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ABSTRACT

The major objective of the study has been to investigate in detail
the rapidly-varying peak uplift pressure and the slowly-varying posi-
tive and negative uplift pressures that are known to be exerted by
waves against the underside of a hbrizontal pier or platform located
above the still water level, but not higher than the crests of the incident
waves.

In a "two-dimensional'' laboratory study conducted in a 100-ft
long by 15-in. -wide by 2-ft-deep wave tank with a horizontal smooth
bottom, individually generated solitary waves struck a rigid, fixed,
horizontal platform extending the width of the tank. Pressure trans-
ducers were mounted flush with the .%rnooth soffit, or underside, of
the platform. The location of the transducers could be varied.

The problem of adequate dynamic and spatial responsc of the
transducefs was investigated in detail. It was found that unless the
radius of the sensitive area of a pressure transducer is smaller than
about one-third of the characteristic width of the pressure distribu-
t101;1, the peak pressure and fhe rise-time will not be recorded
accurately. A procedure was devised to correct peak pressures and
rise-times for this transducer defect.

The hydrodynamics of the flow beneath the platform are- des-
cribed qualitatively by a simple analysis, which relates peak pressure
and positive slowly-varying pressure to the celerity of the wave front
propagating beneath the platform, and relates negative slowly-varying
pressure to the process by which fluid recedes from the platform

after the wave has passed. As the wave front propagates beneath the



platform, its celerity increases to a maximum, then decreases. The
peak pressure similarly increases with distance from the seaward
edge of the platform, then decreases.

Measured peak pressure head, always found to be less than five
times the incident wave height above still water level, is an order of
magnitu.dre less than reported shock pressures due to waves breaking
against vertical walls; the product of peak pressure and rise-time,
considered as peak impulse, is of the order of 20% of reported shock
impulse due to waves breaking against vertical walls. The maximum
measured slowly-varying uplift pressure head is approximately equal
to the incident wave height less the soffit clearance above still water
level. The normalized magnitude and duration of negative pressure
appears to depend principally on the ratio of soffit clearance to still

water depth and on the ratio of platform length to still water depth.
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CHAPTER 1

INTRODUCTION

In a storm, a maritime structure such as a pier or an offshore
platform may be subject to significant uplift pressures when incident
waves propagiate beneath the platform and in contact with it. On a
platform whose horizontal underside, or soffit, is situated above the .
still water level, studies by El Ghamry (1963) and by Wang (1967)
indicate tﬁat uplift pressures are characterized by an initial peak
pressure of considerable magnitude but of short duration, followed by
a slowly-varying ui:lift pressure of less magnitude but of considerable
duration, and which typically is first positive, then negative.

The slowly-varying pressure may be of concern to an engineer
considering the structural strength of the platform as a unit. The
rapidly-varying peak pressure, shown in this study to be distributed
over only a very narrow portion of the soffit at any given time, may be
of concern when the strength of individual members of the structure
is considered, such as the deck timbers in a wooden pier.

Previous studies, while demonstrating the existence of the peak
pressure, provided no clear definition of the basic nature, magnitude,
duration, or spatial extent of i:he' peak pressure, nor of its functional
dependence on such variables as incident wave height or platform geom-
etry. The major aim of the present study has therefore been to investi-
gate in basic detail the hydrodynamics associated with the uplift pres-
sures on the platform, in particular the peak pressure.

The experimental conditions were designed to be simple, to en-

able the uplift process to be observed most clearly and to simplify the
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analysis of the hydrodynamics of uplift. Therefo;'e the experimental
study was 'two-dimensional, ' i. e. dependence on the transverse co-
ordinate was eliminated. Tests were conducted in a relatively narrow
wave tank with a rigid, fixed, model platform extending tﬁe full width
of the tank. The platform had a smooth, horizontal underside, or
soffit, and a smooth, vertical front face. Uplift pressures on the sof-
fit were measured at numerous locations.

Previous studies had shown that the peak pressure was a quan-
tity subje;:t to considerable variance. Therefore it was required that
the incident wave be as reproducible as possible, in order to reduce as
much as possible the experimental variance in peak pressure. Other
requirements were that the incident wave be conveniently representable
mathematically, and that it be a relevant model of ocean waves in shoal
water in which piers or platforms are likely to be situated. Therefore,
the incident wave form chosen was that of thé solitary wave propagating
into still water, for which there are several mathematical theories, and
which may be considered a relevant model of an ocean wave propagating
through shoal water. Solitary wave generators designed and construc-
ted for this study were capable of a high degree of reproducibility of
wave height.

In Chapter 2 previous étudies of uplift forces on platforms and
related phenomena are surveyed. In Chapter 3 an analysis is presented
by which one may predict peak pressures, slowly-varying pressures,
and related phenomena. In Chapter 4 the experimental equipment and
procedure are discussed, with particular attention given to the subject
of dynamic response of the pressure measurement system. In Chapter

5 a question of spatial response of the pressure transducers is in-
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vestigated in detail, with a procedure proposed for correcting peak
pressure data. In Chapter 6 experimental results, including photo-
graphs o»lf the wave profile, are presented, compared with analytical
predictions, and discussed. Conclusions and suggestions for future
s.tudy are presented in Chapter 7.

Appendix A contains a list of the notation used. Experimental
data are tabulated in Appendix B. Appendix C contains a derivation of
the natural frequency of oscillation of the modified pressure transducer

used in the experiments.
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CHAPTER 2

ILITERATURE SURVEY

2.1 Theoretical Analysis of Uplift Forces on Platforms with Zero

Soffit Clearance.

There is a considerable body of literature concerning water waves
propagating towards a rigid, plane shore having a slope W. When
0<w<m/2, the problem is one of waves breaking on a beach; for Waw/2,
the waves can be considered to be striking a cliff, vertical or over-
hanging; when W=w, there is what has been called the ''dock problem. "

This family of problems has been collectively treated for the two-
dimensional case by Friedrichs (1948), Friedrichs and Lewy (1948),
John (1948), and Isaacson (1948); the work has been summarized by
Stoker (1957). A paper from this collection by Friedrichs and Lewy (1948)
on the dock problem presents solutions for the flow (and hence the pres-
sure) beneath a flat, horizontal, semi—infinité dock situated at still
water level, against which sinusoidal waves of small amplitude propa-
gate from x=+»., As in all other cases in this family of problems, it
is shown tha.t there are two standing wave solutions. One solution pre-
dicts finite amplitude waves at the seaward edge of the‘\dock (or the
shoreline, for the beach and gliff problems) and small cosinusoidal
waves at x=+«; the other, with logarithmic singularity at the dock edge
(or shoreline), predicts waves of infinite height there and small s:'[.nu-
soidal waves at x=+x. At x=+x the solutions are out of phase by 90%;
the problem is linear and homogeneous, so that the solutions may be
combined to represent waves progressing towards the dock (or the
shore). Physically, the singularity may be considered an energy-dis-

sipating device (Stoker, 1957, p.71), and one may note that no progres-



sive waves bearing energy shoreward are predictable without use of
the singular solution.

- Heins (1948) treated the problem of a dock of infinite width and
semi-infinite length, where the water was of finite depth and the waves
not necessarily normally incident on the dock. In this case, too, there
is a regular solution, and a solution with a logarithmic singularity at
the dock edge, obtained by differentiating the bounded solution. The
solutions are ‘presented as infinite series, the terms of which must be
computed ‘to provide useful results.

Stoker (1957) discusses the problem of a rigid board of finite
length and of infinite width freely floating or rigidly fixed on the water
surface. The channel is of finite constant depth, and small sinusoidal
waves approach the board normally. The shallow-water approximation
is applied, so that variations of flow quantities with depth are neglected.

For the case of the rigidly fixed board, the flow beneath the board
is uniformly horizontal and sinusoidally dependent on time. The re-
sultant pressure on the board at any given position is sinusoidally
dependent on time, and at any given time is linearly dependent on dis-

tance.

2.2 Related Flow Phenomena.

The mathematical treatments discussed above all deal with a
platform with zero soffit clearance. A positive soffit clearance changes
the character of the flow in that there is now a line of intersection of
the free surface with the rigid platform soffit, propagating beneath
the platform with the wave. A sharp upward pressure is imparted to
the platform at this line, as observed by the writer as well as by

El Ghamry (1963) and Wang (1967) (see Section 2.3). In the mathe-
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matical treatments discussed in the previous section a free surface
beneath the platform was not considered, and high peak pressures
propagating beneath the platform were not p;‘cdictcd. To study the
peak pressure, then, one may turn to analysis of other flows which in
some way resemble the flow beneath a platform, at least in the region

where peak pressures are generated.

2.2.1 Pressures on planing bodies.

In his studies on the planing of water craft, Wagner (1932, 1948)
described the ideal fluid flow near an infinitely wide flat plate planing
on the water surface at high Froude number. To an observer moving
with the plate, the steady flow appears to have a stagnation point on
the underside of the plate which approaches the front edge as the angle
of inclination of the plafé with respect to the still water surface
approaches zero. Forward of the stagnation point the flow shoots for-
ward as spray. If one is able to determine the velocity distribution
beneath the plate, the pressuré distribution follows from Bernoulli's
equation, with the gravitational term negligible because of the high
Froude number. Qualitatively, the distribution has a sharp peak at
the stagnation point,.with the peak pressure simply equal to p Uz /2,
where U is the velocity of the flow at infinity, and p is the fluid den-
sity. The width of the pressure peak increases with the angle of
inclination of the plate with the still Wé.ter surface. The pressure
distribution with its peak is reminiscent of the distribution on a plat-
form with a wave beneath it, and suggests that the preséure peak

measured on the platform may be considered a stagnation pressure.



2.2.2 Forces on a vertical wall.

Occasionally when a water wave breaks against a vertical wall,
it generates an intense pressure of short duration, which has often
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been called ''shock pressure, impact pressure, " or, in French,

"gifle, " There is always a slowly-varying pressure, or "bourrage,
upon which the impact pressure is superposed, if it occurs. There has
been considerable study of this problem, in theory and in laboratory
and prototype experiments (Bagnold, 1939; Minikin, 1950; Denny, 1951;
Ross, 1954; Rundgren, 1958; Nagai, 1960; Garcia, 1968). The problem
of waves breaking against walls is not directly related to that of wave
uplift on platforms, but it is true that both problems deal with wave
action on coastal structures, and that a prominent feature in both cases
is the intense pressure peak.

The first recent work on the wall problem is by Bagnold (1939),
who in laboratory experiments observed that shock pressures occurred
only if the wave struck the wall at its precise moment of breaking. If
the wave never broke or if it broke before striking the wall, there was
no shock, but only the slowly-varying b'ourrage.

At breaking, the front surface of the wave was found to lie very
nearly in a forward-moving vertical plane; it was when this near-
vertical front surface struck Vthe solid wall that shock pressures were
generated. It happened that the wave would also trap a thin cushion of
air against the wall. |

Bagnold conclude‘:d that (1) the '"'shock pressures occur only when
the shape of the advancing wavefront is such as to enclose an air
‘cushion between it and the wall . . . they increase in intensity with

decreasing thickness of the air cushion'; (2) the great variation in
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peak pressure observed from wave to wave was due to variation in the
air cushion thickness, in turn due to random irregularities on the
water surface; (3) although the peak pressures varied greatly from
wave to wave, the integral of the pressure-time curve tended to
approach and not exceed a definite value; (4) the pressure peaks and the
maximum pressure-time areas were measured only in the part of the
wall where the air-cushion was formed; (5) in the model experiments,
peak pressure values never exceeded one-sixth of the theoretical

"value. The duration was at least ten times the dura-

"water -hammer'
tion time predicted for '"water-hammer'; thus the impact energy was
apparently absorbed in compression of the air rather than of the water.
Denny (1951) made a statistical analysis of impact pressures and
impulses. Whereas the pressures appeared to be randomly distri-
buted, Denny, like Bagnold, observed that the impulses tended to
approach but never exceed a definite maximum value. The ranges of

values of impulse measured by Denny (1951), by Ross (1954), and by

Garcia (1968) are compared with uplift impulse in Section 6. 6.

2.2.3 Velocity of, and pressures related to, a propagating air cavity.

In a theoretical treatment of various aspects of gravity currents,
Benjamin (1968) chose as a convenient fundamental formulation of
gravity-current problems the case of a void or ai:i'—filled cavity propa-
gating along the upper horizontal boundary of a liquid-filled region of
finite depth. This case is approximated by that in which a solitary
wave has struck a platform, and the liquid is in the process of receding
from the platform. The expression c;btained by Benjamin for the
>ce1erity of propagation of the cavity is equivalent to Equation 3.49 in

Section 3, 2 for the celerity of the wave of recession beneath the
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platform. Benjamin's expression for the negative pressure on the
upper boundary is equivalent to Equation 3.51 in Section 3.2 for neg-

ative pressure related to the flow at the wave of recession.

2.3 Experimental Studies of Wave Uplift Forces on Docks and Quay

Aprons.
El Ghamry's work (1963) is to the writer's knowledge the first

experimental uplift study. The main objectives were: '(1) to study the
nature of forces acting on a horizontal deck under the action of break-
ing and non-breaking periodic waves and for certain geometric con-
ditions, (2) to determine the feasibility of using the existing theories
in predicting the magnitude of these forces, (3) to correlate these
forces with measurable wave parameters, (4) to study the instantaneous
pressures at some points along the deck and (5) to provide information
about the effect of some geometric parameters on the relationships
between the induced forces and the wave characteristics.'! (El Ghamry,
1963, p. 7).

The experiments were performed in a wave tank 3 ft deep, 1 ft
wide and 100 ft long. The dock was 4 ft long and nearly as wide as

" case, the tank bottom was

the tank. For the '"non-breaking waves
horizontal beneath the dock, and there was no beach. Ample space
for air to escape from beneath the dock ahead of the advancing wave
was provided between the dock edges and the tank walls. For all tests
the mean water depth was 2. 00 ft. The soffit clearance was varied
between 0 and 0.20 ft above the mean water level.

To sample local pressures, pressure transducers were installed

2.00 ft and 4.00 ft from the seaward edge of the dock. A force-
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meter system built into the two supports from which the dock was sus-
pended enabled total uplift force and moments to be measured.

For the '"breaking waves"

case a rigid, smooth beach was
installed, the toe of which was offshore of the front of the dock. The
dock extended back to meet the beach. For one series of runs ample
space was again provided at the dock edges; for another series, the
spaces between the dock edges and the walls and beach were caulked
to trap the air.

For the case of no beach and non-breaking waves, the data from -
six consecutive waves were averaged for each test. In comparing his
results with those of the Stoker analysis already described, El Ghamry
found the‘force F(t) to be not a simple sine function but a complicated
periodic function dependent on the wave period and the soffit clearance.
Neither the maximum positive and negative pressures nor the durations
of positive and negative .pres sures were equal, even for zero soffit
clearance. He also determined the center of force for the positive and
negative uplifts, finding them dependent on wave height and on the ratio
of wave length to platform length.

With the passage of each wave, the pressure records showed a
high pulse of short duration, reminiscent of the impact pressure ex-
erted on vertical walls. A slowly-varying pressure of much less
amplitude, sometimes positive and sometimes negative, followed the
impulse, or peak pressure. There was much variation in the peak
pressure even when there was little variation in generating conditions.
The peak pressure head rarely exceeded 2. 5 times the trough-to-crest
waveheight.

From examining the waves transmitted shoreward past the dock,
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El Ghamry coﬁcluded that sucil a dock can be an efficient breakwater if
of sufficient length‘and at the proper soffit clearance. For the case of
breaking waves, statistical analysis of six consecutive waves showed a
Gaussian distribution of pressure maxima, whether the air was trapped
or was allowed to escape. The mean peak pressure when air was
trapped was about twice as high as when air was not trapped, but in
either case the standard deviation was about half the mean value. The
maximum recorded pressure head was 17.5 times the incident wave
height. The maximum uplifts had approximately a Rayleigh distribu-
tion. Where there was complete air entrapment, the pressure and
force records showed only a single impulsive shock for each wave, with
little or rioc slowly-varying part.

The pressure transducers were modified versions of the Statham
Model 264 TC, with the sensitive diaphragms mounted flush with the
dock soffit. According to the nianufacturer, this model has a sensitive
diaphragm 1/2 inch in diameter.

El Ghamry made several suggestions for future studies. For the
two-dimensional, or wide-dock, case he suggested further tests with a
variety of dock lengths, different beach slopes between 1:10 and 1:2,
and different shapes of bulkheads in different water depths. He also
suggested that the instantaneoﬁs pressure distribution on the dock be
measured, and that motion pictures be used to aid flow visualization.
Furthermore, he suggested that three-dimensional studies would show
the effects of dock width, different angles of wave approach, and the
effect of shape of dock or platform on uplift pressure. EIl Ghamry also

suggested the evaluation of a wave force spectrum induced on a dock by



12

incident irregular wind waves, é.nd prototype pressure measurements.
For purposes of co;rrlparison, El Ghamry's uplift force and peak pres-
sure data are presented in Sections 6.5 and 6. 6.

Wang (1967), noting the presence of peak pressures and positive
and negative uplift pressures as observed in El Ghamry and in his own
experiments, derived simple theoretical values for peak pressures and
slowly-varying pressures generated by standing waves, periodic pro-
gressive waves, and dispersive wave trains,

To detefmine the peak pressure he adapted an approximate analy-
sis for the transient force on an immersing wedge, derived by
von Karman (1929), in relating peak pressure to the celerity of the
wave front and to the vertical fluid element velocity in the wave near the
wave front.

The slowly-varying pressure head he simply took as the pressure
in the undeformed wave at elevation s; near the breaker zone, where
vertical accelerations contribute to the pressure but never exceed the
acceleration of gravity, g, the pressure head is therefore equal to one
to two times the local water surface elevation, less the soffit clearance
(i. e., the elevation of the platform above still water level). These
theories predict that the slowly-varying pressure depends strongly on
the soffit clearance, whereas the peak pressure does so to a much lesser
extent.

These theories for peak pressure and slowly-varying pressure
are applied in the analysis of standing waves, periodic progressive
waves and diséersive waves striking a narrow dock. (It may be noted
that Wang's is the only study discussed here that has dealt with a

"three-dimensional' case, where the dock was not considered to be
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il-‘lfinitely wide.) Wang was not able to comparé his predicted pressures
with experimental results for the standing-wave case, since he knew of
no such data; for the periodic-progressive wave case he compared his
theory for peak pressures with El Ghamry's data, and for the disper—
sive wave case he compared his theory with his own data.

For peak pressures due to periodic waves, the agreement with
the E1 Ghamry data was fairly good, considering the large variation
inherent in peak pressure measurements. The slowly-varying pressure
maxima due to dispersive waves showed a wide range of scatter, but
for the most part fell within the predicted range.

The peak pressures associated with dispersive waves from his
own expezr'iments correlated poorly with analytical values. Ewvidently,
individual data were plotted; if Wang had been able to average pressures
due to several identical waves, the correlation might well be better.

Wang made only cursory examination of the details of the pres-
sure pulse. For 15 waves, the pulse was recorded on an oscilloscope
at a sweep speed of 10 msec. /div. The traces are described as
"single- or dual-peaked, . . . [existing] for a period of 6 to 16 msec. "
With incident waveheights of about 0. 16 ft,, Wang proposed the range-

relationship

t = (15 to 40) J/H ,

where t is the pulse duration in milliseconds and H is the waveheight
in feet.

Two transducers were used: Con;olidated Electrodynamics
Corporation resistance-type transducers with a natural frequency of

4 kc, and a Susqehanna ST-2 piezoelectric transducer with a natural
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frequency of 250 kc. The signals from the CEC transducer were dis-
played on an oscillc.)graph, whereas the signalrfrom the Susquehanna.
transducer, used to measure the high-frequency components, was dis-
played on an oscilloscope. The sizes of the transducers were not
indicated.

' The CEC transducer- outpﬂ;lt was susceptible to temperature shift,
presenting a problem similar to that encountered by the writer (see
Section 4. 4). Wang's solution was to build a shallow manifold on the
upper side of the dock so that water pumped from the basin could be
circulated around the housingr of each transducer. A small clearance
between transducer and dock allowed the coolant to leak down to the
transducer face as well. Before an experiment was begun, the water
was circulated continuously around the pier for at least two hours to
bring pier and instruments to the same temperature as the water in
the basin. Despite this i)recaution there was still a small temperature
shift in the record which was minimized by an appropriate data re-
ductibn procedure.

Wang's peak-pressure data are compared with the writer's data
in Section 6. 6.,

Furudoi and Murota (1966) studied experimentally the total uplift
force on a horizontal platform extending seaward from a vertical wall.
It is notable that only sharp impulses and no slowly-varying forces
were measured, similar to what El Ghamry observed for breaking
waves with complete air entrapment beneath a platform. Indeed, the
major difference between the two experiments was that Furudoi and

Murota had a vertical wall adjoining the platform, whereas E1 Ghamry
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had a sloping beach. The average pressure head on the platform was
from 1 to 8 times the incident wave h‘eight.

An empirical formula derived from the laboratory data relating
uplift force tlo incident wave height and soffit clearance was found to be

in fair agreemént with some hindcasted prototype data.

2.4 The Solitary Wave.

Lamb (1945, p. 423) defines the solitary wave as ''a wave con-
sisting of 'a single elevation, of height not necessarily small compared
with the depth of the fluid, which, if properly started, may travel for
T a considera;ble distance along a uniform canal, with little or no change
of type. ' Stoker (1957, p. 342) adds the condition that the form be
symmetric.

The history of experimental and theoretical study of the solitéry
wave is given by Ippen and Kulin (1955) and by Laitone (1963), and so
will be only briefly discussed here. Study of the solitary wave began in
1834 when J. Scott Russell (1844) observed a single intumescence prop-
agating with constant form along a canal, generéted when a volume of
water impounded by a lock was suddenly released to the canal. Of the
many theoretical studies of the solitary wave, three are mentioned
here, and are compared with experimental results in Section 6. 1. The
analysis of Boussinesq (1872) is the earliest known to the writer.
McCowan's analysis (1891) has been adapted by Munk (1948) and applied
to the analysis of surf. Laitone's study (1963) is one of the most
recent. He obtained the first and second approximations to solitary
waves and cnoidal waves by carrying out to fourth order the shallow- |

water expansion method of Friedrichs (1948) and Keller (1948). The
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first approximation to the solitary wave is identical to the expression
developed by BOussinevsq (1872); the secornd approximation is that pre-
sented in Table 6. 1.

Keulegan (1948) developed a theoretical expression for the de-
crease of amplitude of a solitary wave due to energy dissipation in the
boundary layer. In Section 6.1, the expression is compared with
experimental values of amplitude decay measured in a study by Ippen,
Kulin, and Raza (1955), and in the present study.

Daily and Stephan (1952) studied the solitary wave experiment-
ally, using a 16% in. wide channel with a horizontal smooth bottom,
with undisturbed water depths between 0.2 and 0. 4 ft. They concluded
that the celerity relationship derived empirically by Russell (1844)
and analytically by Boussinesq (1872), Rayleigh (1876), Korteweg and
de Vries (1895), and others is adequate for practical applications, but
that the theoretical celerity is somewhat greater than the observed
celerity. They found the experimental profile to be closely approxi-
mated by the formula of Boussinesq (1872). The data of Daily and
Stephan for celerity and wave profile are presented in comparison with
data from the present study in Section 6. 1.

Perroud (1957) measured profiles of waves in a uniform channel,
finding them well represented by the profile derived by Boussinesq
(1872). However, waves in a channel with c‘onverging side walls had
profiles that were relatively wider than the Boussinesq profile, and
no longer symmetric.

Ippen, Kulin, and Raza (1955), in their study of damping charac-
teristics of the solitary wave, found that the formula for amplitude

decay derived by Keulegan (1948) accurately predicted amplitude decay
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only for a ratio of wave height to still water depth of about 0.4. For
lesser values, the formula predicted lower rates of decay than
measured; fofr greater values, the formula predicted a greater rate
of decay than was measured. The data of Ippen, Kulin, and Raza
(1955), along with that of the present study, are compared with the
Keulegan formula in Section 6. 1.

In Chapter 1, a reason stated for the choice of the solitary wave
as the experimental incident wave was that the solitary wave is a
relevant model of an ocean wave in shoal water. Munk (1948) reasoned
that the solitary wave would be a suitable model for the theoretical
study of surf problems. He noted that whereas periodic waves in deep
water can be characterized by the ratio of wavelength to water depth
and by wave steepness, waves in shallow water have narrow crests
separated by wide troughs, where, as with solitary waves, the
character of the isolated crests depends strongly on the ratio of wave
height to water depth, rather than on wave length.

Use of the solitary wave theory was further prompted by '"an
obvious resemblence between the theoretically derived wave profile
and the observed profile in the r-egion just outside the breaker zone'
(Munk, 1948).

Munk applied the solitary wave theory, as developed by McCowan
(1891), to the forecasting of breaker characteristics, wave refraction,
longshore currents, and rise in the sea surface caused by onshore
wave momentum. Laboratory and field observations, while showing
considerable scatter, gave ''the overall'impression .« « o that the
solitary wave theory provides a useful tool for the study of various

surf phenomena' (Munk, 1948).
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2.5 Solitary Wave Generators.

In the literature there are several different methods described
for generating solitary waves, but all designs may be classified as

[ B

being of eith'er the '"'plunger type'' or the ''piston type. "Plunger
type' wave generation usually consists of a body of finite displacement
being driven down through the free water surface, then kept in an im-
mersed or partly-immersed position. ''Piston type'' generation
usually consists of a flat vertical plate being driven along the tank in a
single fini.te_ stroke, then kept in its advanced position. In either case,
a finite volume of water is displaced at one end of the tank, and there
results a solitary wave travelling away from the generator, trans-
porting a volume of water equal to the volume originally displaced by
the generator.

The ideal wave generator would displace water in preciéely the
same manner as a fully-developed solitary wave does as it propagates
along a channel. Several methods have been used to move the piston or
plunger in as ideal way as possible. Usually the best design efforts
fall short of perfection, however, in that the wave generated, while in
itdelf possessing most of the symmetry, form, and permanence attri-
buted to the ideal wave, is followed by a train of parasitic wavelets.
Often a cut-off gate is installed near the generator to remove the para-
sitic wavelets: the gate is raised to let the major wave pass, then
quickly lowered to cut off the following wavelet train.

Caldwell (1949) used plunger type generator consisting of a
rectangular floating body hinged along one side to the end wall of the
tank. The other side of the body could be pulled downward by a chain,

connected by pulleys to a cam follower. The accompanying motor-
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driven cam was cut so that the rate of displacement of water by the
body approximated the rate of horizontal displacement in a fully-
formed solitary wave. A cut-off gate was used to remove the para-
sitic wavelets. Romita (1954) evidently generated satisfactory solitary
waves simply by pushing a piston by hand, and by using a cut-off gate.
Because of the human factor, one could obviously not expect a high
degree of reproducibility. Hall and Watts (1953) used a piston driven
by a falling weight, acting through a mechanical linkage. A fair
degree of reproducibility was claimed. Perroud (1957) used a piston
driven by an electrically released falliﬁg weight. The weight and
stroke were adjustable. Reproducibility of wave height was within 4%.

A procedure followed by Daily and Stephan (1952), Ippen and
Kulin (1955), and Ippen, Kulin, and Raza (1955) was to drive a piston
by impounding a quantity of water in a reservoir behind it, then sud-
denly releasing it to surge against the piston and drive it forward.

A more sophisticated device is an hydraulically driven piston
controlled by an electric servosystem. Such a system provides for
greater reproducibility than is available with manual or water-driven
éystems, yvet there is no constraint on the form of the input displace-
ment function, and the stroke amplitude may be varied. In the wind,
water-wave research facility at Stanford University (Hsu, 1965), the
electrohydraulic system is programmed to drive the piston as
x = tanhwt, in close approximation to the water particle displacement

as predicted by the Boussinesq solitary wave theory.
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CHAPTER 3

ANALYSIS

In Chapter 3 a first-order analysis is presented to predict and
explain the transient hydrodynamicsn of a solitary wave striking a
horizontal platform. Simplifying assumptions and the conditions neces-
sary for valid application of each part of the analysis are set forth
here. In Chapter 6, where the analysis is compared with experimental
results, the validity of each simplifying assumption is examined.

The two-dimensional case studied consists of a fluid-filled
region above which is suspended a rigid platform. The plane y=0
represents the rigid, horizontal bottom of the channel. The fluid-
filled region extends from x=-® to x=+ «» and has a local depth d+n,
where d is the still water depth and 1 is the local elevation above still
water level. The platform, whose flat horizontal soffit has a
clearance s above the still-water level, or d+s above the tank béttom,
extends from x=0 at its seaward end to x=+ ®. (The effect of the
shoreward end of the platform is thus not to be considered.)

Initially, a solitary wave approaches from x=- o (Figure 3. 1a).
If the wave has a height H greater than the soffit clearance s, the wave
will strike the platform at its seaward end, i.e. at x=0 (Figure 3. ib).
A transmitted wave disturbance then continues to propagate beneath
the platform in the +x direction, and a reflected wave train propagates

in the - x direction from x =0 (Figure 3..1c).
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3.1. General Considerations

The analysis that follows may depend on one or more of the
following assumptions:

1. The form of a free surface wave profile remains

approximately constant, i.e. the propagation celerity

is the same for all locations on the profile at a given

instant, although the celerity may change with time.

A mathematical expression of this assumption is:

oU (t)

5 = 0 : (3. 1)

where U is the wave celerity.

2. The effects of surface tension, air entrainment,

and viscous boundary shear stress are negligible.

Vorticity is negligible, except in areas of concen-

trated energy dissipation, such as an hydraulic

jump.

3. The horizontal fluid velocity beneath the seaward

edge of the platform, and the water surface elevation

at the seaward edge, are approximately the same as

for the case when there is no platform present.

The surface elevation may be expressed as 1 =7 (x-Ut), indi-

cating that a water wave is propagating in the + x direction with celerity

U. The total time derivative is zero:

an _

5 = 0. (3.2)

W
e

an ;
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It should be stated with reference to Equation 3.2 (and to Equation 3. 18

which is to appear later) that the operation Ti{dT: %+ U% denotes the

time rate of change of a quantity measured at a position fixed with

respect to an observer moving with the wave at celerity U.

In the following analysis, the familiar hydrodynamic differential

equations are used. The equation of continuity is:

du , 9v _ .
g By 0; (3.3)
the equation of motion in the x-direction is:
du, du du , 1 0P _
-a—'f'-'l"u—g—}—(""v—-a—y'!"-ﬁ-é—;—o, (3.48.)
the equation of motion in the y-direction is:
ov av v , 1 9P o B
and the equation of vorticity is:
du 0Ov _
k- 4 0. (3. 5)

Equations 3.4 and 3.5 are subject to the assumption that the effects of

viscosity, surface tension, and air entrainment are negligible. Equation

3.5 violates this as sumption in areas of concentrated energy dissipation,

such as an hydraulic jump. The pressure at the free surface is taken

to be equal to zero.
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When Equation 3.5 is substituted into Equations 3. 4, the latter

may be integrated to give the familiar Bernoulli equation:

P, u?+v? 3
F+“2v tgy+ g = F ), (3. 6)

where o is the velocity potential and F is a function dependent on t
alone. The Bernoulli equation is applicable only where Equation 3.5 is

valid; i.e. for irrotational flows.

STILL WATER LEVEL
PLATFORM
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Figure 3.2. Generalized region of integration.

It will be convenient to use an integrated form of the equation of
éontinuity. If Equation 3.3 is integrated over the region shown in
Figure 3.2 bounded by vertical planes at x' and %', by the horizontal
bottomr at vy =0, and by the £r¢e or bounded upper surface at y=d+m,

one has:
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" +n ‘
Jdu , ov _ . 4
S;( (ﬁ+—a—}—r>dy dx =0. (3.7)
X

'

Leibnitz' formula for the differentiation of integrals (see Bronwell,

1953, p. 110 or other mathematics texts) is:

o -]
dF(a, u) _ d -
= a——f f(x,u)dx =
a

1

e (1)
fos,m) S92 — f(n,w) S92 4 Shl, g (3. 8)

ay (1)

where F(q,u) is differentiable and where the limits o, , 0y are functions
of u. When the formula is applied to the first term in Equation 3.7,

and when the second term is integrated, Equation 3.7 becomes:

o d+n
8 _u 27 -

g l:»-g—ig udy u_ BX-}VS] dx = 0, (3.9

2! o

where the subscript ()  indicates a value on the upper surface. The

kinematic free surface condition (Milne-Thomson, 1960, p. 390) is

an
+ - (3. 10)

QD]QJ
w13
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When Equations 3. 10, and then 3.2, are substituted into Equation

3.8, one obtains:

d+m

xll
g (1:-U-g-g+§§ udy] B . (3. 1)
Xl

(@]

Since it is assumed that at a given instant U is independent of x in the

region of integration, Equation 3. 11 may be integrated to:

]
(=]

I:Sd+nudy-Uﬂ]x (3. 12)

(o] X

or:

d+m
S udy - Un = Const. (3. 13)
o

In the present study, the constant is zero, because far ahead of any

disturbance, u=0 and n=0. Thus the continuity equation becomes

udy =Un, (3. 14)

oq.-"')o_.

subject to the assumption that the wave form is constant. For the case
where fluid velocity u is not a function of depth vy at x=x' and x =x",

the left-hand side of Equation 3. 14 may be easily evaluated:
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u(d+m) = Un - (3. 15)

Similarly, it is convenient to use Equation 3. 4a, the equation of

horizontal motion, after it has been integrated over a region such as

that shown in Figure 3. 2:

X" d+
g S [t g;+i8p:|dydx~0 (3. 16)
x' o

Rearrangement of the third term and introduction of the equation of

continuity (Equation 3. 3) gives:

x" d+n
8u du a(uv) 1 SP:] _
S g [_5__+2 2y Byt 5 gx | dy dx = 0. (3. 17)
x' o
Now:
du _ du du
T = ¥ Uﬁ (3. 18)

(see the paragraph following Equation 3. 2).

; du . .
The quantity E::i is not, in general, equal to zero; rather, it is pro-
portional to Hg’ as may be seen by differentiating Equation 3. 14 with

respect to t:
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8

d
du _ .. dUu
S ar ¥ =N 3¢- (3. 19)
o
Introduction of Equation 3. 18 into Equation 3. 17 gives:

"od+m

x .
_ du du , 1 8P | du 8(uv):l _
x' o

With the application of Leibnitz' formula, Equation 3. 20 becomes:

XH

+n

d
o P, ] I:Ps 2 )l
3% S [~5+u—Uu dy—nx—p—+us—UusJ
o

M—

d+m
tuv + e | dz = 0 (3.21)
s s at &Y == N 3
o]

where again the subscript ( )S. indicates that the gquantity is to be

evaluated on the surface.

an Ps

Now % b = 0 everywhere on the surface. When the kinematic
surface condition (Equation 3. 10) and Equation 3.2 are applied to the

second bracketed term in Equation 3.21, and when the first bracketed

term of Equation 3. 21 is integrated with respect to x, one obtains:
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+ﬂ X” X” d+n

d
[:E-+u2—Uquy + éEdyd:sc:o (3.22)

P dt
o

X o]

The momentum equation at this point is subject to the assumptions of
constant wave form, negligible viscosity, surface tension, and air

entrainment.

For the case where horizontal flow is uniform and vertical
velocity is zero for x=x'and for x=x", the first bracketed term of
Equation 3.22 may be evaluated as follows: the equation of vertical

motion, Equation 3. 4b, becomes:

— =— + g=0; (3.23)

i.e., the pressure is hydrostatically distributed. Integration with
-respect to y and evaluation of the integraticn constant in terms of the

surface pressure Ps gives:

+mn

a
=
P .17 B, gldtm)
X de-(T+_—2_j(d+T1). (3. 24)
[o}

Since in this case u is assumed to be independent of y at x = x' and

x = x'"', the velocity terms in the first bracketed term of Equation 3.22
are easily integrated. When the integrated equation of continuity

(Equation 3.15) is applied, Equation 3.22 becomes:
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4 x x" d4n
s, gld+m)  Und ) B9 de=0. [3.25
(F+ESD - @) @t | 4 i .
x! x' o

This form of the equation of motion is subject to the assumption that

oy

ox

are negligible, and is restricted to the case where at x=x' and x=x""

=0 and the assumption that effects of surface tension and viscosity

pressure is hydrostatic and horizontal velocity is independent of depth.

3.2 Application of the Analysis.

324 )s Conditions at x = 0.

