; —g—z[h(X) - h(Xo)]] (3.49)
Intfoducing the transition length between the location h(X) and h(Xo)

e off} s off)) respeces atton of anpis
where a(X) and a o)vrespectlvely, we get the variation of amplitudes

t . A
to the zero happroxlmatlon.

» 20 hwy -t
0 - ng Ih(x) . h(xo)]
=e ‘ (3.50a)

V]

0
In the usual notation of upstream and downstream amplitudes aixz = a,

0., _ ) : -
and aEXo) =a, with h(X) = h3 and h(Xo) = hl’ we get:

]

P
= W

h,-h
= exp [9? (—-3—2——1-)] (3.50b)

Thus the amplitude ratio is governed by the parameters:

PPIUP
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)}
w
jgo)
|

shoaling parameter

]

slope of bottom

The amplitude variation was computed as a function of shoaling parameter
Sp for different slopes S. These computations are given in graphical

form in Fig. 5, 6, and 7.
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3.2 CASE A OF TRANSITION: GRADUALLY VARYING DEPTH - CONSTANT WIDTH

From the geometry of the transition we have:

(i) Region I (Upstream)

B = B1 = B3

h = hl

constant + 23 x¥y 4+ 2,

constant +eXxxX¥ + 2

[}

(ii) Region IT (Transition)

. h
hx) - x -1 -

i) or h() = 7 X in + 21} 34 +(JLl )

1 1 1
B =B =B, = constant 2> xy (L -R)

(iii) Region IIT (Downstream)

B = Bl = B3 = constant +(21—IL)_ 33 -
— h _ h, = constant tR-) p x> -

From these geometrical considerations the area of cross section at
distance x over the transition is

. : hl
A(x) = Bh(x) = B(;)x
1

The equations of wave motion of small amplitude, linearized for shallow
water, are deduced from the non-linear shallow wave theory in two

dimensions as follows:



Region I Transitional Region II Region III

* 5 * t * 5 x1/ a* cos(k xtat+s_. ) b* =0
aI cos(k1x+ot+01) bICOS(klx-G -BI) aIICOS( II‘*Ut)Jolzk(E')z] 111 3 111 N 111

- - e 1=

x b
_ b_.cos(B__+at)Y [20(5)/2]
II 11 o '{; s
P y N w N N N TN \ /\ pan

A N P e W R B

Elevation

B, = B(x) = B3 = constant

pe - - - —— - o

Plan View

Fig. 8. Schematic Diagram of Case A of Transition
Gradually Varying Depth - Constant Width.
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u +gn =0 3.51)
(uh)X + n, = 0 (3.52)

Equation (3.52) is the continuity equation. Writing this more generally

(4) we get:
(uA) _+ Bn_ =0 (3.53)

Denoting by £ the horizontal displacement u = Et’ equations (3.51) and

(3.52) can .be written:

gtt + gnk =0 (3.54)

(Agt)x + Bn,_ =0 (3.55)

From (3,54) we get, after differentiation:

(Ag,,) = (-gn)
X X

or
(A8) o p t (gAnx)x =0 (3.56)

and from (3.55)

(AE)p, + By, = 0 (3.57)

ttx
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Combining (3.56) and (3.57), we get:

'(gAnx)x = (Bn),, (3.58)
'for B = constant
1 X
hl ’hl
Bntt - EI-Ban -g EZ-an =0 (3.59)

Under the further assumption of simple harmonic wave motion of the type:

n(x,t) ='H(x)e*10t, we get from (3.59) the following:

2 +10tfﬁ(x)

+ - .
rltt - (+i)20 e iot e+10‘t

= e =
> N n Nyx Nex

Substituting these quantities into (3.59) we get:

e RO T -
Ny 21 2 ﬂx an
xn_ .+ nx‘+ &h, n=20 (3.60)
and taking

5 292 _
21y Kl A2 21 g
P P L T M o
&M 1 1 1 "1

we get:
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- A2 -
xnxx+nx+qn— 0 (3.61)

This equation can be reduced to a Bessel differential equation of zero

order under the transformation
X =-—t (3.62)

Using this transformation the equation (3,61) becomes:

A= .-
—_n, . ldn _ — _
dw2+‘*’d‘”+n 0 (3.63)

which belongs to Bessel differential equation of zero order (since p=0)
of the type:
2 g dn ‘
WAy Wil (2-0)n = 0
2 dw
dw

References 19 up to 39 were used generally for the theoretical deyelop-
ment of the present and next cases of transitions. The solution of

equation (3.63) given by Bessel functions of zero order of first and

second kind:

7 0309+ 0% (0 = G G T Y G
(3.64)

Hence:
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Y, Yy s
) = oI 2G5 ﬁ+~C2Y6[2A€i? q Mot (365

Taking the arbitrary constants of integration in the form: Cl=a e

x Bl
and C2—bIIe , we obtain:

i(8__+ot) * i(BII+0t)

11°¢

NGt =ape L (A + b

1
xS
’ . YoI-Z}\ (‘i-l") % (3.66)

Considering only the real part of this solution we get as a solution for
the Region II:

1 ; 1
_ /.
n(x.t) = a;Icos(aII+ot)Joszc§iQ 2] + b} cos (B #o0)Y_[22 () %] (3.67)

1 1
For the rest of the channel with constant cross section area A=Bh in
Regions I and III upstream and downstream from the transition the

differential equation becomes;

]
o

Bn_. - gAn

tt XX

]
o

n, (3.68)

tr ~ BMNgy

with C = Vgh.

We assume the same simple harmonic motion for Regions I and IIT of the

which is the well known linear wave equation Ny = %-ntt

_ i ‘ ) o
type n(x,t) = n(x)e‘lct. We take the second derivatives with respect

to t and x,
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— +#iot
n. = e
XX X

_ 2 2 +ict
and Nep = +i)“c"e

and after substituting into (3.68) we get for the upstream Region I:

- o2 —
Noex +-——§ n=20 (3.69)
©

This homogeneous linear differential equation with constant coefficients

(the linear oscillator equation) has as a characteristic equation;:

) o
r2 + &= Q0 with roots: r = i i-g— = t i k., (where k, = Zﬂ) and the
2 1,2 c 1 1 L
C 1 1
1 .
general solution is given by:
_ ik, ~ik,
nx) = Cle +‘Cze (3.70)

where Cl and C2

Assuming these constants have a complex form similar to the previous

are arbitrary constants.

one, we get:

_ id, ik.x ig.. -ik.x ik, x+8.) -i(k,x-B.)
n(x) ='a*e Ie 1 + b*e Ie . a*e I + b*e I
I I I I |
@
Hence, since nI(x,t) = ﬁ(x)e+iqt,
& Lk xt8 40t) . -i(k,x-B ~ot)
nI(x,t) = ae I + bIe 11 (3.72)

Taking again only the real part of the above expression we get for Region I:
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% ' *
nI(x,t) = aIcos(k1x$ot+GI) + bIcos(klx—dt—BI) (3.73)

With a similar procedure we get for the Region III downstream from the

transition:

*
) + bror (3.74)

Lk
nIII(x,t) = aIIIcos(k3x+ct+6 III)

IIT cos(k3x—ot—8

* % * * % *
In all three cases the two parts with aI, bI’ aII’ bII’ aIII’ bIII as

amplitudes and GI’ BI, § § as phase angles represent

I’ BII’ IIT’ BIII
two wayes, one incoming and one reflecting (partially reflecting) in
Regions I, II and IIT,

Now the boundary conditions are applied in order to determine the

X kK * * L%
twelve arbitrary constants: aI, bI’ aII’ bII’ arr? bIII’ SI’ BI, SII’
BII’ GIII’ BIII'
Without loss of generality we can assume 1) that the reflection of

%
IIT

the beach which actually is eliminated either with Ursell's method or

the outgoing wave in Region IIT is zero, b__.=0, (no reflection from
in reality by a strong absorber) used in the analysis of experimental
results and 2) the amplitude of the transmitted wave into Region III,

=1, and the phase angle, § 0, can be taken as zero. Thus the

%

11 IIT

remaining (8) unknowns can be computed by the matching conditions:
(i) the surface perturbation is continuous

(ii) the flux of water is continuous

This gives:
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Nrlx=q, “II1x=£1

1

(nI) = (nII)

x|x=£1 x|x=2

1

“11!x=zl—x - nIII|x=2l-2

(nII) (

M)
IIT
X|X=£l—2 x|x=£1—2

(3.75)

(3.76)

(3.77)

(3.78)

Since the above mentioned boundary conditions give relations wvalid for

all t, we eyaluate these for ot=0 and 0t=°g-and thus we get a system of

eight unknowns with eight equations, computing in this way the constants,

the amplitudes ars bI’ arps bII

Defining

BT E§.= e2
By

and, hence
k, (2. -2) = k.2 (1- 2y 2 xp, 62
31 7 371 L.° ‘

we get the following relatioms:

I

and the phase angles GI, BI’ §

% v % * .
a cos(k121+0t+61) + bIcos(leI-qt—BI) = aIIcos(§II+0t)Jo(2h) +b

Ir’ BII'

* ' xe
IICOS(ﬁII+ct)YO(,A)

(3.79)
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* R
-argln(klxi#ct+ér) - b131n(k121 ct—BI)

._‘* t : * g
= aIlgos(GII+ct)Jo(2A) + bog cos(BII+qt)Yé(2k) (3.80)

.k L%
aIIcos(GII%ct)JOCZAe) + bIIcos(BII+ot)Yo(2ks)

* * *
2 = =
aIIIcos(k3£le tot) (since arqy 1, bIII 0) (3.81)

e t ' .
arr P COS(ﬁII+0t)Jo(2xe) + bIrcos(BII+ot)Yb(ZAe)
* k3lle ‘
= - appp Ty sinlky (4 -h)tot] (3.82)

Dividing in equations (3.79) up to (3.82) through the downstream

*
amplitude aIII=1 and taking the dimensionless amplitudes as follows:

] _b*. * b* . *
% b o= 1L % . 5 4111 1
ar =% > Pr T % o &1 T x o PirT x Tx T
ar1r 4rir 4111 ar1r 4111

Now for ot=Q and ot=’%, we get (8) relations from the above equations

(3.79) to (3.82):

for ot=0: aIcos(kl£1+61)+b1pos(k121—61) = aIICOSSIIJO(2x)+bIIcosBIIYb(ZA)
(3.79a)
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T . .
for o= aI31n(k1£l+61) - b191n(k1Q1—BI)

aIISInGIIJo(ZA) + bII31nBIIYO(2A)

far ot=0: -aIsin(k121+61) - bIsin(lel—BI)

= ' '
a cos&IIJO(ZA) + bIIcosBIIYO(Zl)

II

a7, - -
for ot 5 aIcos(klll+SI) bIcos(liLl BI)

= a__siné__J'(2)A) + b

. t
11810119, sinBy Y (2))

II

for ot=0: aIIcosdIIJO(ZAe) + bIIcosBIIYO(ZAe)

= cos(k32 2)

1€

- . .
for ot=y a1151nGIIJO(2Xe) + b1151nBIIY0(2Ae)

= gi 2
31n(k3215 )

=0 » ' 1
for ot=0: aIIcosﬁllJo(ZXs) + bIIcosBIIYO(ZAE)

k., 2. €
= - (—éjl-Osin(k3ﬁlez)

(3.79b)

(3.80a)

(3.80b)

(3.81a)

(3.81b)

(3.82a)
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‘_"ﬂ. . ' . '
for o=y a1131nGIIJO(2Ae) + b1151nBIIYO(2Ae)
k3£lé
= 2
() cos (k321e: ) (3.82b)

From (3.8la) and (3.82a) we get for aprt

5 ; k3£l€ )
1 .
cos(k3lle )YO(ZAQ) + ( X )31n(k3ﬁle )Y (2x€)

a__ = o (3.83)
- 1 R L .
I1 cosGII[Jo(ZXe)YO(ZAS) JO(ZXS)YO(ZAE)]

Defining:

kBQlé X
X )51n(k3215 )YO(ZAE) © (3.84)

- 2y
A cos(kSle )YO(ZXE) + (

A, = [I_(2he)Y!(2re) - I!(2he)Y (2he)] (3.85)

we get, for argt

A

’ 1
a . = —— (3.86)
11 AzcosdII

In the same way we get, for bII:

. k321€ o S
= (—)sin(k,2,e2)J (2xe) - J'(2re)cos(k, 2 2)
b _ A 371 o o 371 (3.87)
- ) 1 - 1 .
II COSBII[JO(Zke)YO(ZAE) JO(ZAS)YO(ZAE)]

Defining:
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k.2, ¢

Ay = -[(C 2 ysin(k,2 e2)J_(2he) + J! (2he)cos (k26D (3.88)

we get:

: A3

b = ———
II AzcossII

(3.89)

From (3.81b) and (3.82b) we get the values of arg and bII in a similar

procedure:
) k. % ¢ )
. . N
. 81n(k321e )YO(ZAS) - ( T )cos(k3£ls )YO(ZAE) (3.90)
= . 1 _ ] .
11 51nGII[JO(2K£)YO(2Ae) JO(Zke)YO(Zke)
Defining:
) k'zie ,
= ad 1 _
A, = s1n(k3zle )YO(ZXE) ( X )cos(k3215 )YO(ZAe) (3.91)
we get:
A4 '
a . = T——r——r— (3.92)
11 A.231n6II
and
. k32’1€ A v ; )
() cos(k, 2,e2)J (2re) - sin(k, & €2)J'(2)re)
b - A 371 o 371 o] (3.93)
. [} _ [} .
I1 51nBII[JO(2A€)YO(2A€) JO(ZAe)YO(ZAE)
Defining:

k.2 ¢
— 3 l 2 _ . 2 ]
A5 = (’ x )cos(k3£l€ )Jo(Zke) 31n(k3£1e )JO(ZAE) (3.94)
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we get:

From (3.86) and (3.92) we get:

Al : A4

AzcosdII Azsz.ncSI

or
tan6II =‘§£
1
and
6II = tan_1 §I
From (3.89) and (3.95) we get:
Aj.' A5

AZCOSBII A 31nBII

2

or

tanp =

and

(3.95)

(3.96)

(3.97)

(3.98)

(3.99)
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The Al’ AZ’ A3, A4, A5 are all known quantities. From the phase angles

SII and BII the values of amplitudes a

(3.86) and (3.89):

IT and bII can be computed from

A .. A

4 =—2x ad b= —
1I AZCQSGII II AzcosBII
Knowing now the values of arrs bII’ SII and BII’ equations (3.79a), (3.79),
(3.80a) and (3.80b) give the values of four unknowns ars bI’ GI’ BI.
. Al A3
aIcos(k1£l+61) + bIcos(klll—BI) = [Z;-JO(ZA) +-K; YO(ZA)] = B1 (3.100)
A Aq
a131n(kl£l+61) - b131n(k121—51) = [E;tanaIIJJ21)+K;tanBIIYo(2A)] ;“32 (3'101)
: Al A3
_ . _ . - = (—= (] _ 2 1 =
a151n(k121+61) b131n(kl£1 BI) (AZ)JO(ZA) + (AZ)YO(ZX) B3 (3.102)
. Al A3
- - = (e ' 2 ' =
aIcos(klzl+6I) bIcos(klzl BI) (Az)tanGIIJO(ZA)+(A2)tanBIIYO(ZX) B, (3.103)

From (3.100) and (3.101) we get for a_:

-[Blsin(klkl—sl) + Bzcos(klﬁl-BI)]

a ] (3.104)

I [cos(k121+61)sin(k121—81) + cos(klﬁl—BI)sin(lel I
From (3.102) and (3.103) we get for ar:
- —{ﬁgﬁas(klll;sif - Basin(klzl—BI) (3.105)
1 [31n(k121+61)cos(klll—BI) + 51n(k121-81)cos(k1%1+61)]

Setting equations (3.104) and (3.105) equal we get after considerable
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algebraic reduction as a general solution for phase angle BI:

[BZ+B3]
tan(klll—BI) "B (3.106)
4 71
B +B
= ean 1 [ 23
B, = k 2 -tan (34'31) (3.107)

With the same approach we compute the phase angle 61. From (3.100) and

(3.101) we have for amplitude bI:

Bzcos(kl£1+6I) - Blsin(kl£l+61)

b = . — e (3.108)
I [cos(klll+61)31n(kl£l BI) + cos(klﬂ,l BI)s1n(k121+6I)]
From (3.102) and (3.103) we get also for bI:
o v -[B4sin(k121+61) + B3cos(klzl+6I)] (3.109)
I [51n(k121+51)cos(klll—BI) + 51n(k121—81)cos(kl£l+61)]

Setting equations (3.108) and (3.109) equal we obtain after considerable

reduction:
B,-B
4.8, 23
tan(k1 l+ I) B 3B (3.110)
4 71
and
B,-B.,
§ _ .. -1{”273}y . §
I°- tan (B4+B1) kl 1 (3.111)

Substituting the values of BI and GI again into (3.104) and (3.108) we
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get the values for the amplitudes a. and bI’ hence the reflection coef-

I
ficient Kr in the upstream region I and the transmission coefficient Kt
in the downstream region III can be obtained.

In summary for the transition A of gradually varying depth the

values of the amplitudes, phase angles, reflection and transmission

coefficients are given explicitly as follows:

(i) amplitudes: reflection and transmission coefficients:

_ Blsin(klzl—sl) + Bzcos(klgl—BI)

I sin(ai—BI)
I sin(6;~8p)
B
. - El._ cos(61+klzl) - E:'Sln(§I+klgl)
- - o
r a; Bl
cos(BI—klzl) -‘g; 51n(31—klgl)
c ol _ sin(8;-B;)
t a

I Blsin(klzl—sl) + Bzcos(klzl—el)
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At this point it must be remembered that all amplitudes are stated as

ratios with respect to the downstream amplitude arrt assumed as unity,
X k% \

brs arps byg

. & .
Hence, actual amplitudes a must be computed by multi-

I’

*
plying With‘aIII'

(ii) phase angles

B 4B, )
-1( By*B,
B. = k2. —tan ( = )
I 171 BérBl
A
Ry
Spp = tam K
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3.3 CASE B OF TRANSITION: LINFEARLY VARYING DEPTH AND WIDTH

From the geometry of the transition in case of simultaneous linear

change in depth and width we have;

(i) Region T (U‘pkstr‘eam)

B =38 constant + e >x 3+ Zl

h=~nh

[]

constant + o 3 x } + 21

(ii) Region IT (Transition)

’ . B
B x . = -3{—~ - —ln } —
—Q—LB 2 or B(x) =% t 2 33+ (-0
1 1 1 '
h(x)  x Lo
i orh(x)tz—x +21§/x>+ (21-2)
1 1 1
(iii) Region IIT (Downstream)
B = B3 = constant + (zl—gl) x> -
h = h3 = constant + (21-2) ¥y -

Referring to equations (3.66), (3.57) and (3.58) we have as in the case

of linearly varying depth:
[BGOnl,, = I_ACX)gn,X]X

and since variation of B(x) is independent of time:;



Region I

Transitional Region II

Region III

1
cos (s, +ot)J. [20(Z) /2]
* . bt (k. x-at-8_) I 2 * . ®
alcos( 1x00t+61) peos (k x-ot-8, , e . aIIIcos(k3x+ct+GIII) bIII-O
| i cos(BH-f-ct)Yl[Zx('l) i 2
A2
i’ﬂ\\\,,// —\\\Sé///-' £\ N N y- \ //*\ 2N ” <
: SN \ N/ { b io
| 3
) i
h]_ : PI7777T T T T T o>y /////4'/7—
I
'

1
PP P77 77777 77777777

|
]
!
]
’ '
= '
Elevation 21 “'
' !
. '
l '
i ' 5
[}
' 1
===
B, " B(x) ! ~?§“‘-:=‘
: [ - 1
'
L
Plan View

Schematic Diagram of Case B of Transition

Gradually Varying Depth and Width.
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Ny = §{§5~IA(x)nxjx (3.112)

Assuming again a solution of simple harmonic motion in the form

, i
nx,t) = nx)e 19t e get:

_ 2 2 +iot _ — «+iot
Mg = n(x) (+*+i)“c’e and 7 =ne
Substituting into equation (3.112) we get:
8%y BBy o —
Bx 1 X, + g4n = Q
1 1 b4
or
_ _ ,622}1 _
xn_ + 20+ e n=0 (3,113)
Introducing for
2 292 ;
e R S U
e G744

for the eigen values and substituting according to the transformation

&

X = Zizl’ we get equation (3.113) transformed into: (3.114)

T +2T +T0=0 (3.115)

Using the additional transformatipn'a =-§jequation (3.115) is transformed
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into a Bessel differential equation of the first order;

+ oo + (02-1)w =0  (¢=P=1) (3.116)

2
¢w¢¢ 0

The solution is given by first and second Bessel functions of first

2
- inee m o B _w [T ,
order w= Jl(¢) and w~= Y1(¢). Since n = s~ 2 - the general

solution is:

B J. (ZXV—~) CY (ZKVt:Q
Sl \r) @ V_)

or

1, (2 V~) ¥, (20 \f%—-l)

+ C

af Za\ﬁ%

where Cl and C2 are arbitrary constants. Hence

(3.117)

sl

(ZX\/-

n_I_I(:%,t) = Y. (2>\Y~ ctiat ‘(3‘.118)

V x v_fs_
2 1

The solution for the regions I and IIT upstream and downstream from the

transitions where depth and width are constant (h1; B, and h3,§3) are
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given as in preyious cases of linearly varying depth from the solution

of the differential equation;

;;# + 'i{ = Q0 for upstream Region T (3.119a)
Ef+‘kgﬁ = 0 for downstream Region IIT (3.119b)
Since
ki ='g§; ='§§ and kg =-§E— =‘§§
1 C1 3 C3
Hence the solutions are
HI(Q,t) =1 deile + Cl}e_i‘kl}ii]c-z"'i(yt (3.120)
nII\I(}?,t) = [c_,,ekik:’X + cﬁe—ik3x]e;i'°t (3.121)

Assuming that the arbitrary constants of integration have the form

18 R T
L% *
C. = a__.e I , C6 =b___e Il , etc.,

as in the preyious case,and taking only the real part of the exponential

expressions, we get for the three regions:
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* ) % ‘
nI(x,t) = aIcos(k1x+qt+GI) + brcos(k1x+ct-61) (3.122)

, * 1 o el
nII(x,t) II(——“"*?cos(&rffct)Jl(Zx‘fZl)

X
AV}}
+ b ( \[:)cos(sn-l-ct)if (ZA r) (3.123)

A
4

cos (k, x+ot+5 o+ b Y (3.124)

x,) = IIT

111 II cos (kyx+ot-6 1y

Using as in the preyious case the boundary conditions of continuity of

surface perturbation and water flux at x=21 and—x=£l—2 we get the

following system of eight equations and eight unknowns for ¢t=0 and

0t5§»under the agssumption that the reflection from the end is zero.

*
a cos(k12 +ot+6 P th cos(k. ~at-8.) =

171

. 1 1 Ny (D .
= a3 cos(é +ot)J 2x) + bII X cos(BII{Ut)YlCZA) (3.125)

a:SLn(k £I+ot+8 ) +b 81n(k1 ot-B )-
a5 1,20 - @) cos(syptot)
II 2Aklz x k 2 J cos +ot +
+ b =2 — v (2)) - ————-chzx) cos (8._+ot) (3.126)
IT | 22k, 2. 1% K. 2 SPrr .
11 11 )
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k1 . oy
a1 e cos(& %ot)J (2A) + bII A cos(BIIfot)Y1(2A)

*

= IIIpos(k 2. 82+0t) (3.127)

% | 1 | : 1 "
ﬂ[m B Gy B eoslepgront

+ b

* 1 A 7
IT [2hek, (2,-0) ¥,(2re) - kg('Q - (ZKQ)J“S(BI‘I*“)

= a;IIsin(k32152+ot) (3.128)
Defining:
%mlcz;x)‘] - T, (3.129a)
Ly ooy =t (3.129b)
ALt 2 .
12A 3,@0) - 3@ =T, (3.130)
“1“ [2A Y20 - @] =T, (3.131)
1, oive 11 |
Lig @y -2 (3.132a)
Ly, o0 = L (3.132b)
et T1h € ’ i
I 1l o5 ) -3 @ae)] =T (3.133)
k2,0 e T8 - 3¢ 5 '
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1 .1

* . _ ‘ .
Dividing by arrp all terms to become dimensionless then we get;
* 'b* ok b* *
4 S | v I & 1t _
ay = 7% ’ T . * aIT\—~ * LR & T T x
4111 4111 AT 1111 11T

the system of equations (3.125) up to (3.128) becomes:

ajcos (klzl*"t""sr)*bl\“s(k’l‘ll“‘°t‘5:) = aI\ITI'\lcos(_6‘1\1}01:),-I-bIjI_.l"*zcos'(SII?f-ot)

(3.135)

a181n(k121+ct+dI)+bI§in(kllf+ot—BI) = aIII3cos(GII}Gt)+bIIP4cos(BII}ct)

(3.136)

a_.T cos(61r+ct)+b

i1 cos(BrI#ct)

IIFZ £ cos(k3£lez+6t) (3.137)

 ot)+b T.cos Y = e 2
aIIP5cos(6IIfqt)+bIIP6cos(BII+ct} € cos(k3£1a +ot) (3.138)

The aboye system for equations with eight unknowns is valid for all times

and gives for o¢t=0 and Gfég;the eight equations following:

aIcos(kl£1+61)+b1cos(klll—BI) = aIIFlcoséII&biIfzcosBII (3.139)

aIsin(k121+GI)-bIsin(klll—BI) = aIlrlsinGII+bIIr28inBII (3.140)
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a 31n(k L. +6 )+b 51n(k 2 —SI}

12107 a_.I'cosS__+b_ . T COSBII (3.141)

T3 IT "I 2

-2 cos(k121+6 )+b cos(klzlnsr) ='aIIr3SlnGII+bIIF4SlHBII (3.142)
aIIFICOSGIf+bIIF2c°SB = g cos(k321e 2) (3.143)
ar T s1n<‘S]:I 11! 281n8i1?= > sin(k32152) (3.144)
= af 2
aIIFSCOSSIr+bIIF6cosBII 31n(k3218 ) | (3.145)
= 2 ;
aIIF581n611+bIIP631nBII\_ cos(k3£le ) (3.146)
From (3.143) and (3.144) we obtain:
¢ sin(B. -k, %.e2)
ap =7 Smg 361) (3.147)
o 1 I 'IT
From (3.145) and (3.146) we obtain;
- cds(B 2. e2)
T5h (3.148)

a«\,=
IT P5 31n(BII SII)

Setting equations (3.147) and (3.148) equal we have:

3 31n(BII~k3£la ) ‘ cos(BII k3218 2y

Ty sin(B ) I's sin(B )

IT~ II 1T II
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2 Ill
tan(By-kytye®) = - B
2 a1, 0
Brp = kglpe® - tan T (- E;) (3.149)

Using the same approach for b, from (3,143) and (3.144) we obtain;

S - 2_ .
S Ll 6150

and from (3.145) and (3.146);

b = cos(kytye” — &pq) G3.151)
IT Igsin (’B'I‘It’&I‘Ii) ’

Setting equations (3.15Q) and (3.151) equal we ohtain:

o

2 - 2
tan(kgzle FSII) ape
o, 112
GII = k3218 ~tan Cgfg) (3.152)

Thus the values of a b_. are now known since the yalues of BII~and

I’ "IT

GII_are given explicitly by (3.149) and (3.152).

With the quantities a b and &II known we determine the

right side part of equatioms (3.139) up to (3.142). Defining then:

aIIPlcosdlr+hiIF2cossII = Dl (3.153)
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1
j=)

apply83nd by Tosing g =

aIIr3c°SGII+bIIIZCOSBII‘= D

aIII sind__+b__T slnBII ='D4

3 IT "IT 4

The system of equations (3.139) to (3,142) becomes;

aIcos(k121+6I) + bIcos(kizl—BI) = Dl
arsin(k 2, +8;) - bysin(k,2,-8,) = D,
aIsin(k1£1+6I) + bIsin(klll—BI) = D3
—aIcos(k121+SI) + bIcos(klzl—ﬁI) = D4

From (3.157) and (3.158) we get for ars

Dlsin(klll—si) + chos(klll—sl)

a_ = - ' -
I cos(k1£l+dl)sln(kl£l—6l) + cos(klzl—BI)s1n(klzl+GI)

From (3.159) and (3.160) we obtain:

' Dsco's{klzl,—vsr); - .D4sin(klzl—31)

a B )sin(k,2.+8.) + sin(k,2,-B.)cos(k, 2. +6_)

I cos(iyly~B; 1717°1 *1717 1’ 1°17°17

(3.154)

(3.155)

(3.156)

(3.157)

(3.158)

(3.159)

(3.16Q)

(3.161)

(3.162)

Setting equations (3.161) and (3.162) equal after significant algebraic

reduction and simplification we obtain:
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.ﬂ3ﬂD2
tan(k,2,-8.) =
171 T leDA
D,-D
= 1 =173 72 .
By = klzl-tan (D:+D ) (3.163)
174
Similarly for bI, from (3.157) and (3.158) we get:
. chos(k121+6‘),— Dlsin(k121+8i) -
1 —[cos(klﬂl+61)51n(k1£l—BI) + cos(klll-ﬁr)sin(klll+5lll
(3.164)
and from (3.159) and (3.160) we obtain;
D4sin(k1£1+6ijk+ D3cos(k121+GI) (3.165)

I si_n(,k121+61)cos(_kﬂlzl.—ﬁlj)_ + Sin(klg’l"'sl)-°°S'<k1“1+‘51)

Setting equations (3.164) and (3.165) equal, after considerable reduction,

we obtain:

Dfﬁz’

P;-D,

tan (klll-ké‘l.) =

DD
5p = tan G2

’klgl

(3.166)
In summary for the transition B of gradually varying depth and width the

values of the amplitudes, phase angles, reflection and transmission coef-

ficients are given explicitly as follows:

(i) Amplitudes, reflection- and transmission coefficients:

. Dlsin(klzl—si) + chos(klzl—sl)

a_ = -2 -
I sm(}klll-l-éIj BII
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, Dlsin(klzl+§i) ’.D2°°S(k121+61)
I sin (_Zklzl'!-dfsr)v

.
iy 2 .
sin(k1£1+6I) ~~D1‘cos(k121$6I)
D,
Dy

a1
P

s;n(klzl—slj + cos(klﬁl*BI)

1 sin(2R121+6I—Sr)-

K =- y :
t ap  DysinCk 2;-87) + Dycos(kyy-6p)

o g
i £ Sin(BII\k321€ )
IT r.sin(B D)

1 11°%11

e sin(kyl e?=6_)

IT stin(BII—SII)

ITT

(ii) Phase angles

D_+D
_ =173
61 = tan (Dl_D4) klll

D,-D

_ I e
By = ky%,-tan (,D1+D4

)

-1,12
8on = k f-e2-tan = (—=)
IT 371 e;r%

b1 =k
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3.4 CASE C OF TRANSITION: LINEARLY VARYING WIDTH - CONSTANT DEPTH

From the geometry of the transitfon in case of linearly wvarying

width and constant upstream and downstream depth we have;

(i) Region I (Upstream)

B=B1

h = hl

constant +exx 3+ 2

constant +e>xy+t 2,1

(i1) Region IT (Transition)

. ' B
B(x) _ x s _ 1
B =% °F B&) =% oy Ey (-0
1 1 1
h(x) = h = constant + 2 253+ (ll*l),
(iii) Region ITT (Downstream)
B = B, = constant + (}Ll—g);) XX - @
h = h3 = constant + (:21—2), XxP-=
: Bl
Hence A(x) = B(x)h, = —h_x
1 1 1

Referring to equations (3,56), (3.57) and (3,58) we start with the

hasic equation for the wave motion over the tramsition (3.112);

Nep = gég IA(?{), nXJ

Assuming again a solution of simple harmonic motion in the form



Region I Transitional Region II Region III
Teos(k xbat+e ) brcos(k,x-ot-8)[ a* cos(s. +at)s () x * *
a_co -ot- . -
1 1 {‘ __E 1 I 11 1I o a -EEECOS(BII*Ot)Yo(X) aIIIcos(KBxfot+él}I)_~‘ bIII 0
+*+x lo
/”—\3\\§>/il —\\\\~_4’,"— ] //’-‘\\\\d,f/f~\\ 7 N\, o T -—\\\ //’~\ T\, e
{
| ! i
by | I '
] ] I
' ' '
: ' i
IIII",I""I,//"II'/II,’II7II"II"”"’III,///’///’/"""'/////’I’/;,?
2 ' !
- '
Elevation 2 [
1 _.{
' '
' '
4 : :
]
1 | . . !
B ! R :
' Bt -- -
] B(x) : Ly E_3__ __—--—-‘"4
| . | MO X ki i
|
1
Plan View

Fig. 10. Schematic Diagram of Case C of Transition
Gradually Varying Width - Constant Depth.
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— +iogt
n(x,t) = nx)e" " we get:

B.xh.g _ B h g —
n _l_..._l._+ n —l_l_+ B(X).Uzn = 0 . (»3.167)
XX 11 X 21

B
"and since B(x) = E;-x, we get finally:
1
n +“‘+Oé“” 0 3.168
Ky ¥y T on XN T (3.168)
where h = h, = h,_, = constant.