In the third assumption listed at the beginning of the section,
it was supposed that as the wave strikes and propagates beneath the
platform, as in Figure 3. 1b, the horizontal fluid velocity beneath the
seaward edge of the platform and the surface elevation at the seaward
edge of the platform are approximately the same as would be found if
the platform were not present.

This assumption is somewhat similar to one made by Wiegel
(1960, 1964): the power being transmitted by a wave in the range
of depth between the bottom of a thin, rigid, vertical barrier and the
ocean bottom, is the same as the power transmitted by the wave in
that range of depth if the barrier were not there. Wiegel used his
assumption to develop a theory to predict the height of waves trans-
mitted past the barrier. Comparing measured heights of-wax.res ‘pro-
duced in the laboratory with the theoretical wave heights, Wiegel
concluded that the theory is '""useful to the engineer!, although

"improvements in the theory are needed'.
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The assumption made in the present study takes no account of
the presence of the vertical front face of the platform and is thus
equaliy applicable to the case of a 'thin' horizontal platform with
no front face.

The horizontal fluid element velocity in a solitary wave (with

no platform present) is given by Boussinesq (1872) as:

where 1 is the elevation of the surface above still water level, d is

o

the still water depth, and x is the horizontal coordinate. The surface

elevation nis given by Boussinesq as:
= Hsech?® [3 E %, | 3.27
n ec I 43 ( )

where H is the wave height. By differentiating Equation 3. 27 twice
with respect to x, and substituting ¥quation 3. 27 into the result, one

obtains the relationship:

azn _
T, = SEIH (2 _ 3 ) (3.28)
dx®  2d° H

Subs‘tituting Equation 3. 28 into Equation 3.26, one obtains an expres-

sion for normalized horizontal fluid velocity u/,/ gd in terms of the

normalized quantities n/d, H/d:

2y (3.29)
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Equation 3.27 is an expression for the surface profile as viewed
by an observer moving with the wave at its celerity of propagation Uo'
To a fixed observer, the time history of the surface elevation may be
expressed by replacing x with the quantity U, (t + to), where ty is a

constant:
3% o[ fT W] o

As the wave approaches the point of observation, values of t + t5 are
negative. When the crest passes the observer, t + Ky, 0; after the
wave has passed, t + ty is positive.

In this study, t = 0 is defined as the time when the approaching
wave first makes contact with the soffit at x = 0, at an elevation s
above still water level. Therefore, still considering the case where
no platform is present, one must assign to the constant to a value

such that whent =0, n = s:

s:Hsechgl:/%%(ggé—ta—)]- (3. 31)

The value of t; should be negative, since the wave crest is still ap-
proaching the point of observation att = 0. (It may be pointed out that
the absolute value of t  is the time needed for the wave crest to arrive
at the point of observation, measured from the time when n = s at the
point of observation.)

Therefore at the point of observation x = 0, with no platform
present, the theory of Boussinesq (1872) predicts the fluid velocity

u as given by Equation 3.29, and surface elevation n as given by
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Equation 3. 30, where t, is defined in Equation 3. 31; in the assump-
tion made, it is supposed that even with the platform present, values
of u and n at x = 0 are approximately as given by Equations 3.29 and
3.30, respectively, with tO defined in Equation 3. 31. The time ta
when the fluid ievel 7, after having i‘eached a maximum, again de—
"scends to the soffit elevation s, is equal to Zto.

An observation may be made concerning the surface elevation
and the flgid velocity u at x = 0 after the wave has passed. The
amount of energy in the system considered is finite, and is initially
equal to the sum of potential and kinetic energy in the approaching
solitary wave. After fhe solitary wave reaches the seaward end of
the platform at x = 0, a train of reflected waves and a train of trans-
mitted waves radiate from x = 0 towards x = - @ and x = + <,
respectively. These wave trains, like the incident solitary wave,
have finite energy, and fherefore must leave the fluid behind them
at rest. After the solitary wave has arrived at the seaward edge of
the platform and the last components of the reflected and transmitted
waves have propagated away, a zone of rest propagates outward in
both directions from the seaward edge of the platform. In the zone
of rest, the surface elevation n and the fluid velocity u regain the
value of zero that they had before the arrival of the solitary wave.

This result, obtained independently of the assumption discussed
. previously, is also predicted by Equations 3.29 and 3.30: for suffi-

ciently large t, 7 tends to zero, and therefore u tends to zero,
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3624 2 Flow conditions beneath the platform.

Figures 3. 3 show schematically the two fundamental flow
regimes that are observed to exist beneath the platform (as will be
shown in Section 6.2). In Figure 3.3a the seaward edge of the plat-
form (at x = 0) is immersed. The principal feature of this flow is
the wavefront advancing shoreward with celerity Ud beneath the
]é)latform. Figure 3. 3b shows the conditions that follow those of 3. 3a:
the fluid has receded from the seaward edge of the platform, and the
principal feature of the flow is the wave of recession that is propa-
gating shoreward with celerity Ue' Throughout this study, the sub-
script ( )d will be used to denote reference to the wave front shown
in Figure 3.3a, and the subscript ( )e will be used to denote refer-
ence to the wave of recession shown in Figure 3.3b. An expression
with no subscript may refer to either the wavefront or to the wave of
recession.

In each of Figures 3.3 there are points on the upper surface
labelled 1, 2, and 3. Beneath Points 1 the flow completely fills the
. region between the tank bottom and platform; MmNy = s (where the nu-
merical subscript indicates the point at which a quantity is to be
evaluated). In each case depicted, Point 1 is to be taken far enough
away from the wave front or wave of recession so that the flow be-
neath that point is uniform, and the pressure hydrostatically dis-
tributed. Equation 3. 15 can therefore be applied to relate local fluid

velocity to wave celerity:

1l

u; (d+s) = U s (Figure 3. 3a); (3.32a)

d

u, (d+s) = Ue s (Figure 3. 3b). (3.32b)
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At Points 2, located near the Wa.\.fefront in Figure 3. 3a and near
the principal wave of recession in Figure 3 3b, the fluid has a hori-
zontal velocity equal to the wave celerity Ué1 or Ue' (1f either flow is
viewed from a moving frame of reference such that the flow in the wave
appears steady, Points 2 appear as stagnation points.) Since Points 2
are on the soffit, N, = S-

In Figure 3. 3a_, Point 3 is far —ah.ead of any disturbance, and the
water depth has the still water value d; therefore u, = 0 and Mg = 0.

In Figure_ 3.3b, the conditions u = 0 and m = 0 are realized in a region
near x = 0, according to the reasro'ning presented in Subsection 3. 2. 1.
Thus if Point 3 is chosen to be on the free surface sufficiently near

= 0 and n3 = 0 may be obtained.

x = 0, the conditions T

The wavefront celerity Ud is obtained as follows: in the assump-
tion discussed in Subsection 3.2.1, it is supposed that fhe values of
fluid velocity u at x = 0 are given approximately by the solitary wave
theory of Boussinesq (1872), i.e., Equation 3. 29, where 7 is a time-
dependent function defined in Equation 3. 30, in which ts is a negative
constant defined in Equation 3.31.

In the fluid-filled region bene‘ath the platform, which in Figure
3.3a extends from the seaward end of the platform at x = 0 to the

wavefront location (Point 2) at x = x_, the surface elevation 7 equals

the soffit clearance s. Thus Equation 3.14 becomes:

d+s
g udy = Ugs, (3.33)

e}

where the subscript ()d has been added to indicate that specifically the

wavefront is being considered.
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-

When Equation 3. 29 is substituted into Equation 3. 33 and inte-

grated, one obtains the result:

2
o (1+=)
d H H d 3 Sy 7
‘/‘gd—' _§ [1 R T :}+:c[11':7f(1+?i—) _Z]) 3 (5 )
| 5 ‘

where H is the incident wave height, d is the still water depth, and
where 7 is to be considered simply as a time-dependent function
defined in Equations 3.30 and 3. 31, not in this case the water surface
elevation beneath the Aplatform. |

The analytical wave front celerity expressed in Equation 3. 34 is
dependent on the assumption of constant form of the wave front,and on
the assumption that fluid velocity at the seaward edge of the platform
due to an incident solitary wave is approximately equal to the velocity
to be found if the platform were not present. Examination of Equation
3. 34 indicates that since Ud/A/—g—a— is proportional to first and second
powers of r)/d, and since Equation 3. 30 indicates that for t » 0, n/d
will first increase and then decrease one may expect Ud/A‘/Ed— also to
increase, attain a maximum value, then decrease. It is also evident
that as the ratio s/d of soffit clearance to still water depth becomes
small, predicted values of normalized wave front celerity Ud/«/_g_ci'
become very large.

The position x, of the wave front at any given time td may be

d
obtained by integrating Ud with respect to t:

xd:S U .dt . (3.35)
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The slowiy—varying pressures are to be studied next. At Points
1 and 3, in either the wave front case depicted in Figure 3. 3a or the
wave of recession case depicted in Figure 3.3b, the pressure is
assumed to be hydrostatically distributed and the hor%zontal velocity
is assumed to 'be independent of depth. Thus the distances x, and x,

may be substituted for x' and x'', respectively, in Equation 3. 25:

*XS Xa d+'r]
p
A(Ps | g(din) U2nd du .
[( P (d+n)z) Wm] + X j Ap RaEsl.  [5.56)
xX x (e}

1 1

T - .
At Point 1, M, = s and PS = P, « At Point 3, Ps = 0 and Mg = 0. There-

fore, when normalized, and rearranged, Equation 3.36 becomes:

™

d
e du
S E'Edydx s (34 37)
o

(2+3) ~
ds | 1 . S‘
2(l+3) |gd?(l+gz) -

Y& 88 a8y

s

P11 U-=R d s
5,2 d
d

1

To evaluate the integral on the right-hand side, one must know or

assume the functions U(x) and n(x) for X, <X <X, A simple assumed

approximation is a step-form wave:

n = s, uzd«l—s for X) SX<X_ (3.38)
n=0, u=0 forxgngXB, (3.39)
for which Equation 3.37 becomes:
s S S
p_ve_d s 9 5) 9 1y (3. 40)
d ™ gd 27 d - gdt’ ’
ve 8l (148 2(1+3) 1 qped BOF
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For irrotational flows, the Bernoulli integral (Equation 3. 6) may

be applied between Points 1 and 3 of Figures 3. 3:

P
et e o il _ 0%
p——zu1 gs-i-at St |, ’ (3.41)
where 3p/3x = u, therefore:
¥a X3 X3
99 | _ 29| _ 2 (Fygx = 2.(2%)qx = -
at 3t 3x at ot ax St
= . * 1 St
x, X, ; %, .
Foltd b = £
_Uf‘ 82 dx 4 f ¢ dx = Uuy + I T3 dx - (3.42)
! g 3

S S X
v a®a) s ot Sa 28 e ‘ (3. 43)
- o o - — —_— h . -
Y gd 2'(1+"cs]') d  gd ) dt

When Equations 3.37 and 3. 43 are combined and the pressure is

eliminated, one finds that:

ds
2(1+3) e i
U= d 1 d d
70 =g § 3 Tedy -+ gy | & (3.44)
' gd‘E %, o

The integral on the right-hand side will vanish, if dU/dt = 0, since
from Equation 3. 19 the quantity du/dt is proportional to dU/dt. Thus
for constant U, Equation 3.44 reduces to:

U=

= (3. 45)

:1+

o
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The Bernoulli integral (Equation 3. 41), and thus Equation 3. 44
are valid if and oﬁly if the flow in the region of integration is irrota-
tional and energy-conserving. Therefore the only non-dissipative wave
that can propagate beneath the platform is one whose celerity is given
by Equation 3. 44. The only ﬁossi’ble constant celerity for an energy-
conserving wave is given by Equation 3. 45; to first order, this is the
celerity of a solitary wave of height s propagating through water of
depth d (Boussinesq, 1872). To be sure, such a wave, just grazing the
platform soffit, would not be disturbed by the platform, and would not
suffer energy dissipation other than by boundary shear stress.

In the general case where U?/gd ié different from 1 + s/d or the
value given in Equation 3. 44, Equations 3.37 and 3. 43 will be incon-
sistent unless a negative term representing energy dissipation is added
to the right-hand side of Equation 3.43. The major energy dissipation,
such as is observed in aﬁ hydraulic jump, may be expected in the
neighborhood of the wave front (Point 2 in Figure 3.3a), or, according
to Benjamin (1968), behind or seaward of the wave of recession (be-
tween Points 2 and 3 in Figure 3. 3b).

(It may be noted that for the conditions described in this study,
it is impossible for the wave to propagate indefinitely beneath the plat-
form and in contact with it, such as shown in Figures 3.1b and 3. 3a.
The incident soli.tary wave has a finite amount of energy per unit width,
and therefore cannot indefinitely sustain the condition of energy dissi-

pation at the wave front. After propagating a distance X4 » the

max
wave front will cease to be defined, and the wave will continue to

propagate beneath the platform at a diminished height H which is less

than the soffit clearance s, so that no further contact with the soffit
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is made. It is reasonable to expect that x4 will increase with an
max
jncrease in the amount of energy available for dissipation. Therefore,
the normalized maximum distance x /d may be expected to
max

increase with relative wave height H/d, since the energy per unit width
of a wave is proportional to the square of the wave height (Wiegel,
1964).)

In the case depicted in Figure 3. 3a, the two unknown flow

quantities u, and P, may be determined using the integrated equations

1
of continuity (Equation 3.32) and of momentum (Equation 3. 40), and
values of Ud(t) determined experimentalnly or from Equation 3. 34.
Therefore, the general inapplicability of the Bernoulli integral (Equa-
tion 3.41) is not a hindrance.

In the case depicted in Figure 3. 3b, one need not even know the
values of Ue apriori. Since the energy dissipation is concentrated

between Points 2 and 3, the Bernoulli integral may be applied between

Points 1 and 2:

P
1 1 1 ) 3
-?-_ —"2—Uz _Eulz +g_€ = é_% » (3'46)
2 al
or:
2 2 X
SRR U I S A U SN -
vd ~ " 27gd ||, s gd d—‘édx, (3.47)
d X,

where Equations 3.32b and 3. 42 and Leibnitz' formula have been
applied, and the equation normalized with re spect to gd. When Equa-

tion 3.47 is combined with Equation 3.37 the result is:
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s
2 2
U s
gd ~d RNEE-ESP
S x d+-r] x
2l+q) [ (7° i % T
i i ([} =— dydx - (1+-3) ——dx]|. (3.48)
d(1+2.-§') d dt d dt
g d x o x

1
When Ue is constant or when the approximation of a step-form wave
(Equation 3.39) is applied, Equation 3. 48 reduces to:

(2+3)

m. (3. 49)
d

Equation 3. 48 substituted into Equation 3. 47 gives:

S
% de (2+)
wa . 2d s s
Y s s
(22+1)(1+3)
g . 2 d+nd X, )
+ 58 e 32  S2aul. (3.50)
gd(1+23) | a1+ E 2y 6
d d " o Xy

When the approximation of a step-form wave is applied, Ue assumes
the constant value given by Equation 3.49 and the time-dependent

integral terms in Equation 3. 50 vanish, leaving:

" 1 (24 %)
+g a
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For the case in which no energy is dissipated, Ue is given by
Equation 3. 45, which when combined with Equation 3. 49, shows that
s =d. This is the result obtained by Benjamin (1968). This case is
not of practical importance in the present study, since the maximum
possible height of a solitary wave is H = 0. 78d (McCowan, 1891), and
such a wave would not strike a platform for which s = d.

The time t, at which the wave of recession may be expected at

a particular location X is given by the formula:

t, =t + xe/Ue, {3.52)

where ta is the time of initial formation of the wave of recession, and,
| as shown in subsection 3. 2.1, is equal to twice the value of t0 defined
in Equation 3.31; and where the celerity of the wave of recession Ue
is given by Equation 3. 49.

To summarize the analysis for slowly-varying pressure, the
normalized pressure head P, /yd may be related to the celerity of the
wave front or the celerity of the wave of recession by Equation 3. 40,
subject to the assumption that the wave form is unchanging, the
assumption that the effects of surface tension and viscosity are
negligible, the condition that at the position of measurement, Point 1,
the pressure is hydrostatically distributed and the fluid velocity is
independent of depth, and the assumptién that the flow may be approxi-
mated by a simple step-form as expressed by Equations 3.38 and 3. 39.
The quantities U, x_, and dU /dt may be either measured experi-
mentally or derived by Equations 3.34 and 3.35. The celerity of the
wave of recession is expressed by Equation 3.49, subject to the same

assumptions as Equation 3. 40; and where pressure is related to flow
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conditions at the wave of recession, as depicted in Figure 3. 3b, the
expression for pressure reduces to a function of the ratio of soffit
clearance to still water depth s/d shown in Equation 3.51. Where the
wave front is considered, as in Figure 3. 3a, the quantity U becomes
Ud’ and X, becomes xq Where the wave of recession is considered,
U becomes U _, and x_ becomes x .
e 2 e
Equation 3.40 may be integrated with respect to x to give the

total uplift force per unit width ¥, normalized with respect to yd=2:

x 2 s s s
r 1(eR dx—-x—cll:tﬁ 3 E(2|L-(__.i~)+:s<d 5 lduﬂ
dz — d d -4 s.2 d s a s. g dt
Y Y g S . S 58

- (1+d) 2(11d) 2(1+d)

(3 53)
The average pressure Pav is simply the total uplift force per unit width

divided by the wetted length g In normalized form:

B el (3.54)

Pa.v_ F

The center of uplift pressure ch is the first moment of the pressure

distribution:
x
dp1 X x, dU
— g d d
cp Vo d 3 dt ‘
d “.x =53] 1- — - (3.55)
d 2U =2 dU
"y - BT Ry
-—(—l-dx (1+_§_) d d dt
o Y d

In cases where pressure is determined from Equation 3. 51 from
consideration of flow at the wave of recession, the average normalized

pressure head Pavfyd is simply equal to the constant value of pressure
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P1 ./Yd given by Equation 3.51. The nermalized (negative) uplift force
per unit width in this case is the normalized pressure head P, /'Yd
given byrEquation 3. 51 multiplied by the relative length of the portion
of platform that is in contact with the wave. If the secondary wave of
recession is not considered and it is assumed that fluid is in contact
with the platform from the location of the principal wave of recession
x, to the location of the shoreward end of the platform L, the normal-

ized force per unit width is:

a =%(L—;§‘) (3. 56)

where P, /vd is given by Equation 3. 51, and x, asa function of time
tfe may be determined from Equation 3.52. Since by Equation 3. 51
the pressure is distributed uniformly on the platform, the location of
the center of uplift pressure is simply the centroid of the portion of

platform in contact with the wave:

Tep . .1_<L+Xe\ ] (3.57)
d 2 d

The peak pressure that is observed at the wave front, at Point 2
in Figure 3.3a, may be ané.lyzed by considgring separately the flow in
the neighborhood of the wave front. Figures 6.13 through 6.16 (to be
presented in Section 6. 2) show that at the wave front, spume is driven
ahead of the main body of fluid, and air is entrained in the fluid in the
wave, in action reminiscent of an hydraulic; jump. In this section it

was concluded that for wave front celerities other than that given by

Equation 3. 44, there must be energy dissipation, most likely at the
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wave front, so that a term representing energy loss may be intro-
duced into Equation 3. 43 to make it consistent with Equation 3.37.

It has been stated that Point 2 in Figure 3. 3a may be considered
a stagnation point. Potential flow considerations indicate that the
stagnation point, where fluid velocity relative to the wave front celerity
is zero, cannot in general lie on the free surface, although it must lie
on some fluid boundary. A flow configuration in which a thin jet of
spray shoots forward from the stagnation point, as shown in Figure 3. 4,
satisfies the condition just described. Furthermore, by considering
the mass flux and momentum flux in the thin jet one may modify the
horizontal equation of motion (Equation 3.37) so that it may be made
consistent with the Bernoulli integral as expressed in Equation 3. 43,
i.e., without an additional term representing energy dissipation. The
droplets of spume observed in Figures 6.13 through 6.16 may be con-
sidered the real-fluid version of the idealized jet, whose complete
formation is hindered by effects of surface tension and viscosity.

In ideal flow with the thin jet formed as in Figure 3. 4, the
pressure at Point 2 may be obtained by applying the Bernoulli integral

(Equation 3.6) between 2 and 3:

24
—62= = (3.58)

When the last two terms are treated in a manner corresponding to that

shown in Equation 3. 42, Equation 3. 58 becomes:

L

2

' 1 % du
?:Udus -—2‘ f = BisiEE a—g dx . (3-59)
XE
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Figure 3.4. Idealized flow at wave front with thin jet of spray.

Point 2 has been defined as a stagnation point such that u, = Ud'
By Equation 3.19, subject to the assumption that the wave form is
constant, du/dt is proportional to dUd/dt, the wave front acceleration;
and for > 0, is of the same sign as dUd/dt. Therefore, one may

write:

L Uq
o) -2 dt

where K is a positive coefficient depending on the wave profile form
and the velocity distribution between Points 2 and 3. For values of

dUd/dt sufficiently' small compared to other terms, or for conatant

U2 - gs + Kz - (3. 60)
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celerity U, the last term in Equation 3. 60 may be neglected, leaving:

d’

Uz -gs. (3. 61)

Equation 3. 61, subject t(‘) the assumption that flow is irrotational
in the neighborhood of the wave front, that the wave form is constant,
and that the acceleration term is negligible, may be used to determine
the amplitude of the peak pressure.

The foregoing analysis, and indeed most of the present study, has
been devoted to the case where the soffit clearance is greater than zero.
The flow situation is considerably different when s = 0, primarily
because there is no wave front advancing beneath the platform such as
shown in Figure 3.3a. Because the peak pressure phenomenon is
associated with the advancing wave front when s ~ 0, there is no peak
pressure when s = 0. |

For predicting slowly-varying pressure, the analysis developed
in this chapter is of limited usefulness when s = 0, since it provides
a relation between pressure and the celerity and acceleration of the
wave front found with positive soffit clearance. Furthermore, the
analysis does not take into consideration the total platform length L.
For s > 0, the length of platform that need be considered is just xd(t),
the distance from the seaward edge to the/advancing wave front; but
for s = 0, the fluid beneath the entire platform is set in motion simul-
taneously, and L becomes an important parameter.

Considering the limitations of the present analysis when s = 0,
it seems best to formulate a different analysis, with a different set of

assumptions, for the case of zero soffit clearance; this problem, treated

by others as discussed in Section 2.1, will not be treated herein.
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3.3. Discussion of the Assumptions.

The aséumption that the fref:e surface profile ié of constant form
has permitted development of much of the analysis without the need for
detailed knowledge of the form of the wave profile and its c;hénge with
time. In genéral, without such detailed knowledge of the wave form,
one‘.cannot calculate the error introduced by the assumption. However,
by comparing photographs or wave gauge records of the profile made at
successive time intervals, one may determine simply whether or not
any change with respect to time in profile form can be observed. If no
change is observed, no error is introch:-tced by the assumption.

The assumption that viscosity has negligible effect on pressure may
be examined by analysis of boundary-layer growth. With respect to
Figure 3.3a, one would expect that iﬁ a real fluid, viscous boundary
layers would develop along the platform soffit and the channel bottom.
According to the Prandtl boundary-layer theory (Schlichting, 1960, pp.
107 et seq.)the presence of the boundary layer has negligible effect on
the boundary pressure, providing that the thickness & of the boundary
layer is much less than a characteristic length dimension of the body
such as the platform length L. In laminar flow past a flat plate, the.
ratio of boundary layer thickness & to the distance x from the leading
edge is 8/x = 5/Re% = 5/(ux/\))% Rouse, 1950, p. 106), where Re is the
Reynolds number, u is a characteristic ﬂuid velocity, and v is the kine-

1/5 (ibid. ).

matic viscosity. In a turbulent boundary layer, §/x = 0.38/Re
Therefore, to estimate the order of magnitude of the ratio 6§/L of
boundary layer thickness to body length, one may replace x with L in the

expressions presented. For sufficiently large Re’ therefore sufficiently

small 8/L, the pressure will not be affected by viscosity.
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At the wave front, viscosity may indirectly affect the peak
pressure by inhibiting the formation of the thin jet of spray shown in
Figure 3.4, as postulated for an ideal flow. The peak pressure, des-
cribed as occurring at a stagnation point in the region of the wave front,
may be considered as resulting partly from the acceleration given the
fluid in the thin jet. Therefore if acceleration of the fluid is inhibited
by viscosity, the peak pressure will be reduced.

The component of pressure added to the fluid by surface tension
is directly proportional to the curvature of the free surface. The
Bernoulli integral (Equétioz1 3.6), when applied to the free surface,
may be expanded to include a term representing surface tension:

%+—é—(u2+v2) +gy+§—cz+f;: F(t), (3. 62)
where g is thg surface tension per unit length and r is the local radius
of curvature. (The expression just given is for two-dimensional flow;
where there is variation in the transverse direction, -l!_—may be re-
placed by (—i,— +—i‘- ), where r

1 2
curvature (Lamb, 1945, p. 456).). If the value of g is known, the im-

, and r, are the principal radii of surface

portance of the surface tension term relative to the other terms in
Equation 3. 62 may be evaluated for a given value of r.

The relative importance of surface tension is often expressed by

the Weber number We S - . When normalized with respect to

Vcr;pr

U2, Equation 3. 62 may be written:

242 1
P 1 ruity >+%_3g+,_25_@+w1—2=]?(t). (3.63)
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Equation 3. 63 shows that as We becomes large, the relative impor-
tance of surface ténsion becomes very small. Equation 3. 63 will be
appliéd in Section 6.6 to estimate the importance of surface tension.
The effect of surface tension is to minimize the ratio of surface area
to volume of fluid. Therefore, at the wave front, surface tension
tends to inhibit formation of the thin jet postulated for ideal flow.

In the real case where formation of the thin jet is inhibited, there
must be energy dissipation at the wave front, as in an hydraulic jump,
where the principal mechanism of energy dissipation is turbulence.

In turbulent flow near the free surface there may be sufficiently severe
perturbation of the free surface that air is entrained in the main body
of fluid. Air bubbles entrained in the flow act to reduce the average
density of the fluid. Since hydrostatic and hydrodynamic pressure are
directly proportional to fluid density, a decrease in density will result
in a proportional decrease in pressure.

An increase in geometric length scale increases the Reynolds
number Re and reduces any relative effect of viscosity; an increase in
scale increases the Weber number We and thereby reduces the direct
importance of surface tension, as shown in Equation 3.63. However,
it is likely that an increase in scale will be accompanied by an increase
in the relative amount of air entrained. Tur"bulenAce is inhibited at
sufficiently small Reynolds number, and deformation of the free
surface is inhibited at small Weber number. Therefore, with increas-
ing scale and correspondingly increasing Ré and We the forces
inhibiting air entrainment become weaker, and a relative increase in

air entrainment may be expected.
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The assumption that the fluid element velocity beneath the sea-
ward end of the platform at x = 0 is approximately the velocity at
x = 0 if no platform were present incurs little error if the incident
wave is deformed only slightly, i.e., if(H-s)/d << 1, where H is the
wave height, s is the soffit clearance, and d is the still water depth.
With increasing (H-s)/d, the distortion of the incident wave becomes
greater, and the assumption becomes less valid.

Equation 3.40 for the slowly-varying pressure P, is dependent on
the condition that at Point 1, where pressure is to be evaluated, the
pressure is ﬁydrostatically dist’ributed and the horizontal velocity is
independent of depth. Such a condition is obtained in irrotational flow
between parallel plates of infinite extent, or between plates whose
length is great compared with the distance between them. The flow
beneath the platform shown in Figures 3.3 increasingly resembles
the flow between parallel plates as the distance Xq OF X increases
with respect to the total de‘pth d+s. The main body of the fluid can be
considered to be irrotational at all times since the fluid is initially at
rest, and vorticity is introduced by viscosity only at the boundaries
and in regions of concentrated energy dissipation. For small values
of xd/(d+s) the condition of uniform flow may not l?e approximated
well and error may be introduced into Equation 3. 40; yet with increas-
ing Xd/(d+S), the flow should become more uniform, and the error
introduced should become less.

The é.ssumptions will be re-examined in Chapter 6, where the

analysis is compared with the experimental results.
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A chronology of the process of solitary wave impact is now

presented, with corresponding illustrations shown in Figure 3.5:

t=0
t = b
a
t:tb
t=¢
C

The wave first strikes the platform.

The fluid level at x = 0, having risen from n = s at
t = 0 to a maximum, has again descended to the value
n=s. The wave of recession begins to form at this
time.

The advancing wave front ceases to be defined,
because the celerity Udhas decreased to the extent
that the transmitted wave henceforward propagates
beneath the platform with a height less than s. (To
recognize the effect of finite platform length, ty
may be defined as the time when the wave front
reaches the shoreward end of the platform, if at
that time the wave is still propagating in contact

with the platform.) The wetted length of the platform

t
b
4 =z Uddt.
max

may be defined as x
o

The wave is no longer in contact with the platform

anywhere. A conservatively large value of te is

the time at which the principal wave of recession

reaches the point %3 attained by the wave front
max
at time ty:
t. ty
T = = §
Je dt X4 Ud dt,
max
t o
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The wave first

strikes the platform.
i | \W—h S
' |

n=s for second
time; principal wave
of recession begins
to form.

The wave front
ceases to be f"'fb X
defined. dgx

ﬂ/////) LIPS TF P77 774

The platform ceases
to be in contact with t
the fluid in the wave.

fe

The wave front
reaches the

point x .

(Note that O<td<tb. )

The principal wave

of recession reaches t=te(x) SN

the point x. xe’

<t <t . ¢

(Note that ta te tc ) 3 \/W
ey
e

Figure 3.5. Chronology of wave impact on the platform.
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where Ue is the celerity of the wave of recession.
Usually a secondary wave of recession propagates

seaward from xq to meet the principal wave of
max

recession, making tC less than that implicit in the
equation just given.
t = td(x) The advancing wave front reaches the point x:

£
X:Xdzg Ud dt .
(@]

Note that 0 <« td < tb.

t = te(x) The principal wave of recession reaches the point x:

te that t .
Note tha a<te<tc

The period during which each part of the analysis may be validly

- applied is now examined. Egquation 3. 34 for wave front celerity Ud

may be applied as long as the soffit at x = 0 is submerged, i.e. for

0 «t< ta. As stated in subsection 3. 2.1, an analytical value for ta is
simply 2 to, where to is implicitly defined in Equation 3. 31. Equation
3.40 for slowly-varying pressure P, (whe;'x applied with respect to
wave-front celerity) and Equation 3.61 for peak pressure P_ may be
applied during the period for which the wave front celerity Uy is
defined. If the celerity is computed from Equation 3. 34, pressure may

be computed for 0 < t <« ta, since U, is defined for 0 « t « ta; if the

d

celerity is measured directly, pressure may be computed for
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D<«ct<t

b’ since Ud is defined for 0 < t < tb Equation 3. 49 for
celerity U _ of the wave of recession and Equation 3. 51 for slowly-

varying pressure related to conditions at the wave of recession may be

applied whenever the wave of recession exists, i.e. for ta ebet .
C
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CHAPTER 4

EXPERIMENTAL EQUIPMENT AND PROCEDURE

4.1. The Wave Tanks.

The preliminary experiments were conducted in a channel 10 in.
deep x 10-1/2 in. wide x 40 ft long, shown in Figure 4.1, normally
used as a tilting flume but modified to serve as a wave tank. The
modifications consisted of blocking the recirculation pipe, installing
a gravel beach at one end to absorb wave energy, and installing a
wave generatorr at the other end. The flume was adjusted to give the
bottom zero slope.

The tank walls were of steel except at the 5-ft test section,
where they were of glass. The test section was 1ocatea about 5 ft
from the toe of the beach, and about 25 ft from thel wave generator.
The beach, with approximately a 1:4 slope, was constructed of 3/4-in.
plywood covered with 3/4-in. gravel,

The major part of the experimental program was performed in
a horizontal channel 24 in. deep x 15-1/2 in. wide x 100 ft long,
shown in Figures 4.2 through 4.4. As shown in Figures 4.3 and 4. 4,
the tank is composed of ten 10-ft modules. The side wall panels are
of glass. At each junction between two modules ihe legs are supported
on two 1/2-in. bolts, in turn supported by; a flat steel bar bolted to the
laboratory floor. The 1/2-in. bolts provide a means of making minor
adjustments in elevation.

In construction, the welded modules were bolted one to another

at the desired location. With careful surveying, the bottom was



58

Figure 4.1. The 40-ft tilting flume modiﬁed for use as a wave tank.

- %
K;;{?

Figure 4.2. The 100-ft wave tank.

2443
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adjusted to within 1/32 in. of constant elevation. The modules were
then welded together permanently.

The glass window panes, each measuring 1/2 in. x 25 in. x 5 ft,
were mounted using the techniques described by Daly (1965), using
body putty and Dow Corning 780 building sealant. The floor of the tank
was painted with a 5-coat Pittsburgh Aquapon epoxy-paint system.

The iljxstrument carriage rails, made of 1-in. stainless steel
round stock, were mounted above the top flanges of the tank walls with
3/8-in. bolts spaced at intervals of 2 ft. Considered part of a preci-
sion-measurement system, the rails were made level with respect to
a stillwater surface to within 0. 001 ft.

Mounted at one end of the tank was the wave generator, to be
Slseumued i the mest soution, At e other snd was & 3/4-in. plywood
beach of 1:4 slope covered with 1-1/2-in. gravel. The test platform
was mounted approximately 75 ft from the wave generator and 7 ft

from the toe of the beach.

4.2. The Wave Generators.

Two design requirements for the wave generators were that a

- generator be able to produce a single wave of translation, unbroken
and of unchanging form, whose characteristics are described approxi-
mately by the '"solitary wave'' theories, and which may itself be called
a "'solitary wave''; and that the generated waves be reproducible, so
that a series of experiments could be performed with waves of nearly

identical size and form.
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In order to insure the formation of a solitary wave at a mini-
mum distance from the generétor, the piston of a wave generator
should, at any given depth, have neérly the same motion as that of a
fluid particle at that depth in a solitary wave. To a fixed observer
the fl;aid velocity u is expressed approximately by Equation 3.29 (See
Chapter 3) where the elevation 1 of the free surface above still water
level is expressed by Equation 3.30, in which U, is the wave celerity
and t, remains an arbitrary constant (not, in general, as defined in
Equation 3. 31).

If only first-ordér terms are retained, Equation 3.29, combined
with Equation 3. 30, becomes:

J%_%:%[H%]:%[H%]sechz[/%%HQ“‘T*—%-’], (4. 1)

where H is the wave height and d is the still water depth. According
to the theory of Boussinesq (1872):

Yo /1iH, (4.2)

v gd

a relationship which may be substituted into Equation 4. 1.
The piston velocity up may be substituted for u in Equation 4. 1,

which may then be integrated with respect to time to give the piston

displacement Xt

xp:J':: updt ;;/g_zgg (1+%—)tanh[/i%{gg(l+%>(t+to>]. (4. 3)

Therefore, it is desirable to move the generator piston with the ve-
locity Uy expressed in Equation 4.1, so that its displacement is of

the form:
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XP:%tax}hQ(t-{-to), (4. 4)

where D=4/ %‘i <1+ %—) is the total stroke, and 02,/3—H~g<1+£1— ) is a

44~ d

measure of piston velocity. The arbitrary constant (Qtgy may be set
equal to zero, so that at t=0, xp = 0 and the piston is midway through
its stroke. (This definition of t, = 0 should be considered separate
from, and is not to be confused with, the definition expressed by
Equation 3. 31.)

After examination of several solitary-wave generatorr designs
reported in the literature (described in Section 2.5), it was decided
that a cam-driven piston type of generator would best satisfy require-
ments of reproducibility and form. Although the electronically-pro-
grammed, hydraulically-driven piston system was deemed the most
versatile and potentially accurate, a cam-driven piston system was
seen to be far less costly and more readily built. Furthermore, the
cam-driven piston system Witﬁ its positive action was thought to offer
better reproducibility than the system where a piston would be driven
by a released impoundment of water, in which stroke length and piston
speed could easily be affected by bearing friction.

The system actually developed and used is now to be described.
In each tank, the piston was a vertical plate nearly filling the tank
C’I‘OSSmSeCtiOn, fixed to the underside of a carriage mounted on four
ball bushings running on stainless steel‘rails. The piston was driven
by a shaft connected directly to a cam foilm;ver. The accompanying
cam was cut to give the cam follower and the piston the motion

described by Equation 4. 4.
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The wave generator built fof the 40-ft tank is shown in Figure 4. 5.
The cam wheel was 12 in. in overall diameter. The cam groove, 3/8-
in. wide, had a maximum radius of 5 in. and provided for a stroke of
8 in. The wheel was composed of a 1/8-in. aluminum disc and a 1/4-in,
steel disc bolted to a 4-in. hub mounted on the motor axle. The alum-
inum disc served as a backing for the 1/4-in. steel disc, through which
the groove was cut. A round-headed brad put in the hub at an appro-
priate positiox-l served as a trip for a microswitch, mounted on the
motor casing. The Bodine 1/4-hp electric motor was regulated by a
Minarik speed control. The range of cram wheel speeds was 30 to 70
rpm. Th;za piston arm, made of 2-1/4-in. aluminum channel, was
fastened directly to the piston carriage. With this generator, the
forces involved were small enough that the piston arm needed no sup-
port besrond being bolted securely to the carriage. The piston-carriage
rails were simply clamped parallel to the instrument carriage rails.

The generator for the 100-ft tank, similar to the one for the 40-
ft tank, is shown in Figure 4.6, with a dimensioned drawing presented
in Figure 4.7. The cam was powered by SpeedTrol Infinite Variable
Speed power unit, manufactured by Sterling Electric Motors, Inc. The
30-in. diameter cam wheel was composed of a 1/4-in. steel disc bolted
to a 3/4-in. plywood disc, mounted on a steel hub on the dl“ive shaft of
the power unit. The plywood disc served as a backing for the steel
disc, through which the cam groove was cut. Again, a brad on the hub
served as a trip for a microswitch. The cam groove had a maximum
radius of 12-1/2 in. and provided for a stroke of 20 in.

The cam follower was a 1/2-in. steel pin 2 in. long, housed in a

brass sleeve mounted at the end of the piston shaft. Figure 4.8 shows
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Figure 4.5, The wave generator for the 40-ft tank. 9093

—

ks

9448

Figure 4.6. The wave generator for the 100-ft tank.
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Figure 4. 8.
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End view of the piston
shaft (100-ft tank),
showing cam wheel,
cam follower sleeve,
and solenoid. (End
point lock has been
removed).
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the end of the piston shaft, Witﬁ the cam follower sleeve appearing as
a rectangular block. The solenoid is seen mounted on the sleeve on
the side opposite the cam wheel. A portion of the cam follower may
be seen inserted in the cam groove. The function of the end point lock
(indicated in Figure 4.7 but not shown in Figure 4. 8) will be described
in the discussion of wave generator operation, to follow presently.

In the 100-ft tank, the forces of wave generation were large
enough to require refinements in design not necessary in the 40-ft tank
generator; The piston shaft was not rigidly bolted to the carriage but
was pinned to it, and supported and constrained by a 4-in. brass sleeve
fixed to the end of the wave tank. The shaft Wa's a 2-in. steel tube with
1/8-in. wall thickness, 6-1/2 ft long. A 2-in. x 1/2-in. x 4-ft rib was
welded to the shaft to reduce deflection. It was necessary to gusset the
brass sleeve securely, to prevent binding and chatter. Proper align-
ment of the sleeve and lubrication of the shaft were also required for
smooth operation.

The piston carriage travelled along l-in. diameter stainless steel
rails, mounted on steel supports which stood independent of the wave
tank in order to reduce the amount of vibration transmitied to the tank,
A r0ll of rubberized hair obtained from an upholsterer was placed at
the end of the tank behind the piston, as shown in Figure 4.7. The roll
did an excellent job of absorbing the disturbance behind the piston that
occurred whenever a wave was generated.

The. cam design was in part dictated by the range of values of
still water depth d and wave height H to be studied, since the piston

Hd

stroke for optimal wave form D=4 -5 (1 +% ) is dependent on d and

H. In the 100-ft tank, for example, it was desired to generate waves
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with a still-%:vater depth d of 1.25 ft, and a height H ranging from 0.12
ft to 0.50 ft. A median wave height of 0.33 ft was chosen for design
purposes. The stroke then required was D= 1.67 ft= 20 in.

In a normal cam system, such as that shown in Figure 4.9a, the
cam follower moves along a line passing through the cam's center of
rotation. To accornodate a total length of travel D, the cam must have
a maximum radius R greater than D. In the 100-ft tank a cam of 20 in.
radius seemed unwieldly. Therefore, a ''chordal cam!' was devised,
where the cam follower moves not along the radius of a circle centered
at the center of rotatioﬁ, but along a chord or secant of that circle. As
shown in Figure 4. 9b, the maximum radius R of the cam groove can be
substantially less than D (although not less than D/2). The form of the
’ﬁeart—shaped” groove, characteristic of a chordal cam and evident in
Figure 4.9b, is discussed further at the end of this subsection.

The essential parts of the wave generator are the piston, the
piston shaft, the solenoid, the cam follower, the end-point lock, the
cam wheel, the variable-speed motor, a microswitch, a double-pole -
single-throw relay, and the trigger. The piston shaft is constrained
to move only along its axis, and may not rotate about its axis. The
solenoid, mounted on the end of the piston shaft, is of the type that both
ends of the armature are exposed. The end of the armature called the
'"head' is used to lock the piston shaft at its initial and final positions.
The other end of the armature, called the 'toe', is connected directly
to the cam follower.

The cam wheel, end point lock, and solenoid are shown schema-
tically in Figures 4. 10, The cam wheel and solenoid are shown in the

photographs in Figure 4. 11, with the end point lock removed for clarity.
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Figure 4.11la.
Beginning of stroke.

Figure 4.11b,
During stroke.

Figure 4. 1lc.
During stroke.

Figure 4. 11d.
End of stroke.
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When no wave is yet to be generated, the solenoid is at rest. As shown
in Figures 4. 10a and 4. 1lla, the armature head protrudes into the end
point lock, keeping the piston at its initial position, and the armature
toe is retracted, keeping the cam follower retracted from the cam
groove. The cam is free to turn unloaded at a constant velocity.

When a wave is to be generated, the solenoid is activated. The
head is retracted, unlocking the piston shaft, and the toe is thrust out,
driving the cam follower into its groove, as shown in Figures 4. 10b,
4, 11b, and 4.11lc. The rotating cam wheel drives the piston shaft and
piston through its stroke, at the end of Which the solenoid circuit is
broken. The spring-loaded armature then returns to its inactivated
position, retracting the cam follower from the cam groove and insert-
ing the head into the end point lock to keep the piston in its final posi-
tion, shown in Figures 4. 10c and 4.11d.

A double-throw microswitch and a relay are included in the sole-
noid circuit, shown in Figure 4. 12, to ensure that the solenoid is
switched on and off at the proper orientation of the cam wheel. A brad
on the cam wheel trips the microswitch every cam revolution, when
the cam wheel is in the position shown in Figures 4.9b, 4. 1la, and
4.11d. When no wave is to be generated, the tripping of the micro-
switch has no effect.

. When a wave is to be generated, the trigger is held closed until
the next tripping of the microswitch, at which a circuit is completed:
the relay and the solenoid are powered, the solenoid head is retracted
. from the end-point lock, and the cam fellower passes into the cam
groove. The relay keeps the solenoid circuit closed after the trigger

is opened. The second tripping of the microswitch opens the relay
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circuit, thence the solenoid circuit. The cam follower, not at its final
position, retracts from the cam groove, and the armature head pro-
trudes into the end-point lock, preventing further motion of the piston.
Before another wave can be generated, the piston must be returned to
its original position by hand.

Discussion now returns tothe cam groove, designed to give the cam
follower the linear motion of Equation 4.4 when the cam wheel is ro-
tating with constant angular velocity w. The groove function r = r(8),
where r is the distance of a point on the groove from the center of the
wheel and 8 is its angular coordinate measured with respect to a parti-
cular radius turning with the wheel, is plotted in Figure 4. 13a and is
calculated as follows:

Within a fixed circle of radius R, the path of the cam follower is
along a chord of length D, as shown in Figure 4. 13b. The center of the
chord is a distance ¢ from the center of the circle. A point on the
chord whose distance from the chord center is Xy and whose distance
from the center of the circle is r may be considered to represent the
position of the cam follower. The angle 6, is the angular coordinate
of this position of the cam follower measured with respect to the ver-
tical radius of the fixed circle. It may be noted that r2=x; + ¢® and
that 6, = (cos=l c/r) sgn (x) .

From Equation 4.4, it is required that T D/2 tanh Q (t+to)

where Qt  has been set equal to zero, or that:

i = —é—- tanh-? [(%) T2 e _Jsgn(x ). (4.5)



Figure 4. 13a. The cam groove function r(8).
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Figure 4. 13b. Path of cam follower shown with respect to
center of cam wheel.
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If the cam wheel is considered to be concentric and coplanar with
the circle and to be rotating clockwise with constant circular frequency
w, the angular coordinate of the cam follower measured with respect to

a particular radius rotating with the wheel will be:

8 :eo - wt. (4.6)

The radial coordinate will still be r. By combining Equations 4.5 and

4,6 to eliminate t, one finds that:

g = cos_l[g:] sgn (Xp) - % tanh ™t [% / (%)2— 11sgn(xp). (4.7)

One may note that § = §_= 0 and Xp = 0 when t = 0.

Thus as the cam follower moves according to Equation 4. 4 and as
the cam wheel rotates, Equation 4.7 relates the radial coordinate r of
the cam follower to the angular coordinate § measured with respect to
the wheel. Conversely, when the cam groove is cut according to
Equation 4.7 and the wheel rotates at a circular frequency, w, the cam
follower is constrained to move according to Equation 4. 4,

Equation 4.7, a form of the groove function r = r (8), is plotted
on polar coordinate paper in Figure 4.13a for ¢/D = 3/8 and w/Q= 4/3,
which were the values used in building the generators. Only the portion
of the groove for which - 126. g% <p<+126. 8° was utilized; at these lim-
its the groove is nearly tangent to the circle of radius R. The groove
shape was taken directly from the shape of the plotted curve; for the -
generator ir; the 40-ft tank, D = 8 in.; f6r the generator in the 100-ft

tank, D = 20 in.
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The choice of values of w/Q and c¢/D strongly influences the shape
of the groove function near § = 0. For small §, Equation 4.7 may be
approximated as:

w 2c

0=2(1-5 %) .

For (1-2 wc/QD) < 0, the groove function is smooth, resembling a
circle with a ''dimple' in it at 8 = 0. When (1-2wc/QD) =0, the

"dimple' becomes the cusp shown in Figure 4. 13a. For (1-2w/QD) >0,

the cusp becomes a 'module' similar to that of a prolate cycloid. Of

these three configurations the only one practically applicable as a cam

w_D .
g 2t The quantity c/D

was chosen so that D would be within the range R <D <2R. (In opera-

is the cusped one; hence it was required that

tion, the cusp caused an unavoidable roughness in piston motion.
However, as will be shown in Section 6.1, the quality of the generated
wave appeared to be not at all affected by the irregular motion that re-
sulted when the cam follower passed the cusp.

Properly, each size of solitary wave demands its own values of
D and w. For a given cam wheel, D is obviously not variable. However,
as will be shown in Section 6.1, it was found that by merely changing w
a satisfactory range of wave heights, with waves of consistently good
form, could be produced.

A problem did arise in the 100-ft tank when operating at a depth
d of 0. 64 ft, a still water depth that was considerably less than that for
which the cam wheel was designed. At the slowest possible motor speed
the waves, although of good form, were much higher than desired. The
solution was to insert the cam follower in the groove, and turn the cam

wheel by hand through part of a cycle to about the position shown in
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‘Figure 4. 11b. When a wave was desired, the motor was switched on,
the cam wheel would complete its cycle, and the piston would move
through its shortened stroke. The initial form of waves thus generated
was not as good as for full-stroke generation, but the tank was long
enough to allow the waves to stabilize into satisfactory form by the time
they reached the test section, as shown by profiles presented in Section
6.1, Fortunately the acceleration characteristics of the motor re-
mained sufficiently constant from test to test so that with a constant
reduced stroke length, the waves were as reproducible as with full-
stroke generation.

4,3. The Platforms.

In each tank, the platform had a flat, horizontal underside (here-
in termed the "'soffit'"), spanning the entire width of the tank. The
soffit was made and kept as smooth as possible. Each platform had a
flat, vertical front face high enough to prevent incident waves from
splashing over the top of the structure.

The platform in the 40-ft tank was constructed of 10-in. wide
anodized aluminum channel with a 1/2-in. web. This channel was cut
in two 2-1/2-ft lengths, and was supported'by a 5-ft steel frame. One
could thus use a single section as a 2-1/2-ft platform, or both sections
together as a 5-ft platform. The steel frame was suspended from three
large C-clamps, supported by angles laid across the top of the tank.
The narrow spaces between the platform and tank wall were caulked
with plasticene, scraped smooth on the bottom so that the horizontal

plane of the soffit was continued uniformly out to the vertical wall.

The weight of the structure and the viscosity of the plasticene resisted
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upward movement of the structure due to wave forces; no upward move-
ment was observed.

Five pairs of holes were drilled in one section so that the trans-
ducers could be mounted at different locations. The holes were ar-
ranged in pairs so that the two transducers could sample the "two-
dimensional wave simultaneously at the same distance from the
seaward end of the platform, i.e. the end closer to the wave generator.
Where there were no transducers mounted, the holes were securely
plugged. ‘The flush-mounted transducers and plugs kept the platform
soffit a smooth, plane surface.

In the 100-ft tank the platform was a 1/2-in. thick x 15-in. wide
x 5-ft long anodized aluminum plate, shown in a dimensioned drawing
in Figure 4. 14. Two longitudinal ribs were attached to the upper side
to give the plate stiffness. A 1/2-in. thick aluminum plate formed the
vertical front face. Sponge rubber adhesive stripping was used to
caulk the 1/8-in. space between the platform and the tank walls to pre-
vent the passage of water or air. The structure was suspended by
three 3/4-in. threaded bars suspended from two pieces of structural
steel channel clamped across the top of the tank. Two struts bolted
to the rear of the platform and to the top edge of the tank prevented
the platform from moving longitudinally.

As with the platform in the 40-ft tank, the holes in which trans-
ducers cquld be mounted were arranged in pairs so that two transdu-
cers could sample pressure simultaneously at the same distance from
the seaward end of the platform. _Seven pairs of holes were drilled
one inch either side of the platform centerline. The distances from

the centerlines of the seven pairs of holes to the seaward end of the
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platform are listed in Section 6.3. As in fhe 40-ft tank, each hole
not occupied by a transducer was fitted with a plug, so that the soffit
retained a smooth plane surface.

As it was desired to keep the soffit as smooth as possible, the
number of holes was minimized by drilling no holes at a distance from
the leading edge greater than half the platform length. The structure
was designed so that the supporting bars, the struts, and the vertical
front plate could be attached to either end of the basic plate. To mea-
sure pressures on the rear half of the platform, therefore, the unit
could be removed from the tank, and the basic 1/2-in. plate (but not
the front plate, the supporting bars, or the struts) could be turned
through 180°, and the unit reassembled and returned to the tank.

The platform was levelled by measuring the soffit clearance
along the front and rear edges with a hook gauge on a vernier scale
accurate to + 0. 0005 ft.

4.4, Apparatus and Techniques of Measurement.

The parallel-wire resistance gauge shown in Figure 4. 15 was
used for continuous measurement of the water surface elevation at a
given point.‘ The wave gauge was composed of two 0.010-in. -diameter
stainless steel wires 9 in. long, stretched taut and parallel between
the arms of a stainless steel C-frame. The wires were electrically
insulated from each other, except that current could pass from one
wire to the other through the water in which the gauge was immersed.
The recorder output signal was proportional to probe conductance,
which in turn was proportional to the deiath of immersion of the wires.
(A typical wave gauge trace is shown in Figure 4. 18b, to be discussed

presently.) The gauge, mounted on a rack-and-pinion graduated in
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Figure 4.15. A parallel-wire resistance wave gauge.
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feet, was calibrated by immersing it into still water a known amount
and then retracting it. Typical wave gauge calibration curves are
shown in Figure 4. 16 for calibration approximately one hour apart.

Three point gauges were used to measure wave front celerity.
Each point gauge was wired to one channel of a recorder so that when
the point was grounded by contact with water, the recorder pen would
make a simple deflection.

The signal from the wave gauge and the three point gaugés was
recorded simultaneously by a four-channel Sanborn Series 150 re-
cording system. The circuitry consistéd essentially of a Wheatstone
Bridge circuit excited by 2400 cps alternating current at 4.5 volts.
The AC supply and half of the bridge elements were contained in the
Sanborn Model 150-1100AS Carrier Preamplifier. The external half
of the bridge was constructed of precision wirewound resistors.

As shown in Figure 4. 17, the probe formed part of one arm of
the external half-bridge. The wave gauge was connected to terminals
A and B, and the point gauges simply to terminals B in their respec-
tive channels.

The use of an alternating excitation current prevented elec-
trolysis on the wires of the wave gauge.

To measure the celerity of the solitary wave, the three point
gauges were mounted along the tank centerline, separated by known

distances x; and x as shown in Figure 4. 18a. The points were

2,
raised above the stillwater level a common distance 8§, roughly 1/3
to 2/3 the height of the waves to be generated. Using a multi-channel

recorder, it was easy to measure the time interval between initial

deflections on two adjacent channels, as shown in Figure 4. 18b.
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This time interval divided into the distance separating the correspond-
ing gauges is the‘avera.ge wave celerity between the gauges.

The pressure measuring system is shown schematically in
Figure 4.19 and in Figures 4.20 and 4.21. Two strain—gz;uge type
pressure transducers shown in Figure 4.20, each excited by a D. C.
voltage source, were mounted in the test platform so that their ex-
ternal sensitive diaphragms were flush with the platform soffit. One
transducer was a Statham Model PM 131 TC, in which an unbonded
strain gau.ge containing all four arms of a Wheatstone Bridge circuit
was connected to the center of a thiﬁ, circular stainless steel dia-
phragm of 1/2-in. external diameter. The excitation voltage used was
12 V. From this transducer the signal was amplified 1000-fold by a
Dynamics Model 6450 differential D. C. amplifier, and recorded on a
multi-channel Consolidated Electrody.na.mics Corporation Model 5-124A
recording oscillograph, equipped with two model 7-362 fluid-damped
galvanometers and with a flash timer. According to the manufacturer's
specifications, the Model 7-362 galvanometer has an undamped natural
frequency of 4150 cps. An external resistance of 200Q) was connected
in series with each galvanometer, as recommended by the manufac-
turer, to provide a déinping ratio of 0.64. The timer, consisting
essentially of a mercury discharge lamp in a resistance-capacitance
circuit, marked the moving recorder paper at intervals of 0.01 + 0.0003
sec. (A warm-up period of about 20 minutes was necessary to ensure
a constant flash rate.) The other transducer was a Schaevitz-Bytrex
Model HFD-2, enclosed in a special adapter for reasons to be dis-
cussed presently. Two Wheatstone Bridge elements, composed of

semiconductor filaments, were in the probe itself, and the other
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Schematic diagram of the pressure measurement system.
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Figure 4.20.(right) the 1/2-in.
Statham transducer (left) and
the 1/8-in. Schaevitz-Bytrex
transducer in adapter, with
outer diaphragm and oil
removed.

Figure 4.21. (below). From
left to right: the Kintel am-
plifier, two Dynamics ampli-
fiers, CEC recording
oscillograph.

9633

9446
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elements were in a separate unit. The excitation voltage used was
7.5 V. The output signal was amplified 300-fold through a Dynamics
6450 amplifier and 20-fold through a Kintel Model 111 BF D. C. am-
plifier, thence recorded on the CEC oscillograph. Occasionally a
Tektronix Model 310A cathode-ray oscilloscope was connected in par-
allel with the oscillograph on one or the other of the transducer
channels.

As will be explained in Chapter 5, analysis of spa;tial transducer
resolution requires knowledge of internal transducer structure. Ac-
cording to a publication of the manufacturer (Stedman, 1967), the sen-
sitive diaphragm of the Statham Model PM 131 TC is machined in one
piece, with a reinforcing boss in the éenter and a stiff ring around the
oﬁtside, as shown in Figure 4.22a. Therefore, while the external
diameter of the diaphragm is 1/2 in. (i.e. the radius is 1/4 in. or
0. 0208 ft), the radius of the sensitive area is somewhat less than
0.0208 ft, due to the thick outer ring providing reinforcement. The
effective radius, or radius of the sensitive area of the diaphragm, is
estimated to be 0.016 ft, based on the diagram accompanying the man-
ufacturer's notes (Stedman, 1967). The reinforcing boss in the center
is connected to the unbonded strain gauge containing all four arms of
the Wheatstone Bridge circuit.

The 1/8-in. Schaevitz-Bytrex pressure transducer was employed
because its smaller size provided improved spatial resolution, as will
be explained in Chapter 5. Yet as originally mounted, with its sensi-
tive diaphragm exposed directly to the air or water beneath the test
platform, it suffered a significant shift in output signal due to changes

in temperature. The silicon semiconductor transducing element
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carried an electric current when operating and was thus a source of
heat, which was conducted away to the metal of the platform and to the
air beneath the platform. When water in a wave touched and flowed
past the transducer diaphragm, the rate of heat conduction was in-
creased and the sensitive element was cooled significantly, causing

a shift in output obscuring any pressure signal which should have

been recorded.

To solve or at least ameliorate the temperature-shift problem,
three tactics were tried. The first was to.reduce the excitation volt-
age, to reduce the amount of heat generated; the second was to cool
the transducer, or heat the water in the wave tank; the third was to
insulate the transducér thermally from the water in the wave.

Reduction of the excitation voltage from the rated value of 25 V
to 1.5 V reduced the temperature shift considerably with respect to
the recorded pressure function. However, reduction of the excitation
voltage led to a small output voltage, so that the signal-to-noise ratio
was reduced.

It was found that by heating the water in the tank a few- degrees
Celsius, the zero shift could be nullified or reversed. However, it
was evident that to heat the tank water above room temperature Woﬁld
introduce unwanted problems of temperature control, and convection
and stratification of the fluid. As an alternative it was attempted to
cool the transducer by enclosing it in a brass jacket through which
ice-water was circulated. Here, too, the zero shift could be nullified
or reversed, but again it was impracticably difficult to determine the

flow of coolant necessary for consistent nullification of the zero shift.
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The problem was eventually solved to an acceptable degree by
mounting the transducer in an adapter, so that the sensitive diaphragm
was recessed behind a 1/8-in. x 1/8-in. oil-filled chamber sealed with
an external diaphragm of polyethylene, as shown in Figures 4.20 and
4,22b. The adapter housing was machined out of stainless steel, with
external dimensions equal to those of the Statham 1/2-in. transducer
so that holes drilled in the platform could accommodate either the
1/2-in. transducer or the 1/8-in. transducer in its adapter. The
1/8-in. diameter, 1/8-in. long chamber was drilled from the plane,
circular end of the adapter, and connected with a 1/4-in. threaded
access hole drilled from the other end of the adapter. A 1/32-in. re-
lief vent was drilled from the side of the adapter to the chamber, and
a tapered hole for a plug to close the relief vent was drilled thi'ough
the adapter, intersecting the relief vent perpendicularly. A diaphragm
of adhesive polyethylene tape, 1/2-in. in diameter and 0. 006 in. thick,
was attached to the plane, circular end of the adapter. Since the
transducer as provided by the manufacturer was cylindrical, a 1/16-in.
thick by 1/4-in. outer-diameter ring was cemented to it to provide a
flange for purposes of mounting.

The transducer was mounted in the adapter as follows: the
adapter, with polyethylene diaphragm attached, was immersed in a
bath of 0il deep enough to insure that the chamber, relief vent, and
tapered plug hole were completely filled with oil, with no air bubbles
remaining. The o0il used was Dow Corning '"200 Fluid'" silicone oil
with a dynamic viscosity of 1 centipoise .at 250C. The transducer was
set in place, with a washer of polyethylene between the transducer

flange and the end of the access hole; and then secured firmly by a
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threaded bolt screwed into the access hole. (The core of the threaded
bolt was drilled out to accommodate the wires leading from the trans-
ducer). With the adapter containing the mounted transducer still
immersed in oil, a smooth, tapered teflon plug was driven firmly into
the plug hole to seal the relief vent, thereby completing the assembly
procedure.

(The unit as shown in Figure 4.20 is partially disassembled.
The polyethylene diagram, shown lying separate from the unit, has
been removed, and the oil has been drained, permitting a view into
the oil chamber. The diaphragm of the transducer itself is partially
visible at the inner end of the chamber. As the unit lies on the table,
the outer end of the relief vent is visible on the top of the adapter.
Both ends of the tapered plug hole are visible, indicating that the plug
hole passes through the adapter above the oil chamber, intersecting
the relief vent. )

The diameter of the sensitive area of the external polyethylene
diaphragm was 1/8-in., as was that of the unmodified transducer.
Pressure was satisfactorily transmitted through the polyethylene
diaphragm and silicon oil to the transducer, yet the thermal insula-
tion provided by the oil reduced the temperature shift to a small frac-
tion of its former value. Using an excitation voltage of 7.5V, less
than one third the rated voltage of 25V, also helped reduce the tem-
perature shift.

To determine the extent of amplitude distortion and phase shift
introduced by the pressure measurelnen't system, the dynamic pro-
perties of the pressure transducers, the amplifiers, and the recording .

oscillecgraph were analyzed. It was assumed that the transducers and
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galvanometers could be treated as damped single-degree-of-freedom

harmonic oscillators, for which the equation of motion is (White, 1948):

2
im=xym+BIL +m LY, (4.9)

where j(t) is the applied forcing function, y is the resultant displace-
ment or output, K'is the static proportionality constant of input force
to output displacement, B is the damping coefficient, and M is the
mass. The undamped natural frequency of such a system is f_ =

» K7/ (27 2/ M), and the damping ratio is { = B/(4mf M). For a sinu-
soidal input function j= jg sin [(Zﬂf) :|, the output will be y = Yo sin

l_(ZTI‘f)t - e:l , where the ratio of output to input amplitudes is given by:

Ky 1
i 8 . (4.10)

T J[l _ (f/fn)gjg 4 [ZCf/fn:lg

and the phase shift is:

= tan [ 28 f{_f/f . (4.11)

Equation 4. 10 may be rewritten as:

o _ 1 1
j B l-(f/fn)z v T+tan®e - (e 12

The natural frequency fn and the damping ratio { of the two

transducers were determined experimentally by lightly tapping the
transducer housing with a sharp object in order to excite free oscil-
lations at the natural frequency of the instrument. The output, after

amplification, was displayed on the cathode-ray oscilloscope, where
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the trace was photographed. Tests were made with each transducer in
air, and with the sensitive diaphragm immersed in water to simulate
operating conditions. Figure 4.23a shows a typical output trace from
the 1/2-in. transducer in air; Figure 4.23b shows a typical output
trace from the 1/8-in. transducer with oil-filled chamber, with the
outer diaphragm of the unit in contact with water.

The free damped oscillations of the instrument may be described
by Equation 4. 9 with the forcing function j set equal to zero. A solu-

tion to the equation is:

ey e (212 ST - E)e).

When (B/M)® is less than 4K'/M, the second term in the exponent is

(4.13)

imaginary, and gives the function y(t) the form of a sine wave whose

amplitude is y =y, exp( - Bt/2M), and whose diminished frequency is:

B
i 21'r M Z M) (4. 14)

The damped natural frequency fd was obtained directly from the
photographs of the oscilloscope traces by dividing the number of cycles
shown per screen division by the oscilloscope beam sweep rate,
measured in seconds per division. The ratio B/2M was computed by
comparing the amplitudes of oscillation ¥ =y éxp(- Bt/2M) measured

at two different times tl and tz

L_:d

_ Yo exp{-Bt /2M)  (4.15)
5 Yo exp (-Btz/2M}

<



Figure 4.23a.

9008
Damped free oscillations of the

1/2-in. Statham transducer in air. (Horizontal

scale:

2 millisec/div. )

8996
Damped free oscillations of
the 1/8-in. Schaevitz-Bytrex transducer

Figure 4.23b.
with oil chamber, in water. (Horizontal

scale: 500 microsec/div. )
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which when rearranged becomes:

B (5 S B s ' (4. 16)
ty by 2M :

With £, and B/2M known, the undamped natural frequency
fn = M(ZT{N) and the dz{mping ratio C = B/(4T‘ran) were computed.
The two sets of measured values for the 1/6-in. Schaevitz-Bytrex
transducer with oil chamber were obtained before and after the test-
ing progre;m, a time interval of approximately one year.

The measured values of fn and ( for the two transducers in air
and in water are presented in Table 4. 1. Also presented is the rated
natural frequency of ti1e 1/2 in. transducer, supplied by the
manufacturer. A value of natural frequency for the 1/8-in. trans-
ducer with the o0il chamBer, computed from known characteristics of
the unmodified transducér, considering the mass of oil, but neglect-
ing the stiffness of the external polyethylene diaphragm, is also in-
cluded. (Details of the computation are provided in Appendix C.)
Manufacturer's rated values of fn and { for the CEC 7-362 galva-
nometer are also included.

The amplitude response of the two types of amplifiers used were
tested by exciting each amplifier with a sine wave of variable frequen-
cy, and displaying the result on the oscilloscope screen. The dis-
played amplitude was measured for frequencies ranging from 1
kilocyc:/sec.to 16 kilocyc/sec. To eliminate the effect of amplitude
variation in the sine-wave generator, amplitude of the generated wave
displayed directly on the oscilloscope without ampli.fieré was measured

over the same range of frequencies. At each frequency tested, the



Table 4.1. Dynamic characteristics of components in the pressure-measurement system.
EXPERIMENTS PREDICTED
COMPONENT OR RATED
IN AIR IN WATER
fn g fn g fn C
(kilocyc/sec) (kilocyc/sec) (kilocyc/sec)
CEC 7-362
galvanometer 4,152 0.64%
(with 200 Q in
series)
1/2-in. Statham 3.61 0. 00090 3.50 0.00122 3.50%
transducer . :
(in air)
1/8-in. 24 3b
Scha.ewtz-By{:rex 0.00808 20.3 0.01904 20. Sd
transducer with c
; 24.1
o0il chamber

‘Notes:

a0 T

Manufacturer's rating.
Measured before testing program was begun.

Measured after testing program was completed.
Calculated value, with mass and stiffness of outer diaphragm neglected

(see Appendix C).

001
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ratio of amplifier output amplitude to signal generato;r input amplitude
was normalized lwith respect to the ratio obtained at a frequency of
1 kilocyc/sec.

In Figure 4.24, the amplitude response Kgro/j‘o, determined
from Equation 4.10, is plotted as a function of frequency f for the
1/8-in. transducer and the 1/2-in. transdu_ce.r using measured values
of f and ( from tests in water) and for the CEC 7-362 galvanometer
(using rated values of f and (). The measured amplitude response,
or normalized ratio of output to input amplitudes, is also included for
two models of amplifier used. -

It should be noted here that the Tektronix 310A oscillbscope
used to determine the curves presented in Figure 4.24 is rated as
having a frequency range of zero to 4000 kilocyc/sec., with an accu-
racy of +3%. Since the frequency range examined is well within the
range of capability of the oscilloscope, the measurements should be
free of error introduced by that instrument.

For accurate measurement, amplification, and recording of the
pressure signal, it is necessary to have constant amplitude response
over the range of frequencies represented in the input pressure func-
tion. Figure 4.24 shows that all system components. except the 1/2-in.
Statham transducer have an amplitude response of 1. 00 +.05 up to a
frequency 6f 3 kilocyc/sec, above which the galvanometer response
decreases steadily. The amplitude response of the 1/8-in. Schaevitz-
Bytrex transducer with its oil chamber, and the response of the two
amplifier models, is 1.00+ .05 up to 4.5 kilocyc/sec. (It is of inter-
est to note that the amplitude responsé of fhe sub-system consisting

of the 1/8-in. transducer, the Dynamics 6450 amplifier, and the
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Kintel 111 BF amplifier will, at a given frequency, be the product of
the amplitude responses of the three components at that frequency.
Thus computed, the amplitude response of the subsystem is 1.00+ .07
for frequencies up to 14 kilocyc/sec.)

Therefore, for recorded measux-'ements obtained with the 1/2-in.
transducer, the Dynamics 6450 amplifier, and the CEC 7-362 galva-
nometer, the upper limit of the range of useful frequencies is set by
the transducer. On the other hand, for measurements obtained with
the 1/8-in. transducer with the oil‘chamber, the Dynamics 6450 and
Kintel 111 BF amplifiers, and the CEC 7-362 galvanometer, the upper
limit of the range of useful frequencies-is set by the galvanometer.

The phase shift inherent in an harmonic oscillator, as expressed
in Equation 4. 11, may cause a distortion in recorded rise-time of the
peak~pressui'e function. The phase shift ¢ has been plotted as a funé—
tion of input frequency f in Figure 4. 25 for the CEC 7-362 galvanometer
and for both transducers, using values of f, and C obtained as described
previously. It is evident that for frequencies ranging from zero to 3
kilocyc/sec, ¢ is the greatest for the CEC galvahometer.

To determine whether the measurement system was capable of
measuring peak pressures adequately, several typical uplift experi-
ments were conducted, with pressures measured by the 1/8-in. trans-
ducer. Thé signal was amplified by the Dynamics and Kintel ampli-
fiers, and displayed simultaneously on the oscilloscope and on the
recording oscillograph with the 7-362 galvanometer. A calibration
(using the oscilloscope) of the recording oscillograph was made to de-
termine the rate of static galvanometer trace deflection per millivolt

excitation of the galvanometer. ZFor the oscilloscope, it was assumed
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that the rate of trace deflection per millivolt excitation was accurate-
ly indicated by a dial setting. For each test, the peak pressure was
measured in i:erzné of trace deflection of both the oscillograph galva-
nometer and of the oscilloscope, and converted to an equivalent pair
of values of miilivolt static excitation of the oscillograph galvanometer
and of the oécilloscope. lz;eak pressure in terms of equivalent milli-
volt excitation is plotted against corresponding peak pressure values
recorded by the oscilloscope in Figure 4.26a, to determine the ampli-
tude response of the galvanometer to the generated and amplified peak
pressure signal (it- again being assumed that the oscilloscope intro-
duced no error). As shown in Figure 4.26a, the amplitude response
of the galvanometer was approximately 0.98 for the typical pressure
input functions.

As shown in Figure 4. 24, the galvanometer amplitude response
is 0.98 or greater for frequencies less than 3 kilocyc/sec but de-
creases rapidly above this frequency; therefore, one may conclude
that components of the pressure pulse whose frequency is greater
than 3 kilocyc/sec are of negligible amplitude. One may also conclude
that within the range of important component frequencies, ‘i.e. fre-
quencies less than 3 kilocyc/sec, that the amplitude response of the
1/8-in. transducer will be within two percent of unity and that of each
of the amplifiers will be within one percent of unity, so that for the
measuring system consisting of the 1/8-in. transducer, the Dynamics
and Kintel amplifiers, and the CEC 7-362 galvanometer, the overall
amplitude response will be within six percent of unity. The measure-
ment system containing the 1/2-in. trénsducer, on the other hand,

may have an overall amplitude response far in excess of unity.
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On the same records of peak pressure obtained in the amplitude
response tests, the rise-time t, was measured, and comparisons
made between values obtained with the CEC galvanometer and the
oscilloscope, as shown in Figure 4.26b. ('""Rise-time!' is defined as
the interval between the time of first major deflection of the record
and the 1.:irne of peak deflection; see Section 6.3.) Aside from a small
amount of scatter there is no measurable difference between rise-
times as recorded by the two instruments. Therefore, ther‘e is no
measurable error introduced by galvanometer phase shift. Since the
range of important component frequencies includes only frequencies
less than 3 kilocyc/sec, and since for the 1/8-in. transducer the phase
shift, ¢, is much less than that for the galvanometer, one may con-
cludt-e that no error in rise-time measurement is introduced by the
1/8-in. transducer. For frequencies less than 3 kilocyc/sec the am-
plifiers show an amplitude response deviating from unity by 0.01 or
less. Ii in Equation 4. 12 all deviation of Kiyc)/j0 from unity is at-
tributed to the phase shift ¢, the maximum possible value of ¢ is about
0.01 radians, or about half a degree, which is much less than values
obtained for the galvanometer, as shown in Figure 4.26b. One may
then conclude that the amplifiers introduce no rise-time error.

| With no measurable error in rise-time, and with amplitude re-
sponse within six percent of unity when the pressure-measurement
system using the 1/8-in. transducer is excited by a typical peak-
pressure distribution, it appears that measurements of peak pressure
obtained with the 1/8-in. transducer are free of distortion due to dy-
namic characteristics of the measurerﬁen’c system. Measurements of

peak pressure obtained with the 1/2-in. transducer, however, are
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subject to considerable distortion due to the previously mentioned fact
that amplitude response may be much greater than unity. The smaller
1/8-in. transducer theréfore has a dynamic advantage over the 1/2-in.
trénsducer as far as measuring peak pressure is concerned, in addi-

tion to the advantage of épatial resolution to be discussed in Chapter 5.