1 3

Setting eigen values

2 OZQ% . g282

¢ 1, 1 A2
2 = 7= (7o) =7 = (3.169)
gh ghﬂl Cc ,21 21

where A = dimensionless quantity and, taking the transformation u =-%—-x,
1
the equation (3.168) becomes:

un +n +un =20 (3.170)

which is a Bessel differential equation of zero order P=0.

The general solution is given by:

NG = 6 () + C,Y_(u) = ClJo(%.—l- x) + CZYOA(EZ‘I %) (3.171)

.. . +ict
and combining the time component e ;
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= 2 (X tiot
ﬂII(X,t) = [ClJo(l x) + CZYo(l x) le
1 1
I B .1 .
IR IS & S Jx PITT A +iot
npp&,t) = lappe J°(21 x) +b e Y°(’"1 x)le
% i(ﬁII+ot) : ’X % i(BII+0t) N
nII(x,t) = apge JOQEI-X) + bIIe YO(EI'X) (3.172)
Taking only the real part of the equation (3.172) we get:
G = al 8 I Rx) +b) A 3.173
npp (%,t) = ay cos( II+0t) o(ﬁl X) IICOS(BII+Ot)Yo(£l x) (3.173)

For the region I and III upstream and downstream from the transition
under the assumption of simple harmonic motion the differential equation
expressing the motion is the linear wave equation:

n
XX

1
== n withC=‘Vgh
C, tt
2
This type of equation as in previous cases gives as solutions for:

Region I:

L% *
nI(x,t) = aIIcos(kx+0t+GI) + bIIcos(kx—at—BI) (3.174)

Region III:

* % )
nIII(x,t) = aIIIcos(kx+ot+6III) + bIIIcos(kx-dt—BIII) (3.175)

Setting the boundary conditions of continuity of surface perturbation

and water flux at x=%. and X=21—2 we get the following system of eight

1



-72-

=T

equations and eight unknowns for ot=0 and 0t—2 and under the assumption

that the reflection from the beach-end is zero and that the amplitude

*
of the transmitted downstream wave arpp = 1, hence; for
L. =% ol
L a- JL? =¢?2 and A= 1. ke :
¢y 21 : c 1

* , ‘ % :
aIcos(kZi+ct+GI) + bIcos(kﬁieot—BI)

* A * A
aIICOS(GII+0t)Jo(2) + bIICOS(BII+Gt)Yo(2) (3.176)

* K .
—3131n(k21+0t+61) = b1s1n(k21 ot BI)

*
IT

*
\l 1
a cos(éII+ot)Jo(A) + b cos(BII+0t)Yo(A) (3.177)

“IT

* *
2 2
aIIcos(GII+0t)JO(Ae ) + bIIcos(BII+ot)Y0(Ae )
- a (k2. e240t) (3.178)

* *
' 2 ' 2
aIIcos(SII+ct)Jo(Ae ) + bIIcos(BII+ct)YO(Ae )

*
= i 2
aIIISLn(klle +ot) (3.179)

- L%
Evaluating for ot=0 and ct=%-we get after dividing all terms by arir
ak
and taking equations in dimensionless form a; = —y —etc.:

111
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a cos(k£l+61)+blcos(kll—BI) = aIIcos(G

I 03 (\#bprcos (B Y (A)

11)
(3.180)

apsin(kg +6;)-bysin(ke, =,) = apgsind pJ ()+b  sing Y (A

(3.181)

- % = . 1 '
a151n(k£l+61) b131n(k2 cosGIIJO(x)+bIIcosBIIYO(X)

178p) = app
(3.182)

- - = s 1 3 1
a cos(k21+§I) bIcos(kSLl BI) a1181ndIIJO(A)+b1131nBIIY0(k)

I
(3.183)
aIICOSGIIJO(Aé2)+bIIéOSBIIYO(A52)'# %os(kzlez) (3.184)
aIIsinSIIJO(Xe2)+bIIsinBIIY0(AEZ) = sin(kﬁlez) (3.185)
aIIcos6IIJé(X€2)+bII i-cosBIIYé(AEZ) = sin(k%lez) (3.186)

: ' 2 . i ' 2 2
aIIs1nSIIJ0(Ae )+-bII SlnBIIYo(XE ) cos(kzle ) (3.187)

From equations (3.184) and (3.186) we get for arr and bII:

COS(klltz)Y'(Aez) - sih(kZiéz)Yb(xez)
11 T cosd I (heDY] (e?)-Y_(1e?)I] (he) ]

(3.188)



. -

Defining:
= 23yt AN 2 2
_ Al cos(klle )Y (Ae?) 81n(k215 )YO(AG )
= VARA] 2y o 2y Ty =2
‘ AZ Jo(ke )YO(AE ) Yo(le )Jo(ke )
then
vAl
ar1 T 1 cosd
-2 II
and for bII:

oy gy ok Sy gy
51n(k£ls )Jo(ke ) COS(kﬂls )JO(XE >

b = VT (e o 1 (2 >
11 cosBII[JO(Ae )Yo(Ae ) JO(KE )Yo(ke )]

Defining:

= 1 2 2 _ 2 1 2
A3 51n(k£18 )JO(AE ) cos(klle )JO(AE )

then

.A3‘

b = ——
II AZCOSBII

From (3.185) and (3.187) we obtain for a_. and in:

I1

sin(k%iéz)Y;(Xéz) - cdS(inéz)Yéfkéz)
a = oz Ny T 75N N T (3 =2
11 51nSII[JO(Ae )YO(AE ) YO(AE )JO(Ae )]

(3.189)

(3.190)

(3.191)

(3.192)

(3.193)

(3.194)

(3.195)
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Defining:
sin(kzlez)YéﬂAez) - cos(kxlez)Yo(Aez) = A4 (3.196)
the above equation becomes:
a1 T (3.197)

Similarly for bII:

S TN P DRSPS
_.cos(kzle )JO(AE ). 81n(k£le )JO(AE )

b, = — YR AL ) i (3.198)
II 51nBII[JO(Ae )YO(AE ) JO(AE )YO(KS )]
Defining:
= 2 2Y o ain(lr0 c2Y TV (12
A5 cos(kzls )JO(AE ) 51n(k£le )JO(XE ) | (3.199)
equation (3.198) becomes:
:'ASM
b, = —F—— (3.200)
IT A sinB g
Setting equations (3.191) and (3.197) equal we obtain:
A, A,
_ - ranld
tanGII f Al or 611 = tan A(Al) (3.201)

Similarly from (3.194) and (3.200) we get:
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AL \
‘tanf . = = or Brp = tan l(,-i) (3.202)
3 : 3

11° BII’ arg and bII we substitute into

equations (3.180), (3.181), (3.182) and (3.183) and we have the following

Knowing now the values of §
system:

a cos(k21+61)+b1cos(kll—BI) = cos(GII—ot)JO(A)+bIIcos(BII—ot)YO(A)]=Ml

I a7

(3.203)

a

Isin(k21+dI)-bIsin(kll-BI) = [aIIsinGIIJo(k)+bII$inBIIY6(A)]=M2

(3.204)

. . - _ = ] ] =
a181n(k21+61)+h131n(k21 BI) —EIIQOSGIIJO(A)+bIIcosBIIYO(A)] M3

(3.205)

- = 1 ' 1 -1 =
a cos(k21+61)~b1cos(k£1 BI) [a1131nGIIJO(A)+b1181nBIIY0(A)] M4

I
(3.206)
defining Ml’ M2, M3, M4 as indicated above.
From (3.203) and (3.204) we obtain for a; and bI:
. MISin(kll—BI)‘+ Mzcos(kll—BI) (3.207)
I cos(k21+61)31n(k21—81)+cos(kll—BI)SLn(k21+61) i
Similarly for bI:
- Mlsin(k£l+61) - Mzcos(kll+61) (3.208)
I 51n(k21—61)cos(k£l+6I)+cos(k%l—81)51n(k£l+61)
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With a similar procedure we get from (3.205) and (3.206) a; and bI:

) M3cos(k21—81) + M4sin(k21—81)
I 31n(k£1+6I)cos(kll-BI)+s1n(k£l—BI)cos(k21+61)

(3.209)

and for bI:

o M3cos(k£1+61) - M431n(k£l+6I)
I 31n(k21+61)cos(k21—81)+51n(k21—81)cos(k21+61)

(3.210)

Setting equations (3.207) and (3.210) equal after considerable reduction

we obtain:

-y
tan(k®,-8;) =
1 °1 MR,
or
—
_ o -1.2730
By = ki,-tan (———Ml+M4) (3.211)

Similarly setting equations (3.209) and (3.211) equal following the same

procedure after considerable reduction we obtain:

M, M

3
tan(kg,+8,) =
11 Ml+M4
and
M, M
S e L N
GI tan (M1+M4) kzl (3.212)

In summary for the C transition of gradually varying width the values of

amplitudes, phase angles, reflection and transmission coefficients are



-78~

given explicitly as follows:

(i) Amplitudes, reflection and transmission coefficients:

- Mlsin(kll—sl) + Mzcos(kkl—BI)
I 31n(2k£l+61-81)

Mlsin(k21+61) —szcos(k21+61)

b, = — —
I Sln(2k£1+6I BI)

M
. 2 _
; 51n(k21—81) v cos(kl1 BI)
T 1
K =—=
I

o

. M
i 2 _
51n(k21+61) + ﬁI cos(kll BI)

11 Azcos&II

IT AzcosBII

- a1 81n(2k21+61—81)
t ay Mlsln(kll—BI) + Mchs(kll-sl)

(ii) phase angles:

O
n
t
gl
—
JfIN
-
s
) A
ok
=
'_I
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-1

811 = tan ")
Ny

A

oot ls
Brp = tan ")
3

§. _ =8___ =0
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3.5 CASE D OF TRANSITION: PARABOLIC VARIATION OF DEPTH - CONSTANT WIDTH

=
I+
*»

I

T
o<
A R

The geometry of the parabolic transition of depth for a channel of con-

stant width may be assumed by:

2
Lz Clx + C2 (3.213)

]

For the determination of C1 and C2 we have:

Thus from equation (3.213) we get:



Transitional Region II

Region III

Region 1
5 -
* * * 8 )F, (x b z (B, .-0t)F, (x) a* cos(k x-ct+8___) b* =0
ajcos(k x-ot+8;)  brcos(k xtot-f,) [ a;cos(6y;-ot)F, (x) 11* cos(Bry 2 111 3 111 111
vz I X
LN TN Y N N TN A i\ ya LN\ s
4 N~ | N H N < ! \_/ 1 ] _~
| [
3
hl : h(X) :'/I/I"’I])/,,,/,,llzrm
! .
1 |
l ]
T77777 777727 7777777777 T o777 77722727 1
le £ |

Elevation

-

Bl = B(x) = B3 =

¥

constant

fes e > e = = e =]

Plan View

Fig.

11, schematic Diagram of Case D of Transition

Parabolic Variation of Depth - Constant Width.
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Thus
c = )
1 32
and since
z(x) = -h(x)
we get:
~h,-h,
_ 1 2 .2 _ _
h(x) = [ x" -h ] = hy
or
h,-h,
h(x) = h, (1 - 53— x%)
1 L hl
or
X'2
hx) = hl(l - (;'2‘)
1
h
where o, = % L
1 hl—h3
From the geometry of the transition we have:
(i) Region I (Upstream)
B = B1 = B3 = constant
h = h, = constant

"1

~o<xg0

- o< x &0

(3.214)

(3.215)

(3.216)
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(ii) Region II (Transition)

o2 2
B =B, = B, = constant 0gxgLor0g Zy € &7
1 3 N ~ o o
1 1
XZ x2 hl—h3
h(x) = h.l(l - = or 0 s () <1
o o h
1 1 1
x2
The fact that s 1 is of significance in the following development
o1

since the convergence of the hypergeometric series of the problem depends

on it.

(iii) Region III (Downstream)

B = Bl = B3 = constant

h = h3 = constant

From the previous developments for the other cases the combined equation

of motion and continuity (3.112) is:

e = Bogy [AGIN]
X

Since B is constant throughout:

A(x) = Bh (1 - p ) (3.217)
%1

Substituting the expression for A(x) into (3.112) we get:

2
X
= gh, [Q - 2n ] (3.218)

n
tt 1 -
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Assuming a solution of simple harmonic motion of the type n(x,t) = ﬁkx)e_iqt
and substituting Noe? Ny and Mgt
' _ﬂ 62 —

— [Q - ) )t n=0 (3.2193)

X ghl
Putting — = x and —d}-=oc

g @y dx 1
E‘-}f[(lX) ] +ng—n =0 (3.219b)

This is a special case of the Sturm-Liouville equation. The solutions
when satisfying given boundary conditions are known as eigen functions.

In order to solve this equation we restrict the expression of the eigen
a% 2

oh to the values n(n+l) wherein n = 1,2,3.... Equation (3.219Db)

values
1

has the following form:

n - n(n+l)1l— ‘ (3.220)

(x —l) + 2 di

This is the Gauss-Legendre differential equation which has solutions in
convergent hypergeometric series since |x| = Ifgﬂ < 1.

It should be noted that the restriction imposed on the expression
of eigen values:

% :2L 1 l/
oh = n(ntl) or g = a—'n(n+l)gh£} 2 (3.221)
1

1

gives the admissible values of frequencies ¢ for n = 1,2,3..., i.e. the
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different modes of the boundary value problem and therefore the different

wave lengths for each channel depth. The solution of equation (3.220) is

given by:
- _n lm 1 = = ,JAd-n 24n 3 =

wherein Fl(;), Fz(g) are convergent hypergeometric functions defined as

follows:

00

- _ qjg+l).;.Qx%v;i)...6(6+1)...(B+v-ij -
F1,2@58:7,%) =1 +Z Py (rtl) ... (yHv-1) *

o=1

©  atv-1, B+v-1,

CTVHE
=1+ T X (3.223)

v=1 ( v )

= = by l/2
The above series converges for [x| < 1, since x = 2= = ( ) £E s
ay h1 £

always smaller than unity. The differentiation of the hypergeometric
function (needed in using the B.C.) is permissible.

In the above series we have for F, associated with an arbitrary

1

constant of integration Cl:

.o g lm 1

@ =79 2 Y77
and for F2 associated with C2

_dm o _2m 3

R M 2 Y77
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Taking into consideration the time component equation (3.222) is:

n(x,t) = n(xye 1ot = [c,F,G) + ECZFZGZ)]e‘i"t (3.224)

i§

* !
Considering C., and C2 as complex constants of the type CI=aIIe L

1

the wave surface elevation n(x,t) over the transitional region II can

be written as:

— * — % — _
n(x,t) = a cos(GII—ot)Fl(X) + bIIX cos(BII—ot)Fz(x) (3.225)

II

For the upstream and downstream regions I and III the solutions are as in

the former cases A, B and C:

— * - % —
nI(x,t) = aIcos(kixlx—ot+SI) + bICOS(kix1X+Ot~BI) (3.226)
Tt = a k.0 - x- 3.227
nIII(x,t) = aIIICOS( jxlx—ot) (3.227)

assuming that there is no reflected wave in the downstream region, i.e.
*
111’

*
bIII=O. Considering the amplitudes in dimensionless form a
*

*
b, = bI/bIII’ etc., and inserting the following B.C.

*
1= 2rle

nI(X,t)[ = nII(X,t)l ) ”II(X’t)l T nIII(X’t)l
x=0 x=8 x=4

x=0

[n;(x,1)] = [nII(x,t)] [nII(X,t)] = [n 0]

x| x=0 x| x=0 x|{x=L x| x=42
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. S T
we get after evaluation of these relations for ot=0 and ot=, 1

aIcoscSI + bIcosBI = aIICOSGI

a151n6I + bI51nBI aII

s:l.mSII

L 1(0)

F, (0)

-a. ko .sind_ +b_k o _sinB. = a__coss._ F!(0)+b.._cosB. _F,(0)
I II'1 IT 1172

I'1T'1 I'T11 II

a_k.o.cosS_-b_ko cosBI

I1T1 I "I 1T1 IT IT'1

ay c036 (2)+b cosB

11 l II 2(1) o

a 31n6 (2)+b 31nB

I1 l

IT 2(2) oy

a

II

L

. 1 X 1 .
a 51nGIIFl(2) + Rx F2(2)+F2(2)]b1131n811

1T 1

Defining
Lri) + F,(0) = By
& 2 2 2
the system of equations (3.233) up to (3.236)

aIICOSGII l(£)+b IcosBII 2(2)

a 31n6 F!(0)+b

cos<5II 1(2) + [—-F (2)+F (2)]b cosBII

(0)sinp

II 2 11

= cos(k3l)

= sin(k32)

= —ijlsin(kBZ)

= ijlsin(k3£)

)

becomes :

= cos(k32)

@.

(3.

(3

(3.

(3

(3.

(3.

228)

229)

.230)

231)

.232)

233)

.234)

.235)

236)

.237)



1 * = - » i
aIIcoséIIFl(£)+bIIF2(l)cosB k3alsln(k32)
1 t * = .
aII31nGIIFl(£)+bIIF2(2)31n8 k3ulcos(k3l)
Function Fl(§) evaluated for x=0 is:
— X
Fl(O) = Fl(aas’Y’ OL—) =1
1
x=0
and
14n
F1(0) = F}(a,8,v, 29 —3—=—%(2)=—3(1m)
1 = la, ,YSa 4 - Y ;- 2\
x=0 2
The same function for x=2 results in:
F /(&) = Fy(a,B,y,x) 2 = 1 +2 )
%1

and
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) . L ,
a1151nGIIF1(2)+bII51nBIIF2(2) al»— sin(k3£)

» 3
a(at+l)B(B+1) (a ) + a(atl) (a+2)B8(R+1) (8+2) %‘2 Y. ..

1:2-y(y+l) 1-2-3-v(y+1) (y+2)

a(atl) (a42) . .. (atv-1) B(BHL) (42) . . (BHv-1) I

1.2.3. vy (y+1) (v+2) . . . (y+v-1)

(3.238)

(3.239)

(3.240)

(3.241)

(3.242)

(3.243)
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Cron o = _ag , a(atl)B(BHL) . &
Fi(0) = Fia,B,v,x) |-, = v 1.2.y(yHD) 2T

=
%
a(a+l) . (atv-1)B(B+1). (B+v—1)
WS JRR ) v ) Feee (3.244)

In all above expressions for El(O), Fi(O), Fl(k), Fi(z) the coefficients

are: a=-12 =211 =1
: 2° 2 YT

For the hypergeometric series the values of coefficients are

= 1;n’ B = ZZn’ Y = %'and can be evaluated as follows:
F,(0) = Fy(a,8,v, ) =1 (3.245)
1
x=0
F30) = Fy(a,6,y, ), = GkEm) (3.246)
1
x=0 .
- = aB a(atl)8 (B-l-l)
F. (&) = F. (a,B,Y,x) =1+ — —*) + )
2 2720 ‘Zal‘ ‘ Y 1 1.2,y (y+1) %
1

a(atl) (at+2)...(atv-1)B(B+1) (B+2) ... (B+v-1) Qx )+ . (3.247)

te. 1.2.3. . .v.y (1) (v+2) ..o (y+v-1)

[ — _ aB |, a(atl)p(p+l) 4.
Fé(z) = Fz(a,B,Y,x);J_— Y + 1.2.v (ytD) 2%1)+...
%1
a(atl) ... (aFv-1)B(B+L) ... (B+v=1) L. )”’1 (3. 248)
T T Sy (D) - (e G '

Under these determinations for Fl and F2 we can solve the system of equations
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(3.237) up to (3.240). From (3.237) and (3.238) we get for the amplitude

aI]::

L . S
_(xl[81nBIIcos(k3£).sin(kBQ)cossII]

a. . = - -
I Fl(z)[cosGIIsinBII—81nGIIcosBII]

L.
JZSIH(BII—k32)
I1 Fl(z)sin(BII-GtI)

a (3.249)

From equations (3.239) and (3.240) we get for the amplitude apgt

. -kéxl[sin(k3l)sinBII+cos(kBQ)COSGII] ] —k3alcos(611-k32)
1 . —T R Y] P -
IT Fl(z)[COSSIISLnBII SLnGIIcosBII] . %‘ﬁ)SLH(BII 611)
(3.250)

Setting equations (3.249) and (3.250) equal we get:

k. a2F_(R)
__5%N
tan (B -kg0) = RF (0
and
k.o, F. ()
_ -1 53%1
bII = k32 + tan [ RFi(l) ] (3.251)
Similarly for the amplitude bII from (3.237) and (3.238) we get:
~sin(k, R-6..)
b 311 (3.252)

II Fz(z)sin(BII—GII)
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From equations (3.239) and (3.240) we get:

N k3alcos(k32—GII)
II Fg(l)sin(s

b

117817

Setting equations (3.252) and (3.253) equal we get:

k3u1F2(£)

tan (k32~611) = W

or

_1 ka0, Fy ()
6:[:[ = k‘32"_'tan‘ 1[.._2’.._.];—2-—_—-]
‘ Fg(l)

With the values of amplitudes ayys b

(3.253)

(3.254)

I’ and phase angles BII and 611,

known the system of equations (3.228) up to (3.231) can be solved.

Defining:

aIICOSGIIFl(O) = 311005611 = A

a._siné ) = A

IL IIFl 2

[a..cos§

1
17¢08011F1 (0)+bypcosB T, (0)]

1
klul

lv\

o, larrsind Fy

'(0)+b  F (0)sinB__]
1% IT

I1°2

Hence the system of equations (3.228) up to (3.231) becomes:

aIcos<SI+bIcosBI = Al

1

il

(3.255)

(3.256)

(3.257)

(3.258)

(3.259)
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aISin61+bI$inBI_= A2 (3.260)
~a;sing +b sing; = A, (3.261)
aICOSSI-bIcosBI = A4 (3.262)
From (3.259) and (3.260) we get:
. .(AlsinBI—AchéBI)' (AlslnB ~A2cosB )
a1 = Coss sinB. ~sind_cosp = sin(B.—-6.) (3.263)
N I I I I°1
and from (3.261) and (3.262) we get:
(A‘cosB +A 31nB ) (A _cOsRB: +A sinB )
a. = 4 4 (3.264)
I ﬁSlnélcosBI+slnGIcosB‘ : 51n(ﬁ -4 ) :

Setting equations (3.263) and (3.264) equal we get:

AlslnBI A2c0s8

A3cosB +~A4

51n6

or
AltanBI—A2

A3+A4tanBI

orxr

A tA
B =tan51(A2_A3) (3.265)
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In a similar procedure we get for bII

R A2coséI—Alsin6I

b = ——
T 81n(BI~61)

and from (3.261) and (3.262):

by =
I 31n(81—61)

Setting equations (3.266) and (3.267) equal we obtain:

Azcosdl—AlsinGI = A3cos§I+A4sin61
AZ-Altan61,= A3+~A4tan6I

(A4+'A1)tan6I = AZ—A3

tand_ =
I A%y
A-A,
-1,72 3
§. = tan C( )
L A1+A4

AN

from (3.259) and (3.260);

(3.266)

(3.267)

(3.268)

In summary for the transition D of parabolic variation of depth the values

of the amplitudes and phase angles, reflection and transmission coefficients

are given explicitly as follows:
(1) Amplitudes, reflection and tramsmission coefficients:
A

3
a, = — = —
T s:.n(BI 61)

COSBI+A45lnBI
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A cosB ~A SlnB

b, = 2 T 71
I 51n(BI-GI)

c - EI_=.A2co§61—A151nGI
r a; ABCOSBI+AASinBI
.  sin(B.-5.)

K =-§-‘—= 1 I

t I A3cosBI+A4sinBI

% ;,sin(B' -kbz)

1T (2) sin(B )

11 II

1 sin(k 2—6 )

11~ Fz(x).sin(sn 6H)

b

IIT

(ii) Phase angles:

™
1

8
[=}

B.. = k. %+tan (
w3 Rl
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‘IV. EXPERIMENTAL EQUIPMENT FOR THE TEST PROGRAM

4.1 General Description of the Wave Tank and the Transitions A, B, C

Figure 11 gives a schematic representation of the equipment and
the experimental tank used for the present investigation.

The detailed description of the set—-up is given in the previous -
Technical Report No. 72 of the Hydrodynamics Laboratory. Briefly re-
viewing the essentials; the wave tank is of rectangular cross section
with a length of 100 ft., a width of 2.5 ft. and a depth of 3 ft. The
wall over the entire length and 40 ft. of the bottom in the upstream
section near the wave maker region of the channel are of plate glass,
The remaining 60 ft. of the channel bottom consists of steel plates.
Two wave makers, a piston type wave maker or a flap type wave maker are
available at one end. Energy absorbers were placed normally at the .other
end of the channel, different in shape and arrangement according to the
type of transition A, B or C. Near the wave maker at a distance about
4 ft. an expanded aluminum filter is located to smooth out secondary
wave disturbances.

The test program was conducted with three linearly sloping trans-
itions:

(1) Transition A (figure 13) with linearly varying depth with a slope
of 1:8 @=7.16°) and constant width B1=B3 upstream and downstream; The

depth reduction over the length of the transition is one foot.

(ii) Transition B (figure 14) with linearly varying depth with a slope

1;8 €z=7,16°) and a symmetrical side wall contraction of 1:12.80 Q;=4,46°)
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: *
over the distance of 8 ft. from the beginning of the transition.

(iii) Transition C (figure 18) with linearly contracting walls a rate of
1:25 @ =2.29°). This transition had a length of ¢=15.60 ft. leaving a
downstream width B3=Bl/2. The depth remained h,=h,=constant.

The toe of each of these three transitions above was 40 ft, from the flap-
type wave maker.

The low depth region h3=constant for the A and B transitions ex-
tended to the end of the channel, about 37,55 ft. downstream from the
end of the transition.

In both cases the beach at the end was eliminated. In case A the
beach used previously as an absorber was replaced by a tubular wave energy
dissipator followed by an aluminum wool wave absorber placed in the short
end section of larger depth.

In transition B for which the width was one half of that of the
upstream region only an aluminum wool wave absorber was placed at the end.

In transition C where also B3=B1/2 again only an aluminum wool wave
absorber was placed at the end.

In transitions A and B both piston and flap type wave makers were.
used and waves of short (deep water), intermediate and long (shallow water)
type were generated.

In transition C only the flap type wave maker was used. and short
(deep water) and predominantly~intermediate waves were generated. The
length of this transition £=15.6Q ft., reduced significantly the length of

the downstream region.

*
Thus the width of the channel downstream is BS=Bl/2,
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The measuring devices, wave gages and carriages, energy dissipators
and filters, Sanborn recorder and counters employed for the experiments
were the same as in previous investigations (7). Also, the method of
the analysis of the experimental results is similar to that used in
previous investigations (7). For the C tramsition experiments were
carried out with the newer model of the Sanborn recorder which had better
stability and response than the Sanborn used initially in the testing
program.

In the case of the A transition; as in previous investigations (7),
a tubular breakwater was put ahead of the aluminum wool energy absorber

and employed as an additional dissipator (figure 11).
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V. PRESENTATION AND DISCUSSION OF RESULTS

5.1 GENERAL‘SYSTEM OF PRESENTATION
Experimental results are presented in tabular form in Appendix C
and in graphical form in this section. The results are generally ex-
pressed in terms of the pertinent wave parameters: reflection and trans-
mission coefficients as defined in Section II.
wave steepness Hl/Ll
channel depth ratio ha/h1
group velocity ratio CG3/CG1
reflected and transmitted wave energies in terms of incoming wave energies
dissipated wave energies in terms of incoming wave energies.
The experimental results are given in two forms:
1. the measured quantities were used to compute the
results without correction for reflection from the
end of the channel (see Tables I, II and III),
2. the measured quantities were converted to results that
may be expected in an endless channel on the basis of
the corrections for zero end reflection as developed by
 Ursell (10) (See Tables IV, V and VI).
For ready reference the tables and graphs are identified with respect to
the type of transition, i.e. A, B and C (see Section IV), and with regard
to the type of the incoming wave, a) for deep water and intermediate depth
waves and b) for shallow water or long waves. Hence, for tramsition A
the tabular presentation is given in Tables Ta, IVa and Ib, IVb; for

transition B in Tables IIa, Va and IIb, Vb, etc.
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5.2 RANGE OF EXPERIMENTAL CONDITIONS

For Transition A the tests covered Runs A-1 to A-94 for deep water

and predominantly intermediate depth incoming waves as listed in Tables
Ta and IVa. The frequencies T for these waves range from .766 seconds
to 3.96 seconds with wave lengths L1 = 3.00 ft. and Ll = 30.92 ft.
respectively. For this group of experiments the depths in the approach
channel were changed from 27" to 15" in five steps; since the transition
height is constant at one foot, the corresponding depth ratias h.l/h3
varied from 1.80 up to 5.00.

Runs A-95 through A-161 fall into the range of shallow water waves
with regard to the incoming wave. Their frequencies as given in Tables
Ib and IVb varied from 4.52 seconds up to 12.2 seconds, with corresponding
wave lengths from 35.5 ft. to 77.0 ft. for essentially the same range of
depth ratios as before.

For Transition B the experiments extended from Runs B-1 to B-82 for

deep and intermediate depth incoming waves as listed in Tables IIa and
Va. The frequencies T for these waves varied from .903 to 3.44 seconds
with wave lengths Ll = 4.15 ft. to Ll = 28.10 ft. For this group of
tests the depths in the upstream region of the channel were changed from
27" to 18" in four steps with corresponding depth ratios hl/h3 from 1.80
up to 3.00.

Runs B-83 through B-121 fall into the range of shallow water waves
with regard to the incoming wave. Their frequencies as given in Tables
ITb and Vb varied from 4.20 seconds up to 8.62 seconds with corresponding

wave lengths from 34.70 ft. up to 59.60 ft. for the same range of depth vatios

as in previous cases of the deep and intermediate depth waves.
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For Transition C for constant depth the tests covered Runs C-1 to

C-32 for deep and intermediate depth incoming waves as listed in Tables
IIT and VI. The frequencies T for these waves range from 1.05 seconds to
3.09 seconds with corresponding wave length L1 = L3 = 5,60 and Ll = L3 =
25.00 ft. The depths for this group of tests was varied from 27" to 17"
in three steps.

The results for transitions A, B and C are presented also on the
basis of corrections made for channel end reflections by means of the
Ursell method. These converted values are listed in Tables IV, V and
VI for the transitions A, B and C respectively. These computations were
carried out by computer programs PI and PII in Fortran language as given
in Appendix D. The PI program is based on the measurement of the upstream
wave length Ll for the range of deep~water and intermediate depth waves.
For shallow water waves the PII program was used on the basis of a
measured downstream wave length L3. The PI program was verified by
analyzing Run A-2 by desk calculation. This confirmation is presented

in Appendix B.
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5.3 EXPERIMENTAL RESULTS FOR DEEP-WATER AND INTERMEDIATE DEPTH WAVES

a. Reflection and Transmission Coefficients as a Function of Wave

Steepness

The figures 16, 17 and 18 represent a summary of the reflection and
transmission coefficients as affected by wave steepness of the incoming
wave Hl/Ll' All values have been corrected for end reflection and are
listed in Tables IV, V and VI. The large scatter commﬁn to all such
experiments had to be represented by an average line. Nevertheless, a
decided decrease is notable, as found previously (7) in the feflecfibﬁk

coefficients with increasing wave steepness, which varied from .002 to

.06. K~r decreases in this range from .375 to .20 for transition A as
shown in figure 16. For transition B this trend is more strongly present
in figure 17 with maximum values of Kr decreasing from .60 for correspon-
ding wave steepnesses. This is expected as the transition is one con-
taining decrease in depth as well in width. Transition C shows consider-
ably larger experimental scatter for the Kr values as given in figure 18.
However, the trend for the decreasing width of the channel of constant
depth is still downward from approximately Kr = .40 within the range of
wave steepness tested.