The pfessure transdﬁcers were calibrated in place before and
after each series of tests. The reference pressure was applied uni-
formly and statically to the sensitive diaphragm.  The calibration
a.pparatus,. shown schematically in Figure 4.27, consisted of a water
reservoir, a manometer, and a tube connecting the manometer to a
gasketed cup, Whicil could be raised into position beneath the trans-
ducer mounted in the platform. Valves A and B connected the mano-
meter with the reservoir and with a drain, respectively.

To calibrate, the cup and jack were placed in the tank beneath
the transducer. Valve B was closed; valve A was opened slightly to
permit a small bleed from the reservoir to the cup and over the rim
of the cup, to ensure that air would not be trapped between the trans-
ducer diaphragm and the cup. The cup was then raised and firmly
seated against the soffit around the transducer, thus connecting the
transducer hydraulically with the manometer. With the recorder
running slowly, the valves were operated to stepwise increase and
decrease the head on the system, by amounts read on the manometer
to 0.002 ft. After calibration, the cup and jack were removed from
the tank.

Typical calibration curves for the two transducers are shown in
Figure 4.28 for a time interval of appfoximately two hours between

calibrations.
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Single-image photographs of the wave profile, such as those
shown in Section 6.2, were obtained by setting two Edgerton high-
voltage flash-tube lamps behind the 100-ft tank at the test section as
shown in Figure 4.29. The outside of two panes of the far glass wall
was covered with translucent paper, and the flash lamps adjusted to
illuminate the papered panes as evenly as poss‘ible. With the labora-
tory darkened, the 4-in. x 5-in. Calumet camera with a wide-angle
lens, set in front of the ta.nk,‘ was kept on open shutter as a wave ap-
prdached the test section. At the desi-red instant, the flash lamps
were triggered manually, after which the camera shutter was closed.

A number of multiple-image photographs were made to study
visually the progress of the wave beneath the platform and to mea-
sﬁre the wave front celerity, as described in Section 6. 4. Most such
photographs, such as that shown in Figure 4.30, were taken at the
40-ft. tank; a few, such as that shown in Figure 6.21la,were taken atthe
100-ft tank. The two xenon helical flash tubes providing illumination,
positioned as shown in Figure 4.29, were driven by a 4-kilovolt powei:
supply and regulatéd by a variable-frequency oscillator and variable-
duration timer. The flashes could be triggered electrically. Thus,

a burst of flashes, at 10 flashes per second lasting 1 second, say, or
100 flashes per second lasting 0.2 seconds, could be triggered when
a wave made contact with a sensitized point gauge mounted in the tank
near the test section.

The 4 in. x 5 in. Graflex Crown Graphic camera was kept on
open shutter. The lens cap was removed when the wave approached

the test section, and replaced soon after the lights had flashed.
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To photograph a wave profile in a glass-walled tank is actually
to photograph the meniscus at the intersection of the air-water inter-
face and the near glass wall. As described previously, it was possi-
ble to photograph a single image by covering the far wall with trans-
lucent paper and backlighting it, The profile appeared dark on a light
background. F?)r a multipie—image photograph, however, it was neces-
sary to produce light profiles on a dark background, to avoid exposing
the entire frame of film on the first flash. Experimentation showed
that the best technique for this was to have the tank bottom painted
white, to cover the top half of the far wall with bléck, opaque paper
and the bottom half with white, translucent paper, and to backlight the
white paper as evenly as possible. It was necessary that the still
water level be above the boundary of black and white paper. Light
reflected from the bottom and from the lower wall reflected in the
meniscus, illuminating the wave profile in contrast to the dark back-
ground of black paper, as shown in Figure 4. 30,

4.5 Operating Procedure.

Each experiment consisted of the generation of a solitary wave,
and the recorded observation of the wave and its resultant effects on
the platform.

Experiments were conducted in groups of six or more, for which
geometric parameters such as the still-water depth, the soffit clear-
ance, and the transducer location were unchanged, and the wave height
H was kept as constant as possible. The large number of repetitive
experiments was made necessary by the large deviation inherent in

the measured peak pressure.
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The "universal mean' m' of a variable quantity z; (such as the
peak pressure) is defined as the mean of a sample of infinite size
(Parratt, 1961, p. 76). T.he mean m of a sample of finite size n pro-
vides an estimate of the universal mean. A measure of the deviation
of the measured qﬁantity z; is the experimental standard deviation S,

defined in this study as:

n y
| =1

S - S ’ (4. 17)
n .

Corresponding to the experime'ntal standard deviation S is the
"aniversal' standard deviation S', defined as the standard deviation
of a sample of infinite size. A measure of the reliability of the ex-
perimental mean m as an estimator of the universal mean m' is the
éxperimental standard deviation in the mean Sm’ defined in this study
as S = S/J/1f, and the corresponding '"universal'' standard deviation in
the mean S' = S' NG

The standard deviation in the mean S| may be interpreted as
follows: for a quantity that is normally distributed, there is 68%
probability that the universal mean m' lies within the confidence in-
terval m+ S'm. There is.95% probability that m' lies within the con-
fidence interval m+ 2 Srrn (Parratt, 1961, pp. 94, 174), where the
"universal'' value SIITO. may be approximated by the experimented
value S, .

For a given confidence limit such as 68% or 95%, the experi-
mental mean M becomes a more reliable estimate of the universal

1 - - &
mean m as the sample size n increases. However, there is a
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diminishing return in accuracy with increasing sample size n. For
example, when n is increased from one to four, the interval within
which one may expect m with 95% probability is reduced from a half-
width of 2S to S; yet to achieve another two-fold increase in accuracy
would require a further increase in sample-size to n = 16.

Since the wave-testing procedure was time-consuming and thus
did not allow for large sample sizes to be obtained throughout the pro-
gram, a value of n=6 was chosen for most of the experiments, while
for selectéd cases n was equal to or greater than 30. As will be
shown in Section 6. 6, the ratio S/m of experimental standard devia-
tion to mean peak pressure was usually less than 25%. For S/m = 25%,
there is therefore 95% probability that the sample mean m is within
2S fm,/n)= 20. 4% of the universal mean m for n= 6, and within
28 fmy/5) 9. 1% of m for n= 30.

In preparation for -a. group of experiments, the water level in
the tank was adjusted to its proper elevation within + 0.001 ft, and
the water surface was wiped clean. To wipe the surface a piece of
unglazed paper nearly the width of the tank was gently laid on the sur-
face and slowly towed the length of the tank. A considerable amount
of dust, oil film, and algal growth could be so collected.

The electronic apparatus was allowed time to warm up, after
which pressure and wave transducer calibrations were taken. The
flash frequency of the CEC recording oscillograph timer was checked
with the oscilloscope. The wave generator motor was turned on,
causing the cam to rotate unloaded at a constant velocity, adjusted

for generation of waves of desired height. After water disturbances
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caused in calibration and other preparation died out and the water was
sensibly still, the first wave was generated.

The wave and pressure recoraers were engaged as the wave
approached the test section, and disengaged as soon as the wave had
passed completely beneath the platform. The wave generator was
then immediately reset and the water was allowed to become still
again.

The time needed for the water to become still was found to be
5 minuteslin the 40-ft tank and 8 minutes in the 100-ft tank. When
the required stilling time had elapsed, the next wave was generated.

After every 4th experiment the wave gauge was calibrated; a
pressure transducer calibration was performed after every 16th wave.
Occasionally calibrations were more frequent. At the end of the day's
operation, the wave gauge was raised out of the water and wiped clean
with methyl alcohol.

In the hydraulics laboratory, situated in an air-conditioned
building, the air temperature was maintained between 70°F and

75°F.
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CHAPTER 5

DEFECT IN PEAK PRESSURE MEASUREMENT

DUE TO TRANSDUCER AREA

In Chapter 1 the recorded pressure function was described as
having an initial peak of short duration, followed by a more slowly-
varying part, usually of lesser amplitude. In Chapter 3 such a
pressure peak was predicted at the advancing wavefront where the
rising water surface makes initial contact with the platform soffit;
in Section 6.3 it will be shown that the pres sureipeak is indeed sus-
tained at the advancing wavefront. Moving along the soffit with the
celerity Uy of the wave front, the pressure distribution may be ex-
pressed as PaC(X-Udt) as shown in Figure 5. la, if changes in form
and amplitude are neglected. A pressure transducer mounted in the
soffit, having been calibrated with a reference pressure applied uni-
formly, i.e., without spatial variation, to the sensitive transducer
surface, generates an output displayed on the recorder. The re-
corded output function may be mapped point-by-point into a pressure
function Pr(t) shown in Figure 5. 1b by multiplication by the calibra-
tion factor. The recorded pressure function Pr(t) therefore indicates
the time-dependent pressure Pac exerted on the transducer, provid-
ing the pressure is exerted uniformly, as in the calibration.

With respect to the actual non-uniform pressure distribution,
Pac(x-Udt), shown in Figure 5. la, the rise-length b is defined as the
distance between the region of zero pressure and the locus of maxi-
mum pressure. Correspondingly, the rise-time t:r of the recorded

pressure function Pr(t) is defined as the time interval between the
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initial condition of zero recorder deflection and the condition of max-
imum recorderA deflection as shown in Figure 5. 1b. If pressure is
measured at one point, i.e. if the transducer radius a is vanishingly
small, the rise-time t. will be equal to the time needed for the
pressure wave to travel a distance equal to the rise-length b:

t. =b/Ud' Therefore if one is interested in measuring the rise-length

b, one need merely measure tr and Ud: b= Ud

tr.

Early in the experimental program, however, it was noticed
that the rise-time t. multiplied by the wave front celerity Ud resulted
in a length quantity that was usually of fhe same order of magnitude
as the transducer radius a; and it was recognized that a ''delta-
function" pressure distribution, i.e. one with vanishingly small rise-
length b, would be recorded as having a rise-time tr equal to the time
needed for the narrow pressure peak to travel from the edge of the
sensitive transducer area to the point where the transducer is most
sensitive to the pressure peak, i.e. the transducer center. In such
a case it would be wrong to believe that the product Uc1 1:r was equal
to the rise-length b, when in fact it would merely be a measurement
of the transducer radius a.

For a pressure distribution where b is not vanishingly small, it

is reasonable to assume that the product U t'r is equal to the sum of

d

the rise length b and the transducer radius a, as shown in Figure 5. lc.

At time tA’ the toe of the moving pressure distribution has just

reached the edge of the sensitive transducer area, causing initial re-

corder trace deflection. At a later time t the peak of the distribu-

B’
tion is at the transducer center. If it is assumed that peak transducer

output occurs when the peak of the distribution is at the transducer
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center, then the rise-time t.=tg -ty is equal to the distance pro-

pagated b + a divided by the rate of propagation Ud:

#F w BT R 1
by 5 5.
U4 (5.1)
Equation 5.1 shows that unless a<<b, derivation of b from Ud and tr

will be affected by transducer size. As will be discussed in Section

5.1, measurement of the peak pressure P, will also be affected by

2
transducer size if a is not much smaller than b.

This broblem of transducer size was recognized during pre-
liminary tests with the 1/2-in. transducer. To improve spatial
resolution, i.e. to reduce the transducer radius, a, the 1/8-in.
transducer was procured. (As described in Section 4. 4, the 1/8-in.
transducer had dynamic response characteristics that made it a much
more suitable instrument than the 1/2-in. transducer for measuring
peak pressures, from the point of view of dynamics as well as of
spatial resolution.) With the 1/8-in. transducer too, however, the

product of rise-time £ and wave front celerity U, was of the order

d
of magnitude of the transducer radius a, indicating that the problem
of spatial resolution had not yet been completely obviated and still had

to be taken into consideration.

5.1 Mathematical Formulation of the Problem.

One may consider a spatially varying distribution of pressure
exerted on a plane surface, and the problem of measuring the pres-
sure magnitude at any given point on that surface. As shown in

Figure 5.2, any real pressure transducer, mounted in the surface
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distribution is averaged over the sensitive transducer area A.

”““”\c N
R
\___ﬁ_x__h Y, (x)

y, (x)
A, i

Figure 5.3. Definition sketch of the limits of integration

for Equation 5. 4.



122

and centered at the given point, w.ill sample pressure over a finite
area of the surface; and thus report an average pressure for the
finite, although perhaps small, area surrounding the desired point
of measurement, rather than report the pressure at just the point.

In the ana;lysis that follows, the dynamic response character-
istics of the .tra,nsducer are not considered. (This has been justified
by the discussion of Section 4.4.) Deflection of the sensitive trans-
ducer surface by a pressure distribution is assumed to be indepen-
dent of the time rate of change of the pressure distribution, i.e. it
is assumed that analytical expressions for static deflection are ade-
quate for expressing the deflection at any instant due to the pressure
distribution on the transducer surface at that instant. Furthermore,
it is assumed that transducer output may be considered equal to a
linear superposition of cutputs due to unit forces applied at points
distributed over the sensitive transducer surface.

The recorded pressure function Pr(t) may be related to the
actual pressure distribution Pac(x, v, t) by an integral equation of

the form:

JJAGI (x,v) Pac (x,vy,t)dx dy = Pr(t). (5.2)

As éhown in Figure 5.2 the (x,y ) plane is that of the surface, with the
transducer centered at the orig::Ln; Pac (x,vy,t) is the pressure distri-
‘bution; the region of integration is the sensitive area A 6f the trans-
ducer; and the spatial response function C?r1 (x,y) describes the relative
sensitivity of various parts of the transducer surface. The condition

that the recorded pressure Pr equal the actual pressure Pac when the
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latter is distributed uniformly over the transducer area A, i.e.,

Pac is iﬁdependent of x and y, is satisfied if:

“AG:L (x, y)dx dy = 1. (5.3)

Now if pressure distributions varying in one direction only are
considered, such as Pac(x,y,t) = Pac(x,t), the left-hand side of

Equation 5.2 may be expressed as:

y_ (%)
” Gy (x, )P, _(x,t)dx dy = J‘ [ ey t)f Gl(x,y)dyi\dx, (5. 4)

where the notation is defined as shown in Figure 5.3. If:

v, (x)
j G, x,y)dy = Gx),
y (%)
1
where now:
a
J G(x)dx=1,
-a
Equation 5.2 becomes:
a
-]:aG(X)PaC(X’t)dX:Pr(t). (5.5)

When the pressure distribution moves across the transducer surface
as a wave of unchanging form, as in Figure 5. la, or Figure 5. lc,

Equation 5.5 has the particular form:
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a

J G(x)P, _(x-U t)dx = B, (t), (5. 6)
" T-a

where Ud is the wave celerity.

The spatial response function G, (x,y) describing the sensitivity
of various parts of the transducer surface may be considered propor-
tional to the static transducer output due to a unit force applied at the
point (x,y) on the t?'a)nsducer surface. The integrated spatial response

Y, E

function G(x) = J ; )G1 (x, y)dy may be considered to be proportional
y (x
1

to the static transducer output due to a unit line load applied along a
chord of the sensitive transducer area, perpendicular to the x-axis,
situated 'a distance x from the center of the transducer, such as the
line C-C in Figure 5.3. The actual pressure Pac(x,t) may be con-
sidered a weighting function, indicating at a given time t the amplitude
of the line loads at every value of x. The total transducer response
Pr(t) is then the summation of component responses to the line loads
distributed over the sensitive surface area of the transducer.

The integrated spatial response function G(x) may be derived as
follows: G (x,y)= QF; (x,y), where F, (x,y) is proportional to the
calibrated transducer output due to a unit férce applied at the point

(x,v). The constant Q is determined by Equation 5. 3:
[J creyraxay=a [[ P e y)ax ay= 1. (5. 8)
A A

Similarly, G(x)= QF(x), where F(x) is proportional to the calibrated

transducer output due to a unit line load applied along a chord a
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distance x from the transducer center, and where Q is determined

by the relationship:

f il = QJ Plx)dg = 1, ' (5.8)

The relationship between F; and F is the same as that between G;

and G:

Y, (x)
Fx)= [  Filxy)dy. (5.9)
- : (%)

The spatial response functions G(x) are derived for five differ-
ent transducer configurations in Table 5. 1. The first two cases pre-
sented in Table 5.1 are for transducers with spatially uniform sensi-
tivity, in which the transducer output due to a unit force is independent
of the location on the sensitive surface at which the force is applied.
Case 1) is for a square surface; Case 2) is for a circular surface.
Case 3) is for a transducer whose sensitive surface is a circular
membrane, resisting deformation by a resistance to stretching; where
the transducer output is proportional to the average deflection to the
membrane. Cases 4) and 5) are for transducers whose sensitive
surfaces are circular diaphragms, resisting deformation by a resis-
tance to bending, with the slope of the diaphragm surface at the peri-
phery constrained to be zero. In Case 4) transducer output is propor-
tional to average diaphragm deflection; in Case 5) transducer output is

proportional to deflection at the center of the diaphragm.
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Table 5.1
Derivation of spatial response functions G(x)
Square piston or piezometer tap, sides of length 2a, sides
aligned with x, y axes. Output independent of location of applied
force.
a) The output due to a unit point force exerted at (x,y) is
proportional to: F,(x,y) =1 (or any other constant);

a

b) FZJFldy:Zaj
a a
1
c) j Gax = Q [ F dx = 4220 = 1; @ = 2hy s
1
d) G(X)Zz.

Circular piston or piezometer tap of radius a. Output independent
of location of applied force.
a) The output due to a unit point force exerted at (x,y) is pro-

portional to: F,(x, y) = 1 (or any other constant)

+’\/a_2_X2
b) F:J ¥F,dy = 2 ,a%-x%;
—/a? -x2
a a
| §
o [Grax=qof Fax=raro=1 Q=5
-a -a

d)  G(x) :-{T'ZZ fi- (f—)z.
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Table 5.1 (continued)

Circular membrane of radius a. Output proportional to
average deflection of entire membrane.
a) The deflection at point (ro, @O) due to a unit point load

exerted at (r, ) is proportional to:

¥ Bh

raefan(32) -] & {(E) - () oo oo,

for r« rO < a;

for r <r.
o
(Morse and Feshbach, 1953, p. 1189,)
The average deflection of the entire membrane due to the

unit point load is proportional to:

1 a . 2T
B, (9] = =53 J f F,r.dg dr_=
(o]

(o]

a5 (D) +5-5 D+ 5 (D752
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Table 5.1 (continued)

+ ,/a?-x2
b) F(x) =I F,(x, y)dy =
_
2
1+, /1 - &
x,3 6 2.x° . T 3 >
_%(E) +§(Z) arc sin (%) - 5(5) in =
B
X 42 8 ,x.%4 19 ,x.2 49
+ 1*(‘3':) [—Zg(g) +‘3——('a—") +§—]
J.G(x)dx-Qj F(x =‘%qu1, Q:'Zgﬁ'

d) G(x) = 7%‘ [:-'!'r(’js)3 + 2(§)3 arc sin (2)

Circular diaphragm of radius a, edges clamped. Output
proportional to average deflection of diaphragm.
a) The deflection at point (ro, 80) due to a unit point load

exerted at (r, B) is proportional to:

r (a®+4r2) (a2 ~1r =)

- 2 2 . £ -
F, = ‘:(rO + 3% ) L1 = )+ e ]+ B -dependent terms

for r <rT<Lay
o
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Table 5.1 {continued)

(a2+4r_2) (a2~ r2)

- 8 448 £, . ‘
F, = [(ro +r )Ln(a) + s ] + 8-dependent terms

for O<r<r
G ) . 0O

(Timoshenko and Woinowsky-Krieger, 1959, p. 290.)
The average deflection of the &iaphragm due to the unit point

load is proportional to:

L J' J' sl =B sin [1._(7:-)2]

+ ,/‘aE-XE . ) -
b) F‘(X)=J Fl(x,y)dyzz-o—ﬁ[l_(%:.) }

— /a2 -x=2

jG dx—QJF x)dx = P22 30 ;o - 192
-a -a
d)  G(x) = ——[ (%) ]5/2

5T7a
Circular diaphragm of radius a, edges clamped. Output
proportional to deflection of center of diaphragm.
a) The deflection at point (ro, 80) due to a unit point load
exerted at (r, §) is proportional to:
(a®+r _?)(a®-r?)

) + :l + p-dependent terms
2a®

¥y :’[(r02+r2) in(

[ORES

‘proportional to Ty

for0<r<ro

(Timoshenko and Woinowsky-Krieger, 1959, p. 290.)
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Table 5.1 (continued)
The deflection at the center of the diaphragm is proportional
to ¥_ when r = 0:
2 . ©

B,

.+, /a?-x2
b) F=| F_(x, y)dy =

- I\/az _XE

‘ -
) aire sin |

)

o X
oK

S B 3 - o

& f1-(E) {4(2)2,1}];
__8

c) JaG(X)dX = QIaF(x)dX =Q .Tla_‘i =1: O
- - g -~ a3

-a

1
-a

-}-6—[17(5’5)3 - 2(—;5)3 arc sin (g—)

-5 - & {a® -1

s
Q
&,
I
w
3
v
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For each case, the function F1 (x,vy) is derived in Step (a); the;
result is integrated with respect to y to yield F(x) in Step (b); the
proportionality constant Q is evaluated in Step (c); and the integrated

spatial response function G(x)= QF(x) is presented in Step (d).

5.2 Mathematical Solution of the Integral Equation.

If the recorded function Pr(t)’ the spatial response function G(x),
the transducer radius a, and the wave celerity U(_1 are known, it is
theoretically possible to solve Equation 5. 6 for the actual travelling
pressure distribution Pac(x-Udt). The mathematical procedure is out-
lined in this section for interest. However, it should be noted that the
procedure was not ‘applicable to the present study, for reasons to be
shown presently.

As in Section 5.1, dynamic response characteristics of the
transducer are not considered, and it is assumed that analytical ex-
pressions for static deflection of the transducer diaphragm are ade-
quate for expressing the deflection at any instant due to the pressure
distribution at that instant. As in Section 5.1, it is assumed that
principles of linear superposition may be applied.

The Fourier transform of Equation 5.6 is:

I [I ac T t)d"] tdt:f:Pr(t) e Wqr,  (5.10)

When the left-hand side ts multiplied and divided by o/ Uy and

when factors are rearranged, Equation 5.10 takes the form:
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LaG(x) RUES j 5 (- e T ) gp | ax
o d ac u d
- d

o

=J Pr(t)eiwtdt. (5.11)
—®
In the bracketed factor on the left-hand side of Equation 5. 11, the
argument (t—x/Ud) may be replaced by the symbol g, where dE€=dt
and the range of integration may be expressed as - ®« < § < o, The
bracketed factor, after integration, is therefore a function of w alone,
and therefore independent of t and x. The bracketed factor is simply
the Fourier transform of PaC(Lf,), and may be labelled 'rrac(w).
The right-hand side of Equation 5. 11 is the Fourier transform

iw

=
Uddx

a

of Pr(t)’ and may be labelled Trr(w). The integral J G(x)e
' -a

on the left-hand side may be labelled I(w, a, Ud). Therefore, Equation

5.11 may be written in abbreviated form as:

I{w, a, Ud) Trac(w) = Tl'r([D). (5.12)

With complete knowledge of Pr(t), one may determine 'rrr(w);
with knowledge of the transducer radius a, the wave celerity U,,
and the spatial response function G(x), one may determine I(w, a, Ud).
The function 'rrac(w) is then simply the ratio T, /I, and the actual

pressure distribution Pac(x-Udt) is the inverse transform of n'ac(w).

However, it should be noted that the integral I(w, a, Ud) =
a

‘[ G(x)elmX/Ud dx may become zero for certain values of Ww.
-a
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For instance, in the fourth case listed in Table 5.1, where

2
5 I:l— = ) ]5/2, the integral I becomes zero for
Ta a

wa/Ud= 8.92 and for cértain greater values. When 1= 0, infor‘
mation is lost concerning the value of m (w) at the corresponding
value of w, i.e., there is no way to learn the value of 'rrac(w) from
wr(w) at that value of w. Thus there is an obstacle to complete
retrieval of the input pressure function Pac' Only if it is known
that the Fourier transform 'n'ac(w) of the actual pressure input is
itself zero for values of w at which I(w, a, Ud) equals zero can the
function m (uJ) be retrieved from the transform T, (w) of the re-
corded function Pr(t).

It was attempted to apply the correction procedure so described
to the recorded pressure function obtained with the 1/8-in. Schaevitz-
Bytrex transducer described in Section 4.4. For this transducer, the
radius, a, was 0.0052 ft (or 1/16-in.). It was assumed that the poly-
ethylene tape covering the exposed end of the modified transducer .
assembly acted as.a diaphragm, in which there is resistance to de-
flection by bending; rather than as a membrane, in which there is a -
resistance to deflection by stretching., Pressure causing d.eflectio.n
of the outer polyethylene diaphragm was transmitted through the oil to
the recessed transducer. Transducer output was therefore propor-
tional to average deflection of the outer diaphragm, indicating that

the appropriate spatial response function was the fourth one listed in

.
Tabila &, Ip Cile} = 5—6 [ ] i
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The wave front celerity Ud' corresponding to the pressure
function Pr(t) examined, was measured experirﬁentally. The con-
tinuous recorded function Pr(t) was put into digital form. .With the
aid of an IBM 7040/7094 high-speed digital computer, the integral
I(w, a, Ud) and the Fourier transform Trr(u)) of Pr(t) were computed.
Next, the inverse transform of the ratio 'rrr/I was computed to give
Pac(x-Udt).

An application of the correction procedure is illustrated in
Figure 5.43., for a transducer radius, a, of 0.0052 ft, and a wave
front celerity Ud of 6.0 ft/sec. In the top panel, it is seen that values

of both the real and imaginary parts of Trr(w) are relatively small for

w > 3000 sec ' compared to values for w < 1000 sec *. Therefore

for purposes of computation it has been possible to limit w to the

1

range 0< w < 4500 sec * with only negligible loss of information in

T for w > 4500 sec . For 0 <w < 4500 sec ', the integral I(w, a, U;i)
is positive, ranging from unity to about 0.35. In the second panel,
the real and imaginary parts of nac(w)_ = 'rrr(u))/I(u), a, Ud) are quali-
tatively similar to 'Trr(w). In the bottom panel, the inverse transform

of w w) results in a predicted pressure function Pac(t) that is quite

ac(
similar to the recorded function Pr(t)’ except for slightly increased
peak pressure and slightly reduced rise-time.

The application of the correction procedure illustrated in
Figure 5.4a is ""successful'' in that a coherent pressure distribution
Pac(t) is obtained, yet since the difference between Pac and Pr is

quite small, it would seem that the correction needed in this particu-

lar case was not great to begin with, i.e. the rise-length b may be
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sufficiently greater than the transducer radius a that the error
introduced by finite transducer size is small.

Another, less successful, application of the correction pro-
cedure is illustrated in Figure 5.4b, for a transducer radius, a, of
0.0052 ft and a wave front celerity Uy of 4.1 ft/sec. In the bottom
panel it is seen that in' this case the rise=time t. of the recorded
function Pr is about 0.0008 sec, considerably less than in the case
illustrated in Figure 5.4a, where the rise-time is about 0. 0019 sec.
Correspoﬁdingly, the range of values of w for which 'I'Fr(UJ) is of sig-
nificant amplitude is greater in Figure 5.4b than in Figure 5. 4a:
for example, at w= 4500 sec * the real part of e is of significant
amplitude in Figure 5. 4b, whereas it is of negligible amplitude in
Figure 5.4a. For purposes of computation it is therefore necessary
to extend the range of w, so that all significant values of T, are
included.

However, the extended range of w now includes the value

w= 7040 sec * = 8.92 Ud/a, where I(w, a, U,) becomes zero but where

*
the real and imaginary parts of 'rrr(m) have positive, albeit small,
values. In the second panel of Figure 5.4b, the function

wac(w = ‘n'r(w)/I(uJ, = Ud) is dominated by the very great values that
result for w near 7040 sec *. The appearance of both real and imagi-
nary parts of TraC(UJ) is not unlike that of the Dirac delta function
é(w-wo), where wo = 7040 sec *. The resultant inverse transform
‘_Pac(t) resgﬁbles more the inverse transform of a delta function, i.e.
a cosine function of angular frequency w, = 7040 sec *, than it re-

sembles a corrected pressure function qualitatively similar to the

recorded function Pr (t).
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Therefore, the correction procedure derived in this section
either provides a coherent but not particularly informative result,
as in Figure 5.4a, or its produces an incoherent result, as in
Figure 5.4b. For this reason another correction procedure was
developéd, as will be discussed in Section 5. 3.

Several studies concerning the loss of signal resoluticn due to
transducer size have been reported in the literature. All studies
known to the writer (Uberoi and Kovasznay, 1953; Liepmann, 1952;
Willmarth and Roos, 1965) have been concerned with the measure-
ment of stochastic properties of a random field, rather than of a
particular pressuré distribution as in the present study.

The work of Uberoi and Kovasznay (1953) and of Liepmann (1952)
showed that if the properties of the recorded stochastic function and
of the transducer are completely known, the properties of the original
stochastic function can bé recovered. The mathematical formulation
of the problem by Uberoi and Kovasznay is essentially similar to that
presented in this section: the recorded function is assumed to be re-
lated to the actual function through a convolution integral, as in
Equation 5.2, where the kernel represents the spatial response char-
acteristics of the transducer. The convolution integral equation is
solved by the use of Fourier integrals, as in Equations 5.10 to 5. 12.

Willmarth and Roos (1965), in measuring fluctuations of pres-
sure on a flow boundary beneath a turbulent boundary layer, attempted
to correct measurements made with finite-sized transducers by the
method of Uberoi and Kovasznay. As in the present study, difficul-
ties arose in applying the correction procedure to any but low spec-

tral frequencies, because of zeroes in the transform of the function
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representing transducer characteristics (corresponsing to the function
I(w, a, Ud) in Equation 5. 12).

5.5 Correction of Rise-Time and Peak Pressure.

Since the correction procedure described in Section 5.2, which
was to provide a corrected time-dependent pressure function, was not
capable of producing useful results, an attempt was made to devise a
procedure to provide corrected values for at least the peak pressure
P2 and the rise-time tr, the two parameters which describe in a fun-
damental Way the pressure distribution near the wave front.

| To gain fundamental understanding of the defect process,
Equation 5. 6 was evaluated for several mathematical models of actual

pressure distribution Pac(x—U t). Three of the models chosen were

d
of the form of single, symmetric pulses of unit amplitude and width

2b, viewed at the time t when the pulses are centered at the trans-

ducer center:

P (x):l—(%>n P o (5. 132)

P (x)=0 for x > b, (5. 13b)

Three values of n were examined: n = 1 (for triangular distribution),
n = 2 (for a parabolic distribution), and n = « (for a top-hat distri-
bution). A fourth model distribution was a cosine function with a

wave length,r 4b:

(5.14)

= X
Pac(x) = cos .



139

If it is assumed that peak transducer outpﬁt occurs when the peak of the
pressure distribution is at i“:lle transducer center, a pressure distri-
bution with its maximum situated at the transducer center may be con-
sidered a model of the pressure distribution at the instant when the
recorded press{zre is a maximum. The ''defect ratio! R is now de-
fined as the ratio of recorded peak pressure P, to actual peak pres-
sure P ‘

B :
ac a

J'_a Gx) P,_dx = Py, = RP,,__ , (5.15)

when the recorded prés;sure is a maximum.

Figuré 5.I5 shows; the dei)endence of the defect ratio R upon the
form of the pressure distribution, and upon its width b normalized with
respect to the 'trans'ducer radius a, for the four models of pressure
distribution described by Equations 5.13 and 5. 14. The normalized
width paramet'er b/a varies from 0 to 3. Each of the three s_ingle sym-
metric pulse functions (top-hat, "parabolic, and triangﬁlar)-is inte -
.grated with each of the last three spatiai response functions listed in
Table 5.1 (for a membrane, output proportional to‘a.verage deflection;
for a diaphragm, output proportional to ave'rage deflection; for a
diaphragm; output proportional to deflection at the center). The cosine
dist.ribution is integrated with the fourth function listed in Table 5.1,
for the case of a diaphragm whose avc;rage deflection is pro;ﬁortional
to transducer output.

Figure 5.5 shows that for the single-pulse distributions, R in-
creases ;ﬁonotonically from zefo at b/a =0, alnd approaches unity as
b/a increases. The defect ratio R sometimes has negative valués for
the cosine distribution for small b/a, but again R approaches unity as

b/a increases. Itis apparent that for a given value of b/a, the defect

-



! e e e m——
e
' cos”
--‘/
.. /
3]
m s
= © 9 x
< a8 =
T wB -8 o
n ! n g n 1]
c Qa c e c S (o] =
. B < =
= = E a
OUTPUT SIGNAL PROPORTIONAL TO e [ P, P
AVERAGE DEFLECTION
CIRCULAR MEMBRANE,OUTPUT SIGNAL R T K
PROPORTIONAL TO AVERAGE DEFLECTION
CIRCULAR DIAPHRAGM CLAMPED AT EDGES, -
OUTPUT SIGNAL PROPORTIONAL TO —_—— e ——
DEFLECTION AT CENTER
-
-0l 1 1 | | | | | | | | | 1 1 |
0.0 02 04 0.6 0.8 1.0 .2 X 16 1.8 20 2.2 24 2.6 28 3.0
a
Figure 5.5. The defect ratio R as a function of pressure distribution, and transducer

spatial response.

0F%1



141

ratio R depends more strongly on the form of the pressure distribu-
tion (top-hat, parabolic, triangular, or cosinusoidal) than it does on
transducer structure. (For b/a > 0.5, the defect ratio for the cosinu-

soidal pressure distribution is in close agreement with values of R
2

for the parabolic distribution, Pa.c =1 - (%) , a result that is not

surprising when it is remembered that the first two terms of a

' i - . 3 =1 L)
Taylor's series expansion about x = 0 for cos (Zb ) are Pac I-E(Zb),

similar to the parabolic distribution).
The effect of finite transducer area on measured rise-time was
hypothesized at the beginning of the section, assuming that peak trans-

ducer output P2 occurs when the peak of the actual distribution is
r

located at the transducer center: as shown in Figure 5. lc, the re-
corded rise-time tr’ the time interval between the timme of zero de-

flection, is the time interval between the time t, when the pressure

A

distribution first arrives at the edge of the transducer diaphragm,

causing initial deflection, and the time t, when the peak of the

B
pressure distribution arrives at the transducer center causing maxi-
mum deflection: tr = tB - tA. The distance travelled in the time

interval t. is the rise-length b plus the transducer radius a, i.e.,

b, = (a + b)/Ud, where U, is the celerity of the pressure distribution

d
(Equation 5.1). Correspondingly, the rise-length b may be derived

in terms of the recorded rise-time tr:

b=U,_ - a. . (5.16)

The effect of finite transducer size may therefore be summar-

ized as follows: the recorded peak pressure Pgr will be less than
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the actual peak pressure P, - by a factor R, and the recorded rise-
time tr will be greater than the actual rise-time (i.e. the rise-time
that would be recorded by an ideal, infinitesimal transducer) by an

amount a/Ud, where a is the transducer radius and U, is the celerity

d
of the pressure distribution.

The correction procédure described next, which was applied
to peak pressure and rise time data in the present study, does not
depend on a particuiar spatial response function G(x), as did the cor-
rection prbcedure described in Section 5.2. "It is actually an extra-
polation procedure using peak pressure and rise time data obtained
with a transducer of finite size to predict values that would be ob-
tained with an infinitesimal transducer, i.e. one fér which a = 0.
The procedure is based on qualitative considerations of peak pres-
sure defect and rise time increment as expressed in Equations 5. 15
and 5. 1.