It is to be noted here that wave steepness is not a parameter appearing
in the theoretical analysis, hence the reason for the variation of the Kr
values, now well confirmed, is not readily apparent. It is possible that
some of this effect can be accounted for by the variation of the energy
dissipation, which was not considered in the analysis of the experimental
Kr values. This concept is followed up in the subsequent presentation of

the energy balance in section c.
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It should be noted also that the scatter is not related to variations
in the depth ratio hl/h3 as is evident from the plots presented in section
d.

Transmisgion coefficients presented also in figures 16 to 18 again

ekhibit a more moderate decrease with increasing wave steepness from

values of Kt = 1.10 to .95 for transition A; Kt = 1.50 to 1.25 for transi-

tion B; and Kt = 1.35 to 1.30 for transition C. It is clear that the

higher values of transitions C and B are primarily due to the channel

side contractions Bl/B3 = 2.

b. Reflection and Transmission Coefficients as a Function of Group-
Velocity Ratio.

Figures 19 and 20 present the results for the reflection and trans-
mission coefficients in relation to the wave group velocities in the
channel downstream and upstream of the respective transitions A and B;
Again the evaluation is hindered by considerable scatter; however, the
trend of the values is decidedly downward with increase of the group
velocity ratio, It is also confirmed that for more gradual traﬁsitions
the values lie generally above those given by Lamb's theory for abrupt
transitions. It must always be recalled that this theory is not applicable
here as it was derived for shallow water waves only, but is is used for
reference. It is noted from the numbers at the experimental points that
waves of higher steepness are associated generally with higher values of
the group velocity ratio. This is due, however, to the limitations imposed
by the available wave maker characteristics and is not inherent in the
physical process. The higher group velocity ratios are generally associated

with the shorter waves in this range of intermediate waves, which were
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produced with relatively larger amplitudes. This points to the possi-

bility that the trend for the reflection and transmission coefficients

in figures 19 and 20 is influenced to some degree by energy dissipation
as already noted under a.

For comparison the previous results by Bocco-Gagnon (6) and
Alam (7) for more abrupt and a more gradual transition respectively are
shown by their average lines in figure 19. The only general conclusion
possible at this time is that gradual transitions result in higher re-
flection coefficients and lower transmission coefficients as the transi-
tion slope decreases.’' This trend is confined primarily to the reflection
process, although here the results for the 1:16 slope lie somewhat below
the new values for the 1:8 transition.

In general it may be noted that for the range of intermediate waves
considered here the transmission coefficients are only approximately 5%
below those that may be computed on the basis of undiminished transmission
of the wave energy. This assumption of constant energy transmission would
result for the case of tranmsition’ - A in a3/al = (CGl/CG3)l/2~
c. Wave Energy Dissipation, Transmission and Reflection as a Function

of Wave Steepness.:

For the evaluation of the experimental results an attempt was made
to analyze the wave energy consitions upstream and downstream of the
various transitions termed A, B and C. The following scheme on the energy
flux by wave action was adhered throughout employing the usual assumptions
of small amplitude, linearized wave theory. These relations hold for

deep water and intermediate depth conditions as well as for the shallow

water waves considered in Section 5.4.
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In accordance with the notations of the sketch
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the balance for the energy flux of the wave system can be stated as -

follows:
energy inward energy outward
L} ] € —
2 2 2 2 2
Y.al‘B Cg, + Y.a;l!.B Ce - Y'i’g"B Cg - Yf_?’..B Cg =Y?&B Ce
2 7171 2 "3 773 2 1M1 2 "3 773 2 71 1
incoming reflected reflected transmitted energy
wave from end of upstream downstream dissipated
energy channel in transition

downstream

Dividing through by the incoming wave energy flux (first term) the equation

is;
2 2 2 ) 2
L 24, f_3_CG34_ a, Ay BBCGB_,a&:
+ (a ) R (5*0 - (a') B T (;"?
1 "1 °G1 1 1 °1 61 1
Eiﬁ_Eout
[Percent Energy Loss = AE(Z) = 5 X 100% ]

in
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For convenience this equation is rewritten with alternate notations

for the same sequence of terms:

1+E£§__E_r.'£_1E.T_=El_°£a
E. E, E, E,
1 1 1 1

For transition A the variation in channel section is due only to change

in depth, hence B3/Bl = 1. The above individual ratios were evaluated
for all the runs from the amplitudes determined from the measured wave
envelopes upstream and downstream of the transition. These energy
characteristics are plotted as a function of wave steepness in figure 21.
Ektreme scatter is observed for the lowest values of the wave steepness,
which must be attributed to the limits of'accufate ekperimental measure-
ments. In general the variations in energy flux were relatively small;
reflecfed wave energy being only of the order of 2 to 10% of the incoming
wave energy. Dissipation as expected is increasing with wave steepness
and varies from 1 to 67% over the range covered experimentally. An addi-
tional difficulty was encountered through the reflection from the down-
stream end of the channel. Despite attempts to minimize this reflection
by various wave absorbers, the reflected energy from this source eﬁceeded
7% of the incoming wave energy for higher values of wave steepness; In
summary, the evidence presented in figure 21 must be viewed primarily as
of statistical significance, but it nevertheless indicates correctly the
essential trends. This holds also for the following presentations for the
other transitions analyzed in the same manner.

In transition B both the channel depth and the width decrease and

therefore reflection and transmission phenomena are amplified to some
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moderate extent as seen in figure 22. It must again be kept in mind that
the difference in incoming and transmitted wave energy is only of the order
of 10% of the incoming energy, i.e. reflection and dissipation are affected
heavily by any inaccuracies in amplitude measurements. This difficulty
inherent in the ekperimental results accounts for the large scatter of
points which is obviously greatest for the lowest values of wave steepness.
Considering this, it is nevertheless seen that agaiﬁ the reflected wave
energy is decreasing with increasing steepness, while the dissipation
exhibits the reversed trend. It is difficult to judge therefore,in view

of the essentially constant values of the transmitted energy flux, whether
wave steepness within the range covered; has indeed any marked effect on
the transmitted energy flux.

Transition C, involving a contraction of width at constant depth,

shows. again the same variation in the energy components as transition A.
All comments pertaining to the experimental points made for A and B apply
also here.

As a general conclusion it can be stated only that for the three
geometries of transitions studied. the waye reflection and transmission
process depends relatively little on the wave steepness and; alsa, that
energy dissipation is markedly increasing with wave steepness relative to
the incoming wave energy expressing a resistance coefficient increasing
with wave amplitude.

d. Reflection Coefficients for Transition A Compared to Reflection from
Beaches.
Miche (12) has given a theory for wave reflection from smooth plane

beaches in terms of a critical deep water wave steepness, which is a
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function of the beach slope 8.

(§29 = (g§91{2 Eiﬂiﬁ
Lo T T
-7 erit.

The reflection coefficient K.r is given by him as:

i Lo
=g - @)
o [o}

crit.

At the critical condition K.r is obviously unity.

It was thought to be of interest to compare the results for the
reflection coefficients of transition A with this theory, for which
Ursell, Dean and Yu (11) had previously provided some experimental values.
This may be justified on the basis that in the limit for h3=0‘the two
reflection processes become identical. Figure 24 gives the results as
previously stated in figure 16, i.e. the reflection coefficients K,r as a
function wave steepness Hl/Ll' The curves according to the Miche theory
are given for beach slopes of 1:15 and 1:8 for comparison with the
experimental results of Ursell, Dean and Yu for a beach of 1:15 slope and
of the transition studies 1:;16 and 1:8. The results for the latter studies
were not reduced to deep water wave steepnesses (Hb/Lo) since the shifting
of the points did not seem too important in this contekt. It is seen that
the pregsent studies result in considerably higher reflection coefficients
for the lower wave steepness range. The variation in values is not as
marked as predicted by Miche. The results for the milder siope of 1:16

are lower in the average than those for the steeper slope.
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5.4 EXPERIMENTAL RESULTS FOR SHALLOW WATER WAVES

In line with the usual definition for shallow water waves the experi-
mental results included in this section are those for hl/Ll ratios around
the values of 1/18 to 1/38. The relatively narrow range of hl/Ll is
governed by the physical dimensions of the wave tank.

a. Reflection and Transmission Coefficients as A Function of Wave
Steepness.

Figure 25 for transition A gives the experimental results for the

shallow water waves exhibiting a decrease of the reflection coefficients
from .45 to .16 with steepness increasing from 2.10-4 to 50.10—4. The
wave steepness is smaller in the average than for the intermediate depth
waves, for which the comparable results are given in figure 16. The
range in magnitude of Kr is not very different from that in figure 16.
Generally the scatter is within the extreme values of Kr' However,
separating the data essentially according to ranges of Hl/Ll ratios was
held to be meaningful with respect to the effect of this parameter.
Hence the scale of steepness in figure 25 was expanded tenfold over the
scale of the ordinate in figure 16.

The transmission coefficients are seen to match up very well from
figure 25 to figure 16. If the results were combined into the same plot
continuously decreasing trend would become more obvious. For waves of
lowest steepness in the shallow water range the transmission coefficient
Kt has a value of 1.15 in figure 25 decreasing only to 1.07 at the highest
steepness for this range. In figure 16 this last value coincides with

the value for the lowest steepness on this plot, decreasing further to

Kt = 0.95 for the highest steepness reached in the experiments of
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Hl/Ll = 6.10—2. The total range of the wave steepness is seen to ektend
from 10“4 to 6.10_2.

As is expected the reflection and transmission coefficients for
transition B are generally higher than for transition A also in the range
of the shallow water waves. This effect is due to the combination of re-
duction of depth and width. Again the scale for wave steepness has been
expanded by a factor of 10 in figure 26 as compared to the ordinate of
figure 17. The values of the transmission coefficient again indicate a
decrease over the entire range of wave steepness covered by figures 17
and 26 although the absolute change is very much less than for transition
A. The reflection coefficients for transition B for shallow water waves
are generally lower than for the intermediate depth wave conditions, in-
dicating a dependence not only on wave steepness but also on the relative
depth ratio hl/Ll' The effect of depth is most pronounced for shallow
water waves as demonstrated in the correlation of the reflection and
transmission processes with the wave'velocities in the upstream and down-—
stream sections of the transitions.

b. Reflection and Transmission Coefficients as a Function of Group
Velocity Ratio.

The reflection and transmission coefficients in figures 27 and 28
representing results for transitions A and B exhibit the same trends as
in figures 19 and 20. Generally the coefficients decrease with increasing
values of the group velocity ratio. For the shallow water waves group
velocity ratios obviously depend only on the depth: ratio and therefore
remain below unity. Reflection coefficients for transitions A and B are

somewhat lower than for the intermediate depth conditions. Transmission
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coefficients, however, are essentially the same for transition A for
both wave ranges. For transition B the transmission coefficients in
figure 28 rise above Lamb's solution for abrupt transitions, while figure
20 for intermediate depth waves shows values very close to those for
abrupt transitions. For all results again the interpretation of the
data is made somewhat difficult in view of the scatter.
c. Wave Energy Dissipation, Transmission and Reflection as a Function

of Wave Steepness.

Figures 29 and 30 represent a correlation of the wave energy dissi-
pation, transmission and reflection as affected by the wave steepness of
the incoming wave Hl/Ll' The energy flux evaluation was done on the
same basis of energy flux analysis as in case (c) of section 5.3. Extreme
scatter is observed especially for the lowest values of the wave steepness
due mainly to inaccuracies in amplitude measurements. The scale of plotting
is obviously too large, but was chosen to be consistent with the earlier
plots. For transition A the energy flux transmitted is of the order of
0.850 up to 0.985 of the incoming energy, while the variations in re-
flection is of the order of 2 to 127 of the incoming wave energy. Dissi-
pation is increasing with wave steepness and varies from 2 to 5% of the
incoming energy, as was observed before for intermediate depth waves.

To be noted here is the fact that for many runs of shallow depth
range (A-101 to 161) the transmitted waves were in the breaking range.
These points were therefore not included in figure 29 in view of the much
higher values for the dissipation. These results are plotted separately
in figure 31 presenting the percentage of energy dissipated against a

breaking parameter defined by Longuet-Higgins (99). This breaking
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parameter is defined as Kb = Li al/ hi, which is equivalent to

Hy. 1 .3
248({%9(E%E19 . Longuet-Higgins specifies that this parameter should

1672
3

the waves still within the range of the linearized small amplitude wave

have values very small as compared to = 52.53 in order to consider
theory employed in the present analysis.  In figure 31 it is seen that
breaking waves were observed first for Kb values in upstream region I

of 10 as high as 78. Between these limits the energy dissipation evaluated
by linearized theory is rising from approximately 15% to 50%. It is

appreciated that even for lower values of the Kb parameter the waves can
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hardly be expected to conform to the wave form assumed in the analysis
for the downstream channél, since they generally fall into the range of
non-linear, finite amplitude waves. This fact is probably an important
additional reason for the observed scatter in figures 29 and 30.

For transition B the flux of reflected and transmitted wave energies
are modified as seen in figure 30 6ver the corresponding values given for
transition A. As expected, the reflected energy is somewhat higher and
the transmitted energy lower in view of the more rapidly converging
section. These effects; however, are not too pronounced. The energy

dissipation also is higher, varying from 2 to 8% of the incoming energy.
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VI. SUMMARY AND CONCLUSIONS

6.1 Review of Theoreticadal Development -

The theoretical approach is restricted by‘the‘difficulty that general
treatment on the basis of a velocity potential with appropriate boundary
conditions is presently not possible for the problem of the general wave
transformation in channel transitions.:

HoweVer;vduring the course of the study two limited theoretical
treatments pertaining to some restricted phases of the problem became
apparent.

1. Making no restrictions with respect to the‘type of incoming wave
a general expression of the integral type was developed on the basis of
undiminished transmission of the wave energy. No reflection and dissi-
pation is considered. This expression was solved on the one hand for
shallow water waves, the result confirming Green's theory; the other
solution was derived on the basis of restriction to intermediate depth
waves over the entire transition for which the hyperbolic tangent tanGXh
can still be assumed close to unity. This approximation resulted in an
exponential expression for the amplitude of the transmitted wave relative
to that of the incoming wave.

2. Restricting the treatment to shallow water waves specific re-
flection and transmission coefficients were derived using small amplitude
linearized theory. Assuming harmonic components of wave motion throughout
the transition, solutions were obtained for the following four cases:

A - for linearly varying depth and constant width

B - for linearly varying depth ard width
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C - for linearly varying width and constant depth
D - for parabolic variation of depth and constant width
The solution resulted in each case in specific ekpreSSions for the re~
flection and transmission coefficients in terms of the parameters of the
incoming wave, the geometry of the particular tramsition and trigonémetric
functions involving the phase angles of the various wave components.
The Ekpressions involve Bessel functions of zero order for transition
A and €, of first order for transition B and hypergeometric (Legendre)
functions for tranmsition D, still remain to be evaluated numeri¢ally.
Since the’ékperimental investigation in the range of shallow water
waves has determined all the pertinent quantities including phase angles
a detail comparison of theoretical and experimental coefficients should

form an important additional phase of investigation.
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The experimental part of the program has been conducted to determine
the wave reflection and transmission phenomena through channel transitions
of varying geometry comnecting two prismatic channels of constant cross
section. The analysis of the experimental results was conducted within
the framework of linearized small amplitude wave theory and the essential
experimental results were reduced to correspond to those comparable to an
infinite channel of transmission.

The following are some general conclusions that may be drawn from
this phase of the investigation.

1. The reflection coefficients decrease considerably with increasing
wave steepness for the entire spectrum of wave conditions from deep and
intermediate depth to shallow depth water waves for all tramsitions of
linearly varying depth and width, A, B, C.

2. The transmission coefficients as a function of wave steepness
exhibit a more moderately decreasing trend with increasing steepness for
the entire spectrum of waves. This trend is not always clear due to the
presence of considerable scatter, which is normally associated with such
tests.-

3. The reflection coefficients when correlated with the group velo-
city ratio for short and intermediate waves have higher values than those
given by Lamb for abrupt transitions. The trends established in previous
investigations (6,7) were confirmed by this study.

4. The transmission coefficients as a function of group velocity
ratio for short and intermediate waves have lower values than those given

by Lamb's theory for abrupt transitions. Again a confirmation is given
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by this study of the trends explored in previous investigationms.

5. The reflection and transmission coefficients for shallow waves
follow generally the trend,in relation to the wave velocity ratio,given
by Lamb's theory for abrupt transitions.’ The reflection coefficients are
somewhat lower than those for the intermediate depth range, while trans-
mission coefficients are slightly higher.

6. The waﬁe energy dissipation for the entire spectrum of waves
from deep to shallow water exhibits an increasing trend with increasing
steepness while the reflection from the end of the channel and the transi-
tion is very small in the region of larger values of steepness. The
transmission rate for wave energy is not materially affected by wave
steepness and remains approximately constant around the values of .98-.99
for the higher steepness range.

7. A comparison of reflection coefficients with the Miche theory for
transition A indicates a considerably smaller rate of decrease with in-
creasing wave steepness. While this theory is only applicable for beaches
of smaller slopes, the comparison was made for reference purposes with
regard to results obtained for milder transition slopes than that of
transition A.

A few general comments are in order here for the proper'assessment
of the experimental results.

Since the theory does not take into account energy dissipation, some
discrepancies must be expected on that account. This dissipation must be
expected of considerable influence not only for shallow water waves but
also for the deep and intermediate depth waves in view of the boundary

layers on the side-walls. This explains in part the material increase
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in energy dissipation with wave steepness observed for the entire spec-
trum of waves tested. An additional source of energy dissipation may be
associated with the relative sharp breaks in the bottom slope due to sepa~
ration particularly .at the downstream end of the transition.

Also, the theory considers only small amplitude linearized harmonic
waves while in the eiperiments non-linear waves were often present,
especially downstream of the transition. Hence non-linear interactions
should influence the results in certain ranges of the wave characteristicé.
The experimental set-up was to some extent inadequate in the range of long
waves when the wave length often was of the order of the distance between
wave maker and transition.

The method of correction for zero reflection from the end of the
channel was that_developed by Ursell in a former study (10). This method
does not consider energy dissipation. Since the amplitude-of the wave
reflected from the end of the channel was often of the order of 15 to 307%
of the transmitted wave amplitude this correction has a sizeable effect
on the reduced values of the amplitudes upstream and dowﬁstream. Dissi-

pation therefore would modify also these corrections.
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APPENDIX A

REVIEW OF WAVE THEORY LITERATURE

1. Exact Non-Linear Wave Theory of Finite Amplitude

The existence of two-dimensional permanent, periodic, progressive,
oscillatory, gravity waves of finite amplitude moving unchanged in form
in water of infinite depth was mathematically proved by Levi-Civita (40).
[A problem formulated by Stokes (2) but never completely solved until
1924.] The Levi-Civita approach was based on the assumption of the
irrotationality of an inviscid, incompressible fluid, with the exact
non-linear boundary conditions on the free surface of the wave motion
and with open particle paths (mass transport predicted). Struik (41)
expanded the same problem of two-dimensional progressive wave existence
in water of finite uniform depth. The next step was the formulation of
the problem for any boundary condition.

This case is extremely difficult to handle mathematically. Stoker
(17) gives a v¥igorous mathematical presentation on this subject. It
should be noted here that the assumption of irrotationality of wave motion
of an incompressible inviscid fluid was kept in this approach. That
implies that if the motion is irrotational at the beginning (impulsive
motion) it remains irrotational afterwards. But the difficulty arises
in the dynamical and kinematical boundary conditions of the free surface
which is moving and gives the non-linearity to the problem. Thus even
with the linear Laplace equation expressing the irrotationality of the
motion and the incompressibility of the fluid, the problem becomes non-

linear, due to the non-linear boundary conditions.
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The other crucial points besides the non-linearities of the B.C.
are: (i) The free surface of wave motion z = n(x,y,t) or ¢ = z-n(x,y,t)
= 0 is not described and known a priori (it has to be determined as an
integral part of the solution); (ii) This undetermined and unknown
free surface as a boundary, varies with time and thus the region of the
velocity potential is not known a priori; (iii) Connected with these
difficulties of the problem is the existence of the solution which might
be valid for all t > 0 of might be valid only for limited time. In the
latter case (which is closer to the physical situation in which ocean
waves going to the shore steepen in the front and break) consideration
must be made of time and space singularities not known a priori (17).

In view of the above the general mathematical formulation of the

problem is:
(i) The Laplace equation VZ¢ = 0

xs(y,t) <X <
for -h(x,y) < z < n(x,y,t)

—® <y <>

It has to be assumed here that ¢ is uniformly bounded and its derivatives

are regular throughout the above region.

(ii) The boundary condition to be satisfied at the bottom (which is a

homogeneous linear B.C.) or at the walls of a container is %§'= 0 for

z = -h(x,y). In this case the important thing is that we know in advance
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the exact boundary, which remains constant with time. This is not the

case for the time dependent free surface 7 = z-n(x,y,t) = 0. 2

. e co. o dz
(iii) The non-linear kinematical condition T 0 where ¢ = z-n(x,y,t)
= 0 (a consequence of continuum mechanics) says that the "surface ¢" has
to be conserved, i.e. a water particle on the free surface remains on it

and cannot escape. Thus we have:
¢an-¢zny-¢z+nt =0 for =0 3)

(iv) The non-linear dynamical condition from Bernoulli's law for un-

steady non-uniform motion is:
Loi2062442) = -
gnto + 5o tecHer) = Fx,y,t) on =0 (4)

with F(x,y,t) = 0 everywhere except over the region where the distur-
bance is created. For x » = .we might prescribe that ¢ and n are finite.
If we prescribe the conditions fixing the disturbance, for example, by
assuming the pressure P as atmospherg over the disturbed region and

thus prescribing the function F(x,y,t), we obtain the dynamical B.C.:
gnto + S(§24¢2+42)+ = = C(t) on £=0 (5)
t 2 V'x Ty 'z p :
(v) Initial Condition. It is assumed that the water is initially . at -

rest and fills the region -h(x,y) <2z <0, —» <y < w,kxs(y,t) <X < oo,

Initial conditions are then n(x,y,t) = 0 for t=0, ¢x=¢y=¢z = 0 for t=0.
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At time t=0 a given disturbance is created on the surface of the water
(wind, etc.). With all the above assumptions and restrictions we wish
to describe mathematically the subsequent physical motion of any finite

amplitude.
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2. Exact Linear Potential Theory of Small Amplitude

Two different types of approximations to the exact non-linear wave
theory can be distinguished: (1) the linear exact theory of small
amplitude waves [approximation of Airy (11) and Stokes (2)] and (2) the
shallow non-linear water wave theory of finite amplitude based on the
assumption of hydrostatic pressure distribution [ﬁpprokimation of
Rayleigh (42) and Boussinesg (43)]. The latter contains the linearized
shallow water theory of small amplitude waves as a part.

In the case of exact linear theory of small amplitude waves we
have: (1) the linearization of the two non-linear B.C., namely the
dynamical and kinematical conditions and (2) a wave with a small
amplitude. Assuming that n;¢x,¢y;¢z are so small that all non-linear

terms in the two B.C. can be neglected and that this type of approxi-

mation happens:to take place not on z = n(x,y,t) which is unknown a priori
but on z=0, the undisturbed water surface. Then we have: (1) the doméin
of the solution fixed a priori n = §-¢t and (2) the problem is now the
linear classical boundary value problem of potential theory.:
Assuming that the atmospheric pressure P=0, the two—dimensional
problem is now:
V2¢ = 0 for x°(t) < x < » ~h(x) < z < n(x,t) (6)

with (1) B.C.

'§§-= 0 for z = -h(x) @)
no-¢, = 0 for z=0 = (kinematical condition) (8)

for z=0 (dynamical condition) ).

o9
3
+
-©-

rt
I}
o
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and \(ii) initial conditions
n(x,t) = 0 for t=0 (10)
¢.=¢_ =0 for t=0 (11)
From conditions (8) and (9) by elimination of n we get the expression:
¢ 89, = Q for z=0 (12)
The above now is a dynamical problem of small amplitude oscillation.
Assuming a solution of the form q>(’,x,'y,'t) = ?(x,y)eidt with ¢ a real

function we obtain the homogeneous boundary value problems:

Vz? =0 -h(x) <z <0 (13)

xs(j:), XX <@

Qz =0 for z = -h(x) 14)
0-2 _ _ :
?z ahrall 0 for z=0 @15)

Tt ,.is also assumed that ¢ and ?z are finite at infinity which implies
that the vertical components of the displacements and velocity are
bounded at infinity. Arbitrary initial conditions cannot be described
since it is assumed that the oscillation is small and of the harmonic

type elc‘t?(x,z). Thus
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gnto, = 0 for z=0
and gives
_ 1 _ _icg iot
n—g¢t’- (.90)

For water of infinite depth the functions satisfying the aboye are -
¢ o o (kztiot) oo

and

= e (kz+10t)sin kx

-
N
|

where

C 2 2T fn G5
k=7 '@cv g)

The general solution, since the problem is linear and homogeneous,

takes the form

¢ = ¢+, = e(kz+10t)(cos kx + i sin kx)

which is a standing wave solution.

In case of uniform finite depth, h, the above homogeneous boundary

value problem gives a solution in the form

¢1 = e*%%osh k(z+h)cos kx

elatcosh k(z+h)sin kx

99
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or
) _ 2g cosh k(btz) 4
9= 0ty = T T cosh km o0 (kxTot) (16

where a represents the amplitude of progressive eaves in both directions

and k satisfies the dispersion relation ¢2 = gk tanh kh.(c = Ck) or

‘ . 1/2
C=,C§% tanh 2%?9

Expanding 02 = gk tanh kh in power series of tamnh Z%h‘;

3

42 2mh > 17 om.’

5 (L) 735 ) el

2 _ 2mg 2th _ 1 27h
° L 1 ~30)
from which we can see that ¢4 = (7?9 gh = k“* gh as i—+ 0" and hence.
~ .- h . L s . :
C = \/gh, if 1 is very small. This is the case of linear shallow wave
theory. In case of %‘very big, (h > infinite), tanh'2%2'+~l and thus
1/2
C = CEL) / . This is the case of deep water waves (4).
This development proves the accuracy of linear shallow water theory.
It can be calculated (44) that C = \/gh is in error by 5-6% to the exact
value if the wave length is ten times the depth and by less than 27 if
the waye length is about twenty times the depth. The conclusion is that
the variation of the depth has small influence on a progressive wave of

small amplitude provided that the depth is more than half of the wave

length.
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3. Non~-Linear Shallow Wave Theory (Non-potential theory)

The other type of approkimation to the exact wave theory is. the
non-linear shallow wave theory based on the fundamental assumption that
the water depth is small in comparison with the radius of curvature of
water surface, for example, and the pressure is given by hydrostatic law
P = go(n-z)(17).. Thus the horizontal velocity component u is independent
of the depth co§rdinate z for all time t if it was independent at the
initial time t=0. No assumption is made in this theory concerning the
wave amplitude or the B.C. which are non-linear and give the non-linear
form of the wave problem (45, 46, 47).

For the formulation of the non-linear shallow water theory we use
the continuity equation (which does not imply irrotationality as in the
case of the Laplace equation) and the eiact kinematical and dynamical
conditions.

Starting from continuity u + w, = 0 in two-dimensional (18)

form, the free surface kinematical condition for
0 = z-n(x,t) = ¢

is

dz _ _ _
at - ,nt+u(nx)+w 0  on z=n

or

ntun ~wj - =10 19) .
Z=N

The free surface dynamical condition. is
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The bottom kinematical condition is

M =0
dt ’
or
h 4+uh twh_ = 0 .
t p:4 Z
or
~uh wwl =0 .
p-4 z=-h
or
x z=-h

Integration of (18) with respect to z yields:

=0

n
J’ (,ux) dy+w
-h

-h

Using the relations (19) at z=n and (21) at z=-h gives:

Jn u_dztn +u | n, +u| hy

-h n

(20)

(21)

(22)

(23)



-159-

Introducing the relation of integration according to the Leibniz rule:

n (%) n
d _ : » q
S udy = u n, tu h + uXdy (24)
~h (%) z=n_ z==h ~h

Combining with (23) we obtain:

21wy = -n (25)

No approximation up to this point has been made. With the assumption

of hydrostatic pressure distribution we have:
P = pg(n-z)

and differentiating
P_ = pgn, (26)

Thus PX is independent of z. It follows that the x-component of the
acceleration of the water particles is-also independent of z for all
time, t, if it is at the beginning.

The equation of motion in the x-direction is;

1 -
u, + uu_ + uu, + p\?x =0 27

Since uz=o and PX = -pgn,, we have:
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u = uu = gn (28)

and using (25) we obtain:

and considering

h n
l' udy = u[ dz
-h ~h
then
n n
j‘ u dz = u[zi - = u[n+h]
h -h
and
n
3, udz = -n = ii(p[n+h])
90X t ax ™ - ¢
~-h
or
[uGrth)]_ = =n_ @9)

Thus we have the two first-order differential equations of the non-linear

shallow water wave theory:
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]
(=]

u +ouu ot ogn (30)

]
o

[uCrh)], + n (1)

t

This is the development of shallow non-linear wave theory based on
continuity and momentum equations and exact non-linear B.C. without
consideration of irrotationality of an incompressible; inviseid fluid
an.

Another formulation of the non-linear shallow water theory based
on irrotationality of an inviscid incompressible fluid was given by
Friedrichs (48) as the lowest order'approiimation of a perturbation
scheme for the surface wave elevation n, pressure and the velocity
potential ¢. Perturbing all quantities in powers of the ratio (%92,
Friedrichs derived the non-linear wave theory to any order of approxi-
mation (i.e. non-linear shallow, cnoidal, etc.) the equations of non-
linear shallow wave theory in three dimensions and in a dimensionalized

form are:

uE_o) + u(~°)u§°) + w(°)u§9) N C) 0 (32)
wf:~°> N u(’,o)w}g,o) + W(p)wé,o) + “ﬁ‘o) =0 (33)
né_o) + [0 ) 4 Rl + [w® () 4 h)], =0 (34).

It should be noticed here that with the above perturbation approach the

non-linear shallow water theory presents complete evidence of what
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parameter determines the accuracy of the approximation process. This
was pot so evident in the previous method of hydrostatic law assumption.
Another interesting fact pointed out by Stoker (17) is that the above
approximation of lowest order to the solution of a problem in potential
theory is sought in the form of a solution of a non-linear wave equation.
This implies that the solution of a problem of elliptic type is approxi-
mated (at least in the lowest order) by the solution of a problem of
hyperbolic type.

It should also be noticed that the shallow non-linear wave theory,
to the lowest approximation - and only for this approximation - for a
constant depth, flat horizontal bottom is similar to gas dynamics
analogy (two-dimensional isentropic flow) as pointed out by Riabouchinsky

(49, 50) with a polytropic index equal to 2 (specific heat ratio J=2).
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4. Shallow Linear Water Wave Theory of Small Amplitude

If in addition to the aboyve basic assumptions of hydrostatic pres-
sure distribution of non-linear shallow wave theory we add the further

assumptions:

(i) that the particle velocity,-u; and the surface elevation, n,
are small quantities, and

(ii) that the derivatives of these two quantities, u, and n,» are
small and thus their squares and products, the non-linear terms; are of
negligible importance in comparison to the linear terms of the equations,

it follows at once that the above (30) and (31) equations become:
u + gn, = 0 (35)
(,uh)‘x tn. =0 - (36)
Eliminating n from these two equations we obtain:

Up T8, =0

and

(uh)xx»+ ntx = Q

2N -
(uh)xx g utt =0

1 _
(uxxh) f - U, T 0
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Uxx T gh tt
or

k1

Yxx T €2 Yt (37)
This is the linearized version of the non-linear shallow wave theory.
The tidal wave phenomena predominantly can be.attacked on the basis of
linear shallow wave theory. The above equation can be formulated in

terms of the wave surface elevation, n.

Thus from (36) we obtain:

Nee + [(ﬁh)x]t'= [ub + uh',t]X

and using (35)

+ I(ph)g] = [—gnxh,+ uht]

n
tt t %

since ht = 0 (h=h[x]), we obtain finally:

EERICRS (38)
X

Nt
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5. Transformation of Gravity Waves over Sloping Beaches on the Basis -

of Small Amplitude Potential Theory -

The problem closely associated with the transformation of waves
through a channel of linearly or non-linearly varying geometry is the
problem of wave motion over a slopiﬁg beach.

This significant problem was studied extensively and solved com-
pletely on a theoretical basis. An accurate way of measuring experi-
mentally the amplitude and phase angle of the reflected wave from the
beach is . still missing. According to the exact approach the partial
reflection from the beach was computed and ekplicit mathematical
formulae were found.

This approach is significant as it considers reflection of the
waves from the beach; while Green's theory did not. The assumption of
no energy dissipation remains.

The first formulation and attack to the problem was done by
Miche (12) in France (1944) and its progressive wave solution over sloping
beach was found. Following the above attempt a very basic and mathemat-
ically elegant approach to the problem was undertaken by the New York
Dniversity, Courant Institute of Mathematical Sciences. A very sketchy
description of these important theoretical studies will be given in the
following paragraphs.

The basic assumption by all the investigators of NYU is the linear-
ized small amplitude potential wave motion of an inviscid, incompressible
fluid, without consideration of energy dissipation or geostrophic effects.

According to this theory the problem of reflection from a sloping

beach for all wave lengths was solved. The shortcoming of the theory is
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the lack of an explanation of the phenomenon of a probable breaking of
the wave on the shore proper to the physical reality. ‘The non-linear
phenomenon of wave breaking cannot be handled on the basis of the linear
theory with the ésSumption of a logarithmic singularity of the velocity
potential. Wave energy in breaking is transformed through turbulence
into heat energy and undertow.

It is true that Miche's (12) approach didn't reach the details and
the conclusions of the New York University studies egpecially the asymp-
totic solution (48, 51) for the case of beaches of small slope. Miche's
considered without any mathematical proof that beaches with a slope
smaller than 20° may have little influence on the wave motion, and for
practical purposes such an influence can be neglected and the wave speed
can be considered as independent of the beach slope.

A rigorous mathematical formulation and proof was given by K. O.
Friedrichs (48, 51) to Miche's conclusion, for beaches with very small
slope where the determination of the wave motion becomes yery complicated
for mathematical treatment.

Through an asymptotic approximation and using linearized theory,:
Friedrichs showed that for sloping beaches of less than 20° the bottom
slope did not effect seriously the wave motion. Thus the thesis of small
negligible influence of such beaches on the waye motion was very well
established.

J. J. Stoker (17) gives a description of the methods followed by
different investigators in the attack of the problem of finding standing
wave solutions over sloping beaches.

Hanson (52) presented (1926) a type of standing wave linear solution

of the problem.
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Bondi  (53) also found progressive waye solutions and Lewy (54)
and Stoker (44) found solutions using the method of linear operators;
With this method a complek‘function F(z), whose real part vanishes at
bottom and surface boundary, can be determined uinquely be successive
reflections in the entire complex plane. The basic idea is that, once
the wave frequency has been established, two different types of standing
waves can be obtained: one with infinite amplitude at the shore line -
which takes care of the amplitude amplification and breaking - the other
of finite amplitude. Thus the two different types of standing waves
behave at infinity like the simple standing wave solutions for water of
infinite depth. The combination of the standing wave with appropriate
factors yield arbitrary simple harmonic progressive wave solutions at
infinity.

On a similar line F. John (55), S. C. Lowell.(56), G. Kreisel (57)
and E. Isaacson (58) for different specific geometries and wave condi-
tions over sloping beaches solved the same problem on the basis of
linearized small amplitude wave theory. E. Isaacson (58) obtained the
two-dimensional wave solution in an integral form and for all slope angles.
A. Heins (59) gave also a solution of a three-dimensional wave in water
of uniform finite depth.

M. Roseau (60). used the method proposed by Stoker in solving in a
very rigorous mathematical treatment the three-dimensional wave problem
over a sloping beach of slope o = %‘.

A. Peters (61) has completely solved the problem of three-dimensional
wave over a sloping beach for any angle of slope. J. Tlapa (62) tried to

formulate the problem of two-dimensional wave motion over a sloping beach
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following a region of horizontal uniform depth on the basis of a poten-—
tial theory for finite amplitude WaVes;

Tlapa didn't solve this very difficult problem. The value of his.
approach lies in the idea of a double scheme perturbation technique -
used recently in many other fields of applied mathematics - with the
wave amplitude and bottom slope as perturbed parameters. The determina-
tion of a potential function by proceeding in the manner of Stokes for
the above case is a very difficult subject and has not yet been solved.

K. K. Wong, A. T. Ippen, D. R. F. Harleman (63) presented theore-
tical solutions of the problem of progressive waves over an idealized
continental shelf (gradually varying depth) or a submerged shelf of
different geometries under the assumption of linearized small amplitude
wave theory for very long waves - the so-called tsunamis waves.

M. C. Shen (64) theoretically investigated the two-dimensional
waves generated by a surface pressure disturbance over a sloping beach
on the basis of linearized theory. He considered the forced and free
waves (steady state and transient case)%?educed'using Laplace transform
technique to an inhomogeneous differential equation. A theoretical
example of an oscillatory point pressure acting on an equilibrium surface
of a beach of 45° slope has been solved in detail.

For the sake of completeness of the review and without amalysis -
of the details, the non-linear approach of finite amplitude wayes over
sloping beaches follows:

The non-linear wave approach of finite: amplitude over constant
uniform depth was established by Stokes (2), Levi—Civita (4Q), Rayliegh

(42), Struik (41), Nekrassov (65), Michell (66), McCowan (67) and Wilton (68).
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The more extensive mathematical treatment recently is that of
Penney and Price (69), Taylor (70); Ursell (71), T. Kishi (72), Yamada
(73); C. C. Lin and A. Clark (74), Chappelear (75), Borgman and
Chappelear (76); Skjelbreia (77), Skjelbreia and Hendrickson (78);
Bretschneider (79), Wehaiksen and Laitone (80), Long (81), J. Luke (82)
and S. C. De (83).

In the non-linear approach of finite amplitude waves over sloping
beaches investigations were made by Carrier and Greenspan (84); Greenspan
(85) and Carrier (86).

Carrier and Greenspan solved in part the difficulty and theoretical
inconsistence arising at the shore line development of a progressive
waye where according to the linear theeory and also according to the
shallow ngn—linear theoryjof gas dynamics analogy, the wave reaching a
critical value of amplitude amplification breaks. According to some
aspects of the non-linear approach (84) the wave can climb - under special
conditions (wave shape, particle velocity distribution, etc.) - without
breaking over a linearly sloping beach in a continuous interchange of
potential energy to kinetic energy and vice versa. Thus the reflection
coefficient is equal to one as in the case of full reflection into a
-vertical wall without breaking. However general criteriom for the
occurrence of breaking of a wave was not established. Greenspan (85)
in another study found a very limited mathematical criterion for the wéve
breaking on the basis of a non-linear wave propagation shoreward into a
quiescent water. He proved that a wave with a non-zero slepe at the
wave front does not climb in the coastline but breaks before reaching it.
Ekperimental justification of the above theories on a thorough basis does

not exist.
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Carrier (86) tried in a very general mathematical theory to include
the influence of bottom topography varying in both borizontal coordinates
(one and two-dimensional bottom topograp y) especially in the shallower
part of the shelf where the non-linear contributions to the wave
dynamics become ery important;

However. the problem of reflection éf incoming waves is not included
in such a theory - and also in the previous ones (84) and (85) - as a
basic requirement. Ekperimental investigation of the above theories on
a rigorous basis does not ekist;

Kishi (87) has presented the first experimental results on wave run-
up of a long wave for 1/30 slope on the basis of non-linear theory. A
correlation of the relative run-up height (ratio of the height of the
wave over the height at the foot of the transition) with wave steepness
agrees fairly well with Kaplan's§ - (88) curve for the solitary wave under
the assumption that the solitary wave (Kaplan's) is replaced by the half
wave height of the long wave (Kishi). Kishi also supported the idea
that his results agree fairly well with Greenspan's non-linear wave
solution and also stated that the transformation of above in shoaling
water (sloping beach 1:30) in his ekperimentS'agree with the theoretical
results presented by Keller, Levine, and Whitlau (89). Even the effects
of bottom friction is briefly discussed in this experimental study and
the problem of wave reflection from a sloping beach is ignored in all
such cases. Since reflection from the beach is a major item and till
now there is no complete mathematical and experimental treatment of the
subject in non-linear wave theory, the results and conclusions are open

to such a consideration.
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Le Méhauté and C. C. Mei (90) studied theoretically the non-linear
shallow wave over an uneven bottom under the assumption of small depth
in comparison with wave length (a characteristic horizontal length).
They transformed the wave equations to a set of first-order quasi-linear
equations with the characteristic curves in x-t plane which have direct
relation with the bottom topography and shape.

Amein (91) more concretely studied the propagation of long period
waves (shallow waves) by the first-order linear approximation (using
Friedrich's (21) asymptotic representation appropriate for small beach
slope) for regioms far from the shore and he also studied the propagation
of shallow waves on the basis of non-linear shallow wave theory for
regions near the shore. A rigorous computational program and numerical
calculation were made on a digital computer by a finite difference scheme
based on the method of characteristics in the usual approach of solution
of the first-order hyperbolic differential equation of the non-linear
shallow water wave theory.

It could be mentioned here the eXtensive study of Japanese school
(92) on tsunamis run-up along beaches and shores. The papers of
Horiwaka, Iida, Iwagaki, Kato, Murota, Takahashi are characteristic of
the traditional Japanese contribution to this subject.

Finally extensive theoretical work has been conducted in the inves-
tigation of solitary waves modification over sloping beach or in channel
with arbitrary cross section. The papers of Keller (93) and Peters (94)
are among the most extensive and mathematically rigorous on this subject.

Beitinjani and Brater (18) investigated the refraction of the waves

on a trapezoidal channel under the assumptions (i) of pure energy
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transmission and (ii) of negligible refraction’from the side of the
trapezoid and reflection from the beach. They presented an expression
of wave energy transmission in the form of an integral equation and
evaluated it through a computer program.

Phillips (95), M. S. Longuet-Higgins (96) and Benney (97) treated
mathematically the dynamics of non-linear interactions énd possible
resonances associated with these interactions of finite amplitude
gravity waves as a mechanism for the transfer of wave energy.

G. A. Tlapa, C. C. Mei, P. S. Eagleson finally (98) treated
theoretically an asymptotic expansion to formulate a potential theory
for the propagation of waves on beaches of small slope. The form of
this asymptotic expansion has the advantage of developing solutions to
higher approximations and over the entire range from deep water to
breaking.

M. S. Longuet-Higgins (99)’established also theoretically the
parameter kL = LEE and its relation to the breaking of the wave.

2n3
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APPENDIX B

Verification of the Computer Program for the Reduction of Experimental

Data by Elimination of Beach-end Reflection According to Ursell-Dean's .

Method
We obtain the experimental run A-2 and we analyze it by desk cal-
culations for the elimination of beach-end reflection as follows;

Experimental Run A-2 - Measured Data:

Ll = 19.00 upstream waye length
hl s 2.25 upstream undisturbed water depth
h2 = 1.25 downstream undisturbed water depth

- Upstream amplitudes:

a, = 0.047 X = 33.00 locatiop of maximum value of combined
1 max . .
wayve amplitude upstream |n1+n2|
a, = 0.013 X, = 31.60 position of gauge upstream for simul-

taneous upstream and downstream maxima.

Downstream amplitudes:

a; = 0.053 X = =7.25 location of maximum value of combined
max wave amplitude downstream {Y}3+ﬁ41
a, = 0.020 X, = ~1.70 position of gauge 'downstream for

simultaneous upstream and downstream
maxima.

For h.l/L1 = 0.1184 we obtain from Wiegel's Gravity Waves - Tables of func-

tions: -
for h /L. = 0.118 we obtai 1 0,075 L =22 _ 3.0 (1)
or 11 = . we obtalin Lo . o 0.075 oV, )
Py Py P 195 205 e
L ~h T T 225 30000 O

1 o
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= in —3 =008 - 1.25 _
for h3/L0 = 0.04166 we obtain ; = 0.0850 , L3 00850 ~ 14.70 2)
We have also: o
_2m _6.28 _
K =1 " 719.00 - 0-3%0
1
2n _ 6.28 _
Ky = Ly 14.70 = 0.427
Thus ;
<S‘l+62 = Cn+l)m - 2K1 X oox = m - 2(0.330)(33.00).
= 3.14 - 21.78 = -18.64 3)
The amplitude ratios are:
a .
2 _0.013
a2 " 0047 - 0-276
1
a
1 _ 0.047
2.~ 0.013 ~ 361>
2
4 . 0.020
;;“f 0.053 ~ 0-377

We compute the phase angle 64:

64 = (2n+1) - 2K3 X oox = 3.14

2(0.427) (-7.25) = 3.14+6.19 = 9.33 rad
(4)

We compute the following quantities for determination of phase angle 62:
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10.43 rad

lea = (0.330)(31.60) = = 4.15 rad
Kyx = (0.427)(-1.70) = -0.726 = -0.726 rad
cos(lea) = cos (4.15) = -0.532 sinClea) = sin(4.15) = -0.845

COS(KBXb).= cos (-0.726) = 0.754 Sin(KBXb)

cos(lea+61+62) = c0s(10.43-18.64) = cos(~1.93)

sin(-0.726) = -0.663

1

cos(4.35) = -0.354

sin(K1Xé+61+62)‘= sin(-1.93) = sin(4.35) = -0.898.

cos(K3xb+§4) = cos(~0.7264+3.33) = cos(8.6)

sin(K3xb+84) = gin(2,32) = 0.731

Thus the value of the parameter R is:

= cos(2.32) = -0.681

_ =0.754+0.377(-0.681)

a
4 , v
-cos-K3xb»+ Z;:COS(KBXB+A4).

R =

* a, T ~0.663+1.377(0,731)
sin Kgx o - sin@ygt )
_ =0.754-0.256 _ -1.010 _ , .o

T —0.663H.275  -0.380

Now 62 can be computed. as follows;
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..a

) ik s
3 _ cos(K;x +61 ) + R s1n(K1xa+Gl+62)v al[cos lea+R,31n lea]
tanz- a
. - N 2. . L
—81n(K1xa+61+62) + R cos(lea+6l+62)— al[31n K1Xa+R cos lea]
- ~0.354+2.66(-0.898) - 0.276[-0.532-2.66(-0.845)]
-(-0.898)+2.66(~-0.354)-0.276[-0.845+2.66(~-0.532) ]
- -0.355-2.39-0.276(-0.532+2.24) “—2;742—0.473 ='—3.22 - -5.65
0.898-0.948-0.276(-0.845-1.415) = -0.050+0.623 0.57 '
-2.260
Thus 62 = 4,88 and 62 = ~1.40 (5)
since
4.88 rad equivalent to -1.40.
Now we obtain:
from 61+62 -18.7 (6)
then we have 61 = -17.3 ; (7)
Now cos(G -6 +64) = cos(~17.3+1.4+9.33) = cos(~6.57) = cos(~0.29)

= 0.954

The reduced values of wave amplitudes are now obtained as follows:

a, 2a 2 .,az. a, - 1/2
(1) a) = al[l+(‘1) C—;) = 2?;19(;;)Cos(61-62+64)1'

- 0.047[1+(0.276)2(0.377)2 - 2(0.276) (0.377) (0.954) 12

= 0.047[1+(0.0761) (0.142) - 0.198]1/2

- 0.047[1+ 0.108 - 0.198]%/ 2
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= 0.047(0}90)1/2 0.047(0.94) = 0.044 (8)
ay 2 a4 2 a; a4 1/2
LR | - pa— pa— =9 (—=) (== - :
(ii) a, = 0.013[1 + (32) (33)‘ 2(a2)(a3)cos(61 62+64)

0.013[1+ 1.854 — 2.62]1%2 = 0.013¢0.234)1

0.013[14(3.615)2(0.377) 2=2(3.615) (0.377) (0. 954)}/ 2

0.013[1+(13.06)(0.142)—2(3.615)(0.359)]1/2

/2

= 0.013(0.484) = 0.00629 ©))
, a4 2 2
(iidi) aé = a3[1—(;—)‘] = 0.053[1-(0.377)7] = 0.053[1-0.142] = 0.0455
3 (10)

The reduced values of reflection and transmission coefficients are now

obtained as follows:

¢ 2al
Bl __1_2(0.064) _0.088 _ 406
L L 19.00 ~ 19

1

B3 %3 20.0455) _ 0.001 _ o oo
L, L 4.7 147

3 I3

a' 6
K' = _%.= 0.0460 _ 1.04

From Wiegel's Table:

(11)

(12)

(13}

(14)
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h1
for — = Q.118 n, = 0.853
L 1
1
h3‘
for — = 0.085Q n, = 0.916
L3 2
C L.n , : )
CG3 _ L3 3 _ (1i§7)80ég§6) + 12.46 = 0.830 (15)
c1 1% (19) (0.853) 16.20

The values of quantities (1) up to (15) computed by desk calculations
are the same as those given by the computer program used in the reduction

ofvexperimental data.
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8 .« |- | - - . [000013] 0.0zl | 0007 | 0036 | 0010 | 444 41 417 32 466 473 1.5 [oads]0.0ti o013 | 119 | .02 [21513))
" - . - - - |ooc20 - 0.061 | 002B | 0.0%¢ | 0.013 | 3721 | 784 | 2843 54 3621 371% 40 loMm4|o.21( |oo15 |a6.80 25957 | 14042
110{5417 - | I745[3193 |a5.40 {0.0C146|1.25D | 4.424 [03232 | 0.021 | 0015 | 0.045 | 0007 | 900 | 228 (313 16 8179 916 4.0 |0.926[0.07| {0.0i8| .88 10755 |34
ey~ |- - - - |oooxss| - - - 004y | 0007 | 008> | 0.00y | 2401 49 2226 26 2215 24217 6% 0427 |e.020 Jo.0ll | {441 |t78.20 | 8B 33
13}1336 26715248 [33.5% |0.00133 [ 7285|4433 [03204| 0.037 | 0010 | 0060 | goig | 1225 | too | t1e3 63 1263 1288 2.0 {0149 {0082 |o0.05| [ 2086 2498 |im¢ 1|
14| « - - 0.00227| “ “ 0.040 | ootl | o002 | 0.023 | 3604 | (21 19 169 3520 3749 6.6 0.143 [0.034 | 0.087 | 3595 [>1250 87811
| - . - looo2e8| « B 0.085 | 0.025 | 0087 | 0017 | >02% | 625 | 242% 13 305D 3118 2.2 0802[0.207 [0.03] [3217 |ru07 [11844
116[4317] 150 [ 050 |250.40{48.21{28.00 | 00016 [ 4506 [4004 {02123 | 0.028 | 0.000 | 0.049 | vot0 | 784 L1 102 29 783 8(3 36 0.815 | 0.103 {0.037 { (4.3 | 3752 102518
(1] I N . - [000087f . f . 0.02f | 0Ol | 0033 | 0006 | 441 | 12) 2B 10 439 45| 2.7 oMo |01 |0.023 | &%) [200.08 [2300
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TABLE L. CONTINUED

Test | T 18,1 %] Lo | LifLs H/L C | G C;'/ a, a, 0, s [E7 axloE‘a,xlo‘E q-—xlE tQ. (a,oa,g)xio(a:q(-)xwl:::;',_ Es [Ex B Ua, ﬁ ar
No [sec [ #t [ st | 4t [ 4t [ 4t ' [Fhec[Fhec| Co 5 | 1t RN ESEEEES S prous evarperes TSN SN I8 I8 4 I RR I

B-1(8[¢ 117} 1.50 | 05D [250.40{48.29 |28.00 | D00I2 [6.906 |4004|02123| 0029 | 0.012 | 0.04% | 0.009 | 84| | 144 | 702 24 846 865 2.2 (0835 |atnl |0029 {20.04 [0752 |16
19]8616] « | ~ [N |ST59 [4.5D | 0.00023 |482[ [400T l0.281] | 0.007 | 0.003 | 0.012 | 0004 | 49 1 43 4 52 [3) 1.9 |0878] 0194 [0.082 | 736 |n4.28 [188].14]
wl - |- -1 - “ 000037| « loott 0008 | ool |po0S | |21 64 | 65 7 129 128 —  |o¥3 0529 JeosB | 115N [4280(i29) 82
2| - ~ - 000077 “ “ 0.023 | 00lf | D038 |oo0l0 | t 12} 420 29 5% 538 2.2 0.4 | 0.229 [0.05% |24.19 {34134 3007 13)
21608 - | - 1198.23 14177 [24.25 00007 [6812{400] 1p 2936 | 0.016 | 0.0ll | 0.02] [0.004 | 2854 | 12§ 150 4 25 256 20 (o8 {0473 looté | 827 |tois0 L2 S0
3~ | -1 - - - 00olos | « . “ 0022 | 0.0(0 | 0.0%6 | 0.006 | 494 | (o0 380 (o 480 414 2.9 {0785 [ 0.207 |0.021 | 11.37 |i49.3¢ |3 00000
4§ - . - N 0.00(05 ~ - 0.034 {00!l |o0.059 jo0.009 | (I5% 121 (022 214 143 1so 3.2 0.884 {0.(65 |0.02] | 17.58 [2771.5% 221 4]
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TABLE I TEST SERIES WITH SDE WALL CONTRACTIONG:2)

=, . Constant Depth
al @Y ' d,‘b/ - gL ‘ \
) Transitional i ' {B© IB‘-‘% .
Elrvation Region I ! L PMan View
R

Test| T [ | & | L | L L.W/ ?'kQ%@ a | & | a | a %bdgowgamEqwawndwﬂdvﬁj 1 0 [E atfBe o La [Ls |CT

No sec| s |at |+ | #t |4 |74 | /b R # | s [ |9 | g | 4t g s e = T%on Eafe @ftw| e | & a

C- 1posli225 225 4882|2500 2500 |0.00671000868.0810.500 |0.084 | 0.046 | 0.19T | 0.047 | 7058 | 2u6 | 11449]2209 | (6001 | 1321 1.4 |08t |0.300 0156 |4.61 [5.87 |29168
2|~ 7-]- . - ~ looo2z|0.087 » [0028 | 0.089 | 0240 [00lS | 784 8 | (600 | 225 1762 1793 1.8 | 1.o2 [o10> 0443 ] 154 [13.18 {39357
e | -]~ . 0008000113 « - | 0100 | p.03 | 0.14{ [0.05¢ | (000D | 1296 | 19881 | 2916 | 22473 | 22416 1.9 0114 | 0129 {0.145 | 549 | 1.74 |250.20)
4]2834] - | - 3284 2000 [2000 60017 j00LN[188% | - | 0077 | 0028 | 0111 | o040 | 5929 44} | 1232] | l6o0 | 13203 | 13458 X ] .03 | 0.0M4 | 0.34 [ 2.10 | 3.90 [260.00
g~ -1- “ N ~ 100055 j0.00% - > | 0055 | p.o20 | 0.015 0026 | 3025 400 | 5625 | 676 | 6428 6126 4.0 0427( 032 {o.n2 | 193 [2.63 P 400
6l - |- | - ~ 100025 00035 « - |0025 | p0o0q | 0035 jool3 | 25 8l | 1225 149 1387 | 1419 22 |ot%0|0129 |05 08D |1.22 {s0030
{1880 = |18.08 | 1310|1390 |0.0064|0.00%(9.400] . {0045 | 0002 | 0.065 | 0.025 | 2025 44 | 4225 | 625 | 4513 4175 45 [ 1.0¢3| 0071 | 0154 | 0.76 | 110 (41778
8]« |- - - . - 10013500187 « -~ 10094 | ootz | 0037 | 0044 | e83% 144 | (8769 | (836 | (q087 (§408 2.9 1.062 | 0016 |o0.t08 | 159 |2.32 {20000}
= - | - . 0018700292 c o0 | oo | 018 | 0062 | 14900 | 324 | 3572 | 3844 | 36369 | 37644 34 |LofT{o0ld |0221]2.20 [32] |44.62
(0} 478 C | H8 1995 1395 1002871 [0046[41%6 | - | 0.143 | 0oti | 0.207 | 00T {20849 12\ | 42849 | p41l {43091 | 45939 62 |io48]000b |0.423]1.24 |1.80 |61.4Y]
e j-1- - 00221 [0.0312] ~ |0110 | 006 | o455 |003q | 12100 256 | 24028 | IS21 | 24537 | 25721 46 |o113]0021 |00b2 | 0.86 [1.35 |10SY
2f - - 0.0086 [0.0123| ~ ~ | oo43 o002 | post |o021 | 1849 144 | 3721 | 441 | 4009 4139 3.2 |Look| o078 0ltg |03 |08 [231.03)
BIOSS] - | - | 547 560 [S.60 [0032] joodsD(5323! - | 0.0%0 | o.0M | 0.26 | 0032 | gl00 196 | 15876 | (024 | (6268 | (7224 55 (01900024 003 | 025 | 0.35 | 4233
4« .- - 0.0532 j0013Y| = -~ {0149 | oolS | 0207 |p0r% | 22201 225 | 42849 | 2916 | 43299 | 47318 85  |atss|oolo|aosz |04l |05 [31.45]
I5]044) - | - 4142 [2440]24.40 [0.0011 |00016|808T] - | 0.014 | 0006 | 0.020 [ poo7 | 146 3 400 49 42 44| 19 [1620 018> [0.425 [ 0.4 | 1.06 [ITTi4
) - | - K - |0.002410.0032] « . 0050 | 0015 | 0.039 | 0015 | Qo0 | 225 | (52 22% 91t 202% 2.6 [0845| 025D [o.25 [ 1.59 | 2.07 | 22000
i - - - 00040100059 - 0050 | 0.of3 | 0072 | 0024 | 2500 | (69 | 5184 | s7¢ 522 5376 L0 | 1086|0067 [0S [2.66 |38 |412.00
18[2850| - | - |33.28 |2045 |20.05 |0.0069 |0.0015( 1907 0.070 | 0.030 | 0.0% | 0038 | 4900 | 00 | 9216 | 1444 | 1106( | li24¢ 2.0 |oMMp|o0183] 0.1 [ 249|342 |28800
q{ - - - 0.005% |0.00M4{ « ~ | 0.055 | D.o28 | 0075 | 0.03} | 3025 | 676 | S2% %1 6811 701t 20 | 0930|0223 |0159 | 196 | 2.67 [MLSY
200 -]+~ 0.0022 0003 « | - | 0022 | 0010 | 003l |00i6 | 484 | 100 | 961 | 256 | 1161 1224 5.0 |o%13|o0z06 [0244]0.18 | 110 K%
2|ing| - 20.16 1440|1490 10.0037 [0.0050 1313 | -~ 0.028 | 0.05 | 0037 | 006 | 794 | 225 | {349 a%h 1819 1824 03 108730287 |0.163 | 055 |0.92 59036
2. | .- - - - 100092 |00130] - 0.06% | 0.014 | 0.097 | 0020 | 4761 | 196 | %eq | 400 3801 9922 13 |0188|o.041 |ooaz| 134 | 1.89 [0151
23| - - - 0013} 00189 - - 0.018 | 0084 | 0441 | 0.044 | 2604 | 196 | 19881 | 1136 | 2027 | 21144 4.2 1105|0020 210z | 1.01 |2.95 |48.67
24[18B] - | . |pas Jud [uso [oou1s |00252| %046 | 0.101 | 0.03% | 0.145 | 0.0é] | (o201 | (225 | 2(025 | 3121 | 23475 | 234% 27 |od | o120 [o8Z) 11T [ 148 |13 36
osf - | - - - - |o.0120 oot . 0049 | 0.0i2 | 0,018 | 0.025 | 4761 44 | %04 823 1892 | lol47 2.5 [1.00%|0.050 [ood6 { 0.80 | I.14 |i64.81
20 « { - 0.005S |0.0080] - 0.032 | 0008 | 0.046 | 0,015 | 1024 64 | 2u¢ 225 2244 | 2273 1.3 |1.033 0062 [0.01]| 037 | 0.5> PS1.48
2118 - 167 [ 840 [ 810 |0.0116 |00164 c417| - 0.052 { o089 | 0.073 | 00iS | 2704 8! 329 225 5341 j1{5} .0 |0484]| 0030 ] 0.041[0.36 (051 [MI.O5
28| - -1 - N - |002220.0324f - - 0099 | 009 | 0.144 | 0.049 | 450 186 | 20733 | 2401 | 2113| | 22003 40 1150020 |0.429 {0.61 | 1.00 |10.00
299« -] - 0.0312 {00440 - - 0.39 [ 0838 | o6 | 0071 | (2] | 1484 | r8416 | 241 | 41304 | a3¢83 5.5 0997 [0.074]0.130 | 09T | 1.36 | 6410
>0 [(96411.6711.67 {1974 1300 | 30 ]0.0120 jootm | 6476 | - 0079 | o027 [ o.uiz | 0045 | 6241 | 729 | 12544 | 2025 | 14002 | 14 %07 3.5 | Loov |06 [0z 1291 | 413 US4
HIE N - - 0.009( o027 - . 0.060 | 0.084 | 0083 0.017 | 3(o0 %6 | 6989 28¢ 728 | 1489 3.0 0956 | 0.05% [6040 |2.21 | 3.06 218.5D
al-~1-1 - I - - - [0.0045 [000¢6| < - 0.030 | 0.60® | pods | 0016 | 00 64 | 1849 | a2s5% 1977 | 205¢ 38 1.027| 0.07( |0.0162{1.10 | 1.56 }437.00]
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TABLE T CONTINUED