The following assumptions were made: 1) the celerity Ud of the
wave front (and of the pressure distribution) is approximately con-
stant for the time taken for the wave front to cross the transducer,

dUd

i. e e

is much less than unity; 2) the wave form does not vary

cl®

d

in the transverse direction over the transducer width; 3) pressure
distributions at the wave front are similar for all experimental con-

ditions, and are time-dependent only as a propagating wave form,i.e.:

x - Ugt
P =P, _ ¢ (_b_i ; (5.17)

where P, e and b may vary, but the form function ¢ depends solely

on the value of the argument (x - Udt)/b; 4) the greatest transducer
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output Pgr occurs when the actual pressure peak is centered on the
transducer center; 5) the defect ratio R increases monotonically with
the ratio of rise-length to transducer radius b/a, from a value of
zero at b/a = 0 to a value asymptotically approaching unity as b/a
be;:omes large (as shown in Figure 5.5); 6) hydrodynamic models of
different absolute size that are geometrically similar exhibit kine-
matic and dynamic similarity according to the Froude modelling law,
i.e. scale effects due to viscosity or surface tension are assumed to
be negligible; and 7) dynémic properties of the transducer may be
neglected in the analysis. These assumptions are re-examined in the
light of experimental data in Section 6.6

With the wave celerity U,, the measured rise-time t., and the

d’
transducer radius, a, known, the rise-length b is obtained directly

from Equation 5.16. The corrected rise-time is then the ratio
b/Ud’ or t_ —‘a/Ud. |

'I‘o correct the ?ecorded peak pressure Pgr’ it is necessary to
construct empirically the function R=R(b/a) such as shown for several
mathematical models in Figure 5.5. The ratio R of recorded peak
pressure to actual peak pressure cannot be determined directly, but
ratios of R at two different values of b/a may be obtained by conduct-
ing two experiments, similar in every respect except for the value of
b/a. Such a pair of experiments could be performed with two trans-
ducers of differing radius, a, operating simultaneously and side-by-
side, sampling pressures generated by a single wave; or the pair of |
experiments could be performed with one transducer operat{ng at two

different model scales maintaining complete geometric, kinematic,
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and dynamic similitude except for the ratio b/a, which would be pro-
portional to the absolute 1eﬁgth scale.

For purposes of discussion (and because it §vas the procedure
actually used, as will be described in Section 6. 6), it may be sup-
posed that data obtained from a pair of similar experiments, with a
single transducer operating at two model scales, are to be compared.
The subscript ( )M will be used to denote the larger model scale, and
the subscript ( )m will be used to denote the smaller model séale.

Since it is assumed that there is dynamic similarity between

scales, the actual normalized peak pressure obtained in the two ex-

periments will be the same at both scales:

P

P2 2 '
( 2 ) = (_——ac ) . (5. 18)
Yd M ¥ 4 m )

where v is the unit weight of water and where the still water depth d
is used as a measure of scale size. There will also be equality of

normalized rise-length:

(3) - (),

M m

The only systematic difference between these experiments would be
in the ratio of characteristic lengths to the transducer radius, such

as b/a:

(2) - G2)(®)
a /yp dm al/_ - (5.20)
The defect ratio R is assumed to be a function of b/a that is common

to both model scales. Therefore, since from Equation 5. 20:

(g)M >(‘§) , (5.21)

m
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it is expected that:

R > R _, “(5.22)

for a given set of experimental conditions.
From Equations 5.15 and 5.18:

P, {yd R, Py [vd
(21' )M M( e )M B p 523

( Pz r/Yd) Rm (pe a.c/Yd ) R
) m m

A’t this point the functions T' = log; R, B = 10g10(b/a), and T' =
dT'/dg are introduced. (The choice of ten as a logarithm base is
arbitrary.) The unknown function R = R(b/a) is sketched schemati-
cally in Figure 5. 6a, its form derived from the assumption that R
increas;as rﬁonotonically witl'll b/a from zero at b/a = 0 to values |
approaching unity, as shown by curves in Fiéure 5.5. The function
T = T'(B) is sketched schématically in Figure 5. 6b. From the general
- form bf R = R(b/a), one may infer that I will have negative values
that asymptotically approach zero as B increases. The function
T'=dT/dg is sketched schematically in Figure 5. 6c. Figure 5.5
shows that as b/a’increases, thé rate of change of R with b/a de-
creases. Similarly, the rate of change dT'/dB will decrease with
increasing B.

The subscript notation may be extended to T and B8:

log10 RM = I‘M, loglo Rm = Tm,
(5.24)

IOglo(b/a)M = BM: loglo(b/a)m G BIII-
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(a)
A
O ________________
I'= (b)
logoR
B=log,, (b/a)
A |
I'=
dI’
ds
O

B=log, (b/a)

The defect ratio R = R(b/a) and the associated functions
T =T18) and ™ =
experimental data.

Figures 5. 6.

T' (B) used to determine R = R(b/a) from
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Now from Equat'ions 5.20, 5.23, and 5.24:

oy g
: (Pzr/yd)M : Rys
©€10 Py /vdl ©€10 B A
= == = — 5.25
(bla),, _ dy | ( )
o8 10 | B7a),, logy g La‘; By~ P

The ratio of differences on the far right-hand side of Equation 5.25

may be approximated as a differential:

lop & &0
m

M~ m . 4T _ . ;
BM'Bm = a8 f L ‘ (5.26).

The differential T'' may be supplied with an argument B egual to the

arithmetic average of Bas and Bm:

) _ | 1/2
g=M_Tm . 105 Tra), bra)_ |- (5.27)

Since (b/a)Mﬂ (b/d)dM/a and (b/a)m = (b/d)dm/a:

8 =log,, [(b/a)/ A, d_/a]. (5. 28)

From each pair of experimehts performed at the two model
scales, wvalues of Pzr’ b, d, and a may' be obtainerd so that T'! and
a cor‘responding value B may be computed. Experimental conditions
are then varied in each model to generate as wide a range of values
of Par/Yd and b/a as possible, so that a range of vaiues of T' and 8

as wide as possible may be obtained. The differential T is then
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plotted against B as in Figufe 5.6c, and a curve is fitted to the data.
The function is the;l integrated numerically to give T(B). As an inte-
gration condition, it is assumed that since R approaches unity as
dR/d(b/a) approaches zero, as shown in Figures 5.5 and 5. 6a, then
.I.‘(B) should become zero at that value of B where I''(8)=dI'/dB eq_uals
zero. The final step is to transform I'(8)= log; R to R= R(b/a).

Now each recorded peak pressure P, may be corrected by the
appropriate yalue of R. Two values of Pzr/‘yd obtained for similar
experimental conditions at the two model scales, after each value
has been corrected, should yield the same value of P, ac/Yd’ as indi-
cated by Equation 5. 18.

The logarithmic correction procedure just described was applied
to the rise-time and peak preslsure data obtained in the present study. .
The details and discussion of the results of the procedure as actually
applied are presented in Section 6. 6. |

| An extrapolation procedure that was simpler and more direct
than the logarithmic extrapolation procedure just described was used
by Willmarth and Roos (1965). After attempting to correct measure-
fnénts madé with finite-sized transducers by_th'e method of Uberoi
and Kovasznay (1953), Willmarth and Roos compared éata taken with
transducers having four different déameters, and were able to extra-
polatle the results linearly to estimate the function which would be
recorded by an infinitesimal transducer. The measured power spec-
trum of pressure fluctuations on a flow boundary beneath a turbulent
boundary layer varied approximately lin;aarly with transducer radius
as the radius a..pproached zero. The extrapolation procedure ''was

not difficult, not did it appear uncertain' (Willmarth and Roos, 1965,
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p- 88, footnote). The measured power spectrum function integrated
with respect to frequency, that is the measured root mean squa;re
wall pressure, also varied linearly with transducer radius, and a
value for zero radius could apparently be obtained by linear

extrapolation.

-

Correction of the peak pressure data by linear extrapolation,
as suggested by Willmarth and Roos, is presented in Section 6. 6,
and is compared with the corrections made by the logarithmic

extrapolation method outlined in this section.
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CHAPTER 6
RESULTS

As indicated by the Table of Contents, the measurements of
profile, celerity, and decay rate for the incident wave are presented
and discussed in Section 6.1. In Section 6.2 the observed flow in the
‘neighborhood of the platform is discussed, accompanied by several
series of photographs showing generated waves striking the platform.
Measurements of water surface elevation at the seaward edge of the
platform are also presented.

In Section 6.3, the pressure recoi‘ds and methods of data re-
duction are discussed, in light of the discussion of operating proce-
dure presented in Section 4. 5.

In Section 6. 4 the elapsed travel times and celerities of the ad-
Vé,ncing wave fronts and the waves of recession are presented and
discussed. In Section 6.5 the functional form and the amplitude of
the slowly-varying pressure is presented, and in Section 6.6 the peak
pressure is corrected for transducer area defect, and its functional
dependence on other parameters is examined.

Except where indicated, all data are derived from experimentsr
made in the 100-ft wa\-re tank.

6.1 The Incident Wave.

In Chapter 1, it was stated that the requirements for the inci-
dent wave were that the wave be a single intumescence (or at least
the first of a train of waves) propagating into still water; that the wave
form be subject to accurate mathematical representation; and that it
be a relevant model of finite—ampiitude ocean waves propagating

through shoal water.
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As stated in Chapter 1, the so-called solitary wave was chosen
as the incident wave. The definitive solitary wave characteristics set
forth by .Lamb (1945) and by Stoker (1957), mentioned in Section 2. 4,
were that the solitary wave has a single, symmetric elevation, propa-
gates without change of form, and may be of finite amplitude-to-depth
ratio. The profile, celerity, and other characteristics of the solitary
wave have been theoretically analyzed by Boussinesq (1872), McCowan
(1891), Laitone (1963), and others. Munk (1948 has argued that the
solitary wave may be used as an approximate model for a finite-
amplitude ocean wave propagating into shoal water. The solitary wave
therefore satisfies the requirements that the incident wave be a single
elevation, mathematically describable, and a relevant model of a
wave in shoal water. As described in Sectioﬁ 4.2, the wave generators
in the present study were designed according to the solitary wave
theory of Boussinesq (1872).

However, it should be borne in mind that precisely speaking,
the solitary wave is an ideal wave whose exact form is unknown. On
the one hand, all the theoretical expressions for the profile and
celerity of the solitary wave are to some degree approximate. On
the other hand, '"'solitary''waves generated in the laboratory are
generally accompanied by a following train of parasitic wavelets,
albeit often of relatively small amplitude. Therefore, when theo-
retical profiles and celerities for the solitary wave are compared
with profiles and celerities of the generated waves, it is fruitless to
attempt to judge how well the generated wave represents a ''solitary
wave', since the precise form of the solitary wave is unknown.

Rather, it is more pertinent to judge how well the generated wave is
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described mathematically by the approximate solitary wave theories,
and to judge which solitary wave theory describes the generated
wave belst.

In Section 4. 4, a typical wave gauge trace was presented in
Figure 4. 18b. Other wave gauge traces shown in Figure 6.1 show
more clearly the time history of water surface elevation at four lo-
cations before and after passage of the principal intumescence.

The reco.rd of four wave gauge traces shown in Figure 6.1 was
obtained iﬁ a test to determine amplitude decay of the generated wave,
to be discussed later in this section. Four wave gauges of the type
described in Sectiorn 4. 4 were mounted along the wave tank centerline
at 10-ft intervals. The order of the recorded traces in Figure 6.1
corresponds to the spatial order of the corresponding wave gauges.
The lowest trace was produced by a gauge mounted 45 ft from the
generator. The uppermost trace was produced by a gauge mounted
75 ft from the generator, at the section of the wave tank where the
test platform was normally located (the platform was removed for
the tests described in this section). The uppermost trace therefore
indicates the form of the waves incident on the platform.

Before the arrival of the principal wave, the wave gauge ateach
location records no disturbance, since before the generation of the
wave all disturbances of the fluid have been allowed to die out. After
the principal wave, the train of waves of small amplitude arrives at
the wave gauge, as shown most clearly in the lower two traces in
Figure 6.1. However, the amplitude of the following waves is gener-

ally only of the order of 5 per cent of the height of the principal wave.
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The theoretical expressions for solitary wave profile and celerity
as derived by Boussinesq (1872), McCowan (1891), and Laitone (1963)
are presented in Table 6.1, (The expressions for profile by McCowan
(1891) are as arranged by Munk (1948).) The expressions for the free-
surface profile are given in terms of the surface elevation above still
water level 1 = 1(x), and thus describe the profile as viewed by an ob-
server moving with the wave at its celerity of propagation Uo' To a
fixed observer, the time history of the surface elevation may be ex-
pressed bsr replacing x with the quantity Uo(t+to)’ where ‘co is a constant,
aé was done in Equation 3,30 in Chapter 3. The value of Uoto is equal
to the distance betWeen the location of the fixed observer and the loca-
tion of the wavecrest att = 0. If one defines t = 0 to be the time when
the wave crest arrives at a wave gauge, then Uoto = 0, and throughout
Table 6.1 one may replace x with (Uot) to obtain analytical expressions
for profiles observed at the location of the wave gauge as the wave
propagates past.

In each of the figures in this section indicating experimental and
theoretical wave profiles, the surface elevation 1 has been normalized
with respect to its‘ maximum value, the wave height H. The argument
Thus

(U _t) has been multiplied by the normalizing factor H
& d

L
I
v Laitone are

g W

normalized, the theoretical profiles by McCowan and
still dependent on the ratio of wave height to still water depth H/d; but

the profile by Boussinesq assumes the simple form: (ordinate) = sech?®

4 d —d

Thus normalized, the profile by Boussinesq is not dependent on H/d in

(abscissa), where the ordinate is n/H and the abscissa is /3 H Ugt.

the same way as the other theories presented.



Table 6.1. Summary of theoretical solitary wave profiles and celerities.

INVESTIGATOR PROFILE CELERITY
Boussinesq lél: %sechg / %%—% = f 1
(1872)
i sin M(l + 51)
e |
EVI is B iumetion. of ?i- L 1948] E’*‘S presented by Munk, 1948;_]
g = o sech® ox
; 2 U 2
loen, -3(&) teec® ax - sechtax) | —==1+53 -5 (F)
Jgd

SS1
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The three theoretical profiles presented in Table 6.1 are com-
pared with an expérimental profile- for a ratio of waveheight to still
water depth H/d = 0.241 in Figure 6..-2, for H/d = 0.386 in Figure 6.3,
and for H/d = 0. 620 in Figure 6.4. (In each figure there is only one
experimental profile from the present study, because rarely do two
experimental profiles have exactly the same value of H/d, and since
the normalized profiles by McCowan and by Laitone are not independent
of H/d, a separate profile must be plotted for each value of H/d.)
Figures 6.2 through 6.4 show that at each value of H/d, no theoretical
profile fits the data better than that of Boussinesq in the region of the
crest (i.e. for n/H> 0. 5); although far from the crest the McCowan
. profile provides the best fit, and may be judged the‘best over-all
representation of the wave-profile data thus far examined. The Laitone
profile gives consistently poorer agreement with data than either of the
other two profiles, predicting greater values of n/H than those
measured, everywhere except for the trivial cases of large t and zero t.

In Figure 6.4, four experimental profiles obtained by other
workers are included. Two profiles by Daily and Stephan (1952), one
for H/d = 0,232 and one for H/d = 0. 610, are in good agreement with
the writer's data. The water depth was reported to be 0.4 ft. A wave
profile by Perroud (1957) for H/d = 0.57, obtained in a uniform rec-
tangular channel, agrees well with the data of Daily and Stephan and
of the ﬁresent study. The data from a profile by Perroud for
H/4=0,62, obt.ained in a channel whose width was decreasing in the
direction of propagation, lie well above the data obtained from waves
in uniform channels, and exhibit marked asymmetry with respect to

the crest.
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The profiles obtained by Daily and Stephan (1952), and by
Perroud (1957) for a wave in a uniform channel, are best represented
by the profile of Boussinesq (1872) in the region near the crest.
Despite the overall agreement of the profile of McCowan (1891) with
the data shown in Figures 6.2 through 6.4, the Boussinesq profile has
been used in this study as the basis of some of the analysis of Chapter
3. Because much of the study involves impact of the wave on a plat-
form with a finite soffit clearance, great accuracy far from the crest
is not needed, and close to the crest the Boussinesq profile is as good
or better than that of McCowan. Furthérrnore, the simpler form of
the normalized Bous sineéq expression does not change with H/d. Use
of the proper normalization parameteré as employed in Figures 6.2
through 6. 4 permits meaningful superposition of several experimental
profiles of different H/d onto one graph where they may be compared
with a single theoretical profile.

With the Boussinesq theory singled out as the most convenient,
and most accurate in the important region near the wave crest, 20
additional experimental profiles are shown in comparison with the
Boussinesq profile in Figures 6.5 through 6.8. The data represent
different values of H/d, of water depth d, and of wave generator
stroke length D. In Figures 6.5, 6.6 and 6.7, the data are from
experiments where d = 1.25 ft, 1,00 ft, 0.75 ft, and 0.50 ft, and the
wave generator stroke was 1. 67 ft (20 in. ). The normalized profiles
show no measurable dependence upon either relative wave height H/d,
relative generator stroke-length D/d, or absolute water depth d. As
in Figures 6.2 through 6.4, the experimental profiles are well repre-

sented by the theoretical profile of Boussinesq (1872) in the region



T3

d-1251t
B | svmeoL

.240

250

280

303

305

262

el|loele|le|lo|e|o

268

2399 °

—— BOUSSINESQ

20 -18 -6 -4 -2 -0 -08 -06 -04 -02 O 02 04 06

JE

2 14 16 I8

Figure 6.5. Profiles of generated waves, compared with the Boussinesq profile,

ford=1.25and D = 1,67 fL.

191



T3

09
¢ | B |svmeoL
08
: .293 o
LOO ft 502 =
o7 225| e [
075 349 =
06 — BOUSSINESQ
05
04
03
02
Ol
20 -8 -6 -4 -2 -0 -08 -06 04 -02 O 02 04 06 08 0 12 14 16 18 20
[ZH (%Y
4d\ d
Figure 6.6. Profiles of generated waves, compared with the Boussinesq profile,

for-d = 1,00 ft and d = 0. 75 ft, and D = 1, 67 ft.

291



Tl

09

08

o7

06

05

04

03

02

o]}

d=050ft

H

d

SYMBOL

493

(o]

496

]

533

®

S77

— BOUSSINESQ

8—,

Ly
N

e

-20 -8 -6 -4 -2 -0 -08 -06 -04 -02 O 02 04 06 08

A

10

12

14

Figure 6.7. Profiles of generafed waves, compared with the Boussinesq profile,

for d = 0.50 ft and D = 1, 67 ft.

€91



10 :
0 : d-064 1t
Bl svmeoL
242 o ||
08
255 o
256 o
07 261 T
—BOUSSINESQ
06
n
7 05
04
&
03 o |
02 lm@@&w%
| od®
ol

-20- -18 -l -4 -2 -0 --08 -06 -04 -02 0 02 04 06 08 1.0 12 1.4 16 18
/_fzﬁ(ﬂoi]
44\ d

Figure 6.8.. Profiles of generated waves, compared with the Boussinesq profile,
for d = 0. 64 ft and D = 0. 83 ft (half-stroke arrangement).

20

791



165

near the crest, while farther from the crest the experimental vélues
of 1 are greater than the theoretical values.

The wave generator was designed to operate for a depth d of
1.00 ft to 1,25 ft: for lesser depths it was necessary to operate the
generator at a shorter stroke in an improvised manner> described in
Section 4.2. Figure 6.8 Si’lOWS four profiles from experiments where
d = 0. 64 ft and the stroke was 0.83 ft (10 in. ). The normalized ex-

perimental profiles are very nearly the same as those presented in
Figures 6.I 2 through 6.7, demonstrating that operating the wave
generator with a shortened stroke did not cause the normalized wave
profiles to be appréciably different from normalized profiles obtlained
with full-stroke operation.

That the normalized profiles obtained in the present study are
the same whether generated by full-stroke or by shortened-stroke
operation of the generator, and that they agree §vith profiles obtained
by other experimenters studying waves in uniform channels, indicates
that the form of laboratory-generated approximations to the ideal
solitary wave is relatively independent of the method of generation.
(The wave generators used by Daily and Stephan (1952) and by Perroud
(1957) are described briefly in Section 2.5.) Similitude between pro-
files obtained by Daily and Stephan (1952) at a water depth 0.4 ft and
those obtained in the present study at a depth of 1.25 ft indicates that
scale effects are negligible, and that the predominant forces in the
wave are gravity forces and inertial forces. |

The measured celerity Uo of the generated waves, normalized
by division by ,/ g d, is plotted against relative waveheight H/d in

Figure 6.9. In instances where large samples of waves (16 to 32
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waves) were generated at waveheights held as constant as possible,
mean celerity is plotted as a function of mean wave height. Data
from individual waves are also plotted. The theoretical celerities
by Boussinesq (1872), McCowan (1891), and Laitone (1963), and data
by Daily and Stephan (1952), are plotted for comparison.

Data from the present study agree well with those by Dailyland
Stephan. Of the fheoretical curves, that of Boussinesq provides fa;ir
agreement with data, that of Laitone is in very good agreement, and
that of McCowan shows very poor agreement with the data. The writer
has not investigated why Laitone's theory predicts celerity so well,
when it is inferior at predicting wave profile; nor why the McCowan
analysis, in predicting the profile best, should be inadequate in
predicting celerity. |

The rate of gradual deformation of the generated wave was
examined by mounting four wave gauges along the centerline of the
100- ft tank, spaced at 10-ft intervals as described previously. Waves
were generated in water depths d of 1.25 ft, 1.00 ft, 0.75 ft, and
0.50 ft. The change of amplitude and profile of a wave could be
studied by comparing the records of the 4 gauges, as shown in
Figure 6. 1.

Figures 6.10a and 6. 10b each show two profiles of a single wave
measured by wave gauges mounted 30 ft apart. One gauge was
mounted approximately 45 ftl from the wave generator; the other was
mounted 75 ft from the wave generator., In Figure 6.10a, the water
depth d is 1.25 ft; in Figure 6. 10b, the depth d is 0.50 ft. Each wave
profile was normalized with respect to the local wave height H, and

with respect to the local celerity U, determined from the local wave
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height H and the still water .depth d by the Laitone (1963) expression
for celerity. In neither Figure 6. 10a nor 6. 10b is there an appreci-
able change evident in the shape of the normalized profile. However,
the figure legends indicate that there is a decay of wave height with
distance travelled; the wave height measured 75 ft from the gener-
ator is several per cent less than the height of the same wave
measured 45 ft from the generator.

The measured rate of amplitude decay, as a function of distance
travelled Ax, still water depth d, relative wave height I—Io/d, channel
width B, kinematic viscosity v, and gravitational acceleration g, is
plotted in Figure 6.11. The ordinate of the graph is H/I—IO, where H
is a measured wave height, and H is the height of the same wave,
measured at a later time, at a distance Ax from the place of the first
measurement. (On the right-hand margin of the graph the quantity
MH HO-H

o - O is also presented as an ordinate.) The abscissa is
o o

merely the right-hand side of a version of Keulegan's (1948) equation

for amplitude decrement due to energy dissipation (see Section 2. 4):

-2 (Y 402

In the present study, the abscissa of Figure 6.11 was evaluated
as follows: the tank width B was 1.29 ft; laboratory ambient temper-
ature was always about 70°F, from which one may infer a kinematic
viscosity v of 10 "® ft® /sec for water (Rouse, 1950); and the gravi-
tational acceleration g was 32.2 ft/sec.?® The still water depth was
d, the heights Ho and H were measured by any two of the four wave

gauges mounted at 10-ft intervals; the separation distance Ax was

therefore 10 ft, 20 ft, or 30 ft.
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In Figure 6.11, data from the present study are compared with
data by Ippen, Kulin, and Raza (1955), and with a curve representing
Equation 6. 1. The data from the present study show considerable
scatter, falling to either side of the theoi‘etical curve. Data obtained
by Ippen, Kulin, and Raza, while scattered throughbut the same re-
gions in which data from the present study are found, also are
scattered in regions indicating greater decay rates AH/HO than indi-
cated by Equation 6.1 or by the data from the present study.

For the present study, it is of interest to know the exﬁtent of
amplitude decay that prevailed in the uplift tests between the point
- of measurement of the incident wave and the seaward edge of the plat-
" form. The distance Ax between the edge of the platform and the wave

gauge was approximately five ft. Thus for a still-water depth d of
0.64 ft and a relative waveheight HO/d of 0.40, and for B, v, and g
evaluated as described earlier, the right hand side of Equation 6.1
takes the value 0.0019. For an abscissal value of 0.0019, Equation
6.1 indicates a fractional decay AH/HO of 0.0076, implying an error
of 0.0076 or approximately one per cent in the measurement of the
height of ‘I:he wave incident on the platform.

When designing the wave generator, as described in Section 4.2,
it was deemed important to be able to generate waves reproducibly, so
that a wave would be as nearly as possible identical to its predecessor,
for constant water depth, generator cam speed, and generator stroke
length.

For the pressure measurement ex.periments, waves were gen-

erated in samples of five, six, or as many as 32 waves of nearly
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constant height. The mean height and standard deviation were com-
puted for each sample (see Table B2 in Appendix B).

y In Figure 6.12, eight cumulative frequency diagrams show the
frequency distribution of the wave height H normalized wifh respect
to the sample mean wave height H. The two still water depths repre-
sented are d = 1.25 ft and d = 0. 64 ft. The sample sizes range from
16 to 32. Plotted on arithmetic probability paper, the distributions
may in most cases be fitted by a straight line, indicating an approxi-
mateljr no.rmal distribution. The ratio of sample standard deviation
to sample mean, which is equal to the slope of a straight line fitted
to the data in each'sample, appears to be independent of the mean
relative wave height H/d.

Of all the samples of wave height data obtained during the study,
the arithmetic mean of the ratio of sample staﬁdard deviation to
sample mean wave height was 0.0074 for a water depth d of 1. 25 ft;
0.0096 for d = 1.00 ft; and 0.0115 for d = 0. 64 ft. As the wave gen-
erator was therefore capable of generating a sample of waves whose
standard deviation in wave height was approximately one per cent of
the sample mean wave height, it may be considered as having suc-
cessfully fulfilled the requirement of reproducibility.

Section 6. 1 may be summarized as follows: the profile of the
generated wave is well approximated by the Boussinesq representation
for a solitary wave, except far from the crest. The wave form is not
measurably different from experimental profiles measured by other
workers using other laboratory channels of constant rectangular
corss-section, and using other methods of wave generation. The

celerity is best represented by Laitone's theory, and is in general
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agreement with the data of Daily and Stephan. As the wave propagates
along the channel, it is subject to a decrease or decay of amplitude,
but its form does not change when normalized with respect to local
amplitude and celerity as shown in Figures 6. 10. The measured rate
of ‘amplitude' decay indicates that there is a decay of approximately
one per cent in amplitude in the five-ft distance between the wave
gauge and the seaward end of the platform. Reproducibility of wave
~height, measured as the ratio of standard deviation to mean value,

is about one per cent.

6.2 Flow Beneath the Platform: Photographic Description.

In this section the flow beneath the platform will be described
- qualitatively, illustrated by sequences of photographs. In Sections
6. 3 through 6. 6 quantitative measurements of the flow are discussed.

The photographs presented on the following pages are grouped
in series, each series being given a figure number. Each series con-
tains several photographs of waves of a common height H, taken at
different times during the impact process. Viewed in sequené:e, the
photographs of a series help one visualize the progress of a wave as
it. approaches, strikes, propagates beneath, and recedes from the
platform. (It should be stated that a fresh wave was generated for
each photograph; operating conditions did not permit more than one
photo to be taken of each wave.)

Each figure, or series of photographs, represents one value of
relative wave height H/d and one value of relative soffit clearance s/d.
Figures in this section represent two or-more values of H/d at each
of the three values of relative soffit clearance at which uplift pressure

experiments were made: s/d = 0.2, 0.1, and 0.0. The range of
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conditions represented by the photographs in this section is approxi-
mately the same as the range of conditions at which uplift
measurement experiments were performed.

For convenience, the distance of the platform d + s above the
channel Bt;ttom was held constant at 0. 77 ft for all photographs pre-
sentéd in this section. Thus for s‘/d = 0.2, the still water depth d
was 0.64 ft, one of the two depths at which uplift pressure tests were
7 perfdrmed. For s/d=0.1, d was 0. 70 ft, not the depth at which
experiments were performed; however, the appearance of the flow is
similar to the appearance of the flow fof d = 1. 00 ft, the depth at
whicﬁ ﬁplift experiments were performed, except that the ratio of
platform length L to still water depth d was greater in the photographs
than in the uplift experiments. For s/d = 0.0, the depth d was 0. 77,
the depth at which uplift experiments were performed.

In the descriptive text that accompanies the photographs that are
to follow, reference is often made to the chronology presented in
Figure 3.5, Section 3.3. Below each photograph is indicated the
chronological time interval within which the photograph was taken.

The waves in Figures 6. 13, for which H/d = 0. 450 and s/d=0.2,
are somewhat larger than those studied extensively, yet some of the
interesting phenomena are more evident in this series than in photos
of smaller waves. In Figure 6.13a the undisturbed wave propagates
shoreward approaching the platform. In Figure 6.13b the wavefront
propagates beneath the platform, while the high vertical front face of
the platform causes a jet of fluid to shoot upwards. At the wavefront
there appears to be a turbulent condition, with spume driven ahead of

the wave front and with air being entrained in the fluid behind the wave
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(a) t<0 e 9545

(b) O<L<ta 9546

(c) Bt 9547

(d) O<t<ta 9548

(e} t <t<t, 9549

£) tb<t<tc 9550

Figure 6.13. Waves striking the platform, d = 0. 64 ft,
s/d = 0.2, H/d = 0. 450.
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front, in action reminiscent of an hydraulic jump. In Figure 6. 13c
the wave front has advanced further; the amount of spume created
appears to have increased with distance from the seaward edge of the
platform. The jet on the front face has also grown wider with vertical
distance from the platform edge. In Figure 6. 13d the wave front has
continued to propagate and grow more turbulent; the vertical jet
grows no taller but descends to form part of a reflected wave train.
In Figure 6. 13e the seaward edge of the platform is again exposed to
air, and tl;le wave olfArecession has begun; t >ta’ the time at which the
fluid recedes from the seaward edge of the platform. At this instant
the water depth at x = 0 is considerably less than d. In Figure 6. 13f
the wave front has moved past the end of the platform:; ‘t >ty the time
after which the wave front is no longer defined. At x=0, the water
depth has almost completely returned to its original value d.

In Figures 6. 14 the value of s/d is again 0.2, but H/d has been
reduced to 0.250. In Figure 6. 14a, the undisturbed wave approaches
the platform. In Figure 6.14b the wavefront propagates beneath the
platform with much less spume and air entrainment than in Figures
6.13. A modest upward jet of fluid is visible at the front face. In
Figure 6. l4c the time ta. has passed, and the wave of recession has
begun. Somewhat more air is being entrained now than in Figure 6. 14hb.
In Figure 6. 14d the flow is slightly more advanced. In neither Figure
6. 14c nor Figure 6. 14d has the wave of recession developed into its
.final form; the wavefront is still definable in both pictures. In
Figure 6. 14e, the time ty has passed; the wave propagates without
wetting more of the platform. A small secondary wave of recession

may be seen propagating seaward to meet the first wave, which is
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(@) t<0 ' 9567

(b) 0<t <t 9564

s B e - e

(e) &£ <t < 9566

) t. <¢ t 9562

Figures 6.14. Waves striking the platform, d = 0. 64 ft,
gld = 0.8, Hid = §. 250,
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now fully developed. Figure 6.14f shows the progress of the waves
of recession. In Figures 6. 14e and 6. 14f the fluid at X; 0 is quite
still, and the depth is again equal to the still water depth.

When Figure 6. 14e or Figure 6. 14f is viewed inverted, the
waves of recession, \x.;'ith characteristic head formation, resemble
the gravity currents reported by Keulegan (1958), Middleton (1966),
and others. As Benjamin (1968) points out, the present case of a light
fluid or cavity propagating into a heavier fluid along the uppgr
boundary may itself be classed as a gravity current.

Figures 6.15, for which s/d = 0.2 and H/d = 0.203, illustrate
the case of a wave just high enough to make contact with the soffit.
Figure 6. 15f shows flow conditions at t = tes when the last of the fluid
in the wave recedes from the soffit. To the right in Figure 6. 15f the
transmitted wave may be clearly seen propagating beneath the soffit,
resembling the undeformed waves shown in Figures 6.15a and 6. 15b,
but of diminished height.

Figures 6.16 and 6. 17 for s/d = 0.1 show behavior qualitatively
similar to that described for s/d = 0.2. In Figures 6.16, H/d = 0. 436,
a relative height comparable to the value in Figures 6. 13 for s/d=0.2.
One may note that for similar values of H/d, there will be more dis-
tortion of the wave at the lesser value of s/d. The vertical jet is
higher and thicker in Figures 6. 16 compared to that shown in Figures
6.13.

In Figures 6. 16 it happens that tb is less than ta: the wave front
reaches the shoreward end of the platform before fluid recedes from

the seaward end. Whether or not ty is greater than t depends on the
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(b) t=20 9576

() tmt, 9582

Figure 6.15. Waves striking the platform, d = 0. 64 ft,
sfd = 0.2, Hid = 0.203,
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(a) t<0 9586

(b) 0 <t<i_ 9607

() 0<t<t_ 9603

(e) t <t<t 9605

a C

Figure 6.16. Waves striking the platform, d = 0. 70 ft,
s/d = 0.1, H/d = 0.436.



182

(b) O<t<t_ 9596

(e) t <t<ty 9597

(£) by et st 9600

Figures 6.17. Waves striking the platform, d = 0.70 ft,
s/d =0.1, H/d = 0. 157,
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relative soffit clearance s/d, thé relative waveheight H/d, and the
relative platform length L./d. |

Figures 6. 17 illustrate the case for s/d=0.1, H/d=0.157.

In Chapter 3, one of the assumptions underlying the analysis
was that the form of the free surface profile near the wave front and
near the wave of recession did not change appreciably with time.
The assumption may be tested by examining and comparing the pro-
files shown in Figures 6. 13 through 6.17. For example, if the pro-
file near the wave front shown in Figure 6. 1‘3b is traced onto vellum,
and the tracing is laid over the profiles shown at different locations
(and hence times) in Figures 6. 13c, d, and e, no ;:hange in profile
shape with respect to distance travelled is detectable, except for an
increase in the amount of spume driven forward of the main body of
fluid, and in the amount of air entrained. With no change in form
detectable, one may; conclude that the assumption of constant form
introduces no error into the analysis as far as the wave front is
concerned.

For the wave of recession, however, there is obviously a
change of form when the wave is initially formed, as shown in
Figures 6. 13 through 6.17. Therefore, one may expect error in-
troduced into the analysis by the assumption of constant form for the
time following ta during which the wave of recession is initially
developing.

Figures 6.18, for which s/d=0.0 and H/d =0. 426, show that
as the wave arrives at the platform there is an immediate increase
in water level shoreward of the platform. With no soffit clearance,

there is obviously no wave front beneath the platform. At the front
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(2) 9622

(b) 9621

(e) 9625

(f) 9628

Figures 6.18. Waves striking the platform, d = 0. 77 ft,
afd = 0.0, H/d = 0. 426,



"(a)"”"' - 9614

(b) 9613

(d) 9620

(e) 9618

(t) 9617

Figures 6.19. Waves striking the platform, d - 0.77 ft,
s/d = 0.0, H/d =0, 172,
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face the reflecting wave shows fewer characteristics of the upward-
shooting jet, and resembles more a clapotis created by a vertical
wall extending to the tank bottom. At x=0 the water level drops to less
than d, in Figure 6.18d. In Figure 6. 18f the depth at x = 0 is again
approaching its original value d. Figures 6. 19 show the process for
s/d =0.0, H/d = 0.172. In Figures 6. 18f and 6. 19f, air-filled cavi-
ties following waves of recession are visible. The air is eventually
driven back to x = 0 as the system returns to rest.

For s/d = 0.0, chronological times have not been listed on the
photographs for the simple reason that the times t = 0, t and t,
cannot be defined when s/d = 0.0. As stated in Section 3.3, study of
the case for s/d = 0.0 demands an approach fundamentally different
from the approach used in the present study for finite soffit clearance,
which has been to relate flow conditions to the position‘ and celerity of
the wave front and of the wave of recession.

6.3 Pressure Recording Procedure; Qualitative Discussion

" of the Records.