Tet | T |R |& L |L| L IH/ €= C, | Co, 4, | a a, | a4 Ea,xlo E=dx10 E'RXIOE xiS{eang; jad|Carg ad |i- ;Z‘,:i’ E o6 olfe o] L B4 | CT
No[sec | ft [# | 1t | &t | & L MG TR T3t T3t (3t [ | & [ | 7w | ®# ] 7 [xis &5
(331486 167 14T Juso 920 {120 |0.0104 10028l6 195 | 05001 0.048 | 0.026 | 0059 | pozi | 2304 | 496 | 3esi | 462 | 4633 | spo 49
)| - -} . o 0.0147 10.0207| - - | 0.068 ] 0025 | 0085 | 0038 | 4624 | 625 | 9025 | 1444 | 10275 | 0692 4.0
I 0.0215 [00300] ~ - 10099 [oole o138 o003 | 4810 | (46 |(qoe4 | 96l | 19436 | 20%83 183
| 36[1082) - | - €00 [5m0 [5.90 00158 10022{[526] - | 0.045 | 0001 | 008> |oosl | 2025 | 81 | g | 225 | 413) | 421 | >4
_31 P B 0.0336 (0044 - 0096 | 00l | o3Y 0038 | 9216 | 289 | 18225 | 1444 | 18803 | (9875 54 0987|0031 [00M[04T |094 | 5191
_39 2968 - 45.74 [21.05 |21.05 [0.0043 |0.0065[1046 [ ~ | 0.046 | 0.00% | 0.06B | 0026 | 2116 81 4424 1503 4786 4908 2.5 1017 {0038 |0.(60 |4.38 | 647 [451.83)
19 - -1~ 0.0029 |0.0042 - | 0031 | 00i0 0044 [o0le | 161 | 00 | 1936 | 256 | 23| 218 22 1007 | 0.104 JaI33 |25 [4.49 [(MI5
_40 25%8| - | - 1949 {105 |15 [o0049 (000736043 ] . | 0044 | 0.00T | 0065 Jooze | 1936 | 49 | qza5 | 6T | 4323 | asas 49 |10%1]0025 |0174] 248 | .40 [4034)
| 4 « | -] -1 1+ |- [oook6 looos| - - | 005y |0.028 0018 |0.0% | 3481 | M4 | 6084 | %00 | 72652 | 7862 27 |0874 | 0225 [0.429 [ 3.49 | 5.28 [30l.42
| 423009142 142 4433 | 1445 | 1945 | 00037 10,0050} 6.5% 0.037 [ 0.0t% {004 |oo021 | 1369 | 3¢ | 240! 441 3123 bILLH 8 0817]0.264 {0161 [43% |66l {182
| 43 -] - u 00028 100042} 0.028 | 0095 | 04| |o0l6 | M4 | 42 | 1481 | 258 k733 1924 33 1.092 | 0.053 |0.163 |3.98 | 5.53 |B2.0)
M) - | - 15> (4D (5D (00048 1000816313 | « | o035 o013 [0.049 0019 | 1225 | 165 | 240f | 361 2739 29(} 3.6 0180|0.138 |o. 141|257 |3.00 [4457
EHNEE 00064 [00%5] - 19047 Joott Jooit o028 [ 209 | 121 |41 | ma | wo> | 5203 | 59 [row[oos [oun|sas {507 posse
_45 ) - I5.46 [ 1060 |(0.60 [ 00166 (00240 6.102| -~ |0.088 | 0020 |0.27 |0.047 | 7144 | 400 16129 | 2209 | 16929 176917 43 1041 {0052 |0.143 | 3.45 |446 051
41 . EE - - |ooio4 |0.0136] - oot 10022 {0072 | 0018 | 3025 | 484 | Sied | s24 | 6152 6374 3.5 0857 | 0.(60 |0.05%|2.16 |2.83 |i1210]
:ll = -] - - 00072 [0.0104] - - o038 |00 lpofy |o0l6 | 1444 14 3028 | 25 3091 3144 B4 1024 | 0.025 0.086 | [.4% |2.16 2112}
49[u4 [~ | - | 665 [ €00 1600 00IBS 10026015266 | ~ |po5t |0.00Y 10078 |0020 | 3080 | @1 | go84 | 400 | 6246 £510 48 0.487| 0.026 [0.065 | 0.6 [0.48 [199.01]
9 « | - . ~ loozso foose| 0084 10001 ot [00a8 | 7% | 1521 |t1232) | 2304 | 15363 | (6416 65 |os1jo.so fote3] 106 (140 [N
Stjin]| - 2043 | 1230 | 1250 | 0.0013 |0.0157| 6240 007! [oo0iB | 0018 [0024 | 504( 324 | Yod | $76 | 10252 | (0658 38 0453 [ 0.028 | 00Y7 |3 98 | 5.35 |14 -20]
S« |~ ~ 0.0072 |o010|[ - 0045 | oolb [ 008> [0.024 [ 2025 | 2xb | 2eq | o 448 4425 32 0981 0.126 | 0.142 |2.46 | 3.44 27800
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APPENDIX C

#¥4013-3529,FFS,RESULT,1,5,500,5C0,  BCUROCIMOS : .
. XEC .04 ]Y -4
- _
JCB TIVE = .06 MIN,
LIBRARY ENTRY PCINTS,
LSETUF (CSHV) (RTN) (SPHM) tFILY SORT cos SIN ATAN EXP(2
NAME CRIGIN ENTRY NAME NRIGIN ENTRY NAME ORIGIN ENTRY NAME ORIGIN ENTRY NAME ORIGIN ENTRY
FAIN COl44 CO156 AKEFQ 01616 01623 .SETUP 02075 €2102 (RCPM) 02113 03412 ringp 02113 02140
(F2EF) 02113 02303 FTNPM 02113 02141 (F2PM) 02113 €2130 (FPT) 07605 07614 (FRM7) 10103 104i0
RSTRTN 1C103 10374 TIMLFT 10103 10160 KILLTR 10103 10342 STOPCL 1€103 10202 RSCLCK 10103 10175
JCBTV  1€103 10142 TIMER 10103 10220 (TIME) 10103 1C106 ENDJOR 10477 10563 CLKOUT 10477 10531
EXITV 10477 10505 EXIT 10477 10531 .LODK 10616 11031 .SCRNS 10616 11033 .READL 10616 10471
<READ 10616 10671 LTAPRC 1C616 10666 (TSHM) 10616 10635 (CSHM) 10616 10634 (TSH) 10616 10645
(CSH)  1C616 10660 ICHSIZ 11341 14702 (RTN} 11341 14553 (FIL) 11341 16536 STQUO - 11341 11601
(I0K) 11341 11604 .03311 16214 16216 .€3310 16214 16216 SEDP 16233 16316 DFOP 16233 16322
CCEXIT 16233 16376 DFKP 16233 16270 DFSB 16233 16253 DFAD 16233 16236 (TCO) 16406 16512
ITEF) 16406 16511 {RCH) 16406 16510 (ETT) 16406 16507 (REW) 16406 16506 (WEF) 16406 16505
(BSR) 16406 16504 (WRS) 16406 16503 (RDS) 16406 16502 (10S) 16406 16413 (TRC) 16406 16513
(EXE) 16551 16560 (10U) 17411 17416 (TES) 17433 17435 RECOUP 17436 17441 LSPRNT 17444 17670
«PRINT 17444 17550 +TAPWR 17446 17543 «PUNCH 17444 17526 (S5CH) 17444 17471 (STHN) 17444 1750,
(STHM) 17444 17657 (STF) 17446 17460 (SPHM) 17444 17456 (SPH) 17444 17515 {PRNT) 17444 20067
(SCHM) 17444 17466 LFOUT 17444 20404 .CLOUT 17444 20401 LCOMNT 17444 17550 LPNCHL 17444 17524 |
FRRCR 20644 2C650 (WTC)  21€40 21127 IWER) 2104C 21054 (BST} 21164 21175 (RDPM) 21224 21320 —
(RDC) 21224 21303 (RER) 21224 21237 SOR 21327 21333 SQRT 21327 21333 EXP(2 21437 21443 ©
LDUNP 21573 21576 ATN 21602 21604 ATAN 21602 21604 SIN 21731 21744 €OS 21731 21733 et
MOVIE) 22123 22123 1
PROGRAM LENGTH = 22500. LOWEST COMMCN = 77461
.22 WINUTES ELAPSED SINCE START OF JO8
EXECUTICN
THE FCLLCWING RUNS HAVE BED SLCPE = .125C00 AND SIDEWALL SLOPE = 1.C0CCO0 :
RUN T XL0 xt1 H1 H3  HHI3  xL3 atp A2P  A3P  STEPU STEPD 71 XKR XK1 CELAU CELARD  CGRAT
DELT1 OELT2 ODELT4  HL11  HL33 Al az A3 ae

1 2.424 30.08 19.00 2.25 1.25 1.80 14.70 .02¢S .0141 .0241 ,0028 «0033 11.91 .5322 +G0R9 7.842 6.067 .8299

“19.4 3 93 .12 .09 .025 .009 .026 .00

2 2.424 30.08 19.00 2.25 1,25 1.80 14.70 ,0423 ,0063 .C455 ,0045 .0062 11.91 +14B8 1.0746 7.842 6.067 .B299

-17.3 ~l.4 9.3 12 09 ) +047 .013 .053 .020

3 2,424 3C€.08 19.00 2.25 1.25 1.80 14.7C .0668 .0308 ,0642 .0070 .0087 11.91 <4616 29621 7.842 €.067 .8299

-19.0 -5 9.1 .12 .09 «063 .016 .068 .Ol6 .

40 2.424 30,08 19.00 2.25 1.25 1.80 14,70 ,.0767 .0181 .C871 .0083 .0118 11.91 «2301 1.1066 7.842 6.067 .£299

-19.6 T 14.9 .12 .09 .082 .019 .094 .026

5 1.916 18.79 14.25 2.25 1.25 1.80 11.30 .1265 .0254 .1290 .0178 .0228 15.87 2010 1.0201 7.441 5.900 .B857

~-28.0 5 3.9 .16 .11 «132 .040 .133 ,023



RIN

10

RUN

12

15

16

1.916

1.916

1.916

1.533

1.533

1.533

1.533

1.18C

1.150

1.190

1.150

XLo

18.79

18.79

18.79

12.02

12.02

xLO

12.02

12.02

XLl

14.25

14.25

14.25

10.50

10.50

xt1

10.50

1€.50

xtl

7.00

H1

2.25

H3
1.25

H3

1.25

xL3

11.3¢

11.3¢C

11.3C

AlP A2P A3P STEPL STEPD 11
DELT1 DELT2 DELT4  HLI1  HL33
.C968 .0047 ,C998 ,0136 L0177 15.87
-27.8 .1 9.1 .16 .11
L0671 .027C .C651 ,00S4 .O115 15.87
-19.1  ~1.5 2.9 .16 .1
.0263 ,0099 ,.C305 ,CC4C .0054 15.87
-20.6 1.0 -4.1 .16 .11
.0549 .0144 .C544 .0105 ,0126 21.54
-27.4 -.6  =5.2 .21 .14
.0758 .0662 ,1580 .0l44 .0365 21.54
-28.5 .8 1.3 .21 .14
ate azp A3P  STEPU STEPD 21
DELTL DELT2 DELT4  HL11  HL33
.1820 .0595 .1720 .0347 .0397 21.54
-28.1 L1 -5.6 .21 .14
.2135 .0371 .2089 .0407 .0483 21.54
-28,1 -.4 2.4 .21 .14
.C5C0 .0105 .C495 .0143 .0160 32.31
-37.5 -.4 -8,5 .32 .20
.0978 .0215 .C955 .0279 .0309 32.31
-37.9 -7 3.6 .32 .20
+1439  .0400 .1371 .C4ll .0443 32.31
-44.8 -1.0 -4.5 .32 .20
alp a2p a3p  STEPU STEPD  I1
DELT1 DELT2 DELT4  HLI1  HL33
1248 .0443 .1732 .0528 .0560 32.31
-33.0 -.6 -10.1 .32 .20

XKR

<04R4

.4030

«3503

2617

«8732

XKR

<3269

«1740

«2095

.2196

.2782

XKR

.2395

XKT
1.0307

.100

+9707

. 065

1.0780

+031

9918

.061

2.0843

069

XKT
+9452

179

9781

<225

.9891

050

«9769

-097

9527

«143

XKT
9373

-185

W2

CELAU
A2
T.641

016

T.441

.017

T.441

+015

6.855

024

6.R55
059

CELAY
A2

6.855

.015

6.855

+036

5.885

.009

-

5.885

.013

5.885

.010
CELAY

al
5.885

.020

CELAD
A3
5.900

<104

5.900

068

5.900

032

5.651

.061

5.651
.160
CELAD
A3
5.651

«185

5.651

«233

5.203

.050

CELAD
5.203

.182

CGRAT
+8857

.021

.8857

014

.8857

007

+9698

.020

9698

.018

-C6T-

CGRAT
9698

<049

.9698

075

1.0864

.005

1.0864

012

1.0864
036
CGRAT
A4
1.0864

040



17

18

19.

20

RN

22

23

24

RUN

26

«TES
+T1€6
<766

3.089

3.089
3,089
3.Ce9
3.064

3. 064

3.064
3,064

2.415

48.82

XL0

48.82

48.82

48.82

48.06

48.06

XL0

48,006

48.06

25.84

25.00

XLl

25.00

25.00

25.00

23,50

23.50

XLl

23,50

23,50

18.00

H1l

2.00

H3

1.25

H3

1.C0

HH13

2.C0

19.06

XL3

19.0¢

19.06

19.06

16.99

16.99

xL3

16.99

16.96

13.21

.C5C9 .0119 .C492 .034C ,0331

~110.2 1.3 -.0 75

.0893 .0169 .C866 .0595 .0583

-104.7 1.6 -31.1 15

1153 .0281 .1096 .0769 - .0738

-80.1 -.1 =31.3 <15

.C095 .0016 .0104 ,0008 .0O0l1
-14.6 1.1 9.3 .09

AlP A2P A3P STEPU . STEPD
DELT1 DELT2 DELT4 HL11

.0248 .0031 .0279 .0020 .0029

~14.8 1.1 9.6 .09

.0460 .0116 L0517 .0037 .00S4

«l4.6 .7 9.1 .09

.0734 .0230 ,0T66 .0059 .0080

-15.1 o1 9.6 .09

.04€8 -.0266 ,0139 .0040 ,0016

-17.3 -.3 13.0 -09

.0226 .0097 L0235 .C019 .0028
=15.3 =-1.2 19.6 .09

AlP a2eP A3pP STEPU STEPD
DELT1 OELTZ DELT4 . HLLIL

.0263 .0029 .0297 .0022 .0035

-12.0 .5 6.4 .09

.0492 .0085 .C466 .0042 .0055

~18.t .5 6ol .09

.U111 .00s6 .011s .0012 .Ouls

75.40

11

HL33

9.05

.07

9.05

.07

9.05

+07

8.56

.06

1

HL33

8.56

.06

8.56

.06

11.17

2337

+1890

.2438

.1653

XKR

.1254

22524

.3137

~.5675

. 4287

XKR

.1120

.1728

.3200

9663

.051

9701

.090

9502

.115

1.0949
.021
XKT
Al
1.1249

.038

1.1255%

.063

1.0436

.081

.2978

.054

1.0393

026

XKT
Al
1.1307

.036

29473

.057

1.0572

3.921

.003

3.921

+005

3.921

010

8.100

016

CELAU
8.100

«024

8.100

.039

R.100

.036

T.674

-.034

T.674

012

CEL AV
T.6T4

.020

1.674

.023

7.459

T,

3.882

052

3.882

091

3.882

«115

6.174
.022
CELAD
A3
6.174

«040

6.174

064

6.1T4

.083

5.551
.0l6

5.551
.030
CELAD
A3
5.551

.039

5.551

054

5.475

1.0414

.012

1.06414

.020

1.0414

.025

+ 7959
.016
CGRATY
Ak
+ 1959

«022

. 7959

.028

« 7959

.023

7555

006

+«7555
+014
CGRAT
A&
.7555

.019

«7555

.020

.7878

~€61-



29

30

RUN

32

33

34

35

RUN
36

38

29

2.415

2.415

2.415

1.872

1.872

1.872

1.872

1.4€3

1.463

1.463

1,463

29.84

29.84

29.84

17.93

17.93

17.93

0 17.92

X0

10.95

16.95

10.95

10.95

18.00

18.00

XL}
18.00

13.25

13.25

13.25

13.25

xtl
9.50

2.00

2.00

2.00

2.00

2.00

2.00

2.00

1.c0

2.00

2.00

HH13

2.00

2.00

2.00

13.21

13.21

9.9%

9.99

xtL3
7.5C

-14.0 -.5 7.4 .11 .08
.0310 .0132 ,0316 .0034 .0048 11.17
-13.8 -7 7.5 .11 .08
L0544 .0267 .0552 .C060 .0084 11.17
-13.2 -1.5 1.9 .11 .08
IS 1 a2pP a3p  STEPU STEPD 21
DELT1 NELTZ DELT4  HL1l  HL33
.0538 ,.0128 .0595 .C060 .0090 11.17
-14.1  -1.2 6.8 .11 .08
.0118 .0056 .0l114 .0018 .0023 15.17
-20.4 .5 8.8 .15 .10
L0288 .0036 .C312 .0043 .0063 15.17
-21.1 .h 8.9 .15 .10
.0525 .0045 .0557 .0079 .0111 15.17
~20.5 .4 8.3 .15 .10
.0839 ,0344 ,0830 .0127 .0166 15.17
~-28.2 1.€ 7.9 .15 .10
a1p a2e A3P  STEPU SYEPD Il
DELTL DELT2 DELT4  HLI1  HL33
.0376 .0257 .0279 .0079 .0074 21.16
~37.8 -4 1.2 .21 .13
,07¢0 L0295 .OT17 .6160 .0191 21.16
-22.1 4 1445 .21 .13
L1114 0413 L1044 .0235 .0279 21.16
~22.2 -5 6.9 .21 .13
L1458 .05T6 L1339 .0307 .0357 21.16
-22.2 -k 6.5 .21 .13

J4275

«4905

XKR

2376

+4740

1263

.0863

.4098

XKR

«6833

.3882

«3707

«3952

017

1,0194

037

1.0145
<051
XKT
Al
1.1068

070

«9668

<018

1.,0849

.040

1.0616

«056

.9896

.081

XKT

Al
7422

.039
.9439

.075
.9375

«109

+9185

o141

.009

T <459

.020

7.459

014

CELAU
T.459

040

T7.084

<012

7.084

.023

7.084

.012

7.084
.02

CELAU
A2

6.499

021

6.499

015

6.499

014

60499

.01y

VA

022

S5.475

.039

5.475
.059
CELAD
a3

54475

072

5.342

.019

5.342

.041

5.362

061

5.342
.091
CELAD

a3
$.130

".060

5.130

.079

5.130

114

5.130

+ 146

015

-7878

017

.7878
016
CGRAY
AL
.7878

.030

8473

.012

~46T~

+8473

020

8473

.018

.B473
.027
CGRAT
'Y

«9456

.022

<9456

024

+9456

.033

«9456

.062



40

41

42

43

44

45

RUN

46

47

“y

49

« 957

957

957

1.020

1.020

1.02¢C

1.258

1.298

1.298

1.258

1.727

4.69

XLO

4.69

4469

5.33

8.63

8.63

15.26

X1t

4.65

4465

XLl

T.60

11.20

2,00

1.67

1.67

1.67

1.67

1.00

2.00

xL3

5.53

«0436 .0020 .C412 .0188 .0195
-50.2 .7 19.5 43
AlP A2P A3P STEPU <STFPN
DELY) DELT2 DELT4 HL11l
0947 .0236 .0926 .0407 .0437
-51.5 .6 13.5 43
<1277 .0181 .1375 .0549 .0649
=57.5 -1.1 -eb <43
«C950 .0386 .0867 .0369 .0422
-32.3 -8 =1.7 32
«0719 .0260 .0653 .0279 .0318
-48.5 -.0C .1 32
.0402 ,0102 .0404 ,0156 ,0197
=-55.2 .2 .6 32
AlP azp A3pP STEPU STEPD
DELT1 DELT2 DELT4 HL11
0339 .uU196 .0286 .0089 ,.0104
~25.2 -3 2.4 .22
0460 .0062 .0477 .0121 .O172
~35.0 -9 2.8 .22
.0759 .0061 .0789 ,C200 ,0285
~37.5 1.3 14.0 222
.0859 .0137 .0884 .,0226 .0320
-25.3 1.4 14.5 .22
.0250 .0104 .025% .0045 .0067
-13.7 -.3 12.9 .15

43.24

.24

11

HL33

4£3.24

.24

43,24

24

32.60

.16

32.60

+16

32.60

.16

21

HL33

22.09
.12

22.09
.12

22.09

.12

22.09

212

14.99

.09

0451

XKR

« 2494

.1418

+4067

23610

-2532

XKR

«5776

«1346

. U806

1599

4148

29444

052

XKT
9777

.097

1.0766

.142

9129
.091

9078

071

1.0045

. 040

XKT
«8459

“e031

1.0371
052
1.0391

079

1.0297

.095

1.0207

.033

4.860
.020

CELAN
A2

4.B860

.012

4.860

.050

5.051

017

5.051

«009

5.051
.008

CELAU
A2

5.858

+009

5.858

021

- 5.858

017

5.858

.03%

6.490

.020

L

4,424
.050
CELAD
A3
4,624

.102

4,424

.152

4,032

<092

4.032

«072

4.032
041
CELAD
A3
4,265

.033

40265

052

4,265

«082

4.265

.096

4,431

.034

1.1338
021

CGRAT
ae
1.1338
.031

1.1338

<047

1.0777:
<022

-S6T-

1.0777

022

1.0777

- 005
CGRAT

A4
«9154

012

+9154
.015

«9154

-016

9154

027

.7832

«017



RUN
51

52

53

54

55

RUN

56

57

58

59

&0

€1

1.727

1.727

2.222

2.222

2.222

2.222

2.823

2.823

2.823

2.823

3.224

xL0
15.26

15.26

25.26

25.26

25.26

XLO

25.26

40.80

40.80

4C.80

4C.80

XL0

53.21

XLl
11.20

11.20

15.15

15.15

15.15

15.15

19.80

19.80

19.8C

19.80

22.85

Hl

1.67

1.67

1.67

1.67

1.67

H3

.67

H3

.67

HH13

2.49

HH13

2.49

2.49

XL3

T.65

10.03

10.03

10.03

XL3

10.03

12.88

12.88

12.88

12.88

XL3

14.7¢

a1p A2p A3P  STEPU STEPD 21
DELT1 DELT2 DELT4 HLI1  HL33
.0531 .0116 .C584 .uD95 ,0153 14.99
-19.7 -4 13.3 .15 .09
.0711 -.0161 .0772 .0127 .0202 14.99
T-19.7  -1.1 .1 .15 .09
.0158 .0069 .0171 .0021 .0034 11.08
7.8 -5 5.5 1 .07
.0274 .0093 .C311 .0036 .0062 11.08

I3
-10.5 1.1 -1.0 .11 .07
L0462 .0174 .C498 .0061 .0099 11.08
-17.5 1.1 4.7 .11 .07
A1P  A2P A3P  STEPU STEPD 21
DELT1 DELT2 DELT4  HL1l  HL33
.0526 .0235 .C557 .0069 .0111 11.08
-18.0 .5 5.2 .11 .01
.0086 .0033 .0101 .0009 .0016 B.48
~14.6 1.3 9.9 .08 .05
.0198 .0119 .C210 .002C .0033  B.48
-14.6 1.3 4.0 .08 .05
.0338 .0097 .0389 .0034¢ .0060 B.4B
-15.1 1.6 10.4 .08 .05
L0435 ,0135 .0502 .0044 .0078 8.48
-15.1 1.2 3.6 .08 .05
AlP a2p A3P  STEPU STEPD 11
DELTL DELT2 DELT4 HWLI1  HL33
.0134 .0035 .0156 .0012 .0021 7.35
-13.9 -.8 6.9 .07 .05

XKR

.2187

2268

<4362

«3391

«3765

XKR

.4479

3789

5978

«2864

-3109

XKR

<2645

XKT
Al
1.0984

. 059

1.0859

.079

1.0839

.018

1.1330
.033

1.0771
<047
XKT
Al
1.0594

.058

1.1706

017

1.0587

025

1.1498

042

1.1535
.053
XKT
Al
1.1665

.018

CELAU
a2
6.490

2025

6.490

.033

6.823

.010

6.323

.019

6.823
.0l6

CELAU
LY4

6.823

.032

7.013

.013

7.018

.018

7.018

024

7.018
.030

CELAY
A2

7.091

.011

N6
CELAD
[ %] AL
4,43)

062

4.43]1

.083

4.515 .7195

.019 .006

4.515 7195

.034 .010

4.515 L7195

.053 .013

-96T-

CELAD
A3 A4
4.515 L7195

CGRAT

.059 .014

4.565 .6850

.019 .013

4.565 .6850

.025 .010

4.565 .6850

+044 ,015

4,565 .6850

.056 .018

CELAD
A3 A4
4.583 .6723

CGRAT

019 - .008



€2

€3

€4

€5

N

(1)

(34

€8

€S

L

RUN

m

Tz

vy -

3.224

3.224

3.224

3.192

3.192

3.192

2.247

2.247

2,241

.

1.668

1.668

-

1.668

53,21

53.21

53.21

52,15

xL0

52.15

52.15

25,83

25.83

25.83

(14026

14.24

22.85

22.85

22.85

21.50

XLl

21.50

21.50

14.65

14.65

14.65

10.30°

1.67

1.50

1.50

1.50

.50

H3

+50

.50

H3

T .50

50

3,00

3.C0

FH13

3.00

3.00

3.00

14.7¢

T14.76

14.76

12.866

XL3

12.6¢

12.66

.£3C5 .0250 ,.0212 .0027 ,0N29 7.35

-14.7 & T.1 .07 .05

.0282 L0116 .0316 .0025 .0043 7.35

-11.1 1.4 12.9 .07 .05

.0477 .0245 .0498 ,0042 ,0068 7.35

-10.8 .9 6.5 .07 .05

.0321 .0118 .0389 .C03)1 .0061 T.01

-11.3 o7 6.3 .07 .06

e

ALlP a2p A3P STEPU STEPD n
DELTY DELTZ DELT4 HLI11 HL33
.1152 -.0776 .C362 .0107 0057 7.01

-16.2 o4 19.1 07 .04

.0121 .0039 ,0153 .00l1 .0024 7.01

-13.8 -1.2 12.7 .07 04

.06E1 .0379 .C699 .0093 .0159 10.29

-17.8 l.4 9.9 .10 .06

.0363 .0155 .0398 .0048 ,0090 10.29

-16.2 2 10.3 .10 .06

.0192 .0089 .0213 .0026 .0048 10.29
-16.0 -.0 10.3 .10 +06

AlpP a2e A3P STEPU STEPD 1
DELT1 DELT2 DELT4 HL11l HL33

.0327 ..0145 .0336 .0063 .0104 14.6%4

-20,2 -.l 12.4 .15 .08

.0550 .0211 .0590 .0107 .D183 14.64

-21.6 =3 11.4 .15 .08

L0693 0299 T, 073& (01357 [0228 14.64

.8171

+4093

.5129

.3559

XKR

-.6739

23198

.4387

4664

XKR

s 4429

+3843

4309

<6957

.028

1.1190

.038

1.0447

.051

1.17¢3
«039
XxT
Al
«3148

«134

1.2580

.016

1.0265

«063

1.1273

.039

1.1104

.021

XKT
Al
1.0289

.033

1.0730

«053

1.0595

7.091

.019

7.091

.025

7.091

.028

6.740
021

CELAU
a2

6.740

-.101

6.740

.010

5.525

025

6525

.022

5.525
012

CELAU
42

6.180

2014

6.180

.012

6.180

;7

4,593

<029

4.583

039

4.583

«054

3.972
<044
CELAD
A3
3.972

.038

3.972

.018

3.931

073

3.931

D&l

3.931

.022

CELAD
a3
3.864

035

3.864

061

3.864

«6723

.015

6723

017

.6723

.015

.6133
.015
CGRAY
AL

.6133

.009

6133

~L6T-

.007

«6534

.015

+6534

.007

«6534
. 004

CGRAT
A4
7247

. 007

- 7247

.011

«T247



74

15

RLN

76

17

18

9

ec

RUN

el

€2

1.083

1.083

1.083

<874

«874

+874

.921

921

.921

1.363

1.363

6.00

xL0

65.C0

3.91

5.60

XLl

4.15

T.45

1.50

H1

1.50

H1

1.25

«50

K3

»50

.50

.50

H3

.25

25

.25

3.00

3.00

3.00

3.9¢

3,03

2445

XL3

2.45

~23.1 1.3 10.0 .15 .08

.0424 .0133 .C4l5 .0151 .0210 26.93

~31.7" -5 4.7 .27 .13

.0672 .0185 .0638 0240 .0322 26.93
-40.7 -4 -2.4 «27 13

Alp a2p A3P STEPYU STEPD 21
DELTY DELY2 DELT4 HL11 HL33

.11€3 .0395 ,1028 .0394 ..0519 26.93

-44.9 -1.0 -3.2 27 13

.C494 .0170 ,0632 .0257 .0285 39.17

=42.7 .1 22.8 <39 .16

.0780 .0138 ,0762 .0405 40502 39.17

-52.1 1.4 18.1 «39 .16

L1111 .0231 .1062 .0577 .0700 39.17

-43.3 —eh ~4al +39 .16

0575 .0174 ,0568 0277 .0463 30.28
~35.5 1.4 20.0 «30 .10

ALP A2p A3P STEPU STEPD Il
DELT1 DELT2 DELT4 HL1] HL33

.0310 .0055 .03?1 .0150 .0262 30.28

~35.6 -le.4 21.1 .30 .10

.0840 40300 .LB20 .0405 .0669 30.28

-35.0 .2 20.0 +30 .10

L0652 .0253 .0755 LCl75 .0402 16,87

-17.9 . 19.9 17 .07

L0442 0164 .CS512 L0119 .0272 16.87

“tT.4 -.3 S.6 17 .07

+3139

+2747

XKR

+«3582

<3436

21773

.2082

«3033

XKR

1759

»3564

.3879

3707

.068

.9787

2043

«9483
. 068
XKY
Al
29317

«107

8749

+051

.9771

077

«9554

.110

.9879
+057
XKT
Al

1.0344

.033

«9759

.082

1.1572

064

«0264

5.175

013

5.175

010

CELAU
5.175

<014

4,409

.019

44409

.008

4.409

009

4.508

.005

CELAU
4,508

.010

4.508

.022

5.469

<019

S.469

.012

Vb

076 .014

3.661 .9628

.043 .008

3.661 .9628
.069 .019
CELAD _CGRAT
a3 Ak
3.661 .9628

.109 .026

3.474 1.1236

.045 .009

3.474 1.1236

.077 .008

—-861—

3,474 1.1236

.108 014

2.666 .8936
.01 L016
CELAD CGRAT
A3 A
2.666 .B936

.034 .008

2.666 .8936

.083 .009

2.759 .6282

.078 .014

2,759 .6282

.060 .023



&5

RULN

26

€7

2]

Es

S0

RN

S1

s2

S3

54

SS

1.363

2.1€9

2.1C

2.1C9

2.688

2.588

2.5€8

3.959

3.956

3.956

3.959

xXLo

22.77

22.77

22.77

45.69

45.69

xL0

45.69

80.22

80,22

8C.22

8C.22

X1l

12.60

12.60

12.60

1B.40

18.40

18.40

30.92

30,92

30.92

30.92

1.25

2.C0

.25

H3

«25

.25

.25

H3

25

5.00

5.00

5.00

2.C0

XL3

-5.9C

-5.9C

-5.90

~B.42

~B.42

xL3
-8.42

22.13

22.13

22,13

22.13

L0265 .0114 .C362 .00TL
-17.2 1.4 .6
a1P a2 A3P  STEPY
DELT1 . DFLT2 DELT4
.01S8 .0057 .0260 .0031

-T.4  ~1.2 2.3
.0327 .0063 .0543 .0052
-10.4 1.1 -1.9
.C469  .0154 L0455 .0074
~13,0  -1.2 =9.1
.0317 .0013 .C608 .CO34
~10.4 .6 =1.9
.0237 .0043 ,0370 .0026

~7.7  -1.5 -9.5
alp azP  -a3P  STEPU
DELT1 DELT2 DELT4
.0143  .0044 .0165 40016
-12.0 .6 -2.8
€554 .0457 .0367 .0036
-10.2 1.5 1.9
.0530 .0162 .0588 .0034
-8.7 -5 1.4
L1165 .0523 .1206 .CO75
-8.5 -2 121
.C449 ,0250 .C433 ,0029
-9.4 1.1 6.4

.0161

.17

STEPD

HL1L

-.0088

.10

-.0184

10 -

-.015¢4

.10

-+ 0144

.07

-.0088

.07

STEPD

HL11

-.0039

.07

.0033

06

. 0053

.06

-0109

« 06

+»0039

06

16.87

.07

z1

HL33

9.97

~.04

9.97

« 04

9.97

-.04

6.83

-.03

6.83

-.02

21

HL33

6.83

-.03

6.50

+05

4308

XKR

<2849

«1912

«3295

. 0400

.1824

XKR

.3099

8244

3067

46490

5575

1.1386
.028
xKT
Al
1.3125

.019

1.6602

.033

9703

+046

1.9180

032

1.5608
023
XKT
Al
1.1482

014

6622

<044

1.1101

064

1.0350

<111

« 9649

2042

S.469
.014

CELAU
a2

5.978

003

5.978

«005

5.978

. 007

6.162

.003

6.162
002

CELAU
a2

6.162

.002

7.815

026

7.815

034

7.815

.027

7.815

.015

2.759
.031
CELAD
a3
2.R04

026

2.804

.057

2.804

.048

2.821

«061

2.821
037
CELAD
a3
2.821

017

5.600

«047

5.600

068

5.600

.129

5.600

+0D48

.6282
. 005

CGRAY
4
-«5136

.003

~.5136
013

-+5136

011

-a4793

. 007

-661-

-e4793

+005

CGRAY
~.4793

.003

<7347

.022

«T367

.025

<7367

.033

. 7347

.015



Jce

- XEC

TIVE = .06

(411

LIBRARY ENTRY PCINTS,

-SETUP

NAVE ORIGIN

MAIN COl44
{F2EF) C2117
RSTRTIN 1C107
JOBT¥ 1C107
EXITV¥ 1C503
+READ 10622
{CSHY 1Ce22
(10K} 11345
DCEXIT 16237
(TEF) 16412
(BSR) 16412
(EXE) 16555
+PRINT 17450
(STHM) 17450
(SCHM) 17450
ERRCR 20650
(RDC) 21230
Louve 21577
MOVIE) 22127