Sections 6.4 through 6.6 are devoted to quantitative measure-
ments of the flow beneath the platforfn. All such measurements,
including those of uplift pressures, and of times of arrival and
celerities of the wave front and of the wave of recession, were re-
duced from pressure-time records obtained with the 1/2-in. trans-
ducer ané the 1/8-in. transducer with oil chamber, described in
Section 4. 4, mcunted flush with the platform soffit. Except for
pressure measurements made for zero soffit clearance (s/d = 0.0),

which were recorded with the Sanborn recorder, all pressures were
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recorded with the Consolidated Electrodynamics Corporation Model
5-124A high-speed oscillograph dsscatied n Sscilan 4.4,

The flow quantities measured were: the slowly-varying pres-
sure Pll, the peak pressure P,, the rise-time tr (that is, the time
interval between zero deflection and maximum deflection on the record
at the pressure peak), the time td needed for the wave front to travel
from the seaward edge of the platform to the transducer, and the time
te at which the transducer became free of the fluid in the wave, as the
fluid fell away from the platform. The quantities may be found in

Tables Bl and B2 of Appendix B. The wave front celerity U, and the

d

celerity Ue of the wave of recession are quantities derived from ty
and te, respectively.

The conditions under which uplift experiments were performed
are listed in Table 6.2. As stated in Section 6.2, there were three
values of relative soffit clearénce studied: s/d = 0.2, 0.1, and 0.0.
For each value of s/d, the relative wave height H/d ranged from
approximately 0.2 to 0. 4.

Holes in which transducers could be mounted were drilled in the
platform at seven locations, x, ranging from 0. 148 ft to 2. 520 ft., the
latter value being approximately equal to half the platform length L.

To obtain measurements at x > L./2, the platform was turned end-for-
end, as described in Section 4.3. Values of x for which the platform
was turn;ed end-for-end from its normal position are indicated in Table
6.2 by the superscript ( )*. To ensure that flow conditions were not
altered when the platform was turned end-for-end, pressures re-
corded at x = 2.525 ft with the platform turned were compared with

pressures recorded at x = 2. 520 ft with the platform in its normal
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and relative platform lengths.
values of x/d at two model scales.)

Summary of transducer locations, relative soffit clearances,

(Arrows relate comparable

s/d = 0.2 s/d =0.1 s/d=0.0
RANGE OF H/d: 0.23-0. 46 0.15-0. 38 0.16-0.42
d(ft) 1.25 0.64 1. 00 0. 77
x(ft) x/d x/d x/d x/d

0.148 0.118 0.231

0.270 o.zlé-a//r.o.422 0.2709

0,522 0.418~d//P—0.816 0.522

1,020 0.816<J//ﬁ‘1.594 1.020¢

1.520 1.216qy//rb2.374 1. 5204

2.020 1.616 3.156

2.520 2.016 3.938 2. 5209

3, 5E3% P 2. 020

3.025% 2.420 3. 940

3.525% 5.510¢

4.025% 3.220

4.525% 7.070 4.525

4.900% 3.920 6.380
Relative platform
length L/d 4.00 7.81 5.00 6.50
(L = 5 ft)

a) Plate turned end-for-end.
b) Data obtained limited to peak pressure B2,
c) Slowly-varying pressure P,, rise-time t. not obtained.

d) Data obtained limited to t

d-
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position. Comparison of the peak pressures thus obtained indicated
no difference in flow conditions for the two cases. (For that test, the
relative soffit clearance s/d was 0.2, and the still water depth d was
1.25 ft. )

For s/d = 0.2, the case most exhaustively studied, two complete
series of experiments were performed at different model scales in
order to apply the correction procedure for measured peak pressure
described in Section 5.3. At the larger scale, the still water depth
d was 1. 25 ft; at the smaller scale, d was 0. 64 ft, thereby providing
a scale ratio of approximately two to one. In Table 6.2 the ratios
s/d of transducer lrocation to still water depth are listed for each
value of the still water depth d. As shown by the arrows, there are
seven instances in which a value of x/d for d = 1.25 ft is approximately
equal to a value of x/d for d = 0. 64 ft. Therefore data obtained for
d = 1,25 ft at one of a matching pair of values of x/d may be compared
with data obtained for d = 0. 64 ft at the comparable value of x/d, thus
providing geometric similarity between the two scales.

The platform had a constant length L of five ft, so that the rela-
tive platform length L/d varied with the still water depth d, as shown
in Table 6.2. Atd = 1.25ft, L/d=4,0; atd= 0.64 ft, I./d = 7. 8.
The difference in 1./d generally caused a difference in flow pattern
between the two model scales, as will be shown in Section 6.5, but
only after the wave front had propagated from the seaward end of the
platform a relative distance x/d greater than 4.0, the relative plat-
form length at the larger scale. When the wave front was at relative
locations x/d less than 4.0, there was no effective geometric differ-

ence between scales. Since the purpose of performing experiments
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at two scaies was to measure peak pressure and rise-time at two
scales, and since peak pressure and rise-time W.ere measured as
the wave front propagated past the transducer, it was unimportant
whether geometric similarity was lost after the wave fronf had -passed
the transducer. Therefore, despite dissimilarities in relative plat-
form length L/d, there was otherwise adequate similarity in con-
ditions at the two scales for obtaining information to correct measure-
ments of rise-time and peak pressure.

For .s/d = 0.1, the water depth d was 1.00 ft. Pressures were
recorded at distances x = 0. 522 ft and 4. 525 ft from the seaward edge

of the platform. Eiapsed travel times t, were measured at x = 0.270 ft,

d
0.522 ft, 1.020 ft, 1.520 ft, and 2.520 ft. For s/d = 0.0, transducers
were mounted at x = 3.025 ft and 4.900 ft. The still water depth was

0. 77 ft.

It was the practiée at each value of x/d and s/d to generate waves
at only a limited number of wave heights (usually 4), but at each wave
height to generate a reasonably large sample of waves. Generally the
sample size was five or six, but in selected instances it was as great
as 32. For each sample, the mean, standard deviation, and deviation
of the mean were computed for the wave height H, the peak pressure
P, as recorded by both transducers, the rise-time t. as recorded by
both transducers, and the wave front travel time td’ as measured by
the 1/8—in. transducer. As discussed in Section 4.5, a sample size
larger than one or two was needed to obtain meaningful average values
for the peak pressure P,, which was subject to considerable scatter.
The slowly-varying pressure P._L and the time of arrival te of the wave

of recession, judged to be much less variable than the peak pressure
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P,, were obtained from only one or two records of each sample, and
treated as individual data, not averaged.

Two typical pressure records are shown in Figures 6.20. The
record shown in Figure 6.20a is characteristic of records obtained at
s/d = 0.2 and 0.1. The CEC Model 5-124A recording oscillograph
was operated at a paper speed of 64 in. /sec, in order to give as much
recorded resolution as possible to the pressure peak. The vertical
grid lines indicate intervals of 0.0l sec. The two traces on the re-
cord, representing the outputs of the 1/2-in. transducer and the
1/8-in. transducer, are characterized Ey a short train of prelim-
inary oscillations followed by a high deflection of short duration (the
"pressure peak'’); followed by a slowly-varying deflection, at first
positive and then negative; followed by a return to zero deflection.

At approximately the point where the slowly-varying deflection passes
from positive to negative, there are superimposed on it a series of

" in order

oscillations which may be termed "secondary oscillations
to distinguish them from the preliminary oscillations mentioned earlier.
For positive soffit clearance, i.e. for s/d = 0.2 and 0.1, the
1/2-in. pressure transducer and the 1/8-in. pressure transducer with
the o0il chamber described in Section 4. 4 were mounted side-by-side in
the platform at the same distance x from the seaward edge. The
side-by-side arrangement was necessary for recording the peak
.pressure accurately: the 1/8-in. transducer more accurately resolved
the peak pressure function, as stated in Chapter 5, but suffered a
troublesome drift in zero-pressure output due to a temperature shift,

in spite of ameliorative measures. The record of the 1/2-in. trans-

ducer, which suffered negligible temperature shift, was used to
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Figure 6.20a. Typical pressure record for s/d = 0.2 or 0.1. CEC oscillograph used.
(For record shown, d = 1.25 ft, s/d = 0.2, x/d = 0.816, H/d = 0,388.)

P ——

1.0

Figure 6.20b. Typical pressure record for s/d = 0.0. Sanborn recorder used.
(For record shown, d = 0.77, s/d = 0.0, x/d = 3.940, H/d = 0.231,
Time scale is 0. 05 sec per major paper division.)

261
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re-define the zero-pressure or baseline deflection for the 1/8-in,
transducer.at the time of peak pressure, as follows:

On the trace representing the output of the 1/2-in. transducer,
at a time about 0. 02 sec after the pressure peak, the pressure de-
flection is slowly-varying, and the transducer may be considered to
be functioning accurately. It is assumed that the pressure measured
at that time by the 1/2-in. transducer is simultaneously exerted by
the fluid on the 1/8-in. transducer. By subtracting the deflection
that would be due to the known pressure from the actual deflection
of the 1/8-in. transducer's output trace, the zero-pressure or base--
line deflection for the 1/8-in. transducer is obtained for that time. A
straight line is drawn connecting the trace before the pressure peak
with the derived zero-pressufe peoint. The straight line, wvisible in
Figure 6.20a (and in Figures 6.22, to be discussed presently), is
used as the zero-pressure line or baseline, from which the peak
pressure is measured. Due to the heat-insulating properties of the
o0il chamber, described in Section 4.4, the baseline correction neces-
sary is only a small fraction of the peak pressure deflection.

The slowly-varying pressure P, was obtained from the 1/2=3n.

1
transducer output trace, since for slowly-varying pressure no prob-
lem . of area defect was considered to exist, and the 1/2-in. trans-
ducer was free of temperature shift.

For a relative soffit clearance s/d of 0.0, there was no ob-

served pressure peak, as shown in Figure 6.20b. The single slowly-

varying positive deflection is nearly symmetric. Since a high—speeﬁd
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recorder was not needed for this case, the Sanborn recorder was
used, operéting at a speed of 100 mm per sec. With water in con-
tact with the platform and the transducers at all times, .the problem
of transient temperature shift in the 1/8-in. transd.ucer did not exist,
With no pressure peak, the problem of spatial and dynamic response
did not exist for either transducer. Therefore, at s/d= 0.0, both
transducers could be used.

The preliminary oscillations, visible in Figures 6,20a and
6.22a, while originally unexpected, fortuitously provided a means of
determining a zero point for the time coordinate. It may be shown
that the oscillations are not caused by vibration of the platform: if
the transducers are mounted in the platform but not exposed to the air
space benecath the platform, né oscillations are recorded. The oscil-
lations méy rather be attributed to vibrations in the air chamber
formed by the water surface, tank walls, and the five-ft platform,
where the air chamber is closed at the seaward end and open at the
shoreward end of the platform. This conjecture is supported by agree-
ment between the measured period of oscillation, 0.0176 sec, and the
computed natural period of a five-ft organ pipe closed at one end,
0.0177 sec (where the velocity of sound in air is taken as 1130 ft/sec).
The oscillations are thus not to be expected in model or prototype pres-
sure measurements on a narrow pier without side walls to confine an
air chamber.

Although not created intentionally, the preliminary oscillations

did indicate on the pressure record the time at which the wave first
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struck the platform, thus providing an origin for the time variable t.
With the a‘id of Figures 6.21a and 6.21b, the oscillations may be
shoﬁm to occur when the wave first strikes the platform. (The wave
propagates from left to right.) Figure 6.2la is a multiple-exposure
photograph of the wave front as it makes initial contact with the plat-
form. For each image in Figure 6.21a there is a corresponding
pulse in the record shown in Figure 6.21b. (The pulses actually are
"noise' in the pressure transducer circuit, caused by high-voltage
electrical discharge to the lamps as they flashed to form each image.)
There are six images and seven pulses; it was found that generally no
image appeared at the fi;st pulse. Therefore the six images in
Figure 6.2la correspond to pulses 1 through 6 in Figure 6,.21b, with
no image for the Oth pulse.

Figure 6.21la shows that the wave made initial contact with the
seaward edge of the platform shortly before the second image was re-
corded on the film. In Figure 6.21b, correspondingly, the first and
greatest maximum of the trace oscillations occurs shortly before the
second pulse. One may therefore conclude that the wave makes initial
contact with the platform when the first maximum of the train of pre-
liminary oscillations is recorded; that time is taken to be ¢ = 0.

To have available a time scale with an origin common to experi-
ments of all values of H/d and x/d has proved most valuable, in that
it has allowed the results of many experiments to be combined to con-
struct such functions as the celerity of the wave front U, and the

d

celerity of the wave of recession U,, and to observe functional rela-



19()

'3 L)
D454
Figure 6.2la. Multiple image photograph of wave first striking the
platform. (Transducer location marked in white,
indicated by arrow, 100 ft. tank, d = 1.25 ft.,
e/fd=0.2, x/d = 0.270, H/d = 0.302,)

-+ 0.0082 SEC.
«W g

»

Figure 6.21b. Pressure record from 1/8 in. transducer mounted at
x/d = 0.270, as shown in Figure 6.21la. (Pulse marks
(1) te (6) correspond to the six imnages in the photo-
graph. )
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tionships between the slowly-varying pressure P, and distance x.
To obtain these functions and functional relationships otherwise would
require several transducers operating simultaneously at different
values of x/d.

Figures 6.21 also support the prediction derived in Section
3.2 that peak pressure occurs when the wave front arrives at the
transducer. The sixth pulse in Figure 6.21b is seen to occur less
than a pulse interval before the pressure peak is recorded. Corre-
spondingly, the transducer location indicated in Figure 6.21a is less
than an image interval distant from the sixth image. It thus appears
likely that if by chance one of the strobe flashes were to occur at the
instant that maximum pressure was being recorded, then not only
would a pulse mark be superimposed on the pressure peak in Figure
6.21b, but there would also be an image in Figure 6.2la of the wave
front intersecting the soffit at the transducer location. Hence, the
. wave front may be defined as the location of the peak pressure.

Figures 6.22 show 3 samples of peak-pressure records pro-
duced by the 1/8-in. transducer. Often ‘the records show a simple
deflection, as in Figure 6.22a, but occasionally, especially at large
x/d, the records show random fluctuations superimposed on the prin-
cipal deflection, as shown in Figure 6.22c. Such fluctuations, which
may be attributed to the condition of turbulence and air entrainment
at the wavefront indicated in Section 6.2, made measurement of peak
pressure and rise-time difficult and somewhat subjective. Rise-time

was taken as the interval between the time of first major deflection of
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the record and tﬁe time of peak deflection, as indicated in Figures
6.22. Peak pressure amplitude was measured from the corrected
zero-level to the maximum deflection of the principal pulse, exclu-
sive of high-frequency fluctuations, as indicated in Figures 6.22.

The secondary oscillations indicated in Figure 6.20a were
not investigated extensively. Whereas the preliminary oscillations
have been shown to occur when the wave first makes contact with the
platform, before the transducers are in contact with the fluid in the
wave, the secondary oscillations occur when the fluid in the wave is
in contact with much of the platform soffit, including the pressure
transducers. The secondary oscillations will be discussed again
briefly in Section 6. 5.

Figure 6.23 summarizes schematically the data obtained from
the pressure records. From the trace representing the 1/2-in. trans-

ducer's output, values of peak pressure P rise-time tr, and reces-

2
sion time t, are measured. The slowly-varying pressure P, is
sampled frequently (at 0.02 sec or 0.05 sec intervals) for times t
greater than td but less than te The 1/2-in. transducer's output
trace is used to make a baseline correction of the 1/8-in. transducer's
trace, from which values of PZ’ tr’ -and wave front time of arrival

td are measured.

6.4 The Advancing Wave Front and the Wave of Recession:

Times of Arrival and Celerity.

The timea of arrival of the wave front td is defined as the time

needed for the wave front to propagate from the seaward end of the
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platform, gt x = 0, toa given position X‘—‘Xd. In Section 6.3 it was
indicated that tq is taken to be the time between the recording of the
first maximum of the preliminary oscillations and the recording of
the peak pressure maximum, as shown in Figure 6.23.

The function t;, multiplied by the normalizing factor Jeld, is
plotted against the relative wave height H/d for a number of relative
distances xd/d;'for s/d = 0.2 in Figure 6.24, and for s/d = 0.1 in
Figure 6.25. Each value of td and H represented is a sample mean
value.

In Figure 6.24, for which s/d = 0.2, data from both model
scales d=1.25 ft. and d = 0.64 ft are included. Comparison of data
from the two scales at the same or nearly the same value of xd/d
shows generally good agreement between scales, and no consistent
difference in mesasurement due to scale size, except for the effect of
relative platform length L./d. Obviously, there can be no data for
xd/d > L/d. Ford=1.25ft, L./d = 4.00; the greatest value of xd/d
for which there are data is 3.92. For d =0.64 ft, ./d =7.81, and
there are data for as large a value of xd/d as 7.07.

Figure 6.24 shows most, but not all, of the measured data.
The purpose of the figure has been to indicate functional form, com-
parison of data from two experimental scales, and comparison of
analytical results with data. For the sake of clarity, data for which
d =1.25 ft, xd/d =.118, 1.216, and 2.016 have not been included in the

figure but may be found tabulated in Tables Bl and B2 of Appendix B.

The data in Figures 6.24 and 6.25 indicate a monotonic increase
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of td/gTI with xd/d for constant H/d, and a decreasé of td@
with increasing H/d for constant xd/d. This behavior is to be ex-
pected when it is considered that the relative wave front celerity
Ud//é‘a (to be discussed presently) increases with relative wave
height H/d. At constant H/d, greater relative distances xd/d require
greater travel times td@a; and at constant relative distance Xd/d’
an increased relative wave height H/d, causing an increased relative
celerity Ud\/g—d', will result in reduced travel time tdm'

In Section 3. é, Equation 3.34 expresses the relative wave
front celerity Ud//gg_a in terms of the relative wave height H/d,
the relative soffit clearance s/d, and a function 1 /d whose dependence
on time t is expressed by Equation 3.30 (in which ty is defined in
Equation 3.31). As shown in EQuation 3.35, the wave front locati-on

%, is simply the integral of Ud with respect to t from t=0 to t=t

d d:

the time of arrival of the wave front at X By combining Equations

3.30, 3.31, 3.34, and 3.35, it is possible to determine functional

a4 Yg and x4 for all values of s/d and H/d

considered. Since Equation 3,34 is considered valid only for the

relationships between t,, U
range 0<t<ta, where ta is the time at which fluid begins to recede
from the platform soffit at the seaward end of the platform (see
Section 3.3), values of Ugq and xq may be computed only within
the range O<td <t

Values of td/g/d thus derived are plotted as functions of

xd/d and H/d in Figures 6.24 and 6.25. In Figure 6.24, for
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s/d=0.2, there is generally good agreement with the data, except that
predicted values of td\/'g73 are less than the experimental values for
large H/d, and are greater than the experimental values for small
H/d. Agreement is best for small xd/d. In Figure 6.25 for s/d=0.1,
analytical values are in fair agreement with experimental values for
xd/d less than or equal to 1.520. For greater values of xd/d, the
analytical values of td\/—g'm are in fair agreement with data for H/d less
than 0.2, but are significantly less than measured values for H/d
greater than 0.2. Since the analysis relating tq to x4 is intimately
related to the analysis for Ud’ further discussion of the analysis is
deferred to the discussion of wave f.ront celerity, to follow presently,
The variation in measured values of ty is examined first in
Figure ©6.26, where tq is plotted in cumulative frequency diagrams on

arithmetic probability paper for the samples of 16 to 32 experiments

d

with respect to a& the sample mean value of tq- In most cases, the

made at xd/d:D.816. In each sample, the values of t, are normalized
data appear to be approximately norrlnally distributed. With respect
to the entire study, the ratios of sample standard deviation in td to
sample mean were generally less than one percent. (Standard
deviation in measured values of tg will be referred to later in the
discussion of standard deviation in Ud.)

The wavefront celerity Ud is derived from experimental data as
follows: each curve fitted to experimental data in Figures 6.24 and

6.25 indicates the travel time (td> taken by the wavefront to propagate
i

a particular distance (Xd) from the seaward edge of the
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platform. At a particular relative wave height H/d, the normalized

time interval

(k). - () ] 572

1+

between adjacent curves corresponding to transducer locations

was evaluated. In the region of the platform between the locations,

the average wave front celerity is simply:

e ey ]
Yav [(td)nl' (td)i—|

-

U

(6.2)

This value of celerity is expressed as a function of the average

value of xd/d in the region:

x
('"c(% )a,f 2_1d’ [(Xq)i+1+ (xd)i] . (6.3)
The function
Pay . Ya g %a
(,‘/Ea av_ JEE —f( d >av

is thus computed for the intervals between all adjacent curves (includ-
ing those which were omitted from Figure 6. 25 for clarity) for several
values of H/d; for s/d = 0.2 at bothd = 1.25 ft and d = 0. 64 ft; and
for s/d = 0.1.

Figures 6. 27 show (Ud/,\/-g—d)aV for s/d = 0.2. Included also
are dafa from the '40 -ft wave tank, for which d = 0. 50 ft, obtained both

by the method just described,and from multiple-image photographs.
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In experiments made in the 40-ft tank a large number of multiple-
ifnage photographs (such as those shown in Figures 4,30 and 6.21a)
were taken of the wave front as it progressed beneath the platform.
The distance x of each wave front image from the secaward edge of
the platform was measured directly from the photograph. The

spacing

[<iar ~ Ga); ]
of two adjacent images, when divided by the time interval between
light flashes, gave the average wave celerity as a function of t1;1e mean
image position

%[(Xd)iﬂ * (Xd)i] :

The_re is cons idcrable scatter among the measured values of
Uy / Vgd , yet within the range of scatter there is no observable
difference in measured celerity with respect to scale size. The data
obtained photographically from the 40-ft tank are in fair agreement
with those obtained from the pressure records in experiments in both
the 40-ft tank and the 100-ft tank.

Figures 6.28 show the corresponding variation of U,/ /gd
with x, /d for several relative wave heights H/d for s/d =0.1.
Solid curves have been fitted to the data points in Figures 6.27 and
6.28 so that interpolated values of U / /gd may be obtained for anyb
desired value of xd/d. .

As described earlier, a combination of Equations 3.30, 3.31,

3.34, and 3.35 provided the analytical functional relationship between
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normalized wave front celerity Ud/ \fg.a and relative wave front loca-
tion xd/d. Values of Ud/ /gd predicted by the analysis are shown
by dashed curves in Figures 6.27 and 6.28. Again, the analysis is
limited to values of xd/d corespond-ing to the range 0'<. tg <t -

At x =0 the wave front celerity is simply the celerity Uo of
the undeformed incident wave. For both s/d =0.2 and 's/d =0.1,
both the predicted and measured celerity values show that with in- '
creasing Xd/d’ the wave front Cellerity increases to a maximum
value, then decreases again. However, the analytical function attains .
its maximum value at a greater value of x/d than does the measured
function, and thereafter it decreases more rapidly with respect to
distance x/d than does the measured function. For s/d =0.2, the
best agreement is found when H/d =0.36. For s/d=0.1, the best
agreement between predicted and measured values is found when
ﬁ/d =0.20. The degree to which anaytical Values.of tq agree
with experimental values in Figures 6.24 and 6.25 may be directly
related to the degree to which anaytical values of Ud agree with ex-
perimental values in Figures 6.27 and 6.28. Figures 6.27 and 6.28

show predicted values of U, less than experimental values for small

d
relative wave height H/d, which in Figures 6.24 and 6.25 is generally

-reflected in predicted times of arrival td‘/g?d which are greater
than measured values. Conversely, for larger H/d, predliéted values

of Ud are generally greater than measured values, corresponding to

predicted t, less than measured t. at larger values of H/d .

d d
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To determine the cause of disagreement between predicted and

experimental values of Ud (and therefore of t

d)’ the assumptions

underlying the analysis must be re-examined. The t@o assumptions
involved were that the form of the free surface wave remains approxi-
mately constant, although the wave celerity may change with time;

and that the horizontal fluid velocity beneath the seaward edge‘ of the
platform and the water surface elevation at the seaward edge are
approximately the same as for the case when there is no platform
present. The photographs of the surface profile near the wave front,
presented in Section 6.2, showed no discernible change

of profile with time, indicating that little error is introduced into the
analysis by the assumption of constant wave form. On the other hand,
as stated in Section 3.3, the assumption that fluid velocity at x=0

(the seaward end of the platform) is the same as that found when no
platform is present, introduces little error for (H-s)/d << 1, but
becomes less valid as (H-s)/d increases. Figures 6.27 and 6.28
show that generally as H/d increases, i.e., as (H-s)/d increases,
agreement between predicted and measured Ud decreases. For

s/d =0.1 the disagreement is more severe than for s/d=0.2, because
(H-s)/d is greater for the same value of H/d. In general, at

s /d=0.1 the wave is more perturbed by the platform than at s/d= 0.2.
The photographs in Figure 6.2 show that indeed the presence of the
platform causes a significant perturbation of the flow in the incident
wave, as indicated by the formation of the vertical jet on the front

face of the platform, and by other features not characteristic of an
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undisturbed solitary wave. Therefore the discrepancy between analyt-
ical and experimental values of Ud and of td may be ascribed chief-
ly to the assumption that the fluid velocity at x=0 is that which would
be found if the platform were not there.

The standard deviation in the measured value of Ud/\/gd may
be estimated from the standard deviation of td J/gld, following the
procedure outlined by Parratt (1961) in a discussion of the propaga-
tion of errors., If a quantity u is a function.-of n independent varia-
bles ti’ which have known standard deviation (St) , then the stand-
ard deviation of u is:

n

= 2 1

S [_> (—al) (S)B]?. (6. 4)
i=]1 .
In the present case, the derived quantity is Ud , and the independent
variables are (td)i and (’td )i+l . The partial derivatives may be deter-
mined by differentiating Equation 6.2 first with respect to(td)_ and
; i

then with respect to(td)_ %
1+1

aU = U .
a__ Uy~ _ d : 5

a(td)ir a(td)i,g1 [(td)iﬂ_ (td)i,___}

Thus the standard deviation becomes:

U, /()2 +(S,)?
= dj b iy (6. 6)
" [(td)i+1 - (tg)y ]

S

and the ratio of standard deviation in celerity to mean celerity Su/U Les
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S, 8% +(S)F, .,

Ua [tadiyy - )]

Equation 6.7 indicates that the ratio Su/Ud of standard deviation to

mean celerity is directly proportional to the magnitude of deviation
in td‘/g]d, and inversely proportional to the difference in values of
td\/g7c1 from which Ud/\/gd is computed. In other terms, for a

given deviation in ty Ud computed from small differences in ty

will have a much larger deviation than the deviation in ty -

Values of Su/Ud are plotted in Figure 6.29 , where they may

be compared with values of the ratio of standard deviation to mean

for t That the fractional standard deviation of celerity U, thus

d

estimated is considerably greater than the fractional standard devia-

g

tion of travel time td is due to large values of the partial derivatives
in Equatior} 6.5. This explains why there is considerable scatter
appearing in”Figures 6.27 and 6.28 in values of U, // gd computed
from measured values of tdfg_ra-, when there is little scatter appar-
ent in measgred.values of tdfgfa plottted in Figures 6.24 and 6. 25.

The time of arrival te is defined as the time that elapses be-
tween t=0, when the incident wave makes initial contact with the
seaward end of the platfornq, and the time when fluid recedes from a
given position x, on the ‘platforrn soffit. As indicated in Figure 6.23,
t, is taken to be the time between the recording of the first maximum
of the preliminary oscillations and the final return of the recorded
i:race to zei-o deflection.

Figure 6.30a shows te , normalized by multiplication by

v/ g/d, plotted as a function of H/d for various values of xe/d, for
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s/d =0.2. (The number adjacent to each curve indicates the value of
xe/d.) Data -from both scales, d = 1.25 ft and d = 0.64 ft, are in-
cluded. Unless otherwise indicated, the plotled points represent not
sample means, but data from individual wave records. Curves have
been fitted through the data points for purposes of interpolating
te@a for any valuerof. Hid.

The curves labeiled "0.0" actually indicate values of s the
time at which fluid recedes from the seaward end of the platform.

The values of (te) T o= t, were obtained with a parallel-wire wave
x= 0

éauge mounted 1/4-in. seaward of the seaward end of the platform.
The water level indicateld by the gauge showed an increase from
stiil water level to the soffit elevation s , then to a maximum value,
followed by a decrease again to s and to the still water level. The
recorded interval between the time when the rising water level was
equal to the soffit clearance s and when the falling wa‘ter level was
equal to s was taken as the value of ta ;

The dashed curves in Figure 6.30b represent analytical values
of te predicted by Equation 3.52. For clarity, the analytical curves
have been presented separately in Figure 6.30b , rather than super-
imposed on the experimental data in Figure 6.30a .

In Figure 6.30a, comparison of data from the two model
scales indi;atcs that for Xe/d less than about 1.0, values of
'te./—m for d =1.25 ft are consistently less than for d =0.64 ft. The
cause of the difference is not understood; apparently it is not due to

error in measurement, since the difference between scales exists for
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xe/ d= 0.0, where data were obtained with a wave gauge, as well as
for xe/ d= 0.2, 0.4, and 0.8, where data were obtained in independ-
ent measurements with the pressure transducers,

There is fair agreement between scales for values of te\/ETcT
measured at xe/d = 1.6 , 2.4, and 3.2. For xe/d > 3.2, there
appears a very large differencé between scales: for d = 0.64 ft,
tefg7-cT continues to increase with Xe/d’ whereas for d = 1.25 ft,
tem appears to decrease with‘incz-:easing xe/d. This difference
is most likely due to the difference in relative platform length L/d.
Fox d= ‘1. 25 ft, L/d =4.0, and the portion of the soffit for which
3.2 < x/d < 4.0 is affected not by the principal wave of recession
but by the secondary wave of recession, shown in several figures
in Section 6.2. For d = 0.64 ft, where L/d ): ‘7 . 68, the principal
wave of recession propagates over the approximate region
0 < x/d < 5.5; the secondary wave propagates over thebregion
5.5< x/d < 7.68. (The behavior of the secondary wave of recession
will be illustrated more clearly in Section 6.5)

Comparison of Figure 6.30b with Figure 6.30a shows predicted
values of te/Eﬁ to be consistently less than measured values. The
curves for X, /d = 7.07 are an exception: the position is affected by -
the secondary wave of recession, whereas the predicted value is com-
puted as if it were subject to the principal wave of recession, giving a
value of te@a“ much greater than actually measured. The analysis
clearly cannot be expected to predict accurate values of t. in regions

of x /d which are subject to the secondary wave of recession, since
b :
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the secomiary wave is not considered at all in the analysis.

In Figures 6.30, the difference between measured and pre-
dicted values of te‘/—m for 0 < X, /d < 5.51 is everywhere approx-
imately equal to the difference between measured and predicted values
of ta/m indicating that the error in the analysis lies mainly in the
first term in Equation 3.52, which is ta\/_g7€1‘ , and less in the second
term, which is proportional to the reciprocal of the predicted value
of celerity Ue :

Figure 6.3]1 shows measured and predicted values of tre\/g_]-a.
for s/d =0.1, for thertwo values of xe/d at which measqrernents of
t, were obtained. There is close agreement between measured and
predicted values of tefm for xe/d = 0.522, but for xe/d = 4.525
the predicted value is much greater than the measured value, from
wh;ch one may infer that xe/d =4.525 lies within a region subject to
the secondary wave of recerssion, rather than the principal wave.

As explained in Section 6.3, the travel time t, of the wave of
recession, as well as the slowly-varying pressure head P1 /Yy, were
in most cases obtained from only one or two wave records of each
sample of five or six records. However, for the samples of 16 to 32
waves generated at x/d & 0.816, t, was obtained for each record so
that several large samples of te would be available _for statistical anal-
ysis. For each sample the ratio of te to sample mean -t_e is presented in
cumulative ‘frequency diagrams in Figure 6.32, similar to those for
td/rd presented.in Figure 6.26. Like td, the travel time te appears

to be normally distributed. For these samples, the average ratio of
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standard deviation to mean is 0.015,

The celerity Ue of the principal wave of recession is compufed
from measured values of ty in the same manner in which the advanc-
ing wave front celerity U, was computed from ty- For s/d=20.2,
the normalized celerity Ue/fg_cl— is shown in Figure 6.33 as a function
of distance xe/d, with the relative wave height H/d indicated. The
constant value Ue/@- = 0.615 predicted by the analysis for
s/d = 0.2 (Equation 3.49) is also shown. The experimental data vary
with x/d and H/d, but show no covnsistent trend dependent upon these
" parameters. The analytical value of 0. 615 is close to the value of the
» average celerity in the range 0.5 < xe/d < 5.0. The values represent-
ing one scale are not consistently greater or less than the values from
the other scale.

Equation 3.49 is based upon the following assumptions:

‘1, that there is a location shoreward of the wavre of recession
(Point 1 in Figure 3. 3b) at which the horizontal fluid velocity does -nof
depend on depth;

2. that the surface profile of the wave of recession is of
unchanging form;

3., that effects of viscosity, surface tension, and air entrain-
ment are negligible.

These assumptions are among those upon which the analysis for slc->w1y-
varying pressure is based. Detailed discussion of the assumptions is
deferred to Subsection 6.-5. 4 in the discussion of slowly-varying

pressure, rather than presented in this section, because for this study,



° ' ! T T T T T T T
H SYMBOL
d [d=125ft.| d=064 ft
0.24| o Py
0.28 3] ’
T . 032| o =1
U, © 036 2 °
= ® A EQUATION 349 040 %) )
d ¥ . /‘
A » e :
ost ¢ X g g » .
¢ g p % 63
0
0 ! ] 1 ! | | i , :
0 05 10 15 20 30 35 40 45

L

Figure 6.33. Normalized celerity Ue/,/gd of the wave of recession for s/d = 0.2.

50

£2?



224

slowly-varying pressure is considered to be a more important topic
than is the celerity of the wave of recession. As expressed in Sub-
section 6.5.4, the assumption of velocity constant with depth is most
valid for large xd/d. A comparison of Figures 6.30a and 6.31 with
Figures 6.24 and 6.25 show that for times when the wave of recession
exists (t > ta) : xd/d is greater than 2. However, it has not been
possible to measure quantitatively how well the condition of uniform
flow has been met. As stated in Subsection 6.5.4, photographs in
Section 6.2 show distinctly that the assumption of constant wave pro-
file is not valid for the wave of recession for the time immediately
following ta when the wave is beginning to form. (For times suffici-
ently greater than t s however, the assumption may be valid.) From
the discussion presented in Subsection 6.5.4, the effects of viscosity
and of surfvace tension may safely be neglected in the analysis for the
celerity of the wave recession. The photographs in Figures 6.13
through 6.17 in Section 6.2 show practically no air entrained at the
.wave_: of recession, except perhaps during initial formation of the wave
(see Figures 6.13e, 6.13f and 6. 16¢); hence the entrained air will not
affect the anaiysis for u, . It is interesting to note that despite the
questionable validity of the assumptions of uniform velocity at Point 1
(see Figure 3.3b) and of constant pfofile, and despite variations in
measured Ue , Equation 3.49 predicts well an average value of the
celerity Ue of the wave of recession, as shown in Figure 6.33.

For s/d=0.1, whe:;e tefé_/‘d- has been measured at only two

values of xe/d, it appears that the location x, = 0.522 is subject to
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the principal wave of recession, whereas the location x/d = 4.525
is subject to the secondary wave of recession, as stated
earlier. In such a case, it is meaningless to try to derive
a wave celerity Ue from the two measurements of te’ since
there are in fact two independent waves of recession propa-
gating in opposite directions with different celerities. There-
fore, with no other data for s/d = 0.1 available, no measure-
ment of Ue is possible. (The matter is discussed further in
Section 6.5.)

The magnitude of the standard deviation in '"measured"
Ue may be estimated by the same procedure used for the

‘wave front celerity U Adapted for the wariables te and

a

U,_, Equation 6.7 becomes:

S, _ 8+ i
Ue (te)iJrl - (te)i

The standard deviations St of the six samples of te plotted

in Figure 6.32, normalized by multiplication by ./g/d, have
a mean value of 0.076. If one assumes that this average
normalized value of standard deviation represents the order
of magnitude of the standard deviation in te“/m at all values

of Xe/d’ then the ratio of standard deviation to mean celerity

: (6.8)
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Ue of the wave of recession is of the order of:

Sy _ J0.076)2 + (0.076)2 i)
Ue (te"/g/d)i+l - (te'\/g[d)i ) )

Again, the ratio of standard deviation to mean celerity
is inversely proportional to the difference in wvalues of te@g
from which Ue/Jg—cf is computed. Figures 6.30 show that for
Xe/d < 0.42, the difference (te’\/g_]g)i+l - (te,\/g7€)i is about 0.4;
therefore, by Equation 6.9, Su/Ue is approximately 0.27.