PROGRA¥ LENGTH =

THE
RUN

S5

Sé

s9

1€l

1€3

{CSKHVM)

ENTRY
00156
02307
1C400
10146
10511
10675
10664
11610
16402
16515
16510
16564
17554
17403
17472
20654
21307
21602
22127

*M4012-3529,FVS,RESLLT,1,5,5C0,5C0,

(RTN) (
NAVME ORIGIN
AKEFQ 01622
FINPM 02117
TIMLFT 10107
TIMER 10107
EXIT 10503
+TAPRC 10622
TICHSIZ 11345
.03311 16220
DFw¥P 16237
{RCH) 10412
(WRS} 16412
(I0U) 17415
+TAPWR 17450
(STE} 17450
«FOUT 17450
(WTC) 21044
(RER) 21230
ATN 21606

22504, LOWEST COMMCN =

SPHM )

ENTRY
01627
02145
10164
10224
10535
10672
14707
16222
16274
16514
16507
17422
17547
17464
2041C
21123
21243
2161¢C

17461

22 VMINUTES ELAPSED SINCE START OF J08

EXECUTICN

FOLLCWING RUNS HAVE BED SLCPE =

T XLo

4.516 104,36

4.516

104.36

125.53

4.953

125.53

4.953 125.53

XLl

35.49

35.49

359.05

39.05%

3%.05

H1 H3 HH13
2.00 1.00 2.00
2.C0 1.00 2.00
2.00 1.C00 2.00
2,00 1.00 2.00
2.C0 1.00 2.00

XL3
25,35

25.35

27.85

27.85

27.85

(FIL)

NAME ORIGIN
+SETUP 02101
(F2PM} 02117
KILLTR 10107
(TIME) 10107
<LO0OK 10622
{TSHM) 10622
(RTN) 11345
.03310 1622¢C
DFSB 16237
(ETT)Y 16412
(RDS) 16412
{TES) 17437
«PUNCH 17450
(SPHM) 17450
+CLOUT 17450
(WER) 21044
SOR 21333
ATAN 2160¢

SQRY

ENTRY
€2106
02134
10346
10112
11035
10641
14557
16222
16257
16513
16506
17441
17530
17462
20405
21060
21337
21610

agur

-125C00 AND SINEWALL SLOPE = 1.CCCCOO

AlP a2p A3P STEPU
DELT1 DELT2 DELT4
.0327 .0093 .G364 .0018

-6.0 .C 6.0
.0486 ,0C96 .0546 .0027
-5.4 -7 4.1
.0292 .0029 ,0340 .0015
-5.6 -.8 4e6
.0444 .0114 .C493 .CO023
-5.5 -1 bol
.0175 .0CS0 .C195 .CCCS
-8.3 -.8 T.4

0CIMOS
.04
cos SIN
NAME ORIGIN ENTRY
(RCPM} 02117 03&l6
(FPTY 07611 07620
STOPCL 10107 10206
ENDJOS 10503 10567
«SCRDS 10622 11037
(CSHM) 10622 10640
(FILY 11345 14542
SFpP 16237 16322
OFAD 16237 16242
(REW) 16412 16512
(I0S) 16412 16417
RECOUP 17442 17445
(SCH) 17450 17475
(SPH) 17450 17521
«COMNT 17450 17554
(RST) 21170 21201
SQRT 21333 21337
SIN 21735 21750
STEPD 21 XKR
HL11 HL33
.0029 5.67 2844
.06 +04
.0043 5.67 .1970
.06 +C4
0024 5.15 .0990
.05 »04
.0035 5.15 «2575
.05 .04
.0Cl4 5.15 2862
« 05 - 04

WA

ATAN EXP(2

NAME NRISGIN
FINBP 02117
(FRM7) 10107
RSCLCK 10107
CLKOUT 10503
<READL 105622
(TSH) 10622
STQUO 11345
NDFDP 16237
(TCO) 15412
{WEF) 16412
(TRC) leslz
«SPRNT 17450
[STHD) 17450
(PRNY) 17450
«PNCHL 17450
(ROPM) 21230
EXPL2 21443
cos 21735

ENTRY
02144
10414
10201
11535
19675
10551
11605
16326
16516
16511
16517
17674
17213
20073
17520
21324
21447
21737

-00¢-

XKT CELAUY
A2

T.R64

CELAC
Az
5.618

CGRAT

1.1131 .7289

.039  ,021 .C40 .012

1.1229 7.864 5.616

.017 .058

. 7289

082 .014

1.16642 7.891 5.627 .7252

.033 .011 .039 .0l%

1.1099 7.R91 5.627 .7252

.050 .022 .054 .016

1.1114 7.891 5.627 .7252

-023 .014 .023 .009



RUN

1Cs

1C5

1ce

1c?

1C8

RLN

1C9

110

111

112

113

RULN
114

T

4.953

6.644

6.644

5.854

5.854

5.854

5.854

5.582

5.582

5.582

5.582

xLo

125.53

225.90

225.90

175.41

175.41

175.41

175.41

159.47

159.47

159.47

XL0

159,647

39.05

52.79

52.79

46.39

46,39

XLl

46.39

46.39

46,78

46.78

46.78

xL1

46.78

2.00

H3

1.C0

1.00

1.25

FH13

2.C0

FH13

1.80

XL3

27.85

37.5¢C

37.50

33.00

33.0¢C

xL3

33.00

33.00

35.1C

35.1C

35.10

XL3

35.10

AlP LY4d a3p STEPU
DELT1 OELTZ O0OCLT4
.0173 .0101 ,C18C .CCC9Y

~8.4 -7 6.8
«0384 ,0064 .C439 ,.CO15
-5.8 .4 6.8
.08¢4 ,0166 .C974 .0032
-7.1 1.0 7.2
«C260 0144 .0289 ,COl1
=22 -1.0 1.8
0266 .0138 .C267 .CO11
~4.3 .8 l.4
AlP aze A3p STEPU
DELT1 DELT2 DNELT4
«C506 .0175 .C520 .CO22
-2.8 .2 1.5
.0924 .0218 .1018 ,.C040
-2.8 .4 2,2
.C420 .0016 .0477 .0018
-6.0 1.5 1.1
+0341 .0120 .038C .CO15
-5.7 4 7
-C410 .0119 .C450 .0018
-6.1 1.0 6
Alp A2P A3P STEPL
DELT1 DFLT2Z DELT4
0931 .0253 .C989 .CCsaC

STEPD
HL11
.0013

« 05

.0023

<06

.0052

« 04

0017

.04

.0016
.04

STEPD
HL11

+0032

«04

.0062

<04

.0027

+05

.0022

-05

.0026
.05
STEPD

HL11
.C05%

1
HL33
5.15

21
HL33
4.33

.03

2
HL33
4.34

XKR

5828

<1672

«1940

«5545

5177

XKR

36452

.2333

.0372

«3511

.2905

XKR

2713

xxT
Al
1.0372

.020

1.1428

041

1.1407

.088

1.1093

.031

1.0033
025
XKT
Al
1.0268

051

1.0902

.095

1.1363

045

1.1151

036

1.0966
048
XKT

Al
1.0627

N2

CELAU
LY 38
7.891

.013

7.950

012

7.950

.018

7.929

021

7.929
.009

CELAU
a2

7.929

.013

7.929

<014

8,386

.012

8.386

.015

3.3%6
.025
CELAY

A2
8.385

CELAD
A3
$.627

.021

5.648

067

5.548

.103

S.641

032

5.5641
.027
CELAD
A3
5.641

056

5.641

-109

€.292

051

6.292°

040

6.292
«049
CeLAp

A3
6.292

CGRAT
.7252
008

-T171
.012

7171

024

.7200

010

. 7200

+006

—-T10¢-

CGRAT -
.7200

.015

.T200

.028

7603

.013

.7603

009

7603

«014

CGRAT

7603



115

116

117

RLN

119

120

121

123

RUN

124

125

5.051

5.051

5.051

4.372

4.372

4.372

3.844

3.844

3.844

5.519

5.519

13C.55

130.55

130.55

$7.84

XxL0

$7.84

$7.8¢4

15.63

75.63

75.63

XL0

155.86

155,36

42.18

42,18

“2.18

36.29

XLl

36.29

36.29

31.68

31.68

31.68

35.99

35.99

1.25

1.25

H3

.67

.67

1.80

HH13

1.80

HH13

2.49

2.49

31.7C

31.7C

31.7¢C

27.35

27.33

27.35

23.9¢

23.95

23.9¢

XL3

25.5C

25.5C

-4.5 -t 7 .05 - 04
«0575 .0265 .0572 .0027 .003% 5.36
-9.4 l.4 2.2 .05 04
.0353 .0139 .0375 ,0017 .0024 5.36
-8.9 . b 2.3 .05 .04
«0749 .0149 .0820 ,C036 .0052 5.36
-8.9 .7 1.9 « 05 « 04
«C470 .0141 .0498 ,.0026 .0036 6.23
-5.7 -5 “.2 .06 .05
ALP A2P A3P STEPU STEPD 11
DELT]1 ODELT?2 DELT4 HL11 HL33
20374  .0127 .C405 .C021 .0030 6.23
-3.5 -.8 4.4 .06 .05
+0634 .0150 .C675 ,0035 .0049 6.23
~5.4 -9 4.5 <06 05
0510 .0154 .0S41 .C032 ,0045 T.14
-10.8 «5 3 .07 05
«0415 .0119 .0442 .0026 .0037 T.14
-4.9 -5 .1 .07 .05
0782 .0090 .CRS4 .0049 ,0071 T.14
-1.1 -l.4 .3 .07 - 05
AlP a2e A3P STEPU STEPD 131
DELT1 DELT2 DNELT4 HL11 HL33
.0237 .0077 .0273 .0012 .0021 4.20
-2.3 ~h 1.6 - 04 .03
0294 .0097 .0C343 ,CC1S .0027 4.20
-2.4 -4 1.7 .06 .03

. 4€0C

«3937

.1993

«2996

XKR

«3399

+2368

+3009

<2874

«1148

XKR

<3247

«3295

092

+9943

+055

1.0633

039

1.0943

.075

1.0610
.049
XKT
Al
1.0836

041

1.0648

.073

1.0608

051

1.0653

<061

1.0909
.080
T XKT
a1
1.1530

.027

1.1661

<034

oo i

8,353

«017

8.35R

.020

8.35K

006

8.300
.015

CELAU
a2

8.306

.020

8.306

<035

8.24¢

.008

8.246

.006

8.246
.010

CELAU
A2

7.251

014

7.251

.018

6.281

+060

6.231

060

6.281

.08s

6.259

«054

CELAD
6.259

042

6.259

.073

6.234

.058

€.234

046

6.234

+089

CELAD
4.624

.029

4,624

.037

.023

<7637

-013

<7637
.010

« 7637

016

.T700

«015

CGRAT
.7700

.008

—¢0¢-

.7700
.020

«TT74

-015

<1774

009

7774

.018

CGRAT
<6464

.007

«6464

.010



126

127

128

RLN

129

130

132

RN

134

135

136

5.519

6.13C

6.130

6.13C

6.946

6.94¢

6.946

T.548

T.548

T.548

T.548

155.86

152.32

192.32

Xto

192.32

246.93

246.93

246.93

291.56

xL0

291.56

291.56

291.56

39.99

44.51

44.51

XLl

44,51

50.54

50,54

50.5¢4

54.98

XLl

54.98

54.98

54,98

1.67

H3

.67

.67

2.49

HH13

2.49

25.50

28.35

28.35

xL3

28.35

32.15

32.15

32.15%

34,95

xL3

34.95

34.95

34.95

«0523 .0127 .C615 .C026 .0048B 4.20
=2.7 ~e b 8.0 06 .03
#0226 .0115 .0241 .,0010 ,0017 3.77
~4.3 -1.3 2.9 e .02
»0247 .0080 .0289 .0011 .0020 3.77
=2.3 ~1.5 6.3 04 .02
AlP A2pP A3pP STEPU STEPD 11
DELTL DELT2 DELT4 HL11 HL33
«0425 ,0084 .C511 .0019 .0036 3.77
~2.4 -1.2 6.3 .06 .02
0499 .0125 .0594 ,.C020 .0037 3.32
-5.7 .1 4.3 .03 .02
.0259 .0116 .0289 .CC1C .0018 3.32
~-5S.1 -5 4.2 .03 .02
.0314 .0113 .C363 .0012 .0023 3.32
~4.7 -.1 2.8 <03 .02
.0217 .0DOAT .0244 .0008 .0034 3.05
-1.1 ~e4 3.0 +03 .02
AlP a2p Alp STEPU STEPD = 21
DELT]l DELT2 DFELT4 HL1l HL33
.0213 ,0085 ,C246 .CO0E .00l4 3.05
-2.3 1.0 3.4 .03 .02
.0380 .0126 .0439 .CO14 .0C25 3.05
.5 -1.3 3.2 .03 .02
+04¢8 ,0129 .CS561 ,L,CO17 .0032 3.0%
~2.5 1.1 3.4 .03 .02

2429

«5113

«3253

XKR

1966

.2503

4467

+3599

<4002

XKR

«3972

+3315

<2755

1.1764

057

1.0693

<021

1.1709
027
XKT
Al
1.2029

043

1.1892

-050

1.1165

.030

1.1572

.031

1.1238
021
XKT
Al
1.1548

2026

1.155¢

.039

1.1989

052

N-s

=k T
7.251 4.624
.023 .065
T.266 6.628
.006 .026
T.266 4.628
.012 .031
CELAU CELAD

a2 A3
7.266 4.628
.007 .0%3
7.281 4.632
.010 .061
7.2B1 4.632
018  ,031
T7.281 4.632
.008 ,028
7.289 4.0634
.006 .025%
CELAU CELAD
a2 a3
T7.289 4.63%
.016  .027
7.289 4,634
012 ,047
7.289 4.634
.024 .059

« 6464

.015

« 6439

.007

«6439
.008
CGRAT
rG
+6439

.010

6415

-€0¢Z~-

.010

6415

.008

6415
.008

.6403
.004
CGRAT
A%
.6403

.008

+6603

.012

. 6403

013



137

138

RLN
139

140

141

143

RUN

1%4

145

146

147

148

11.22¢ 644.98

11.226

644,98

T XL0

11.226 644.98

11.226 644,98
8.726 389,68
8.726 389,68

_8.726 389.68

T XL0
1.360272.73

7.300 272.73
7.3€0 272.73
5.033

129.65

5.033 129.65

73.26 1.33
73.26 1.33
XLl H1
73.26 1.33
73.26 1.33
56.86 1.33
56.86 1.33
56486 __1.33
Xtl H1
47.50 1.33
47.50 1.33
47.50 1.33
34.53 1,50
34.53 1.50

.33

.33

H3

«33

.33

H3

.33

<33

- 50

.50

HFH13

4.03

4.03

4.03

HH13

4.03

36.55

36.55

XL3

36.55

3¢.55

28.40

28.40

28.4C

xL3
23.75

23.75

23.75

20.10

20.10

«C105 .v013 .ui30 .COC3 ,0007 1.83
=2-4  -1,3 7.8 .02 .01
.0133 ,0015 .Cl65 .CCO4 .C009 1.83
“1.9. -.5 7.6 .02 .01
AlP A2p A3P  STEPU STEPD I}
DELT1 DELT2 DELT4  HL11  HL33
<0217 .0031 .0250 .C006 .00l4 1.83
-2.2 et 8.2 .02 .01
.0507 .0086 .C611 .0014 .0033 1.83
-2.1 .1 9.2 .02 .01
-0265 .0148 .C240 .0009 .0017 2.35
-.0  -1.¢ 7.2 .02 .01
+0327 .0016 .0340 L0011 .0024 2.35
~1.3 R 7.3 .02 .01
20546 .0165 .0578 .0019 .0041 2.35
-2.5 .4 7.8 .02 .01
AP a2p A3P  STEPU STEPD 21
DELT1 DELT2 DELT4 HL11  HL33
+0187 .0009 .0230 .0008 .0019 2.82
-4.0 .4 4.5 .03 .01
.0288 .0082 .C38) .0012 .0032 2.82
—4.4 .7 4.6 -03 .01
<0480 .0074 .0566 .0020 .0048 2.82
-3.6 .t 4.6 .03 .01
«0243 .0096 .0260 .00l4 .0026 4.37
-5.9 -.0 4.7 .04 .02
.03C9 .0119 .,0232 ,0018 ,0033 4.37

.1271

+1151

XKR

1417

«1693

«5587

0475

3030

XKR

.0502

.2839

1536

3972

.3838

1.2434

<011

1.2389
014
XKT
Al
1.1528

.023

1.2033

«052

+9052

<024

1.0408

.035%

1.0587
. 055
XKT
Al
1.2329

+020

1.3213

-031

1.1795

.050

1.0704

-025

1.0723

€.530 3,258 .500¢t

+003

6.530
« 004
CELAv
L¥4
6.530

.007

€.530

.012

6.521

.007

6.521

009

6.521
.013

CFLAU
A2

6.511

+00b

6.511

.013

6.511

014

6.866

+.009

6.866

.013

3.258
<017
CELAD
A3
3.258

026

3.258

<062

3.257
. 027

3.257

036

3.257,

061

CELAD
A3
3.256

«025

3.256

.039

3.256

.058

3.99¢6

.028

3.99¢6

002

«5006
.003

CGRAT
a4

.5006
. 005

«5006

.009

5022
-009

«5022

-%0¢-

<009

«5022
.014
CGRAT
A&
+5039

007

5039

.008

+5039

.009

<5916

.008

+5916



RLN

149

15¢C

151

152

153

RULN

154

155

156

157

158

5.033

1C.674

10.674

10.674

10.674

9.54¢

9.546

9.54¢

T.3¢0

T.3¢€0

XLo

129.55

583,07

583,07

583.07

583,07

XLO

4eb.34

466434

466034

277.28

2T1.28

XLl

34,53

67.52

67.52

67.52

67.52

xLl

60.35

60.35

60.35

46,45

46.45

Hi

1.25

1.25

H3

.50

.25

.25

.25

.25

H3

.25

.25

25

«25

.25

H3

HH13

XL3

20.1C

30.25%

30.25

30.25

30.25

XxL3

27.05

27.05

21.0%

20.85

20.85

XL3

~b.4 -4 5.3 <06
AlP A2p A3P STEPU STEPD
DELT] DELT2 DELT4 HL11
«0477 ,0151 .0525 ,0028 .0052
-6.6 .6 5.8 .04
«0111 .0035 .0129 ,C003 .0009
-2.5 -7 5.9 .02
.0145 ,0035 .0178 .C004 .0012
-1.9 ~1.6 6.3 .02
.0216 .0018 .0287 .C006 .0O19
-1.8 -1.5 6.5 .02
.0278 .0065 .C33% ,0008 ,0022
-2.3 -1.0 6.5 .02
AlP AZP A3pP STEPU STEPD
DELT1 DELT2 ODELT4 HL11
.0123 ,0019 .0157 ,0004 ,0012
~3.4 -1.¢ 7.9 .02
.0160 .0053 .0188 .0005 .0014
~2.7 -.9 T.3 .02
.0256 .0066 .0319 ,0008 ,0024
~2.5 -1.2 8.0 .02
.0242 ,0024 .C222 .001C .0021
~5.5 1.2 6.5 .03
0266 .0044 .0329 ,CO011 .CO32
~5.6 .9 6.3 .03
Alp A2P A3p STEPU  STEPD
DELT1 DELT2 DNELT4 HL11

.02

21
HL33
4.37

.02

11
HL33
2.08

.01

11
HL33

XXR

»3161

»3165

+2395

+0R44

«2320

XKR

.1533

+3305

#2573

.1008

1654

XKR

+031

XKT
Al
1.1002

048

1.1618

011

.015

1.3236

022

1.2178
.028
XKT
Al
1.2808

012

1.1759

016

1.2475

026

.9188

.026

1.2340

027

XK1
Al

010

CELAU
a2
6.866

<014

6.330

003

6.330

«005

6.330

. 004

6.330
007

CELAU
A2

6.326

+003

6.326

006

6.326

.008

6.314

.008

6.314

+00¢

CELAY
a2

V-6

.035

CELAD
A3
3.990

054

2.836

.013

2.836

.018

2.0836

.029

2.736
L0346
CELAD
A3
2.836

.016

2.836
.019

2.836

.032

2.835

.023

2.835

.033

CELAD
A3

. 008

CGRAT
A4
25916

.009

«46496

.001

« 4496

.002

«4496

.003

«4496

=60¢-

.002

CGRAT
a4
+4502

002

4502

.002

4502

002

.4523

.005

+4523
.002

CGRAT
a4



159 7.3¢0 277.28

160 12.172 758.26

1€1 12.172 758.26

46.45

11.04

77.04

1.25

1.25

1.25

.25

«25

.25

5.C0

5.00

5.C0

20.8¢%

34.50

34.5C

.0357

.0128

-5.2

.0Ce9

<0152

.CCO2

l.4

.CCaY

~2.6

0382

.9

.C123

-4

. 0188

~e2

.CC17

3.7

.C002

4.7

«C004

4.6

.C037

.03

.0007

.02

.0011

.02

2.7

<01

1.63

W01

1.63

.01

23227 L9627 6.314
.039  ,010
.0228 1.3871 6,333
.009  .001
L2729 1.2368 6.333
.015 .002

N,-7

2835 .4523

«022  .004

-90¢-

2.836  .4491

.C12 .002

2eB36 L4491

.019 .002



L1BRARY EATRY PCINTS,

+SETLP

NAME ORIGIN

VAN
{F2EF)
RSTRTA
JosTy
ExITP
«READ
{CSH)
10K}
CCEXIT
(TEF}
(BSR)
{EXE)
+PRINT
{STHP)
(SCH¥F)
ERRCR
(RCCH
LDurP
HOVIE)

CCla4
02113
1€103
10103
10477
1C616
10616
11341
16233
16406
16406
16551
17444
17444
17444
20644
21224
21573
22123

PRCGRAN LENGTH =

THE
RLN

40

S0

RULN

(CSHM)

ENTRY
00156
02303
10374
10142
10506
10671
10660
11604
16376
16511
16504
16560
17550
17457
17466
20650
21303
21576
22123
22500.

«M4013-3529,FMS,RESULT,1,5,5CC,5C0,

(RTA)}

NAME ORIGIN
AKEFQ
FTINPMV
TIMLFT
TIMER

EXIT

+TAPRD
10HSIZ
.03311

DEMP

(RCH}
(WRS)
(10U}
«TAPAR
(STH)
<FOUT
(WTC)
{RER)

ATN

0l61¢
02113
16103
1c1o3
10477
10616
11341
16214
15233
11406
1£406
17411
17444
17444
17444
21040
21224
21602

LOWEST COMMCN =

SPHM)

ENTRY
01¢€23
02141
10160
10220
10531
10666
14703
1621¢
16270
1651¢C
16503
17416
17543
17460
20404
21127
21237
21€04

17461

«87 MINUTES ELAPSED SINCE STAT OF JC8

FOLLCWING RUNS HAVE HED SLQOPE =

EXECUTICN
T XL0
2.446 30.63
2.446 30.63
1.4C1 1€.05
1.401 1C.05
1.CS6 5.71
T XLQ

XL1

17.25

17.25

8.60

8.60

XLl

H1

1.75

1.75

1.75

H1

h3

15

.75

.15

h3

(F

)

RCUROLCIMDS

NAME ORIGIN

.S
(F
Kl
or
ol
(r
(R
.0
nF
(E
e
o3

ETUP
2PM)
LLTR
IME)
nox
SHM}
™)
2310
SR
T
nsy
ES)

« PUNCH

(s
-C
(W
Se
AT

PHM )
Lnur
ER)
R
AN

02075
cz113
101C3
10103
10616
10616
1134)
16214
16233
l64Ce
1640¢
17433
17444
174644
174464
2104C
21327
21602

+125C00 AND SIDEWALL SLOPE =

FH13

2.33

2.33

HH13

XL3

11.71

11.71

XL3

ALP

.036

a
DELTL

2P
DEL

0 .0134

-9.0

.0551 .0249

.C86

.103

.04¢

AlP

-8.3

~1

3 .0270

-23.0

3 .0239

-23.9

1

2 .0110

-32.1

A
DELTY

~1

2p
DEL

SORT

ENTRY
2102
c2130
10342
1C106
11031
16635
14553
16216
16253
165C7
1¢502
17435
17524
17456
2C401
21054
213323
21604

.C52000
A3P STEPL
T2 DELT4
€542 ,0C42

.7 2.8

.C8C0 .0C64

.2 4.1

.1193 .0201

o4 2.5

« 1436 .024C

.C 1.0

.C594 ,Cl68

.5 10.6

A3p STePU
T2 DELT4

cos

NAME ORIGIN

(RCPV)
{FPT)
sTorctL
ENDJDB
«SCRLS
(CSHM)
(FIL)
SFnP
NFAD
(REW)
(1os)
RECOUP
(SCH)
(SPHI
«COMNT
(8sST)
SORT
SIN

STEPD

02113
07605
10103
10477
10616
10616
11341
16233
16233
16406
16406
17436
17444
17444
17464
21164
21327
21731

71

HL11 HL33
10.20 3711

+0093

.10

0137

.10

0376

.20

.0453

.20

. 0266

.32

STEPD
HL1l

.06

10.

.06

20.

.12

20,

.12

31.
17

71
HL33

SIN

EMTRY
03412
07614
10202
10563
11033
10634
14536
16316
16236
16506
16413
17441
17471
17515
17550
21175
21333
71744

XKR

20 L4511
46 .3127
46 L2316
99,2386
XKR

-t

NAME ORIGIM

ATAN

FTINBP
(FRMT)
RSCLCK
CLKOUT
- READL
(TSH)
sTouc
OFDhP
(Tco
(WEF)
(TRC)
«SPRNT
(STHI)
{PRNT)
«PNCHL
(RDPM)
EXP(2
cns

XKT
1.5055

.038

1.4521

«053

1.3834

+0BS

1.2359

<047

XKT
Al

E

02113
10103
10103
10477
10610
10616
1124)
16233
16406
16406
16406
17444
17444
17444
17444
21224
21437
21731

CELAU
A2
7.056

017

7.05¢

.019

6.143

.019

6e143

.025

5.213

012

CELAU
A2

xplc

EMNTRY
02140
10410
10175
1053)
10671
10645
11601
16322
16512
16505
16513
17670
17507
20067
17524
21320
21443
21732

CELAL
A3
4.788

056

4.T88

« 081

4,528

$122

4.528

145

4.236

<061

CCLan
A3

CGRAT
Lo
+3635

.010

«3635

. 009

4502

.018

«4502

«014

«5385

.010

CGRAT
A4

=-£0C~-



ac

sC

1C

12

RLN

13

14

16

17

RLN

18

1.C%6

l.621

1.¢621

1.621

1.823

1.823

2.256

2.29¢

2.29¢

5.71

13.45

13.45

13.4%

13,65

XLo

17.02

17.02

17.02

17.02

26.98

xLo

26.98

26.98

5.50

1C.50

1C.56G

1C.50

xL1

12.20

12.20

12.20

12.20

16,05

XLl

16.05

16405

1.7%

1.7%

1.75

1.75

=75

«75

.75

.75

<75

H3

.15

.75

10.95%

w3

10.9¢

10.9¢

.1254 ,0164 ,1582 456
-33.8 .8 32.4
T «CS45  ,0154 ,0737 ,C104
~20.1 1.5 .9
-0263  .01C8 .C367 ,COS0
-19.%8 . -5 8.5
«Ct59  ,0059 .c993 L0126
-20.5 .5 8.5
«CRCe  ,0172 ,1331 .C173
-20.7 o1 -3
A}

AlpP A2p A3p STEPU
OELTY1 DFLT?2 DELTY
+0120 ,0074 .C150 ,CO020
-15.6 ~ef -1.6
.04€2 .0l62 .0€T71 .COT6
-17.7 l.2 2.7
«C557  .0158 .CB40 ,CO91
~14.7 -3 2.7
-074C  ,0237 ,1C%5 ,0121
~14.6 ~e9 3.0
+C609 .0225 .C925 .0076
-15.2 1.2 .7
AlP A2p A3p STEPU
DELTL  GFLT2 LELT4
<0493 ,0210 .0721 ,co61
-14.9 ot .1
£C3CH L,0vel ,c421 L0038

+ 0708

32

.0210

17

0G93

17

+0264

17

.0355

- 17

STEPD

HL11

.0035

.16

+0157

.0197

.14

20256

.14

0169

.11

STEPD

HL11

.C132

-11

.C077

31.99

.17

16.7¢

.10

16.76

.10

16.76

.10

16.7¢

-10

21

HL33

14,42

.09

14.42

.09

14.42

-C9

14,62

.09

10.96

.07

1

HL33

10.9¢6

.07

10.96

«1308

«2R26

+4102

.0rg89

.1897

XKR

.6138

« 3642

2840

3207

+3699

XKR

4255

«5237

V.1

l.2¢c1  5.213
<125 .010
l.4461 £.482
<054 .012
1.39¢4  6.452
.026 .009
1.4936 6.482
<067 .006
1.4690 ¢.,482
+090 .n04
XKY CELAY
Al a2
1.24P3 6.6€95
.011 .005
1.4500 6.695
«045 012
1.5080 6.695
.057 .019
1.4790 6.695
073 .nl6
1.5180 6.995
.059 ,015
XKT CELAU
Al A2
1l.4€629 6.995
.048 .017
1.3695 ¢€.995

4.23%6

- 159

“4.626

+0R0

4.626

.102

4.€26

.13¢

CeLap
4.¢87

016

L. BT

.068

4,687

.085

“.6RT

.113

4.771

094

CELAD
4.771

.073

4.771

+538%

.011

<4164

.010

«bl64

007

<4164

.018

4166

020

CGRAT
+3960

+00¢

«3960

.008

+3960

.009

3960

.020

.3688

.012

CGRAT
«3688

.008

+3688

—80¢-



20

21

22

RN

23

24

25

26

27

RLN

28

29

30

2.296

2.858

2.858

T

2.8%8

2.858

2.886

2,886

2.886

T

2.886

2.252

2.252

26.98

, 41,82

41.82

41.82

41.82

42.62

42.62

42.62

xLo
42.62

25.97

25.97

16.05

20,50

2C.50

20.50

20.50

22.00

22,00

22.00

16.60

16.60

1.75

1.75

1.75

2.00

o175

75

« 15

.75

2.00

16.95

13.77

13.77

13,77

13.77

15.9¢

15.9¢6

15.9¢

15.9¢

12.26

12.2¢

-15.¢C .1 7.9 .11
«0224 .0121 .C292 ,002e .0053
-15.1 1.1 1.9 .11
20141 .CCTC .C2C> .C014 .Cn29

-4.3 -1.C 5.1 .09
<0318 .01Z0 .C493 .CO31 .0072
-9.3 .C 7 .C9
AlP L2p A3e STEPL STFEOD
DELT1 OFLT2 ©iLT4 HL11
+C4C5 L0152 .C620 .0040 .0N90
-9.3 -5 7.0C .C9
.C511 .0178 .C789 .COSC ,O115
-9.2 .C 7.0 .C9
.03C7 .0149 .C427 .C028 .0053
-9.1 -1.3 .8 .09
«0213 .0147 .0244 ,0019 .0031
-9.3 -9 .6 <09
-C4€7 .0181 .Ce91  .C042 ,0087
-9.1 -1.3 -.0 .09
Alp A2p A3p STEPU STEPD
DELYL DELY2 DNFLT4 HL11
.0524  ,0148 ,CR214 ,C049 .0102
-11.7 . B .t .09
-0428 .0189 .€S91 .C052 .0096
-19.2 1.5 2.6 .12
-0543 L0172 .0786 .C065 .0128
-13.8 1.2 2.6 .12

z1

HL33

8.52

1
HL33
9.1

.08

12.11

.08

12.11

.08

«5425

4955

3778

XKR

+3753

3676

« 4857

.6912

+3876

XKR

2767

L4410

<3174

A

«035

1.3042

«022

1.4337

«016

1.5493
.031
XKT
Al

1.5299

<040

1.5444

«050

1.3ge3

.035

1.1459

021

1.4793
<047
XKT
Al
1.5243

«0£0

1.3813

«049

1.4491

<065

.Cjo

£.995

.011

T.177

.00

T.177
. 009
CEL Ay
A2
T.177

«011

T7.177

.012

7.629

.022

T.629

.013

7.629
014

CELAY
¥4

7.629

.028

7.375

L0727

7.375

036

.053

4.771

.030

4.222

«C21

©.222
050
CELAD
A3
4.822

«065

4,222

.081

.02¢4

3688 T

»005

«3533

+ 004

«3533

. 006

-60¢-

«3811

-016

«3811

.010

.3811

.021

CGRAT
«3811

.022



31

32

34

35

RN

36

37

2.252

2,252

2.252

2.252

1.689

1.689

1.68€9

1.689

1.384

1.384

1.384

25.97

25.97

25.97

25.97

14.60

14.60

14.60

XLo

14.60

16.50

16.60

XLl

16.60

16.60

11.60

11.60

11.60

xL1

11.60

2.00

FH13

2.00

12.26

12.26

12.2¢

12.2¢

7.0C

.C555 ,0178 .(C3C0 .CO0&7
-13.8 1.2 2.6
«0571 .0182 .CR27 .0069
-13.8 1.2 2.6
alp azP A3p STEPU
DELT1 OELT2 ODELT4
.0237 .0130 .cC311 ,c029

-9%.8 -1.3  -2.7
.C912 .0236 .1351 .0l10
-14.1 o4 2.6
«0324 .0083 ,(477 .00S58
-23.7 .1 4.9
«0711 .0294 .C954 ,0123
-17.7 1.1 4.9
#1120 .0394 .1533 ,0193
~-17.9 -2 -3.6
AlP A2P A3P STEPUY
DELT1 DELT2 DELT4
<1279  .04)6 1737 0220
-17.5 -.8 4.2
.C450 .0181 .0573 ,0103
-26,2 .2 1.3
.0787  .0225 .104¢ .018C
-33.5 .4 -4.9
21076 L0430 .1349 0246
-33.9 4 -5.8

«0131
.12

+0135

.12

STEPD

HL1l

. 0051
.12

«0221

.12

0107

.17

+0215
«17

. 0345

.17

STEPD

HL11

-0391
17

0164

.23

-+ 0299

.23

.0385

.23

12.11

.08

12.11

.08

21

HL33

12.11

.08

12.11

.08

17.33

.11

17.33
.11

17.33

.11

21

HL33

17.33

-1

22.98

.14

22.98

.14

22.98

.le

<3213

+3185

XKR

5478

«2584

. 2493

+4142

«3521

XKR

«3255

.4026

<2RS54

«3996

Lt

1.4425

.068

1.4468
«070
xXKT
at
1.3081

.024

1.4812

094

1.4270

.038

1.3419

.072

1.3690
.109
XKT
Al
1.3586

136

1.2731

049

1.3280

.081

1.253)

104

7.375

<040

CELAU
7.375

.012

7.375

031

6.872

.018

6.872

«029

6.872

.022

CELAU
6.872

<060

6.328

.026

S.445

090

5,445
093
CELAD
A3
S.465

2034

5.445

137

5.266

.051

5.266

.099

5.266
159
CELAD
As
5.266

<177

5.066

.059

5.066

.109

5.066

»139

<4004

.030

+ 4004
«031

CGRAT
A4

«4004

.010

«4004

.016

+46l12

.013

-0TC~-

4412

.019

<4412
.030
CGRAT
A6
4412

.024

4871
.010

«4871

-.022

.64871

+ 024



4C

RUN

41

43

44

45

46

RLN

47

4n

49

50

51

1.384

+«903

592

+962

"e§92

1.385

1.385

1.385

1.385

1.78¢

1.786

$.80

16.33

16.33

XL0

XLl

4.15

13.00

13.00

X

2.00

2.25

H1

1.Cco

H3

2.C0

1.80

1.80

1.80

l1.80

FH13

xL3

3.8¢

7.61

10.41

10.41

XL3

<1221 .0212 .1651 .0281
=-33.6 -1.0 6.3
AlP aze A3P STEPU
DELT]1 DELT2 DELT4
.0627 ,0152 .0762 .0302
-117.6 1.2 9.7
0717 .0195 .0863 ,0287
-48.9 -1.C 5.1
«C919 .0313 .1077 .0368
-54.7 -1.2 25.8
.1063  .0152 1297 .u425
-51.6 l.4 2.3
.C9C0  .0258 .1162 .C2CC
~30.7 1.2 =7.1
AlP aze A3P STEPU
DELT1 DELT2 ODELT4
«057¢ .0290 .0h74 ,0128
-23.7 -1.2 -7.1
«12264 .0334 .1575 .0272
~24.5 -6 ~6.3
1651 .0378 ,2116 .C3e7
-28.3 1.1 .7
«0348 ,0146 .0459 ,.CO054
~-17.9 ~eb -2.0
0645 ,0275 .0839 ,.CO099
~18.1 -3 -2.7
AlP A2P A3p STEPU

<0471

.23

STEPD

HL11

0395

<48

.0368

45

+«0459

.C553

«45

.0305

25

STEPD

HL11

0177

25

<0414

.25

«0556

25

.0033

.17

.0161

17

STEPD

22.9%

.l4

11

HE33

48.45

.26

45.24

.27

45,24

45424

.27

25.13

.16

21

HL33

25.13

.16

25.13

.16

25.13

17.40

12

17.40

.12

13}

.1725

XKR

2418

«2713

+3409

«1430

«2853

XKP

5031

2729

«2291

«4204

4260

XKR

ﬂé-s
1.3605 50 5.066

o124

XKT
Al
1.2145

«062

1.2034

.073

l.1722

+090

1.2204

.118

1.2901
«091
XKT
Al
1.1708

+056

1.2866

126

1.2816

.163

1.3143

.033

1.3016

04

XKT

.015

CELAU
a2
4.601

+010

5.044

014

5.044

.008

5.044

.0356

6.506
2020

CELAU
A2

6.504

023

6.500

.032

6.504

.018

7.282

020

7.282

.023

CELAY

«170

CELAD
A3
4.279

077

4734

<093

4.734

<116

4,734

.148

5.496
.123
CELAD
A3
5.496

071

5.496

163

S.496

215

S.P34

J04P

CELAD

«4271
+029
CGRAT
A4
«5659

.008

5579

.025

«5579

.031

5579

052

~TTz-

.5089
«029
CGRAT
a4
.5089

016

.5089

030

.5089

027

04542

.010

«4542

.019

CGRAT



52

53

56

RULN

57

€0

el

RUN

€2

1.7R6

1.786

2.332

2.332

2.R22

2.8322

2.8322

2557

16,33

15.33

27.83

27.83

27.83

xL0

27.83

41.04

41.04

41.04

41.04

xLe

45,96

13,00

13.00

18.15

18.15

18.15

22.70

22.70

22.70

22.79

20.10

2.25

1.25

H3

.50

1.80

FH13

1.90

FH13

2.00

10.41

10.41

14.09

14.098

14.08

Xt3

14,09

17.38

17.38

17.38

17.38

11.88

DELYY UELT2 ODELT4 HL11 HL33
.€945 ,0425 .1219 .0145 .0234 17.40
~20.1 -9 -2.9 17 .12
<1194 .0299 .1632 .0184 .0313 17.40
-17.3 -1.3 -2.9 17 .12
<0479 ,0225 .C642 .CO053 ,0N91 12.46
-11.4 1.1 -.6 .12 .09
.0277 .0130 .0375 .C03C .0053 12.46
-17.4 1.0 -l.1 .12 .09
<0754 .0195 .1C95 .0083 .0155 12.46
-13.9 ~1l.5 “eb .12 .09
AlP a2p A3P STEPU STEPD 71
DELTL DELT2 OELT4 HL11 HL33
<1111 .0298 .1597 .0122 .0221 12.46
-11.3 .5 -1l.1 .12 .09
.0584 ,0151 .CBt6 .COS1 ,0100 9.96
-1z.0 .9 2 .10 .07
<0557 .0410 .0584 .0049 .0067 9.96
-10.1 -1.0 ol .10 .07
+0349 ,0230 .0408 .0031 .0047 9.96
-10.1 ~8 1.0 .10 .07
.0186 .0113 .0235 .CO0l16 .0027 9.95

~9.4 -1.0 .8 .10 .07
AlP A2P A3P SYEPU STEPD 21

VELT1 OGELT2 OFLT4 HL11 HL33
-0187 .0063 .0312 .0019 .00N53 7.50

-6.1 ~e2 6.3 .07 <04

4506

.2507

<4705

<4685

XKR

«2679

+2589

.7358

6581

« 6065

XKR

.3371

1.2900

097

1.3663
133

1.3407

<054

1.3557

.031

1.4533
.087
XKT
Al
1.4375

.127

1.4823

070

1.0494

.048

1.1705

.032

1.2607
.019
XkT
Al

1.6661

.020

T.282

D46

7.282

060

T.723

.032

7.788

.018

7.788
.039

CELAY
A2

7.788

. 061

8.021

037

8.021

.025

8.021

«014

8,021
.009

CELAY
A2

heT12

.009

-6

Al ;§Z;

a3
5.R34

.128

5.83¢

2172

£.045

.068

5.045

.040

6,045
125
CELAD
A3

6.045

.173

6.141

.096

6.141

069

6.141

049

6.141
.030
CELAD
A3
3.967

032

A4
« 6542

028

«4542

.039

4186

.010

<4186

« 044

A XA

CGRAT
A4
.4186

+048

.4031

.030

4031

.027

4031
.020

L4031
.014
CGRAT
A4
.3093

.005



€3

&4

(3]

€6

RUN

£7

-}

&9

70

1

RUN

12

73

T¢

2,597

2.657

2.987

1.957

1.891

1.957

1.957

2.43C

1.431

1.431

45.96

45.96

19.61

Xto

18.30

19.61

19.61

30.23

30.23

XL0

30.23

10.48

1C.48

20.10

20.10

20.10

12.50

12.00

12.50

12.50

16.00

16.00

1.50

.50

.50

H3

«50

50

.50

.50

+50

H3

«50

.50

3.00

FH13

3.00

11.88

11.8¢

11.8%2

+03C5 .0105 .C524 .CC3C .00mg: 7.50
-6.1 -l 19.3 .07 .04
+€355  .0122 .C595 .C035 .Clo0  7.50
-5.9 -.3 18,0 .07 .04
+Cl€5  .0112 '.C214 .CO16 .0036 7.50
-9.4 -4 1.4 .07 .06
+0311  .0126 .C4BT ,C05C .0128 12.06
~16.5  ~l.c  21.7 .12 .07
Alp a2p A3P  STEPU STEPD 71
DELT1 DELT2 DELT4  HL11  HL33
-C2Ce  .0C89 .0319 ,0035 ,0037 12.57
-13.6 - -,0 15,9 .13 .07
+0510 .0239 .0764 .0082 .0200 12.Cé
-13.1 .4 9.7 .12 .07
<0625 .0178 .1CCS .C1CC .C?763 12.06
-13.8 1.6 7.7 .12 .07
<0267 .0168 .0359 ,C023 ,0075 9.42
-11.1  -1.2  12.0 .09 .05
+04C9  ,020T .C614 .COS51 .0128 9.42
-11.2  -1.5 24,1 .09 .05
AlP A2p A3P  STEPU STEPD 73
DELT1 OFLT2 DELT4  HWLI1  HL33
+C559 0178 .C921 .0070 .0192 9.42
-11.8 -.8 9.7 .09 .05
<0335 .0100 .C494 ,0C79 ,0181 17.85
-21.9 -.9 1.2 .18 .09
+05C9  L01RT .0731 .0120 .G268 17.85

<3631

«3632

<6812

4053

XKR

-4288

<4677

+2855

6304

<5056

XKR

<3175

2993

3682

1.7182

023

1.6750

.041

1.3015

«016

1.5643
+034
XKT
Al
1.5365

<020

1.4976

«049

1.6075

.063

1.3421

025

1.5013
+040
XKT
al
1.6469

«057

1.4740

+03¢

1.4365

6712

-015

“.712

.022

6.712

.010

6.391
.018

CELAV
Y4

6.351

<006

6.391

.018

6+391

.017

6.587

.013

6£.587
.018

CELAY
A2

6.587

.016

5.908

<010

5.908

3.9¢7

.055%

. 3.967

064

3.967

.023

3.905
050
CELAD
A3
3.897

+033

3.905

.078

3.905

103

3.943

.028

3.943
«063
CELAD
A3
3.943

098

3.311

.051

3.211

-3093
.012

«3093

.017

«3093

.006

.3403
.008
CGRAT
Y8
.3444

<006

+3403

-€1¢C-

.011

«3403

.016

«3209
.009

+3209
.010 -

CGRAT
a4
«3209

.024

«3929

+009

+3929



15

¢

RULN

17

18

19

eC

el

RLN

g2

1.431

1.077

1.077

1.077

1.077

3.438

3.438

3.439

1C.48

S.43

6C.49

60.49

XL0

6C.49

9e55

28.10

28.10

XLl

28.10

.50

.50

H3

.50

+50

«50

2.00

1.80

2.94

2.94

21.32

21.32

-20.0 “e€ .3 .18 .09
L0743 .0310 .1€4C ,017¢ .0382 17.85
-19.1 -1.3 31.7 .18 .C9
J11E7 L0137 .1564 LC428 .0795 27.17
-28.7 —oh 40.7 .27 .13
aAlP LYAd A3P STEPU STFPD 11
DELT1 DELYZ DELT4 HL11 HL33
L0836 .0140 .1117 .0301 .0S568 27.17
-37.6 1.2 13.5 .27 .13
.C690 .C202 .C9C1 .0249 .0458 27.17
-30.3 1.2 11.1 .27 .13
.0420 .01R2 .C541 .C155 .0275 27.17
-29.0 -1 5.2 .27 .13
.0663 .03t4 ,L,CE8T4 .0047 .00B2 8.0%

-9.1 -.9 1.1 .08 .06
.C5¢6 .0267 ,0772 .,0C40 .0072 8.05
-11.4 .9 «5 .08 .06
ALP a2p A3P STEPU STEPD 0
DELT1 DELTZ DELTA nLll HL33
.C928 .0419 ,127% .CCe€& .0120 8.05
-172.5 1.5 6.7 .08 .06

4171

.1150

XKR

1675

.2930

+4240

.5482

£4713

XKR

4521

.055

1.400%

075

1.3173
.120
XKT
Al
1.33¢%

«0R€

1.3052

.069

"1.2594

2042

1.3171

.070

1.3631
.059
XKT
Al
1.3783

. 095

.

-4

Yo S
.027 .075
5.907 3.P11
.032 .105
5.157 3.657
.021  .157
CELAU  CELAD

42 a3
5.157 2.€57
.023 .113
5.157 3.657
.019 .091
5,157  %.657
.015 .055
8,179 6.207
.042 .089
R.177 6.207
.031 .078
CELAU CELAD

a2 a3
B.179 6.207
L0646 o129

<012

3929

.010

.4835

.010

CGRAT
4835

.012

«4B35

.009

-4TZ-

4835

.007
+3929

.012
+3929

.008

CGRAT
3929

.012



#aVM4C13~3529,FFS,RESLLT,1,5,50C,500,

LIBRARY ENTRY PGINTS,

+SETUP

NAME ORIGIN
MAIN  CCla4
(F2EF) 02117
RSTRIN 1C107
JOBTV 1C107
EXITV 16503
«READ 10622
(CSHY 10622
(10K} 11345
CCEXIT 16237
(TEF) 16412
(BSR}1 16412
{EXE) 16555
«PRINT 17450
{STH¥) 17450
(SCHM) 17450
ERRCR 20650
(RDC) 21230
LDUMP 21577

MOVIE) 22127

PRCGRAM LENGTH =

THE
RUN

g4

€5

€€

E7

(CSHM)

ENTRY
[ %1
021307
1C400
10146
10511
10675
104664
11610
16402
16515
16510
16564
17554
17463
17472
20654
21307
21602
22127
22504,

(RTN) {
NAWE DRIGIN
AKEFQ 01€22
FTNPM 02117
TIVMLFT 1C107
TIVMER 1C107
EXIT 10503
«TAPRC 10622
ICHSIZ 11345
+03311 1¢220
CFvP 15237
(RCH) 172412
(WRS) 16412
(I0U) 17415
<TAPWR 17450
(STH) 17450
+FOUT 17450
(WTC) 21C44
(RER) 21230
ATN 21606
LOWEST COMMON =

SPHM)

ENTRY
01627
02145
101¢4
10224
10535
10672
14707
16222
16274
16514
165C7
17422
17547
17464
20410
21133
21243
z161¢

T7461

«87 MINUTES ELAPSED SINCE START OF JOB

FCLLCWING RUNS HAVE BED SLCPE =

EXECUTICN

T XL0
4.194 9C.00
4.164 9C.0n
4.164 SC.00
5.€50 132.58

5.090 132.58

XLl

34.73

34.73

34.73

42.52

42.52

xt1

H1

2.25

2.25

2.25

H1

H3 HH13
1.25 1.80
1.25 1.80
1.25 1.80
1.25 1.80
1.25 1.80

H3 HH13

XL3

26.2C

26.2C

26,20

31.95

31.95

-125000 AND SIDEWALL SLOPE =

V-t

RCUROCINMOS
(FIL) SQRT cos SIN
NAME ORIGIN ENTRY NAME ORIGIN ENTRY
.SETUP 02101 C2106 {RCPV) 02117 03416
{F2PM) 02117 02134 (FPT) 07611 07620
KILLTR 10107 10346 STOPCL 1C107 10206
(TIME) 10107 10112 FNDJOB 10503 10567
.LONK 10622 11035 .SCRDS 10622 11037
(TSHV) 10622 10641 (CSHM) 10622 10640
(RTN) 11345 14557 (FIL) 11345 14542
.€3310 1622C 16222 SEDP 16237 16322
NDFSB 16237 16257 CFAD 16237 16242
(ETTY 16412 16513 (REW) 16412 16512
(RDS) 16412 16506 (10S) 16412 16417
(TES) 17437 17441 RECOUP 17442 17445
<PUNCH 17450 17530 (SCH) 17450 17475
(SPHM) 17450 17462 (SPH) 17450 17521
.CLOUT 17450 20405 SCOMNT 17450 17554
{WER) 21044 21060 {BST) 21170 21201
SQR 21333 21337 SORT: 21333 21337
ATAN  2160¢ 21610 SIN 21735 21750
.052000
alp A2p A3P  STEPU STEPD 11 XKR
DELT1 DELT2 DELT4  HL11  HL33
«0818 .0126 .1280 .0047 .0098 6.51  .1537
-8.6 -k 1.3 .06 .05
.0559 ,0160 .C834 ,C032 .0064 6.51 .2864
-9.2 . .6 .06 .05
<0386 .008BT .C604 .0022 .0046 6.51  .2244
-8.6 -.5 1.1 .06 .05
.0363 .0112 .0552 .0017 .CO35 S5.32 .3086
6.0 -1.1 4.4 .05 .06
*
.0326 .0122 .0467 ,0015 .0029 5.32 ,3757
-5.9 -1.1 4.2 .05 .06
a1p azp A3P  STEPU STEPD 21 XKR

ATAN €

NAME ORIGIN

FTNRP
(FRM7)
RSCLCK
cLKOuT
- READL
(TSH)
STOUD
DEDP
(Tco)
(WEF)
(TRC)
<SPRNT
(STHD)
(PRNT)
«PNCHL
(RDPM)
EXP(2
cos

XKT
Al
1.5643

.085

1.4910

055

1.5627

.040

1.5207

.039

1.4336

.03%

XKT

02117
10107
10107
10503
10622
10622
11345
16237
16412
16412
16412
17450
17450
17450
17450
21230
21443
21735

CEL AU
a2
8.28%

.022

8.288

.008

R.288

.012

8.360

2017

8.360

.017

CELAU

XP(2

ENTRY
02144
10414
10201
10535
10675
10651
11605
16326
16516
16511
16517
17674
17511
20072
17530
21324
21647
21737

CELAD
A3
6.252

132

6.252

«0R6

6.252

062

6.282

.057

6.282

048

CELAD

CGRAT
a4
.3861

.023

«3861

.015

3861

.010

.3817

+.010

+3817

.008

CGRAT

-GT¢-



€e

-4}

S0

S1

s2

RUN

Ss3

S4

SS

Sé

S7

RLUN

S8

5.CS0

5.C90

5.5¢6

5.566

S.56¢

5.5¢€6

5.679

5+.67S

5.679

4.979

4,579

132.58

132.58

158.58

158.58

158.58

XxL0

158.58

165.06

165.06

165.06

12¢.86

XxL0

12¢.86

42.52

46.64

46.664

4E.€4

4b.6%

44.97

44,97

44.97

39.27

39,27

2.25

2.C0

1.¢co0

H3

1.C00

HH13

1.80

Z2.00

HH13

2.00

31.95

31.95

3s5.0¢C

35.CC

35.CC

XL3

35.00

32.00

32.00

22.00

2#.0C

X3

2R.00

CELT1 DELY2 CELT4 L1l HL33
0334 ,0142 .0484 ,.CO1& .0C30 5.32
-5.9 ~1.C 7.5 «05 «04
t
.0541 .0121 .C837 .0025 .C052 5.32
~6.1 ~. B 4.1 .05 .04
-C420 .0149 .0635 ,001e .0035 4,35
~6.2 -1.1 2.R .05 + 04
«€520 ,0205 .0772 .C023 ,0044 4.95
~645 -5 2.7 .05 « 06
.0339 .01€2 .C470 ,CO1S .0027 44385
-5.7 -.8 2.2 .05 .04
AlP A2P A3p STEPU STEPD Il
DELT1 DELY2 DELT4 HL11 HL33
«C612 .C200 .C915 .0026 .CO52 4.35
-5.7 -1.¢C 2.4 05 .04
.03€e5 .0144 ,0542 ,CO016 .0034 4,47
=6.2 -5 5.0 <04 .03
«0281 .0l41 .03$8 .COl3 .0025 4.47
~5.7 -2 LRy .04 .03
-0598 .0167 .C945 .0027 .0059 4,47
~5.6 =-.1 T.1 « 04 .03
0421 ,0013 .C693 ,0022 .0049 5.12
=3.5 1.5 3.7 .05 « 04
AlP A2P A3p STEPL STEPD 11
CELT1 DELT2 CELTS HL1l HL33
-0297 .0126 .C438 L0015 .0031 5.12
-5.5 ~1.3 4.3 .05 <04

«4257

«2228

<3539

3867

+4738

AYR

3270

+3940

.5001]1

+2795

.0291

XKR

4254

1.4492

032

1.5475

055

1.5108

«041

1.4552

.051

1.3354
.032
XKT
Al

v.4938

«060

1.4869

.039

1.4153

.030

1.5801

«060

1.6090
.045
XKY
Al
1.4779

«N34

.011

CELAY
3.385

014

T7.923

019

7.923
017

A3
6.202

.C50

6.2R2

08¢

€.292

. 065

CELAD
6.292

.093

5.5638

056

5.638

061

5.638

+099

5.623

.072

CELAD
5.5628

046

AL
.3817

.009

<3817

.01%

+3302

+.010

.3302

-015

«3302

.010

—9T¢—

C5RAT
.3302
.012
«3504

.010

3604

.007

' «3604

.021

«3525

.0l¢

CGRAT
3625

.010



SS

10

11

1€2

RN

1c3

1C4

1C5

1C6

1c7

RUN

1c8

1¢8

11¢C

4.979

4.979

4,263

4.263

T

4.263

6.573

6.573

6.573

6.21¢€

T

€.216

€.216

54457

12¢.86

126.86

$3.C0

$3.00

X10

93.00

221.15

221.15

221.15

167.75

X0

197.75

197.75

154,65

39.27

39.27

33,41

33.41

xl

33.41

82.22

52.22

52.22

45.15

XLl

45.15

45.15

39.83

2.C0

1.0

<67

Z.cC

ro

.CO

2.00

2.49

23.0C

n
x
.
23
-~

23.9¢C

23.9C

X3

23.9C

37.10

27.1¢C

37.1¢C

28,72

XL3

28.75

28.1¢

25.4C

-C47¢ .C10R .C75% .C024
=5.5 -1.5 3.5
-0586  .0131 .C910 .CO3C
~R. ¢ 1.2 3.5
-0564 ,01R3 ,.0899 .C03%
-5.2 -l.€ 64
«03¢3 .0C99 .C56¢ .C022
=1c.4 5 €. €
a1p Azp a3p STEPY
CELT1 DRELTZ2 DELTe
«3147 -.2137 .1301 .Cl188
~5.6 -1.5 6.4
-03C4 ,0118 .C4€1 .CC12
-5.9 -. € 7.0
«0253 .0176 .0337 ,CO1C
-€.2 =3 4.1
-C612 .0156 .€960 .0023
~4.8 ~e5 4.2
«0371 .0147 .C590 .COl6
~5.2 .5 T.9
AlPp A2p A3P STEPY
NELTY DNELT2 DELTS4
.C211 .,06092 ,0232 ,C00§
~4.8 .C 6ol
.C572 .0198 ,(€922 .CC25
~4.6 -.2 4.5
.0274 .0121 .C439 7014

. 0065

.05

.0075

.06

«C047

.06

STEPD

HL11

.0109

.06

.00z5

04

L0013

04

.C052

<04

+004)

04

STEPD

HL1l

.0023

» 04

.0064

. 04

.0C35

71

HL33

6.02

.04

z1

HL33

3.72

.02

4.22

.2276
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22,2 - -2i1 0 .03 .01
i$285 .0123 .0348 .0029 .0038 94
-21.§  =.5 =2.0 .07 .01
iC3SS 40264 <CAL6 .0085 J6O51 0.
-26.9 6 -4.3 .10 .18
«C5C9 .€291 .C516 JGOT0 .00BO 04
-31.0 1.5 -8.9 i10 .10
ALP  A2P A3 STEPW STEPD 21
CELT1 DELT2 CEUT4  HLIT W33
.C855 0311 .1096 .0161 <6207 04
-4C.2  -1.4 -10.3 .13 .13
.C509 .0144 .0679 .CCS6 <0121 :
-4€.9  -1.0 -11.1 O30 a3
.C3¢6 .CCT1 .0503 .0069 J0095 04
~43.5 1.2 -11d2 13 .13
.C547 .Cl54 .072§ .0182 00243 04
~T6.6  =.2 -10.2 .24 .24
JC68C L0110 .C9J2 20227 <0301 04
~R2.C  ~.1 -18.4 .24 .24

+E£1€8

XHR

<1SEE

<1862

<4671

JE€ECS

XHR

<2641

<z82¢€

<1635

<2814

<161¢

1.2741
aChd
XRY
Al
1.26¢€¢8

aCSS

1.2301

<21

1.22C4

«c2¢

1.3159

«C3t

1.327¢

-Ce4

l’i

€J943 6.943
<CC7 2085
CELAU GELAD

A2 a3
€J543 6.943
4C28 J078
€a836 6.538
4C19  J04S
Ed536 6.536
<€0¢& J04l
€2373 §.373
<C13 2049
64372 6.373
<C1ll1 J08S
CERAU GELAD

A2 A3
€2102 6.1C2
4620 <127
64102 &.1C2
a€22 Jor2
€102 6.102
<€0¢ J05S
52266 $.266
2€09 <078
£1266 EL2¢6
<C39 11

+5000

<026

CGRAT
+5000
4030

44999
«021

44999

4018

+5C00
:019

-%CC-

+5000
1028

CGRAT
+5000

«047

+5000

018

45000
-016

35000
+020

+5000

048



RUN
61C

52C

T

1.99¢€

1.6G¢€

XL0 X1 +1 H3 FH12 3 AP A2P AR STEFY STEPD 11
CELT1 DELT2 CEUT4 HLll HL33
20.42 12.5C 1.42 1.42 1.(C 12.5C +C702 .0224 .C92%F .0112 JC147 Ce

~3€.2 -.C ~644 11 .11

12.5C 1.42 1.42 1.CC 12.5C .CS51C .0329 .053% JCO82 .G0O86 C.