For 0.4 < xe/d < 3.9, the difference is about unity; there-

fore Su/Ue is approximately 0.11 for this range.

6.5 The Sldwly—Varying Pressure.

In this section measurements of slowly—varying pressure,
obtained with the 1/2-in. transducer, are presented and dis-
cussed. The total uplift force, the average pressure, and
the center of pressure, derived from the distribution of
méasured pressure, are also presented and discussed. The
data which correspond to the s.lowly~varying pressure

are tabulated in Table Bl of Appendix B.
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6.5.1 Statistical considerations.

To es-tilnate the deviation inherent in measurements of the
.slowly—varying pressure head, Pl /vy, one measurement of Pl/Y was
obtained from each of the pressure records obtained at x/d = 0.816
for various ratios of wave height to still water depth, H/d, and for a
time t which was constant for all records in a sample. (At this
location between 16 and 32 experiments were conducted for each wave
height. For d = 1.25ft, the time t was 0.14 sec, so that t/g/d
was 0.712; for d =0.64 ft, the time t was 0.12 sec, so that
t/g/d = 0.852. At each each scale the choice of t was arbitrary, it
being necessary only to choose a value sufficiently greater than tq to
ensure that slowly—varyir;g pressure rather than peak pressure was
being measured. ) |

Cumulative frequency diagrams for six samples, shown in
Figure 6.34, indicate an approximately normal distribution. The

average ratio of measured standard deviation of slowly-varying

" pressure to incident mean wave height is 0. 029.

6.5.2 Pressure.

Figures 6.35 through 6.40 represent an attempt to aid visual-
ization of the functional pattern of pressure, in its dependence on
time, t , and distance, x . The ordinate of each graph is the
normalized time coordinate tf_g_fa-, and the absoissé is normalized
‘distance x/d. The graphs are similar to the characteristics
diagrams commonly used in the one-dimensional analysis of shock

waves or shallow-water waves. The plotted values which define the
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locus of the wave front are obtained from the experimental curves pre-
sented in Figures 6.24 and 6.25; plotted values defining the locus of
the waves of recession are obtained from the experimental curves
presented in Figures 6.27 and 6.28. Determination of the loci is
aided by interpretation of photographs of the wave beneath the plat-
form, such as shown in Section 6.2. The data which define the line
separating the regions of positive and negative uplift are determined
from the pressure data presented in Table Bl of Appendix B. Solid
curves are fitted to the data; dashed curves represent estimated or
extrapolated values. Theoretical curves are not included in these
figures, since a comparison of theoretical and experimental values of
l:d and te has been presented in Figures 6.24, 6.25, 6.30, and 6.31
in Section 6. 4.

Figures 6.35 through 6.40 may be interpreted as follows: at
x/d = 0, t‘,/-g_ﬁi- = 0, the wave first makes contact with the platform.
The wave front, defined in Section 6.3 as the location of the pressure
peak, propagates along the platform as shown by the curved labeled,
"locus of wave front and peak pressure'. The platform used in all
experiments was 5 ft long; hence for s/d =0.2 and for a depth
d =1.25 ft, the wave front curve terminates at x/d =4, whereas for
d = 0.64 ft, the curve continues to x/d =7.8 (except in Figures 6. 35,
as will be noted presently). For s/d =0.1, pressure tests were made
at a depth of d =1.00 ft, for which the maximum value of x/d is 5.00;
photographs presented in Figures 6.16 and 6.17 were made at

d =0.70 ft, for which the platform extends to x/d =7.16. The length
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of each vertical line labeled, ''shoreward end of the platform"
indicates the length of time for which the shoreward end of the plat-
form is submerged. The time at which the vertical lines intersect
the wave front curve is tb’ the time beyond which the advancing
wave front is no longer defined (Table 3.1). |

At x/d =0, t/g/d = £ J/g/d, the principal wave of recession
begins to f‘orm and propagate shoreward, as shown by the curve
labeled ''locus of principal wave of recession'. Similarly, from the
shoreward end of the platform, the secondary wave of recession pro-
pagates seaward, as shown, meeting the principal wave of recession
gt Efgid = tc\/é7'c—i-. In each figure a curve which defines a secondary
wave of recession is indicated for each model scale, in the same
manner as the shoreward end of the platform was indicated for each
model scale.

In Section 3.2 it was noted that the normalized distance
xdmax/d in which the wave propagates beneath and in contact with
the platform may be expected to increase with increasing relative
wave height H/d. In Figures 6.36 and 6.37 for s/d =0.2, and in
Figures 6.38, 6.39, and 6.40 for s/d =0.1, H/d is great enough‘so
that the normalized maximum distance X3 max/d is greater than the
relative platform length L/d; i.e., the wave front is in contact with
the platform over the whole length of the platform, as in the cases
illustrated in Figures 6.13 and 6.16 in Section 6.2. However, for
Figure 6.35, H/d is sufficiently small that the wave front is not

defined for a relative location x/d greater than about 5.8, which for
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d = 0.64 ft is less than the relative platform length L/d =7.81. The
condition is shown in Figures 6.14 in Section 6.2: the wave front

that may be seen in Figure 6.14d is no longer defined in Figure 6. 14e,
in which the wave crest (which is seen approaching the shoreward end
of the platform) propagates without wettiné more of the platform. At
tfg_/'H = tb/—gﬁ, which in this case is the time when the wave front
‘can no longer remain in contact with the platform, the secondary
wave of recession immediately forms and propagates seaward.

In each of Figures 6.35 through 6. 40, the polygon enclosed by
the curves is subdivided into shaded areas labeled, 'positive uplift"
and''negative uplift''. At any given value of relative time t/g/d,
values of x/d within the polygon represent the portion of the platform
soffit in contact with, or wetted by, the wave. For any given value of
x/d, the polygon and its shaded areas indicate the relative time of
wave front arrival, the subsequent duration of iaos itive and negative
pressures; and the relative time of arrival of the principal or second-
"ary wave of recession.

The chronological events ta’ and tc’ defined in Table 3.1

tb i
of Section 3.3, are indicated in each of Figures 6.35 through 6.40.

In Section 6.2, each of the photographs in Figures 6.13 through 6.17
shows the flow within a particular time range (such as 0<t< ta). By
reference to phétographs taken at comparable values of s/d and H/d4,

-one may visualize the flow conditions at corresponding times plotted

in Figures 6.35 through 6.40.
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Since the primary concerns of the present study were the peak
pressure (to be discusse'd in Section 6. 6) and the positive slowly-
varying pressure, there was no attempt made to measure either the
celerity of the secondary wave of recession or the value of e the
time at which the principal and secondary waves of recession meet.
Yet photographs such as shown in Figures 6.14e, 614.f, 6.15e, and
6.15f clearly indicate the existence of the secondaziy wave of reces-
~sion, and its representation in Figures 6.35 through 6.40, even if
its position is only estimated, permits one tol make several observa-
tions about pressure as a function of time t and distance x.

It is of interest to study the curve which separates the regions
of positive and negative uplift in Figures 6.35 through 6.37. The
points defining the Cur#rc were obtained for several values of x/d by -
determining the time at which pressure records, a.fter indicating
positive pressures, indicated zero pressure before indicating nega-
tive values. It was often difficult to determine meaningful values of
time of zero pressure because of severe oscillations in the record
which almost always occurred at the time of zero pressure. (These
oscillations, -the "secondary oscillations' indicated in Figure 6.20a,
.of interest in themselves, will be discussed presently.) On each
record examined for time of zero pressure, a curve was fitted
through the region of oscillation to -represent the mean value about
which pressure varied. The curve connected smoothly with the
pressure trace in the regions before and after the regions of oscilla-

tion. The time at which the fitted curve indicated zero pressure was
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taken as the time of zero pressure, scparating regions of positive
and negative pressure,

It may be noted that the curve sepafating the regions of posi-
tive and negative uplift in Figures 6.35 through 6.37, when extrapo-
lated to x/d =0, tendsiocavalue of t/ g/d approximately equal to
ta@a, the time when the water level at x/d =0 has decreased to
the elevation of the platform soffit. From hydrostatic considerations,
it is very reasonable that at x/d =0 the uplift pressure should be
zero at the nondimensional time ta\/-g7§ when the elevation of the
nearby water surface is equal to the elevation of the point of pressure
measurement.

For x/d =0.2, in Figures 6.35 through 6.37, it is notable
that the time of zero pressure does not vary significantly with in-
creasing x/d, except at larger values of x/d where the curve
approaches the curve wh-ich describes the wave front. With the time
of zero pressure remaining relatively Cénstant with x/d compared to
the time of arrival of the wave front or of the wave of recession,
Figures 6.35 through 6.37 show clearly that .the ratio of duration of
~ positive upliff to duration of negative uplift at any given point on the
platform decreases with increasing x/d.

Use of the same absolute platform length (five ft) at the two
model scales (d = 1.25 ft and d = 0. 64 ft) provides information on the
pressure-time-distance distribution on platforms of different relative
lengths I./d for similar values of relative soffit clearance s/d and

relative wave height H/d. To extend the ocbervation just mentioned,
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that the ratio of positive uplift duration to negative uplift duration de-
creases with increasing =x/d, the principal effect of increased rela-
tive platform length L/d is to increase considerably the duration of
time for which portions of the platform are subjected to negative up-
lift, with little increase in the duration of time for which the platform
is subjected to positive uplift.

For relative soffit clearance s/d =0.1, Figures 6.38 through
6.40 show that the time of zero pressure increases with x/d; yet in
this> case also the ratio of the durations of positive and negative uplift
apparently decreases with increasing x/d, and an increase in plat-
form length L/d increases the duration of negative uplift more than
it increases the duration of positive uplift.

Figures 6.35 through 6.40 show that for all x/d the ratio of
the duratioa-i of the positive uplift pressure to that of the negative up-
lift pressure increases wii:h relative wave height H/d, for both
s/d=0.2 and s/d =0.1. Comparison of Figures 6.35 through 6.37
for x/d = 0.2 with Figures 6.38 through 6.40 for s/d =0.1 indi-
catés that for any value of x/d the ratio of the duration of the posi-
tive to the negative uplift pressures increases with decreasing rela-
tive soffit clearance s/.d. (It should be kept in mind that these results
were obtained for a platform as wide as the wave tank, where air was
not permitted to flow between the platform edges and the tank walls to
relieve negative pressures. For a narrow pier without confining side
walls, the qualitative picturé may be different.)

In Section 6.4, Figure 6.30a for s/d = 0.2 showed that the
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time of arrival of the wave of recession te, after initially increasing
with x/d, decreased markedly with increasing x/d. In particular, for
d = 1.25 ft the value of‘te g/d for x/d = 3.920 was considerably less
than for x/d = 3.220; and for d = 0. 64 ft the value of te j'g73 for
x/d = 7.070 was less than for x/d = 5.510. It was suggested in Section
6. 4 that this behavior could be attributed to the presence of the
secondary wave of recession, as is now shown in Figures 6,35 through
6.37 for s/d =0.2. Ford=1.25, values of tg m obtained at all
transducer locations except x/d = 3.920 lie on the curve representing
the principal wave of recession and increase with increasing x/d. The
transducer location x/d = 3.920 is subject to the secondary wave,
where values of te mdecrease with the increasing x/d; the value
of te mat x/d = 3.920 may therefore be less than at x/d = 3. 220.
For d = 0. 64, the transducer location x/d = 7.070 is subject to the
secondary wave of recession, and the value of te Mmay therefore
be less than at x/d = 5.510. (One may note that at d = 0. 64 ft, the
location x/d = 3.938 is subject to the principal wave of recession and
there is hence a great difference in values of te Jm for this location
and the corresponding location x/d = 3.920 at d = 1. 25 ft, which was
subjected to the secondary wave of recession. Other differences
between pressure values obtained at these two corresponding locations
will be discussed presently.)

In Figure 6.31 for s/d = 0.1, it was shown that despite good
agreement between theoretical and experimental values for t B d for

x/d = 0.522, there was very poor agreement between theory and
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experiment for x/d = 4.525; because, it was suggested, the location
x/d = 4.525 is subjected to the secondary wave of recession rather
than the principal wave of recession, as assumned in the analysis.
Figures 6.38 through 6.40 for x/d = 0.1 for d=1.00 ft show an ex-
perimental value of te/_chT at x/d = 4.525 on the curve for the
secondary wave of recession, as suggested. The slope of the curve
which represents the principal wave of recession in Figures 6. 38
through 6.40 (defined as d(x/d)/d(tv/ g/d)) is the normalized celerity
Ue /‘/Tg_a" = 0.318, where the numerical value is obtained from Equation .
3.45. There are at least two observations which can be made to
support the use of estimated curves of the loci of the principal and
secondary waves of recession as constructed in Figures 6.38 through
6.40, as opposed to simply pgssing a straight line through measured
values of tem at both x/d = 0.522 and x/d = 4,525, Such a line
would result in a normalized éelerity Ue /V/gd of about 0.7. First, it
may be pointed out that in Figures 6.35 through 6.37 for s/d = 0.2,
the slope of the curves for the principal wave of recession is in excel-
lent agreement with the value Ue //gd = 0.615 predictc;,d by Equation
3.49, giving one confidence in the analysis resulting in Equation 3. 45,
and hence in using the value Ue /v/—g_cf = 0.318 predicted from Equation
3.45 for s/d = 0.1. Second, as stated earlier with respect to

s/d = 0.2, it is reasonable to expect that x/d = 0 the time of occur-
rence of zero pressure should coincide with ta/_g7—d-, the time at
which the water level has decreased to equal the soffit elevation. In

. Figures 6,38 through 6.40, the curve for the principal wave of
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recession, extrai)olated to };;/d =0, is in closer agreement with the
time of zero pressure (also extrapolated to x/d = 0) than it would be
if a curve had simply been placed through the two plotted values of
tef-g_TcT shown.

The values of the slowly-varying pressure which correspond to
locations and times shown in Figures 6,35 through 6.40 will now be
presented and discussed. In Figures 6.35 through 6.40, where time
is the ordinate and distance is the abscissa, the relative pressure
head P1 /Yd may be considered to be plotted with respect to an axis
normal to the plane of the paper. Figures 6.41 through 6.47, showing
relative pressure head as a function of time, and Figures 6.48 through
6. 50, 'showing relative pressure head as a function of distance, may be
considered sectional views of the function plotted in Figures 6. 35
through 6.40. For instance, Section A-A indicated in Figure 6.35 is
shown as Figure 6.4la, and Section C-C in Figure 6.35 is shown as
Figure 6.48a.

The data presented in Figures 6.41 through 6.47 are obtained
directly from the pressure records such as shown in Figures 6.20 and
as tabulated in Table Bl of Appendix B. Because it was difficult to
control precisely the values of H/d at which waves were generated,
the relative wave height H/d associated with each pressure record is
only approximately equal to the value of H/d association with the
entire figure. For instance, in Figure 6.4l, associated with
H/d = 0.24, the relative wave heights H/d for the records plotted

range from 0.240 to 0.252, However, the values obtained are



0.2 T T I T
SECTION A—-A
s/d = 0.2, x/d=0.8i6 | Hd
d=1.25ft 0j0.244
- EXPERIMENT e — e
. o
EQUATION 3.40 248
| [V
o I 1 T I
-Q! - -
5 poredftiocns
d
b4 SECTION B-B
s/d =0.2, x/d=3.9 H/d
d=1.25 fi_0]0240)
ol EXPERIMENT e o Tazaol
EQUATION 3.40 0240
oy ——
o | >
B I I |
L
L ]
-0 =]
1 | | ] ] | 1 | i |
02 I 2 3 4 5 6 7 8 9 10 11

t./g/d

Figure 6.41l. Pressure as a function of time for s/d = 0.2, H/d = 0. 24.

o8 T T T T T T =T T T

SECTION G=G ]
s/d=02,  x/d=08i6 [H/Ad |

d=1.25t oj0328] —
EXPERIMENT 4-064 11 e[0327

EQUATION 3.40 &"“‘ ———10.327|

lcomp

| | I
I 1 I

SECTION H-H
s/d =02, x/d=39 |H/A
d=1.25 M ©[0293] —
EXPERIMENT 4=064 ft_® 0303 [

EQUATION 3.40 10.300)

Figure 6.42. Pressure as a function of time for s/d = 0.2, H/d = 0. 32.



0.5 T

T T T T T T T T ! ! L
SECTION M-M
5/d-02 /d=g816 Iz
3 ~ d=|.25ft o
o W EXPERIMENT  I'i-564 11 0 [040B
I EQUATION 3.40 8““‘”‘ 040l
[ i
o3 \ —
\
02 |- T -1 (a)
i 5 _'ia,s. -
\
1 1 ! | ll | 1 1 | l ]
g T V1 p T i i T ] i 1 i
‘. ”
-0l |- | —
s
| | | | L | ] | | | | | |
| I I i T~ T i I 1 T f T !
SECTION N-N
s/d=02 x/d-39 | H/d
d=125ft o 0374
EXPERIMENT I 4-G84fi o 0368
EQUATION 340 t:"‘“Lozm
deomp ===
| | | 1
| | i i (b)
L]
| | | | | 1 | | |
I l 1 ] i i i i I ! | 11 !
SECTION O-0O
5/d=0.2,  x/d=7.07 | A/d
ol d=1.25 ft
EXPERIMENT 14 0edfi 0403
EQUATION 340 TLJJ-E'—“LL-— 0403
| | | | | | | | e
9 | i i I e w5l i 1 T T T T ARG
* * . . . » |
* o |
-0l |- Al
e e e e Loeoge s e e 2
S ! L ! | L [ ! | 1 ! | 1 !
o I 2 3 4 5 6 7 8 9 10 i 12 13 14
t+/g/d
Figure 6.43. Pressure as a function of time for s/d = 0.2, H/d = 0. 40.



03 T T T T T T T T T
SECTION S-S
02+ H-5s s/d =01,  x/d-0522 | HA | —
i ""a“" EXPERIMENT [d=1.00 fi__s|0.147
o.l éh _L EQUATION 340 Diros olar|
| - i —
I el . o O | | | ! (@)
T A | H | | f 1 I ] I | :
N *“o,.0d
Py Y = I 1 I | | |
—d [ i | | I ] | 1 — | I
Y SECTION T-T
oz H-s | s/d=01, x/d-4525]HA | —
e b EXPERIMENT [d=1.00 fi_o|0.149
o1 = l Ud s =
_L | EQUATION 340 Ta o147
' | b | 1 e
© ¥ EE— 1% 0g andomone o™ T T T 1] (b)
oy L e e e e e e e e e e e e e o) .
0 2 4 6 8 10 12 14 16 I8 20
t./g9/d
Figure 6.44. Pressure as a function of time for s/d = 0.1, H/d = 0. 15,
I [ 1 [ | |
SECTION U-U =
s/d = 0.1, x/d-0522 | Ak
EXPERIMENT |d=1.00 ft_<]0.207] _ |
I ———
EQUATION 340 Ud"““‘ 0307
Yeomp == =
-1 (a)
H-s
—? i
| | | | | |
| il I ] | |
| | | | | |
I | | | | |
SECTION V-V —
s/d+0.I, x/d-4.505 | HA
EXPERIMENT [d=1.00 ft o|0306| _|
EQUATION 340 Uy =—=lo307|
(b)
. -
H-s |
d
¥ | | | | |
s “TIUR — | | M
| ——— == +—_—_—t b —— e ——
.8 10 12 14 16 18 20
t./g/d
Figure 6.45. Pressure as a function of time for s/d=0.1, H/d = 0. 31,



247

[ [ | I [ I
SECTION W-W =
s/d - 0.1, x/d-0522 | H/d
EXPERIMENT [d=1.00 ft =[0.375
2 |
EQUATION 340 | e 0375
- (@)
H-s N
d -
| ‘J | | | ]
| I i [ [ [
5 | | | | L | | 1 |
> d X 1 I I I | 1 | 1
_— SECTION X-X .
I s/d=0.I, _x/d=4525 | HA ’
il l EXPERIMENT ]d=1.00 ft__o|0376] _|
| EQUATION 340|Ug ——~—[0375
mp
06— l | -
ol |l 2
" { 1 .
0.3} l °\ — (b)
o
0‘2 [ lI ‘aoco © 5 ° H—S 1
0.1 |— i %’ 090 d ]
l n\ ® oE °o, 4
o 1] (|| | J: | | | | |
| l | | I ®eodoooc® | | | i
5 | ——])——— ] — | | ] —
‘o 2 4 6 8 10 2 14 16 18 20
tA/q/d
Figure 6.46. Pressure as a function of time for s/d = 0.1, H/d = 0. 38.
- T T s feos_ 1 | I | T I
- . 9 s/d=0.0,x/d =3939, H/d- 0424 | |
- o EXPERIMENT o
= s " | (a)
P oof ” | | IR MR T P | ! 1
yd | [ | ] | 1 | | |
o2l P AREERRE s/d=0.0,x/d =6.380, H/d=0424 | |
. LEET st I EXPERIMENT  ©
Q.1 ae° °Dooon°gc°° ] (b)
ol gl >®* " I ! ! ! ! 1 L
3 -4 -2 0 2 4 6 8 10 12 14

Figure 6.47. Pressure as a function of time for s/d = 0.0, H/d = 0. 42.



04
0.3

0.2

0.2

"0

-0.1

0.1

-0.1

-0.2

Figures 6. 48.

248

¥ g

s/d=0.2, H/d=0.24

EXPERIMENT

d=1.25ft O

d=064ft @

Ug
EQUATION 3.40 |——m228
Udccmp'_"‘

SECTION C-C
tv/a7d = 0.653
| |

l |
SECTION D-D

t./g/d =1.74

SECTION E-E
t /a/d =3.0l

w

ECTION F-F
/a7d =460

-

Pressure as a function of distance for s/d = 0. 2,
H/d = 0.24.

(a)

" (c)

(d)



04

249

T 1
! ! ! ! ! s/d=02, H/d=0.32
- i t EXPERIMENT 912311 ©
| d-064ft @
02—+ Udmeos
e | EQUATION 3.40
\0'\1 Udcomp"‘""
0.1 [ . SECTION I-1I
| t./g7d =0.573
il | | | | h |
[ I [ I | [ I
SECTION J-J
03 M
| t./g/d =1.56
02— _ i
— o |
s
0.l e 8 :
| |1 | | | | |
[ [ | | [ [ [
03— f SECTION K-K
: t./g/d =2.48
02— |
: [
(-]
o.l— o |
1 8 ¢ B et
oLte dlo | — | ] |
/
=
-0.l — 5"
| | | | | | |
| [ I [ [ [ [
[ SECTION L-L
o.1 t./a7d =4.60
o | | | ol | | |
& & I‘J L | [ [
-0l |— &
E | | | | | [ |
825 ] 2 3 4 5 6 7
x/d
Figure 6.49. Pressure as a function of distance for s/d = 0.2,

H/d = 0.32.

(b)

(c)

(d)



250

e T i | [ ' '
s/d=0.2, H/d=0.40
Sl EXPERIMENT o122 1!
E . " d=064ft
- T S—el SO U
2 G 1 EQUATION 3.40 dmear
| Udcomp el
03} ll SECTION P-P
N I T 0 K t/g7d =1.22
0.2 [— e S I
o.l |— |
|
| I | | | |
[ | [ | [
- SECTION Q-Q
’ t./g/d =3.00
|
[
03— SECTION R-R
) t./97d = 4.60
02—
0.l —
I | l al | |®
. N o 1 4 1
o | & o Lo}
-0 B e i s ey e —
- I | | | J |
BEs I 2 3 4 6 7

Figure 6.50.

(a)

(c)

Pressure as a function of distance for s/d = 0.2, H/d = 0. 40.



251

sufficiently close to the value H/d = 0.24 to illustrate the functional
behavior of the slowly -varying pressure.

In Figures 6.41 through 6.47, solid curves indicate the
normalized pressures 1:’1 / yd which are predicted by Equation 3.40

using measured values of the wave front celerity U, (obtained from

d
the solid curves fitted to the data in Figures 6.27 and 6.28), and
using the associated measured values of X4 and dUd/dt. Pressures
derived from measured U, (labeled, "U, ""in the figures) are

d dmeas
applied in the range of validity 0 < t < t,, as defined in Section 3. 3.
Long-dashed curves indicate normalized pressures predicated by

Equation 3.40, but using values of x,, dU,/dt and U, (labeled,

a’
"Ud "} computed from Equations 3.34 and 3.35. Pressures
comp

derived from computed Ud are presented for the range of validity
0< t< t , as defined in Section 3.3. Long-dashed curves also indi-
cate the constant negative pressure in the specialized form of Equation
3.40 predicted by Equation 3.51 within the range of b, <t<t_, as
defined in Section 3.3. The solid and dashed vertical arrows indicate
the measured and predicted occurence, respectively, of peak pressure.
(Peak pressure values, not shown in these figureé, are presented in
Section 6.6.)

Figures 6.41, 6.42, and 6.43, for relative soffit clearance
s/d = 0.2, represent relative wave heights H/d of approximately 0. 24,
0.32, and 0.40, respectively. In each figure, records are shown as
obtained at relative locations =x/d = 0.816 at both model scales, and

at x/d = 3.920 at d=1.25ft and at x/d = 3.938 at d = 0.64 ft.
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In addition, Figure 6.43 for H/d = 0.40 shows a record obtained at
x/d=7.07Tatd=0.64ft. For s/d= 0.1, Figures 6.44, 6.45, and
6.46 represent relative wave‘heights H/d of 0.15, 0,31, and 0,38,
respectively. The locations represented are the two locations at
which data were obtained, x/d = 0.522 and x/d = 4.525. Similarly,
Figure 6.47 for s/d = 0.0 shows data obtained from x/d = 3. 940
and 6.380, the two locations at which pressures were measured, for
a relative wave height of H/d = 0.425.

In each figure the time axes- have been aligned so that at any
given relative time, t/ g/d, one may easily compare the pressures
exerted at different transducer locations.

For s/d = 0.2 . and x/d = 0.816, Figures 6.4la, 6.42a, and
6.43a show a period of time during which there are positive pressures
followingthe arrival of the wave front. The pressure heads Pl/Yd
are at most approximately equal to (H-s)/d; this result suggests a
simple hydrostatic relationship between incident wave height H and
‘slowly-varying pressure head PI/Y measured from a station located a
distance s above the still water lewvel.

These figures show that for relative transducer location x/d =
0.816, there is reasonably good agreement between the two scales for
measured pressure over the full range of time from t = tg when the
wave front arrives at the location,‘ to t = te, when the principal wave
of recession reaches the location. (It should be noted that the H/d
for a record at one scale is never precisely equal to that at the other

scale, and that the record with the greater relative pressures is
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associated with the greater relative wave height., Therefore, the
differences in measured pressure between the two scales during the
pe.riod of positive uplift may ‘be attributed in part to these small
differences in incident wave height. A more definitive comparison of
pressure values obtained at the two model scales will be presented
later. )

Figures 6.41b, 6.42b, and 6.43b, for s/d = 0.2 and x/d =
3.920 at the depth d = 1.25 ft and for x/d = 3.938 at the smaller
depth, d = 0.64 ft, show pressure func‘tions where the duration of
positive uplift pressures is very short, and the periods of negative
pressure are correspondingly much longer than for x/d = 0.816. As
mentioned previously, the ratio of durations of posiéive to negative
pressure decreases with increasing x/d. In contrast with conditions at
x/d = 0.816, there is poor agreement between scales at x/d=3.9, except
for values of relative time of wave front arrival tg/ g/d. The differ-
ences may be attribqteﬂ to the difference in relative platform length,
L/d. At d = 0.25 ft, the wave front reaches the shoreward end of the
platform at L/d = 4 shortly after reéching the t%ansducer located at
x/d = 3.920. Pressures recorded by the transducer after the time .tb
when the wave front reaches L/d = 4 reflect flow conditions influenced
by the end of the platform: négative pressure values are not great,
and the transducer location is shortly relieved of fluid from the wave by
the secondary wave of recession. At d = 0. 64 ft, the relative platform

length 1./d = 7.81 is sufficiently greater than the transducer location,

x/d =.3.938, that fluid remains in contact with transducers until the
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arri\l/al of the principal wave of recession. Figures 6.35 through 6. 37
show that the relative duration of negative pressures is considerably
greater at d = 0.64 ft than at d = 1.25 ft. Figures 6.41b, 6.42b,
and 6.43b show for these two scales that the negative pressures at

d

I

0.64 ft are somewhat greater than those measured than at

d = 1.254£E.

]

Figure 6.43c shows pressure as recorded at x/d = 6.06 for a
depth of d = 0.64 ft and s/d = 0.2. (There is no record for
d =.1.25 ft since for that scale the relat.ive platform length is less
than 7.07.) As it is, the location x/d = 7.07 1is quite near the shore-
ward end of the platform (at L/d = 7.82) and the recorded pressures
are therefore influenced by flow conditions at the end of the platform,
as was the case for x/d = 3.920 at d =1.25 ft. The most noticeable
effects of ti’lis proximity to the trailing edge of the platform are that
the values of negative pressure are less than those attained at smaller
values of x/d, and the time of arrival of a wave of recession is less
than x/d = 3.928.

For s/d = 0.1, Figures 6.44a, 6.45a, and 6.46a show slowly-
varying pressureé Plly.d at x/d = 0.522 whose maximum values are
equal to or slightly in excess of (H-s)/d. Figures 6.44b, 6.45b, and
6.46b show that at x/d = 4.525 values of positive pressure are less
than at x/d = .522, and that the ratio of the durations of the positive
to the negative pz;essure is less than at x/d = 0.522,

Figures 6.47 show pi‘essure records obtained at zero soffit

clearance at locations x/d = 3.939 and 6.380. As shown in Figure
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6.32, the records at zero soffit clecarance show only a slowly-varying
increase and decrease in pressure, with no sudden increase orpressure
peak and with no negative pressures. The records show that the
maximum pressure attained for a given incident wave height decreases
with increasing x/d, and that the time at which maximum pressure is
recorded increases with x/d . The relative pressure head PI/Yd is
everywhere less than the relative wave height H/d. However, one
should note that pressures were sampled only at x/d = 3,939 and
6.380, and pressure amplitudes elsewhcre, especially for lesser
values of x/d, may be greater than those measured.

An interesting feature of the pressure records are irregular
oscillations which appear to occur at the times t, > when the principal
wave of recession begins to form at the secaward end of the platform,
and tb’ when the wave front reaches the shoreward end of the plat-
form. The oscillations labelled, ''secondary oscillations!', are indi-
cated on the sample record shown in Figure 6.20a. Because the oscil-
lations were not the prime concern of this study, their form, ampli-
tude,. frequency, and cause were not studied in detail. In reducing the
slowly-varying pressure data from records, the sampling frequency
was usually less than the oscillation frequency, and therefore the
oscillations do not always appear clearly in Figures 6.41 through 6. 47.
Yet Figure 6.43a shows oscillations occurring at tVg/d for H/d =
0.40 and s/d = 0.2 (Figure 6.37; Figures 6.45a and 6.45b show
oscillations at t/ g/d = 2.9, the approximate value of ta/_g_Ta for

H/d = 0.31 and s/d = 0.1 (Figure 6.39). Examination of certain
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individual pressure records, not showr, chows that oscillations begin at

both ta and t_ , and that they appear at all transducer locations with little

b’
apparent dependence on location. The period of os cillation appears to
be independent of wave height, but the amplitude is strongly dependent
on relative wave height H/d.

Figures 6.41 through 6.43 for s/d = 0.2 show that positive
uplift pressures computed by Equation 3.40 from measured values of

U . (s»lid curves) are generally greater than the measured pressures.

gl
However, the times of zero pressure indicated by these curves are in
reasonably good agreement with measured values. For the duration
of negative pressure, the values which are predicted by Equation 3.40
(in the specialized form expressed by Equation 3.51) are again greater
in absolute value than measured values. In Figures 6.44 through 6. 46,
for %x/d = O 1, the measured celerity data are limited, which limits
the time duration for which the pressure may be computed by Equa-
tion 3.40 using measured Ud' To the extent that data are available,
‘however, the values predicted are again somewhat greater than
measured pressure values.

Figures 6.41 th.roughr 6.46 show that the positive pressures,
when computed from Equation 3.40 using analytical values of Ud’
are much higher than measured values; the predicted time at which
the pressure goes to zero is considerably less than the value indi-
cated by experimental data; and negative pressures are much greater
than measured. (In fact the maximum negative pressures prédicted

are not indicated on these figures due to their magnitude.)
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Figures 6.41 through 6.46 show that the predicted nega-
tive pressure, derived from consideration of the wave of recession,
is generally greater than is measured; yet Figures 6.4la, 6.42a and
b, 6.43a and b, 6.44a, 6.45a, and 6.46a show measured pressures
which at some time approach the predicted value. Where the trans-
ducer is mounted near the shoreward end of the platform (sce
Figures 6.41b, 6.42b, and 6.43b for d = 1.25 ft and Figure 6.43c
for d = 0.64 ft) the measured negative pressures are much less than
the predicted value.

For s/d = 0.0, Figure 6.47 shows no analytical values of
pressure, simply because the analysis as derived cannot be applied
to the case of zero soffit clearance, as stated in Section 3.2.

Relative pressure head Pllyd is shown plotted as a function
of relativé location x/d for a soffit clearance of s/d = 0.2 in
Figures 6.48, 6.49, and 6.50, for relative wave heights H/d of 0.24,
0.32, and 0.40, respectively. Figures such as these have not been
‘developed for s/d = 0.1 or s/d= 0.0, since in these cases data
were obtained at only two relative locations x/d, which is inadequate
to show the functional dependence satisfactorily.) In each of Figures
6.48 through 6.50, the pressure distributions are shown for a
number of rélative times, I:\/“é‘/_d-, representing periods of positive
-and negative uplift (see the corresponding time-distance diagrams in
Figures 6.35 through 6.37).

In Figures 6. 48 through 6.50, data have been taken from

records obtained at several transducer locations. Values of H/d at
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which waves were generated varied slightly from one transducer
location to another. Therefore, in contrast to Figures 6.41 through
6.47 where data are plotted directly without interpolation, in Figures
6.48 through 6.50 it has been ne-cessary to perform a simple inter-
polation in order to determine pressures at a common value of H/d
at all locations for a particular time. At each relative transducer
location, x/d, and at each value of normalized time represented,
t/g/d, the measured pressure head Plfy is plotted against relative
wave height H/d, and a curve is fitted to the data. Values from the
curves at H/d = 0.24, 0.32, and 0.40 are then plotted in Figures
6.48 through 6.50 as a function of distance for the time of interest.
As in Figures 6.41 through 6.46, the pressure heads predicted

by Equation 3.40 using measured values of U and dUd/dt

@ *q°
are indicated by solid curves; positive pressure heads predicted by
Equation 3.40 using analytical values of Ud’ and negative pressure
heads predicted by Equation 3.40, in the specialized form of Equation
3.51, are indicated by dashed curves. Again, solid and dashed
vertical arrows indicate the measured and predicted location, respec-
tively, of the wave front and of peak pressure.. |
For Figures 6.48a, 6.49a, and 6.50a, the relative times
tV g/d were chosen to show maximum values of slowly-varying pres-
sure. In these figures, as well as in Figures 6.48b and 6.49b, values
of relative pressure head Pl/yd approach or slightly exceed th_e

value (H-s)/d, which was observed in pressure-time curves discussed

earlier (see Figures 6.41 through 6.46). In no figure does relative
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pressure head g?eatly exceed (H-s)/d.

There is fair to good agreement between data obtained at the
two model scales (d = 1.25 ft and d = 0.64 ft) throughout Figures
6.48, 6.49, and 6.50, except in Figure 6.48c, for H/d = 0.24 and
t/m: 3.01. Figure 6.35 shows that for this condition and relative
time the wave front has traveled the relative distance x/d = 4, which
is at the end of the platform for the scale defined by the depth d =
1.25 ft but not for the scale defined by d = 0.64 ft. As described
earlier, oscillations in the pressure record have been noted to occur
at time ta when the principal wave of recession forms, and at time
ty s when the wave front reaches the shoreward end of the platform.
In Figure 6.48c, it may be that at tm =~ 3 oscillations are occur-
ring at d = 1.25 ft, for which tb/-m: 3.01, but are not occurring
at d = 0.64 ft, for which tb/g_/—a has a value considerably different.
from 3.01; therefore a difference in measured relative pressure head
between scales at t/ g/d = 3.0l may be expected.