20.42
=-3%.17 -.7 -6.1 11 .11

XKR XNy CELAL GQELAD CGRAT
. Al A2 A3 A&
<IJEE 1.2112 £.260 &6.2¢0 <5000
-C71 JCl8 2J0%8 .024
<EAE4  1.C587 ¢€.260 6-266 <5000
«C48 JCI1& JCE3 .024

—GTe-



APPENDIX D
THE COMPUTER PROGRAM PI

Al = UPSTREAM INCIDENT WAVE AMPLITUDE,FT 03/13 2108.3
C A2 = UPSTREAM REFLECTELC WAVE AMPLITUDE , FY
C A3 = DCWNSTREAM TRANSMITTED WAVE AMPLITUDE o FT
C A4 = DCWNSTREAM REFLECTED WAVE AMPLITUDE FROM FAR END , FT
C AlP = TRANSFORMED INCIDENT WAVE AMPLITUDE 4 FT
c A2P = TRANSFORMED REFLECTEC WAVE AMPLITUCE » FT
[o A3P = TRANSFURMED TRANSM¥ITVED WAVE AMPLITUDE , FT
C XLl = UPSTREAM WAVE LENGTH , FT
4 XL3 = DCWNSTREAM WAVE LENGTM 4 FT
c DELTAl = UPSTREAM INCIDENT WAVE PHASE ANGLE , RADIANS
C DELTA2 = UPSTREAM REFLECTEC WAVE PHASE ANGLE , RADIANS
C DELTA3 = DOWNSTREAM TRANSMITTED WAVE PHASE ANGLE , RADIANS
[4 DELTA4 = COWNSTREAM REFLECTED WAVE PHASE ANGLE o RADIANS
4 XV¥AXYU = UPSTREAM DISTANCE FROM ORIGIN AT WHICH MAXIMA OF WAVE ENVELOPE
C CCCUR 4 FT
[+ XMAXD = DOWNSTREAM DISTANCE FROM ORIGIN AT WHICH MAXIMA OF WAVE ENVELOPE
[ OCCUR , FT
[ Xau = UPSTREAM DISTANCE FROM ORIGIN AT WKFICH SIMULTANEDUS MAXIMA OCCUR
[+ XBD = DCWNSTREAM DISTANCE FROM ORIGIN WHERE SIMULTANEQUS MAXIMA OCCUR
[ PAl = 3.1416
[o XK1 = UPSTREAM WAVE NUMBER, (2.0ePAI}/XL1
(4 XK3 = DCWNSTREAM WAVE NUMBER , (2.0¢PAI)/XL3
c SUM12 = SUM CF AMPLITUCE Al AND A2 , FT
C SUM34 = SUM CF AMPLITUDES A3 AND A4 , FT
C OIF12 = DIFFERENCE OF AMPLITUODES Al AND A2 , FT
[ DIF34 = DIFFERENCE OF AMPLITUDES A3 AND A4 4 FT
[ Hl = UPSTREAM WATER DEPTH , FT
[ H3 = COWNSTREAM WATER DEPYH , FT
C HL11 = UPSTREAM DEPTH WAVE LENGTH RATIO
C HL33 = DOWNSTREAM DEPTH WAVE LENGTH RATIO
C HL10 = UPSTREAM DEPTH TO OEEP WATER WAVE LENGTH RATIO
[ HL30 = DCWNSTREAM DEPTH TO DEEP WATER WAVE LENGTH RATIO
[ BSLCPE = CHANNEL BEC SLOPE IN TRANSITION
< SSLCPE = CHANNEL SIDEWALL SLOPE IN TRANSITION
C xL0 = CEEP WATER WAVE LENGTH , FT N
C DEL12 = SUM CF PHASE ANGLES CELTAl AND DELTA2
C HH13 = UPSTREAM TO COWNSTREAM DEPTH RATIO
[+ XKR = REFLECTICN CCEFFICIENT
[ xKY = TRANSMISSION CCEFFICIENT
C STEEPU = UPSTREAM WAVE STEEPNESS
[+ STEEPD = DOWNSTREAM WAVE STEEPNESS
C 21 = DEANS PARAMETER
C CELAU = UPSTREAM WAVE CELERITY , FT/SEC
[ CELAD = DOWNSTREAM WAVE CELERITY , FT/SEC
4 CGRAT = GRCUP VELOCITY RATIO
READ 1 , BSLCPE o SSLCPE +El1 B3
N=0

1 FCRNMAT ( 4F10.6 )
PRINTY 2,BSLCPE , SSLOPE

2 FCR¥MAT ( 37H THE FOLLCWING RUNS HAVE BED SLOPE = , FB.6 , 22H AND
1SIDEWALL SLCPE = 4, FB8.6 )

PRINT 1001

1C01 FCRMATI(130H RUN T XL0 xt1 Hl H3 HH13 xL3 Al
1e A2P A3pP STEPU STEPD 21 XKR XKT CELAU CELA
20 CGRAT)

PRINT 1006

PAGE 1
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A} = UPSTREAM INCIDENT WAVE AMPLITUDE,FT 03/13 2108.3 PAGE 2

1C06 FCRMAT(129H
1 DELTL DELT2 DELT4 HL11 HL33 Al A2 A3
2 A4 )

2CC2 REAC 2001 o Hl 4 K3

2CC) FCRMAT ( 2F12.5 )

1CC4 REAC 3,RUN » ID 4 XL1 , SU¥12 , DIF12 , XMAXU o XAU , SUM34 ,
1 DIF34 , XMAXC , XBD

3 FCRMAT ( A3 , I3 o 3X o F7.3 4 3X , FB.5 ¢ 3X » F8.5 4 3X o F7.3

L 3Xx 9 F7e3 » 3X o F8.5 4 3X 4 FA.S5 / FT.3 ,F7.3)
IfF ¢ ID ) 2002 , 2002, 2003

2CC3 CALL AKEFQ ( HTAN o HSEC2 4, H1 , XL1 , HL1) , HL10 , HSIN2A )
HL30 = ((HL10 ) eH3 ) / H]
XLO = (1.0 / HL30 ) eH3
T = SCRYF ({ Xt0 ) /7 ( 5.118 )}
HH13 = H1 / H3
XL3=XL1-2.0

22 CALL AKEFQ ( HTAN , HSEC2 4 H3 4 XL3 , HL33 , HLY , HSIN2A }
FUNCL = (( HL33 ) e {HTAN )) - HL3O
FUNCLP = =(HL33 ¢ ((1.0 / XL3 ) & HTAN + ([ 2.0 & 3.]416 = H3 )
L /7 ( XL3 == 2 )) « HSEC2 §)
XL3 = Xt3 - {FUNCL)/FUNCLP
1F{ABSF(FUNCL)-0.001)20,20,22
20 CCNYINUE

c CALCULATICN OF REFLECTICN aND TRANSMISSION COEFFICIENYS
PAL = 3,1416
Al = (SUM12 ¢ DIF12 )/ 2.0

Y
™~

=17~

A2 = [ SUML2 - DIF12 } / 2.0

DEL12 = 1.0 & PAI - 2.0 & (2.0 & PAI /7 XL1 ) & XMAXU

A3 = {SUM34 ¢ DIF34 ) / 2.0

A4 = ( SUM34 - DIF34 ) / 2.0

DELTA4 = { 1.0 o PAl ) - 2.0 « (2.0 » PAI / XL3 ) « XMAXD
RL = ( 2.0 « PAI / XL3 } « XBD

R2 = Rl + DELTA4 .
R3 = ~COSF{ R1 ) + ( A4 /7 A3 } = COSF { R2 )

R4 = SINF { RL ) ¢ ( A4 / a3 ) « SINFL R2 )

R = ( R3 / R4 |}

ARGl = {((( 2.0 = PAI ) /7 XLl ) & XAU ¢ DEL12 )

ARG2 = (( 2.0 » PAIl ) /7 XL1 ) e XAU

XNUM = ( COSF | ARGL )) ¢ { R = SINF { ARGl }) = ( A2 /7 Al ) o
1 ( COSF{ARG2} - R  SINF { ARG2 )
XDENM = = [ SINF | ARGl )) ¢ { R o CCSF ( ARGl }) - { A2 / Al ) e

1 ( SINF ( ARG2 } + Re COSF ( ARG2Z )}

DELTAZ = ATANF (( XNUM) / ( XDENM 1}

DELTAl = DEL12 - DELTA2 .

ARG3 = CCSF { DELTAl - CELTA2 + DELTA4 )

RAD1 =({(A2/A)1)se2)e((A4/A3)sa2)~ 2.0¢(A2/A))8{A4/AB)eARG3) ¢ 1.0
RADZ = [((A1/A2)es2)e((A4/AB)en2) ~ 2.0e{A1/A2)8(A4/A3) ¢ARG3) +1.0
AlP = Al & SGRTF(ABSF(RACL))

A2P = A2 « SQRTF{ABSF(RAD2))

A3P = A3 & ( 1,0 - (A4/A3)ee2)

XKR = (A2P / AlP )

XKT = ( A3P / AlP )

STEEPU = ( 2.0 ¢ ALP ) /7 xtL1

STEEPD = (2.0 » A3P ) / XL3

71 = (4.0 o PA] « H1 ) /7 {( XL1 ) » BSLOPE )

c CALCULATICN OF GROUP VELOCITY RATIO



Al = UPSTREAM INCIDENT WAVE AMPLITUDE,FT 03713 2108.3 PAGE 3

CALL AKEFQ ( HTAN, HSEC2+H14XL1,HL11,HLIC,HSIN2A ) —Fi"s
CELAU2 = ({ 32.2 & XL1 ) 7/ { 2.0 = PAl )} = HTAN
CELAU = SQRTF ( CELAUZ }
XNl = ( 1.0 ¢ ({( 2.0#2.0e«PAT@HL)/XLY)/(HSIN2A })) /7 2.0
CALL AKEFQ { HTAN, HSEC2,H3,XL3,HL33,HL30,KSIN2AY
CELAD2 = (( 32.2e¢XL3)/(2.0«PAI))eHTAN
CELAD = SQRTF ( CELACZ )
XN3 ={ 1,0 ¢+ {(((2.0e2.0ePAT®H3) / XL3)/(HSIN2AV)) / 2.0
CGRAT = (XN3 & XL3 e B3 )/{ XN1 & xL] « 81 }
HL11=H1/XxL1
HL33=H3/XL3
PRINT 101, I0,T,XtO,XL1,HE,H3,HHL3,XL3,A1P,A2P,A3P,STEEPU,STEEPD,,Z
114 XKR,XKT,CELAU,CELAD,CGRAT
101 FCRMATUIX I3 31XsF6e391X F6.202X9F5.292X9F%e292XyFba292XF4a242XyF5
1024 FTel s FTotyFTo4 FTaayFlob92XsF5.242X)Fbeby2X F6aby2X4F5.3,2X,FS,
234F7.47)
PRINY 1003,DELTA1,DELTA2,CELTA4,HLL11,HL33,A1,A2,A3,A%
NzN+l
IF(N-5)1004,210,210
210 PRINT 1001
PRINT 1006
N=0
1003 FCRMATISSX F6e142XsF5.102XsF50143XeF4.2,3X,F4.2,15%,F5.341X,F5.3,1
1XoF5.301X,F5.377)
GC TD 1004
END(1,0,0,0,0,0,0,0,0,1,0,0,0,0,0)

-87¢~ -

JCB TIME = €.11 FIN.



8)1
8ive

n

AKEFC
SCRT

AKEFC

EFN
2002
210

= UPSTREAM INCIDENT WAVE AMPLITUDE,FT

CEC ocr
810 01452

CEC
32561 77461

STORAGE NOT USED 8Y PROGRAM
ocT

03/13 2108.3

PAGE &

STORAGE LOCATIONS FOR VARIABLES NOT APPEARING IN COMMON, DIMENSION, OR EQUIVALENCE STATEMENT

DEC
809
804
799
794
789
784
779
174
769
164
759
754
749
T44

ocr
01451
Ol444
01437
01432
01425
01420
01413
01406
01401
01374
01367
01362
01355
01350

EFN Lcc
1 01336

1C03 01164

DEC
135

ocy
01337

DEC ocy
5 0C005

6 0CO006

ATAN

CEC

Al 808

A4 803

83 798
CELAY 793
DELTA4 788
Hl 783
HL30 778
HTAN 773
R2 768

R 763
SuM12 758
XDENM 753
xL3 748
XNUM 743

SYMBOLS AND LOCATIONS FOR SOURCE

EFN

8)2 2
8)VE 1006
LOCATIONS
DEC

2) 599
OEC

ATAN 9
(CSH) 1
ENTRY

cos

ocv DEC ey

01450 A2p 807 01447 A2
01443 ARG 802 01442 ARG2
01436 B8SLOPE 797 01435 CELAD2
01431 CGRAT 792 01430 DEL12
01424 DIFl2 787 01423 DIF34
01417 H3 782 Cl4lé HH13
01412 HL33 777 01411 HLY
01405 10 T72 01404 N
01400 R3 767 01377 R&
01373 RUN 762 01372 SSLOPE
01366 SUM34 757 01365 T
01361 XKR 752 01360 XKT
01354 XMAXD 747 01353 XMAXU
01347 1 T42 01346

toc

DEC
806
801
796
791
786
781
176
171
T66
161
756
7151
T46

ocy
01446
01441
01434
01427
01422
01415
0l6410
01403
01376
01371
01364
01357
01352

PROGRAM FORMAT STATEMENTS

EFN LoC EFN L0C

01334 813 3 01235 8)35 101 01213
01266 8)1UH 2001 01237

FOR OTHER SYMBOLS NOT APPEARING IN SOURCE PROGRAM

ocyY DEC ocY DEC ocrY
01127 3) 603 01133 61 610 01142

LOCATIONS OF NAMES IN TRANSFER VECYOR

ocry DEC ocy DEC ocT
00011 cos 7 0co0Y +SETUP 0 00000
ccool (FIL) 4 CCO04 (RTN) 2 00002
POINTS TO SUBROUTINES NOT OUTPUT FROM LIBRARY
+SETUP SIN SQRT (CSH) (FIL)

A3P
ARG3
CELAD
DELTAL
FUNCLP
HL1O
HSEC2
PAL
RAD1
STEEPD
XAU
XLo
XN1

8ivo

SIN
(SPH)

(RTN)

EXTERNAL FORMULA NUMBERS WITH CORRESPONDING INTERNAL FORMULA NUMBERS AND OCTAL LOCATIONS

1FN Lac
17 CO0047
80 01116

TIME SPENT IN FORTRAN..

EFN {
1004

«52 MINUTES.

FN
19

Loc
00056

EFN
2003

1FN Loc EFN
22 00113 22

IFN
28

Lac
00153

EFN
20

V)
~

DEC
805
800
795
790
785
780
175
770
765
760
755
150
145

ocy
01445
01440
01433
01426
01421
01414
01407
01402
01375
01370
01363
01356
01351

-6¢¢C-

EFN
1001

Loc
01318

DEC ocy

DEC ocT
8 00010

3 00003

(SPH)

IFN L0C
33 00227



13
11

10

JCB TIME =

SUBROUTINE AKEFQUHTANJHSEC24AyB+CsDoE ) 03/13 2108.3 PAGE 1

SUBROUTINE AKEFQ(HTAN,HSEC2,48,8,CyCyE ) ¥) "S
C = Ar8 I
PALl = 3.1416

ARG = (2.¢PAl)eC

HSIN = ARG

21=1.0

IK=11

IN=11+2,0

2J=11+1.0

IF(IN=2J14+5,5

IK=2Kel)

11=24

GC T &

AK=ZK

N=2IN

ADD) = ((ARG)e=sN)/AK

HSIN = HSIN ¢ ADDl

1F ( ACD1 - 0,0001 ) 8 , B 4 7
HCCS = 1.0

21=0.0

IK=21+1.0

IN=21¢2.0

1J=11+1.0

1F(IN-1J19,10,10

IK=1KeZJ

11=29

GC 70 11

AK= 2K

N=IN

ACD2 = ((ARGIssN)/AK

HCCS = HCCS + ADD2

1F | ADD2 - 0,0001 ) 12 4 12 , 13
HTAN = HSIN/HCOS

HSEC2 = (1.0/KCOS)ee2

0 = CeHTAN

€ = 2.0 » HSIN o HCOS

RETURN
END(1,0,0,0,0,0,0,0,0,1,040,0,0,0}

-0¢€¢-

0.61 MIN.



SUBROUTINE AKEFQUHTANJHSEC2,A¢8,CyCyE ) 03/13 2108.3 PAGE 2

ACD1
HSIN
143

11

EXP(2

EXP(2

EFN
7
13

TIME SPENT IN FORTRAN.. «26 MINUTES.

STORAGE NOT USED BY PROGRAM

DEC cCrY CEC acr
175 00257 32561 T7461

STORAGE LCCATIONS FOR VARIABLES NOT APPEARING IN COMMON, DIMENSION, OR EQUIVALENCE STATEMENT

DEC ccr CEC ocy DEC ocTY DEC ocr
174 00256 ACD2 173 00255 AK 172 C0254 ARG 171 00253 HCOS
169 00251 N 168 00250 PAl 167 00247 1 166 00246 zJ
164 00244 IN 163 00243

LOCATIONS FOR OTHER SYMBOLS NOT APPEARING IN SOURCE PROGRAM

CEC ocY CEC ocT DEC ocv DEC ocrY
162 00242 2) 150 00226 3) 151 00227 6) 156 00234

LOCATIONS OF NAMES IN TRANSFER VECTDR

DEC ocry CEC ocT DEC ocr DEC ocY
C 0C000

ENTRY POINTS TO SUBROUTINES NOT OUTPUT FROM LJ]BRARY

EXTERNAL FORMULA NUMBERS WITF CORRESPONDING INTERNAL FORMULA NUMBERS AND OCTAL LOCATIONS

IFN Lce EFN IFN Loc EFN IFN Loc EFN IFN LoC EFN
9 C0053 6 10 00CS56 5 12 00066 4 15 00074 8
23 00132 11 24 00135 10 26 00145 9 29 00153 12

DEC  OCT , .
170 00252
165 00245

DEC ocr

-1¢¢C-

DEC  OCT

IFN LocC
20 00123
34 00202
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1Ccol

THE COMPUTER PROGRAM PII

OATA REOUCTICN BY ALAM ANC BRAINARD 03/18 0601.1

a1 = UPSTREAM INCIDENT WAVE AMPLITUDE,F1

A2 = UPSTREAM REFLECTEC WAVE AMPLITUCE , FT

a3 = DCWNSTREAM TRANSMITTED WAVE AMPLITUDE o FT

a4 = CCWNSTREAM REFLECTED WAVE AMPLITUDE FROM FAR END , FT
ALP = TRANSFORMEC INCICFNT WAVE AMPLITUDE , FT

A2p = TRANSFORMEC REFLECTEC WAVE AMPLITUCE o FT

a3p = TRANSFORMED TRANSWITTED WAVE AMPLITUDF o FF

xt1 = UPSTREAM WAVE LENGTH o FT

xL3 = CCWNSTREAM WAVE LFNGTH , F1

NELTAl = UPSTREAM INCIDENT WAVE PHASE ANGLE , RADIANS

DELTA2 = UPSTREAM REFLECTEL WAVE PHASE ANGLE » RADIANS

DELTA3 = CCWNSTREAM TRANSMITTED WAVE PHASE ANGLE , RADIANS
DELTA4 = CCWNSTREAM REFLECTED WAVE PHASE ANGLE , RADIANS
XMAXU = UPSTREAM DISTANCE FRCM ORIGIN AT WHFICH MAXIMA OF WAVE ENVELOPE
CCCUR o FY

XVMAXD = CCWNSTREAM DISTANCE FROM ORIGIN AT WHICH MAXIMA OF WAVE ENVELOPE
CCCUR 4 FT

XAU = UPSTREAM DISTANCE FROM ORIGIN AT WHICH SIMULTANEOUS MAXIMA OCCUR
XBD = DCWASTREAM DISTANCE FROM ORIGIN WHERE SIMULTANEOUS MAXIMA OCCUR
Pal = 3.1416 )

XK1 = UPSTREAM WAVE NUMRER, (2.0sPAT)/XL1

XK3 = COWNSTREAM WAVE NUMBER o (2.0ePAI)/XL3

SUM12 = SUM CF AMPLITUCE Al AND A2 4 FT

SUN34 = SUM CF AMPLITUCES A3 AND A4 , FT

DIF12 = DIFFERENCE OF AMPLITUCES Al AND A2 , £T

DIF34 = DIFFERENCE OF AMPLITUCES A3 AND A4 , FT

Hl = UPSTREAM WATER DEPTH , FT

H3 = CCWNSTREAM WATER DEPTH , FT

HL11 = UPSTREAM DEPTH WAVE LENGTH RATIO

HL33 = DCWNSTREAM DEPTH WAVE LENGTH RATIO

HL10 = UPSTREAM DEPTH TO CEEP WATER WAVE LENGTH RATIO

HL30 = CCWNSTREAM DEPTH O DEEP WATER WAVE LENGTH RATIO
8SLCPE = CHANNEL BEC SLCPE IN TRANSITION

SSLOPE = CHANNEL SITEWALL SLOPE IN TRANSITION

XLO = DEEP WATER WAVE LENGTH , FT

DEL12 = SUM CF PHASE ANGLES DELTA1 AND DELTA2

KH13 = UPSTREAM TC COWNSTREAM DEPTH RATIO

XKR = REFLECTICN CCEFFICIENT

XKT = TRANSMISSICON CCEFFICIENT

STEEPU = UPSTREAM WAVE STEEPNESS

STEEPD = DCWNSTREAM WAVE STEEPNESS

171 = DEANS PARAMETER

CELAU = UPSTREAM WAVE CELERITY , FTV/SEC

CELAD = CCWNSTREAM WAVE CELERITY , FT/SEC

LGRAT = GROUP VvELUCITY RATIO

REAC 1 4 BSLOPE » SSLOPE 4Pl ,B3

N=O

-

FCRMAT { 4F10.6 )
PRINT 2,BSLCPt , SSLOPE
2 FCRMAT ( 37H THE FOLICWING RUNS HAVE EED SLOPE = , FB8.6 + 22H AND
1SIDEWALL SLCPE = , F8.6 )

PRINT 1601

FCRMAT(13CH RQUN T XxXLo XLl Hl H3 HH13 xtL3 Al
1P A2p A3p STFPU STEPC 21 XKR XKV CELAU CELA
20 CGRA1)

PAGE 1
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1C06

2cc2
2CC1
1C04

3

2C€03
22
2¢
[

DATA REDUCTICN BY ALAM AND BRAINARD €3/18 0601.1 PAGE 2
¢RINT 1006

FCRVAT{129H p-Z
1 DELT1 DELT2 DELT4  HL11  HL33 Al A2 A3 I
2 A4 )
READ 2001 , H1 , H3
FCRMAT ( 2F12.5 )
READ 34RUN , ID , XL3 , SUM12 , DIF12 , XMAXU , XAU , SUM34 ,
1 DIF34 , XMAXC , XBD
FCRMAT ( A3 , I3 4 3X 4 F7.3 4 3X , F8.5 4 3X , F8,5 4 3X 4 F7.3 ,
1 3X 4, F7.3 4 3X 4, FB.5 4 3X ., FB8.5 7 FT.3 ,F7.3)
tF ( ID ) 2002 , 2002, 2003
CALL AKEFQ(HTAN,HSEC2,H3,XL3,HL33,HL30,HSIN2A)
HL10=HL30#H1/H3
XLO = (1.0 /_HL30 ) K3 .
T = SQRTF T xi0 ™V 7 1 5.118 1}
HH13 = H1 / H3
XL1=XL342.0
A= XLl
CALL AKEFQ(HTAN,HSEC2,H1,XL1,HL11,HLT ,HSIN2A)
FUNCL=HL11*HTAN-HL10
FUNCLP=-HL11#(1.0/XL1#HTAN¢2.083.14164H1/XL1ee2eHSEC2)
XL1=XL1~-FUNCL/FUNCLP
IF(ABSF(A-XL1)~0,001 120,20,22
CONTINUE o
CALCULATICN OF REFLECTICON AND VTRANSMISSION COEFFICIENTS
PAL = 3,1416

-€€C-

a1 = (SUM12 ¢ DIF12717 2.0
A2 = (_SUM12 -~ DIF12.) 7 2

0
2

DEL12 = 1.0 @ PAl - 2.0 « (2.0 = PAI /7 XL1 ) = XMAXU

A3 = (SUM34 + DIF34 ) / 2.0

A4 = ( SUM34 - DIF34 ) 7/ 2.0

DELYA4 = ( 1.0 & PAY ) - 2.0 @ (2.0 « PAI / XL3 ) = XMAXD
RL = ( 2.0 & PAT / X(3 ) - XBL

R2_= R1_+ DELTA4
R3 = -COSF( RL ) + ( A4 / A3 ) & COSF ( R2 )
R4_= SINF_ (LRL ) ¢ { A4 7/ a3 ) » SINFL R2 )

R = { R3 7 R& i

ARGl = (({ 2.0 & PAI ) / XL1 ) e XAU + DEL12 !
ARG2 = (( 2.0 ® PAI ) 7/ XL1 ) « XAU

XNU¥ = ( COSF (_ARG1 )) & { R » SINF ( ARGl }) -~ ( A2 7/ A1l ) =

1 U COSF(ARG2) = R e SINF ( ARG2 })

_XDENM = = { SINF { ARGl )} ¢ 1 R o COSF ( ARGl 1) - ( A2 / Al ) e
DELTAZ = ATANF (( XNUW) 7 { XDENM ))

DELTAl = DEL12 - CELTA2

ARG3 = CCSF ( CELTAl =~ CELVA2 ¢ DELTA4 )

RACL =(((A2/AT)ew2)e((AG/A3)0e2)~ 2,06(A2/A1)%(A4/A3)#ARG3) + 1.0
RAD2 = (([Al/A2)es2)e((A4/a3)0e2) - 2,0e(A1/A2)¢(AG/A3) «ARG3) +1.0

A2P = A2 e SORTF[ABSFI(RAD2))

A3P = A3 & ( 1l.U - (A4/A3)ea2)

XKR = (A2P /7 AlP ) -

XKT = { A3p / ALP

STEEPU = ( 2.0 « AlP } 7/ xL)

STEEPD = (2.0 = A3P } / XL3

2} = (4,0 « PAl @« H1 ) /7 ([ XLl } e BSLOPE



101

21¢C

1C03

CB TINE =

DATA REDUCTICN BY ALAM ANC RRAINARD

CALCULATICN COF GRCUP VELOCITY RATIO

CALL AKEFQ ( HTAN, HSEC24F1,XL1,FL11,HL10,HSIN2A )

CELAU2 = (( 32,2 & XL1 )} /7 ( 2.0 = PAl )) = HTAN

CELAU = SCRTF (| CELAU2 )

XN1 = ( 1.0 ¢ ((( 2.0%2,04PAJeH1)/XLY)/(HSIN2A })) / 2.0

CALL AKEFC ( HTAN, HSEC2s+3,XUL3,HL33,HL30,+SIN2A)

CELAD2 = (( 32,2#XL3)/(2.CoPAL))sHTAN

CELAD = SCRTF { CELAC2 )

XN3  =( 1.0 + {((2.0#2.0ePAIeH3) / XL3}/(HSIN2ADY) / 2.0

CGRAT = [XN3 =« XL3 = B3 )/( XN1 « XLl = 81 )

HL11=H1/XxL1

HL33=K3/XL3

PRINT 101, IDyT,XLOyXL1,HL,H3,HH13, XL ALP,A2P,A3P,STEEPUSSTEEPDy2Z
119 XKR, XKT,CELAU,CELAD,CGRAT
FCRMAT(LX,I3,1X,F6.3,1K,F6.242XyF5.292X9F4.292XsF4.2,2XyF4.2,2XyF5
1e2 0 FTe4sFTet FT.6,FT o4y Floby2XyF5.202XsF6.4,2X F6o4s2XeF5.392X4F5,
23,FT.47)

PRINT 1003,0ELTALl,NELTAZ,CELYA4,HL11,HL33,41,A2,A3,A4

N=hel

IF(N-5)1004,210,210

PRINT 1001

PRINT 1006

N=0

FORMAT(S5SX ) F6els2XsF5.192XeF5.193XFea293XF4.2,15%3F5.391X9F5.341
1XoF5.3,1X,F5.3//)

GC 7O 1004

€NDI(1,0,C,0,0,0,0,0,0,1,0,0,0,0,0}

0.11 MIN.

03/18 0601.1 PAGE 3

,=TU
o

AN A



s1P

A3

A
CELAC
DELTAL
FUNCLP
HL10
HSEC2
PAl
RAD1
STEEPD
XaU
XL0
XN1

811
g)ve

1

AKEFC
SCRT

AKEFQ

EFN
2C02
210

TIME SPENT

CEC ccy
814 01456

CEC
32561

DATA REDUCTIGN BY ALAM aND RRAINARD 03/18 0601.1

STORAGE NOT USED B8Y PROGRAM

ocrT
17461

PAGE &

STORAGE LCCATIONS FOR VARJARLES NCT APPEARING IN CDPMUN' DIVENSION, OR EQUIVALENCE STATEMENT

DEC ccr
813 01455
8C8 01450
803 01443
798 01436
793 01431
788 01424
783 01417
7718 01412
773 01405
768 01400
763 01373
758 013¢6
753 01361
748 01354

EFN Lcc
1 01341
1C03 01167

CEC ccy
738 01342

DEC ccr
00005
0C006

ow

ATAN

DEC
Al 212
a4 ROT
Bl 802

CELAU2 797
LELTA2 192
FUNCL 187

HL11 782
HSIN2A 77
R1 172
RAD2 167
STEEPU 162
X80 757
xt1 752
XN3 T47

ocrv DEC ocy DEC ocY

01454 A2P 811 01453 a2 810 01452
01447 ARG1 BC6 Cl44b ARG2 805 01445
01442 83 801 01441 BSLOPE 800 01440
01435 CELAU 796 01434 CGRAT 795 01433
0143C DELTA4 791 Cl427 DIF12 790 01426
01423 H1 786 01422 H3 785 01421
01416 HL 30 781 01415 HL33 780 01414
01411 HTAN 176 Cl410 10 715 01407
01404 R2 771 C1403 R3 770 01402
01377 R 766 01376 RUN 765 01375
01372 SUM12 761 01371 SUM34 760 01370
01365 XDENM 756 C1364 XKR 755 01363
01360 xL3 751 01357 XMAXD 750 01356
01353 XNUM 746 01352 21 745 01351

SYMBOLS AND LGCATIONS FOR SOURCE PROGRAM FORMAT STATEMENTS

EFN
8)2 2
8)VE 1006
LOCATIONS
rec
2) 602
CEeC
ATAN 9
(CSH) 1
ENTRY

cos

Loc. EFN toc EFN LoC
01237 8)3 3 01240 8)35 101 01216
01271 8)1UH 2001 01242

FOR OTHER SYMBOLS NOT APPEARING IN SOURCE PROGRAM

ocy DEC T OEC ocr
01132 3) 606 C1136 6) 613 01145

LOCATIONS OF NAMES IN TRANSFER VECTOR

ocr DEC ncry DEC ocry
€0011 cos T cccor « SETUP 0 00000
c0001 (FIL) 4 CCCO4 (RTN) 2 00002

PGINTS TO SUBROUTINES NOT CUTPUT FROM LIBRARY

.SETUP SIN SQRT (CSH) (FIL)

A3P
ARG3
CELAD2
DEL12
DIF34
HH13
HLT

N

R4
SSLOPE
T

XKT
XMAXU

8)ve

SIN
{SPH)

(RTN)

EXTERNAL FCRMULA NUVMRERS WITH CORRESPONDING INTERNAL FORMULA NUMBERS AND OCTAL LOCATIONS

IFN Loc
17 C0047
81 01121

IN FORTRAN..

EFN 1FN
1004 19

«39 MINUTES.

Lac EFN IFN LoC EFN IFN Lac
00056 2003 22 €0113 22 28 00153

EFN
20

B4

DEC  OCT
809 01451
8064 01444
799 01437
794 01432
789 01425
784 01420
779 01413
774 01406
769 01401
764 01374
759 01367
154 01362
749 01355

-GeeC-

EFN Loc
1001 01320

DEC oci

DEC ocy
8 00010
3 00003

(SPH)

IFN_ LOC
3400232
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13
11

10

12

JC8 TIVE =

SUBROUTINE AKEFQUHTAN,HSEC2,A,8,CsCyE ) 03/18 0601.1 PAGE 1

C = A/B

PAl = 3.1416

ARG = (2.%PAl)eC

HSIN = ARG

21=1.0

k=21

IN=2142.0

1JeZ1+1.C

IF(IN~79)4,5.5

IK=2Ke*ZJ

11=24 B
6C TO 6

AK=2K

N=ZN

ACD1 = ((ARG)seN)/AK

HSIN = HSIN « ADD]

IF ( ACDY - 0.C001 )} B8 , 8 , 7
HCCS = 1.0

21=C.0

IK=71+1.0

IN=71+2.0

2J=11+1.0

1F(IN=-2J)9,10.10

IK=2Ke24

71=2

6C YO 11

AK=2K

N=IN

ACD2 = ((ARG)eeN)/AK

HCCS = HCCS + ADD2

IF ( ACD2 - 0.C001 ) 12 , 12 o 13
HIAN = HSIN/HCCS

HSEC2 = (1.0/HCOS)ee2

D = C*HTAN

E = 2.0 &« HSJN « +COS

RETUKN
€nNp(1.0,0,0,0,0,0,0,0,1,0,0,0,0,0)

SUBROUTINE  AKEFQUHTAN,HSEC2, 8,8, CeCyE ) 'P g
I"u

-9¢¢-

0.50 ¥IN.



SUBROUTINE

OEC ocT
175 00257

AKEFQIHTAN,HSEC2,A,ByCyCyE )

CEC
32561

03/18 0601.1

STORAGE NOT USED BY PROGRAM

ocy
77461

STORAGE LCCATIONS FCR VARTARLES NCT APPEARING IN COMMON, DIMENSION, OR EQUIVALENCE STATEMENT

CecC ccr

ACD1 174 00256
HSIN 169 00251
14 164 00244

nNeC ocT
1) 162 00242

DEC ocT
EXP(2 0 occoo

EXP(2

rec
ACD2 173
nN 168
IN 163
LOCATICNS
OEC
23 150
CEC
ENTRY

acrt DEC ocT DEC ocrT
00255 AK 172 C0254 ARG 171 00253
0025¢ Pal 167 00247 Il 166 00246
00243

FOR OTHER SYMBDLS NOT APPEARING IN SOURCE PROGRAM

ocy DEC ocr DEC ocT
€022¢ 3) 151 €0227 6] 156 00234

LOCATIONS OF NAMES IN TRANSFER VECTOR

ocr DEC ocy DEC ocT

POINTS TO SUBROUVINFS NNT QUTPUT FROM LIBRARY

HCOS
J

EXTERNAL FORMULA NUMBERS WITH CORRESPONDING INTERNAL FORMULA NUMBERS AND DCTAL LOCATIONS

EFN TEN Loc
7 9 CCos53
13 23 00132

TIVMF SPEKT IN FORTRAN..

EFN IFN
6 10
11 24

«21 MINUTES.

Loc FFN IFN Loc EFN IFN Ltoc
€0056 5 12 C€CO66 4 15 00U/«
00135 10 26 00145 9 22 00153

EFN

8
12

P.6

DEC ocr
170 00252
165 00245

DEC ocY
DEC ocr
1FN 1ne

20 00123
34 00202

A YA
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