One may note that the dependence of pressure on relative
distance, x/d, predicted by Equation 3.40 using measured values of
U 8 lin fair agreement with that shown by meaéured pressures;

d

however, using analytical values of U . in this expression, the depend-

d
ence of pressures on x/d is much greater than actually observed.

In Figures 6.48d, 6.49d, and 6.50c, measured pressures tend towards
zero and towards positive values with increasing x/d, in contrast to

the predicted constant negative value P1/Yd = 0.131. (The discussion

of the analysis will be continued in Section 6.5.4.)
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For the benefit of the analysis of peak pressure to be under-
taken in Section 6.6, it is important to determine the extent of agree-
ment between relative slowly-varying pressure heads Pl/ Yd meas-
ured at the two model scales defined by the depths d = 1.25 ft and
d = 0.64 ft for similar values of s/d, x/d, and H/d. For compar-
ison of slowly-varying pressure to be relevant to the peak pressure
analysis, measurement should be made in a régioa near the wave
front. Therefore, on from 12 to 32 records obtained for each wave
height tested at both scales at x/d = 0.816, the slowly-varying pres-
sure was obtained at a normalized time t/g/d = ty/ 8/d + 0.15; i.e.
the pressures measured were those recorded 0.15 dimensionless time
units after the wave front (and peak pressure) had arrived at the rela-
tive transducer location 0.816. As may be determined from Figure
6.27 in Section 6.4, the normalized celerity U(_1 [/ gd of the wave
front is of the order of 1.5 for all relative wave heights H/d for
s/d = 0.2. Hence after an interval of 0.15 dimensionless time follow-
ing the arrival of the Wave front at the transducer, the wave front
should be located at x/d = 0.816 + 0.15(1.5), or 0.23 dimensionless
units of distance shoreward of the transducer mounted at x/d = 0. 816.
Measurements obtained at 0.23 dimensionless distance units seaward
of the wave front may be considered close enough to the wave front for
relevant examination for dynamic similarity in slowly-varying pres-
sure between scales, yet far enough from the wave front to avecid
problems of measurement of the rapidly-varying peak pressure.

The average values of the relatively large samples of
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slowly-varying pressure head Pl/Y obtained at each scale in fhe
manner just described are presented in Figure 6.51, normalized with
.respect to the still water depth d and plotted against relative wave
height H/d. The plotted values lie fairly close to a single curve,
especially for the range 0.24 < H/d < 0.32, indicating a fair degree
of similitude in slowly-varying pressure in the positive uplift region
neighboring the region of the wave front. It is asswmed that similar

agreement would be realized at other transducer locationg x/d.

6.5.3 Uplift force, average uplift pressure, and center of uplift

pressure.

For the larger model scale defined by d = 1.25 ft at the rela-
tive soffit clearance s/d = 0.2, the total uplift force per unit width,
¥, the average uplift pressure Pav’ and the center of uplift pressure
ch are computed from data similar to that presented in Subsection

6.5.2. The quantities F, Pav’ and XCP are also computed from
considerations of wave front celerity Ud through Equations 3. 53,

3.54, and 3.55, respectively, using both measured and computed
values of wave front location xq, wave front celerity Ud and wave
front acceleration dUd/dt. From considerations of the wave of reces-
sion, F, Pav’ and ch are computed from Equations 3.56, 3.51,
and 3.57, respectively. The maximum uplift force per unit width
Fmax and the center of maximum pressure Xcmp are compared with
values obtained by El Ghamry (1963) for oscillatory waves.

The quantities F, Pav' and xcp have been determined as

functions of time for 0 <t/ g/d < t.v g/d, where &, is the time when
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the wave is no longer in contact with the platform (Figures 3.5).

Since the procedure involves a step-wise integration of the pressure
data, as will be explained presently, the greatest accuracy is obtained
where the number of transducer locations per unit length of platform
is the greatest. Therefore, the case for s/d= 0.2, d=1.25ft, with
data available at 10 locations for a relative platform length of L/d=4
(see Table 6.2), was the case chosen for study.

From data presented in Table Bl of Appendix B, values of
time t are chosen at frequent intervals. ‘ For each chosen value of ¢,
the pressure head Pl/Y at each transducer location is plotted as a
function of relative wave height H/d, and a curve is fitted to these
data. The pressure heads at relative wave heights: H/d = 0.24, 0.28,
0.32, 0.36, and 0.40, are then determined by interpolation from these
curves. This pfocedure having been/repeated for each of the ten trans-
ducer locations used at the model scale d = 1.25 ft, the location of the
wave front X3 and of the wave of recession x, are determined for
each chosen valuz of t. (For t< ta’ when the wave of recession
starts to form, &= 0; for t> tb’ when the wave front reaches the
shoreward end of the platform, x3 equals the platform length L, or
a smaller value estimated as the location of the secondary wave of
recession. )

As a step-wise approximation of the pressure distribution the
pressure (Pl/y)i that is measured by transducer (i) located at X5
where X, is in the wetted region X, <X <%y is assumed to be

—

exerted uniformly at all points x in the wetted region X, <x < x4
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that are nearer to transducer (i) than to any other transducer. One

may therefore define a length of influence (Ax)i associated with each
transducer (i) as the length of that part of the platform in the wetted

region X < x < xy for which all point x are nearer to transducer

(i) than to any other transducer.

With this approximation, the total force per unit width may be
defined as the sum of the products of pressure head and length of
influence:

i) P

7=Y(7L)i(gx)i 3 (6.10)
The average pressure is the force per unit width F divided by the
wetted length of the platform (xd - xe). The center of pressure X,

is the first moment of the uplift force:

) (5 )i‘AX)i Vi

s, = = : (6.11)

y

ﬁhere i ié the distance from the seaward end of the platform to the
center of the region of influence associated with transducer (i).

It should be mentioned that the characteristics of the secondary
wave of recession for the depth d = 1.25 {t w.ere not measured, so
that the position and slope of the characteristic which describes it in
Figures 6.35 through 6.37 are not precisely known (except for a value
of t_ obtained for x/d = 3.920 at d= 1.251t). Therefore, values

of force, average pressure, and center of pressure during the period

of time when the secondary wave exists can only be estimated. In
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figures presented in this subsecction, no values are available for times
greater than the value of tefm for x/d = 3.220 (the greatest value
of tefg—Ta— measured at d = 1.25 ft), although the actual value of
tcfg_/a_, when the platform is freed entirely of fluid, may be greater,
as shown in Figures 6.35 through 6.37. -

The uplift force F per unit width is presented in Figures 6. 52.
NOl.‘maIized with respect to de , where vy is the unit weight of water
and d is the still water depth, the force per unit width is plotted as a
function of relative time t\/gﬁa_ for relative wave heights: H/4d =
0.24, 0.32, and 0.40. The normalized force computed from Equation
3.53 using measured values of U x4 and Ud/dt are indicated by
solid curves in Figure 6.52, for 0 < t/g/d < tb@g; the normalized
forice computed using analytical values of Uy xg and dUd/dt is
indicated in these figures by dashed curves.for 0 < t < ta.

For ta <t < tc, the‘force is computed from Equation 3.56 (in which
I./d is set equal to 4. 0).

At all values of H/d the normalized force has an initial value
of zero at t vV g/d = 0; increases with time to a maximum; then de-
creases with time, reaching negative values; then returns slowly to
Zero.

As shown in the pressure record presented in Figure 6.20a
and as mentioned in Subsection 6.5.2, ''secondary oscillations! appear
in the force computed from these pressures, indicating that oscillating
pressures arc exerted uniformly over the wetted length of the platform.

These oscillations appear to have frequencies ranging from 3.6 cycles
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per sec to 17 cycles per sec. The period of oscillation appecars to be
independent of wave height, but the amplitude of oscillation appears to
be strongly dependent on wave height; As noted in the previous sub-
section, the oscillations occur at about the time the force becomes
zero after having reached a maximum, and may be related to the time

b

front reaches the shoreward end of the platform. As may be secn in

ta when the wave of recession forms or the time t, when the wave

Figures 6.52, the oscillations have an amplitude which may approach
the value of maximum uplift force, and are therefore a phenomenon of
some VimPOrtance.
The values of force computed from préssure data indicate

that maximum positive uplift force is strongly dependent on wave
height, with the duration of the positive uplift force somewhat depend-
ent on wave height. However, one may note that negative force as a
function of time is nearly independent of wave height. The greatest
negative value attained (apart from negative extrema of the oscilla-
‘tions) is approximately F/\/dz = - 0.15, for all three values of rela-
tive wave height represente-d. The relative duration of negative force
is about 6.3 dimensionless units of t/g/d, independent of H/d.
Therefore, a wave of relatively small height may exert little upward
force, but just as much negative or downward force as a considerably
larger wave.

| Values of positive force computed from measured values of
the wave f1‘ox1t celerity Ud -appear to be generally greater than the

force computed from measured pressure, especially at H/d = 0.24.
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Agreement with values computed from the measured pressure improwe
with increasi;lg H/d. In Figure 6.52a for H/d = 0.24, the time of
zero force agrees well with the measured value. The time of maxi-
muim fo_rce agrees with the measured value for H/d = 0.24 and 0. 40,
but is less than the measured value for H/d-= 0.32.

The maximum force c§mputed from analytical values of Ud
shows fair agreement with the value computed from pressure at
H/d = 0.24; however, for H/d = 0.32 and 0.40, the predicted values
are considerably higher than values from measured pressure. The
computed time of zero force is consistently less than méasured. The
values of negaf:ive force derived fr'orn Equation 3 56 are generally
about twice as great s values determined from measured pressure.

In Figure 6.53 the ndalxil;num value of normalized force per

unit width Fm /Yy d2 is plotted as 2 function of (H-s)/d, where H

ax
is incident wave height, s is the soffit clearance, and d is the still
water depth. Values derived from measured and computed values of
wave front celerit.y U, are compared with those derived i'rmn
measured pressures. Values derived‘from measured wave front
celerities Ud are génerally slightly greater than th}e forces deter—
mined directly from the experimental pressures. The maximum
normalized force derived from computed wave .front celerities Ud
shows good agreement with pressure-derived values for (H-s)/d<0.08
(i.ev., H/d = 0.28 for s/d = .2), but for larger wave-heights these

predictions are considerably greater than pressure-derived values;

this discrepancy can be noted also in Figures 6.52.
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Maximum uplift forces measured by El Ghamry (1963) are
included in Figure 6.53 for comparison. Before examining the data,
however, one should note that experimental conditions used by E1
Ghamry differed from those used in the.present study. As described
in Section 2.3, El Ghamry studied the case in which periodic pro-
gressive waves in a wave tanl'i 1 ft wide by 3 ft deep struck the under-
side of a 4 ft long horizontal platform. The platform, which had no
vertical front face, extended nearly the width of the wave tank, but
with a gap between the tank walls and the edge of the platform. Forces
were measured directly by gauges mounted on the two platform sup-
ports. Tests were performed at values of relative incident wave-
length‘ A/d ranging from 1 to 8 and relative soffit clearance s/d
ranging from 0.0 to 0. 1. Trough-to-crest wave heights were 0.262
times the still water depth, or smaller. The still water depth was
2. 00 At.

El Ghamry presents wave height data in terms of troﬁgh—td—
crest wave height. However, in the present study the height H of a
solitary wave is equal to its amplitude above still water level, and.
since the soffit clearance s 1in both El Ghamry's and the present
study is defined with respect to the still water level, it is deemed
most consistent to consider El Ghamry's data in terms of wave ampli-
tude above still water level. If the waves are considered to be of
small amplitude, the amplitude above still water level is one-half the

trough-to-crest height. (According to the second-order progressive
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wave theory of Miche, presented by Wiegel (1964), the error intro-
duced by the assumption of small amplitude, for the experimental
conditions considered, is less than 10%.) Therefore in Figure 6.53
the value of H for the El Ghamry data is taken as one-half the
reported trough-to-crest height.

Plotted in Figure 6. 53, the normalized El Ghamry data for
maximum uplift force represent values of (H—s)/d ranging from
zero to 0. .084, and three values of relative incident wavelength A/d
ranging from 1.25 to 7.2. Values of Fmax/ydz , which appear to
increase with A/d for constant (H-s)/d, generally do not exceed
0.15. At (H-s)/d = 0.04 the El Ghamry data are as much as twice
as great as the values indi:catedl from the present study; however
these values are only 10% of the maximum force measured in this
study at the largest values of (H-s)/d.

Figures 6.54 show relative aver‘age pressure P;’iv /yd plotted
as a function of relative time tv g/d for H/d = 0.24, 0.32, and 0.40.
.Features.such as periods of positive and negative uplift, with oscilla-
tions near the time of zero pressure, are qualitatively similar to
those found in Figures 6.52 for F/de. As with the individual pres-
sure records presented earlier, the rné.xirnum values indicated are
equal to or slightly exceed (H-s)/d. The values predicted by Equa-

tion 3.54 using measured or analytical values of U, are again

d
greater than values determined from measured pressure. As with

total force presented in Figures 6.52, the negative average pressure

function appears to be independent of relative wave height H/d.
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Independence of negative preSSﬁre from H/d is predicted by Equa-
tion 3. 51 from consideration of the wave of rec;essiOn; yet the value
of negative pressure is rarely more than half the value predicted by
Equation 3.51.

The normalized center of uplift pressure 'ch is plotted in
Figures 6.55 as a function of relative time t\/‘é—fa for relative wave
heights: H/d = 0.24, 0.32, and 0.40. The qualitative behavior of
XCP/d, as shown by data derived from measured pressure, is initially
to increase with respect to t v/ g/d at a rate which is approximately
one-half the normalized wave front celerity Ud//g_d. (Comparison
of Figures 6.55a, b, and ¢ with Figures 6.35, 6.36, or 6.37, respec-
tively, shows that for t/g/d <1, approximately, the value of xcp/d
at a given value of t/g/d is very nearly one-half the value of xd/d,
the wave front location, at that value of tfm. l

Following this initial monotonic increase with time, it is diffi-
cult to define the center of pressure,due to the ''secondary oscillations"
of the force which are evident in Figures 6.52. Since XCP is equal to
a quantity divided by the total force per unit width F, it is to be ex-
pected that ch may diverge to infinity when F goes to zero. Since
in the period of oscillations the force-time function derived from
measured pressure crosses the zero axis repeatedly, large positive
and negative values of xcp/d may be expected in the period of
oscillations.

Following the oscillations there is a period of monotonic in-

crease of XCP from zero or negative values to positive values; the
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rate of increase of xcp/d with t\/_éﬁ appears to decrease with
time, until at tc / g/d, when the wave is no longer in contact with
the platform, the final value of xcp/d is the value of x/d where the
principal and secondary waves of recession meet.

Values of ch/d predicted by Equation 3.55 using measured
and analytical values of Ud’ x ., and dUd/dt are indicated for the

d

ranges of validity 0 < t < t, and 0 <t < ¢t respectively. The

T ?
two sets of predicted values show excellent agreement with values de-
rived from measured pressure in the initial period of increase of
xcp/d with time. At the time of zero force (or zero average pres -
sure), the curves diverge to + o, and with increasing time con-
"verge from - oo to finite positive values, equnivalent to values de-
rived from measured pressure in the period of monotonic increase of
XC}-) following the oscillations.

In Figure 6.55a for H/d = 0.24, the values of xcp/d which

were derived from the measured wave front celerity, U appear to

d’
predict quite well the values determined from the measured pressure
in the period following the time of zero force. For H/d = 0.32 and
0.40, values after the time of zero force are not available because-
the time tys beyond which the wave front is no longer defined (see
Section 3.3), is less than the time of zero force. The time of zero
force computed from analytical values of Ujy is less than measured,
and predicted values of xCP/d following the time of zero force occur

at smaller times than corresponding measured values.

Values of xcp;’d determined from Equation 3.57 from
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consideration of the wave of recession, indicated in the range
t,<t<t_, are generally greater than values derived from measured
pressure., Neglect of the secondary wave of recession would tend to
make computed values greater than measured values for the period
during which the secondary wave of recession exists. It was indicated
in Figures 6.30 in Section 6.4 that at a given location X the com-
puted time of arrival te is less than the measured value; corre-
spondingly, at a given time te the computed location of X of the
wave recession is greater than the measured location. This, too,
causes computed values of XCP to be greater than measured values.
A third explanation for discrepancy between ch derived from
measured pressure and that derived from Equation 3.57 is that in
Equation 3.57, it is assumed that the pressure, as expressed in
Equation 3.51, does not vary with respect to location x. However,
Figures 6.48c¢c, 6.48d, 6.49d, and 6.50c¢ indicate that in fact negative
pressure decreases with increasing x, so that the location of the
* center of pressure ch is smaller than it would be if pressure were
uniformly distributed, as assumed in the derivation of Equation 3.57.
The ndgrmalized center of pressure Xcmp/d obtained at the
time of maximum uplift force is presented in Figure 6.56, plotted
against (H-s)/d. Values derived from measured pressure are com-
pared with values derived from measured and analytical wavefront
celerity, and with values obtained by El Ghamry for several relative
wave lengths and soffit clearances.

Although Figures 6.55 showed excellent agreement between
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predicted and measured values of xcp/d plotted against t/ g/d,
Figures 6.52 showed that the predicted time of maximum force did not
always agree with tﬁe measured value. Hence there is poor agreement
shown in Figure 6.56 between measured and predicted values of
:;Cmp/d at (H-s )/d=0.08, 0.12, and 0.16. A greement is good

at (H-s)/d = 0.04 and 0.20,.

For relative soffit clearance s/d = 0.2 and a relative wave
height H/d ranging from 0.24 to 0.40, measured and predicted
values of Xcmp/d range from 0.6 to 1.7, showing a general increase
with (H -s)/d. Values measured by Kl Ghamury, for relative plat-
form length L/d = 2.00 and relative wave lengths A/d ranging from
1.25 to 7.2, ranged from 0.1 to 1.2, with most values being within
the range 0.4 to 1.2. Although Xcmp/d appeared to vary with A/d,
it did not appear to vary significantly with (H-s)/d. Most values pre-
sented in Figures 6.56, from both El Ghamry's and the present study,
therefore lie within the range 0.4 < Xcmp/d < 1.6

Measured and predicted values of slowly-varying pressure
have now been presented and compared, with respect to individual
pressure records as well as variables such as total force, average
pressure, and center of force. Comparison of measured and predicted
values permits one to r‘eassess the validity of the assumptions under-

lying the analysis presented in Chapter 3.

6.5.4 Discussion of the analysis.

The performance of Equation 3.40 alone may be judged by

comparison of measured values with values predicted from measured
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Ud’ X

pressure and force with values predicted from analytically derived

and dUd/dt. From comparison of measured values of

Ud one may judge the performance of the complete analysis, Equa-
tion 3.40 and Eguation 3.34. Since Equation 3. 34 for the analytical

value of U, has already been discussed in Section 6.4, it will not be

d
treated here. Attention will rather be concentrated on Equations 3.40
and 3.51 and'the assumptions underlying them.

Equations 3.40 and 3.5]1 are based upon the following
assumptions:

1. that the horizontal fluid velocity beneath the platform does
not depend on depth at the location where pressure is measured;

2. that the surface profiles of the wave front and of the wave
of recession are of unchanging form (although the wave celerity
may change);

3. that effects of viscosity, surface tension, and air entrain-
ment are negligible;

4. that the flow in the neighborhood of the wave front or of
the wave of recession may be simply approximated as having a step
form, as expressed by Equations 3. 38.

As explained in Section 3.3, the assumption that fluid velocity
is independent of depth should improve with increasing values of

(x, - xe) /(d + 8), the ratio of wetted length of platform to distance

d
from the platform to channel bottom, in that the flow pattern in-

creasingly approaches that of uniform irrotational flow between

parallel plates of infinite extent. For a given ratio of (xd—xe)/(d + s),
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the flow should be fnost uniform at points far from the "ends' of the
parallel plate , such as either end of the platform, or the wave front
or wave of recession.

At small values of relative time t/ g/d near the seaward end
of the platform where (xd - xe)/(d + s) is small, one may expect that
the horizontal velocity distribution with depth would reflect that of the
incident solitary wave, in which velocity at the surface is greater
than at the bottom. lFigures 6.48a and 6.49a, for t/g/d ~ 0.6 and
Xd/d < 1, show considerable disparity between measured and pre-
dicted values of pressure. However, Figures 6.48b, 6.49b, and 6.50a,
for which xd/d is greater than 2, show better agreement between
measured and predicted pressure. In Figures 6.54b and ¢, showing
PaV/Yd for H/d = 0.32 and 0.40, respectively, the improved agree-
ment between measured and predicted values that occurs with in-
creasing t/ g/d may be attributed in part to the increasing uniform-
ity of fluid velocity. (However, in Figure €.54a for H/d = 0.24, the
predicted values are about three times as great as values derived
from measured pressure for all values of t/-g-]_cf, and it is doubtful
“that part or any of this discrepancy may be attributed to the assump-
tion of uniform velocity.)

The assumption of constant wave form may be considered
valid as far as the wave front is concerned, if simp1y<because examin-
ation of Figures 6. 13 through 6.17 in Section 6.2 revealed no change
in profile shape with respect to time.

However, Figures 6.13 through 6.17 do show an expected
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change of profile shape for the wave of recession, especially at and
ifnmedia.tely folIovying the time ¢t = . when the wave is beginning to
form. In Section 6.4, Figure 6.33 showed that despite variance in
measured values of Ue at s/d = 0.2 (which may be due to problems
of measurement), the average measured celerity is predicted well by
Equation 3.49. In many of the Figures 6.41 through 6.50 the nega-
tive pressu.re is seen to approach the value predicted by Equation
3.51, at times shortly before te (as shown in Figures 6.42a,
6.42b, 6.43a, 6.43b, 6.44a, 6.45a, 6.46a) or at locations close to
the wave of recession (as in Figures 6.48c, 6.49d, 6.50c). The last
three figures mentioned show pressure increasing with distance in
the shoreward direction (implying a deceleration of fluid beneath the
platform), as predicted by Equation 3.40 from Ud for the period of
negative pressure, rather than the constant, uniform pressure pre-
dicted by Equation 3.51. Therefore despite the changing profile ob-
served, pressures approach the predicted value near the wave of re-
cession; while the increase in pressure with distance reflects
transient flow conditions which may be expected in the light of flow
conditions at the wave-front. Thét average pressure shown in
Figures 6.54 is never greater than about half the value predicted in
Equation 3.51 is consistent with the pressure distributions shown in
Figures 6.48c, 6.48d, and 6.50c, where pressures increase from the
predicted value to zero.

The assumption that effects of viscosity and surface tension

are negligible may be examined by evaluating the Reynolds number
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and the Weber number, respectively. As indicated in Section 3.3, for
considerations of pressure exerted over the entire wetted length of the
platform, a meaningful Reynolds number may be defined as:

R, = ul/v,
where u is a characteristic fluid velocity, L is the platform
length, and V is the kinematic viscosity of the fluid. The platform
length I. was 5.0 ft; the kinematic viscosity of water a.t 70° F is
' given by Rouse (1950) as:

5 ftz / sec.

¥ = 1.06x 10
In Section 3.3 it was noted that the effects of viscosity are greatest
for small Reynolds numbers; hence a conservative meaningful value
of Reynolds number is one computed from the smallest value of fluid
velocity u typical of experimental conditions. From Equation 3.32a,
u = Uds/(d + 8); for s/d= 0.1, d=1.00ft, and a conservative
value Udfga = 1.0 obtained from Figures 6.28 for H/d = 0.12,
u = 8.524 ft/sec may be taken as a conservative value of fluid velacity.
The resultant Reynolds number is:
| R, =2.5%107,
which is sufficiently large that effects of viscous forces compared to
other forces may be considered negligible.
To estimate the contribution of surface tension to slowly- l
varying pressure, i.e. to estimate the average pressure due to sur-
face tension acting on the free surface shoreward of the wave front or

seaward of the wave recession, one may consider the average radius

of surface curvature as being ép})roxin1ately equal to half the soffit
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clearance s. Therefore a meaningful Weber number may be defined

as:

# ps
We_Ud 2o 7

where p is the fluid density and O is the surface tension. For
water at 70° F, the_ fluid density and surface tension are given by
Rouse (1950):

p = 1.94 slug/f>,

0 = 0.00497 1Ib/ft
As with the Reynolds number, it was noted in Section 3.3 that the
effects of surface tension are greatest for small Weber number. The
smallest non-zero value of s used in the experiments was 0.1 ft,
for s/d=0.1. With s/d= 0.1, d=1.00 ft, and the conservatively
small value Ud\/—_gﬁ = 1.0 obtained from Figures 6.28 for. H/d=0.12,

the celerity U, is 5.68 ft/sec, and the Weber number takes the

d

value:

In Equation 3.63 the term involving surface tension is I/Wez, which
in this case takes the value 0.00159. This value is much less than
that of the other terms in Equation 3.63, if it is assumed that they
are of the order of unity; hence the effects of surface tension on
slowly-varying pressure may be considered negligible.

Air entrainment may be partially responsible for measured
pressures being less than predicted pressures, since the influence of

entrained air is to reduce the amplitude of pressure, as noted in

Section 3.3. Yet figures 6.13 through 6.17 indicate that the degree of
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air entrainment increases witl: H/d; and since agreement between
measured and predicted pressure values becomes better with in-
creasing H/d, air entrainment can not be the principal reason for
disparity between measured and predicted values of pressure.

The assumption of a simple step-form for the wave front,
introduced to simplify the term [xd - x)/(d+s)] (s/d)( dUd/dt) in
Equation 3.40, apparently introduces little error as far as the term
in Equation 3.40 is concerned, since the rate of change of pressure
with distance predicted by the term shows good agreement with the
data in Figures 6.48a, b, and ¢, 6.49a, b, and ¢, and 650 a and c.

(As stated earlier, Firgure 6.50b represents the time during which
measured values may show considerable scatter due to oscillations.)
In regions of the platform near the wave front or the wave of re-
cession (Points 2 in the analysis in Section 3.2), the assumption °
‘may be considered to introduce error which could also be designated "
a violation of the assumption of a constant velocity with respect to
‘depth. In these regions, fluid near the platform attains a velocity -
approaching the propagation celerity of the wave front or wave of
recession, rather than the conStént velocity assumed in Equation 3. 38:
viewed in a frame of reference rﬁoving with the wave celerity, the:
velocities approach zero, i.e. the Points 2 at the wave front and the
wave of recession are stagnation points. Associated with these stagna-
tion points of zero velocity relative to the wave front or wave of re-
cession are regions of increased ''stagnation' pressure, namely the

peak pressure at the wave front and the smooth increase to zero
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pressure at the wave of recession.

When based on measured values of U and dUd/dt , the

a Ta
analysis is qualitatively successful in predicting the form and dura-
tion of forces and pressure, and predicts the center of force well as a
function of time. Predicted values of maximum force and pressure
are greater than the values determined from measurements, but are
sufficiently close to provide a conservative estimate of measured
values. However, the simple hydrostatic relationship that appears
to exist between incident wave height and maximum average pressure,
PaV/Yd ~ (H-s)/d , is of attractive simplicity, although not account-
ed for in the analysis presented herein.

Negative pressures at a givén location may approach but
have not been observed to exceed greatly the value predicted analyti-
cally; average negative pressures have not been observed to exceed
half the predicted value. The analysis thus provides a conservative
estimate for negative pressufes. Negative forces and pressures .
‘ appear to be largely independent of relative wave height, but, as
shown by Equation 3.51, are strongly dependent on zelative soffit
clearance s/d. As shown by Figures 6.35 through 6.37, the dura-
tion of negative force is dependent on relative platform length 1./d.
‘I‘hérefore, for a long Iﬁlatforrn high above the still water level, a
wave only slightly higher than the soffit will cause only a modest

uplift pressure, but a negative pressure of considerable magnitude

and duration.
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6.6 The Peak Pressure

Measurements of the peak pressure amplitude P, and the

2
peak pressure rise-time tr are to be discussed in this section.

The data are presented in Table B2 of Appendix B, showing P2 ; I:r ;
and the wéve height H for each wave, as well as the mean, standard
deviation, and deviation of the mean of each quantity for eacl'-l sample

of recorded data. Unless otherwise indicated, all values of PZ and

tr presented in this section are sample means.

6.6.1 Statistical Considerations

To examine the deviation inherent in measurements of peak
pressure head PZ/Y, as obtained by the two transducers described in
Section 4.4, data from individual waves, normalized with respect to
the mean wave height H, have been plotted in Figure 6.57 on
arithmetic probability paper in cumulative frequency di'agrarns for
each of the samples of 16 to 32 waves generated at x/d = 0.816. In
most cases the data in a sample may be fitted by a straight line,
'showing a normal distribution. For data obtained with the 1/8-in.
transducer, the average ratio of sample standard deviation SP to
sample mean wave height H was 0.200. For data obtained with the
1/2-in. transducer,‘ the average ratio was 0.0136. Figure 6.57
show that deviation for data measured with the 1/2-in. transducer
was almost always less than for data measured with the 1/8-in.
tr.ansducer.

Figure 6.58 shows the ratio of sample standard deviation S

P

to sample mean TSZ as a function of relative distance x/d, for all
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values of H/d é.nd relative soffit clearances s/d which were investi-
gated and for both transducers. With a few ekceptions, the values of
Sp/I_Dz fall mainly within the range 0.025 < Splf’2< 0.25. There is a
tendency for SP/TF’-2 to increase with x/d. No distinct influence of
scale size, choice of s/d, or choice of transducer is detectable.
Figure 6.59 shows cumulative frequency diagrams for the
 rise-time t_, normalized by multiplication by v g/H , where H is
the mean wave height for the sample. Again, l;he samples plotted are
those obtained at x/d = 0.816. In most instances, the data appear to
be normally distributed. For data obtained with the 1/8-in. trans-
ducer, the average ratio deviation to mean value of tré_/-f—f is 0,193;
for data obtained with the 1/2-in. transducer, the ratio is 0.099.
Figure 6.60 shows the ratio of standard deviation to mean value
of tr, for samples obtained at several values of H/d, plbtted against
x/d. For x/d <2, the ratio is always less than 0.30; for x/d > 2, the

ratic increases to as much as 0. 75.

In an investigation of the cause of the deviation in peak pressure,
the peak pressure heads PZ/Y obtained in one 32-wave sample with
the 1/8-in. transducer mounted at x/d = 0.816 (H/d = 0.238, d = L25 ft)
were correlated respectively with the wave heights H, the peak
pressure heads PZ/Y obtained simultaneously with the 1/2-in. trans-
ducer, and with the rise-times t. obtained by the 1/8-in. transducer
as shown in Figures 6.61. In each figure, the quantity plotted is the

deviation from mean value, normalized with respect to the mean value.
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For example, in Figure 6.61a, (P, - FZ )/ 1—52 is plotted against

(H - H)/H, where P, is the peak pressure measured with the 1/8-in.

2

transducer, H is the incident wave height, and the bars denote
sample mean values.

In Figure 6.61a, there is no disce_rnible corielation between
the peak pressure PZ’ as measured by the 1/8-in. transducer, and
the wave height H; nor is there discernible correlation in Figure

6.61b between the peak pressure P, as measured by the 1/8-in.

2
transducer and by the 1/2-in. transducer. However, in Figure 6.6lc,
a negative correlation is discernible (i.e. the plotted points lie mainly
in the second and fourth quadrants of the graph) between the peak

pressure P and the rise-time l‘.r, both measured by the 1./ 8=n.

2
transducer. The absence of correlation between wave height and

peak pressure indicates that deviation in peak pressure is not attri-
butable to deviation in the height of the incident wave. The absence of
correlafion between peak pressures measured simultaneously by two
‘transducers mounted two inches apart (although at the same distance

> 4 f.ronq the seaward edge of the platform) indicates that the mechanism
causing deviation in peak pressure not only is independent of the inci-
dent wave, but acts upon each transducer separately. It therefore

- appears reaSOnablé to assume that the deviation is due to local
inhomogeneity in fluid density caused By the spume and air entrain-
ment generated at the wave front, shown in the photographs in Section

6.2,

The negative correlation shown between peak pressure and
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rise-time in Figure 6. 6lc indicates that the uplift force in the peak,

or the pressure integrated over the area of peak pressure, is a

quantity of less deviation than either the peak pressure or rise-time
‘alone. The fact that the 1/2-in. transducer shows less deviation in
peak pressure and rise-time than the 1/8-in. transducer in Figures
6.57 and 6.59 is explained by the fact that the larger transducer is

less sensitive to “details“. of pressure distribution, and less readily
distinguishes between pressure distributions of equal total impulse but of
different rise-length and peak pressure, than does the 1/8-in,

transducer.

6.6.2 Correction of peak pressure and rise-time.

The normalized peak pressure PZ/Yd_ is presented in Figures
6.62, plotted as a function of relative wave height H/d, for each value
of relative location x/d and for each relative soffit clearance s/d
for which experiments were conducted. For s/d = 0.2, data from
both model scales d = 1.25 ft and d = 0.64 ft are presented. Each
set of data is presented twice. In the left hand part of the figures the
sample mean values of PZ/Yd are plotted against sample mean values
of relative wave height H/d. Next to each point, a number in brackets
(curved for d = 1.25 ft,square for d = 0.64 ft and for d = 1.00 ft)
indicates the size of the sample. In the right hand column, the data
corrected for the transducer size are plotted. Curves fitted to the
data will bé discussed presently. The rise-times t.s normalized by
multiplicatibn by the ratio Ud/d of measured wave front celerity to

still water depth, are presented similarly in Figures 6.63. The
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Ugty/d, plotted as a function of H/d for several
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functional behavior of PZ/Yd and Udtr/d with respect to relative
wave height H/d, relative location x/d and relative soffit clearance
s/d will be discussea in Subsection 6.6.3. Figures 6.62 and 6,63
are presented in this sub-section to illustrate the correction procedures.
(Data obtained for s/d = 0.2 at the two model scales at comparable
values of x/d are superimposed on one graph. For example, data
obtained at x/d = 0.231 at d = 0.64 ft are presented with data ob-
tained at x/d = 0,216 ‘at d=1.251ft. For convenience, both sets
of data may be termed collectively as data obtained at x/d = 0.2.)

The peak pressure amplitude and riée—tilne data are now to be
corrected for transducer area defect. In Chapter 5 it was hypothesized
that a transducer of finite sensiti\(e area would record a pressure
averaged over the area of sensitive surface, rather than record the
pressure exerted at a single point. In thie presenlt case where a single
pro‘ﬁagating wave pulse sweeps past the transducer, the effect of
finite area is to produce a record of time-dependent pressure in which
the recorded pulse is of longer duration and of lesser amplitude than a
record produced by a transducer of vanishingly small area, or even
simply of somewhat smaller area. This loss of accuracy, termed
"tranducer area defect', may be expected to increase with decreasing
values of the ratio b/a, where b is the characteristic pulse length
-and a is the radius or other characteristic dimmension of the sensitive
transducer surface.

First, it should be Qeternnined whether there is evidence of

transducer area defect. Examination of a single pressure record, such
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as shown in Figure 6.20a, is not particularly useful, in that from the
record it is impossible to tell the extent to which amplitude is de
creased and duration is increased by the areca effect. One needs
rather to compare two or more records of pressure pulses.generated
under conditions mutually indentical in all respects except for the
ratio b/a of pulse rise-length to transducer surface radius.

In the present study, such comparison may be made between
the records produced with the 1/8-in. and 1/2-in. transducers, oper-
ating side-by-side, or between records produced with one transducer
operating at the two different model scales for s/d = 0.2, d=1.25 ft
and d = 0.64 ft. One may first compare the data obtained with the two
transducers operating side-by-side at a common scale. As show.n in
Section 4.4, the radius, a, of the 1/8-in. transducer is 0. 0052 ft; the
effective radius, a, of the 1/2-in. transducer is believed to be 0. 016 ft.
Therefore, provided that there was no lateral variation in wave front
characteristics, including the pulse length b, the ratio b/a of pulse
rise-length to transducer radius would be about three times as gre‘at
‘for the 1/8-in. transducer as for the 1/2-in. transducer, for any
given wave front. In¥igures 6.62, for values of x/d where pressures
obtained with both transducers are presented (x/d = 0.2,0.4, 0.8, 1 .Z',
1.6, 2.0, and 2.4), the mean peak pressure head PZ/Y as recorded
by the 1/2-in. transducer is consistently less than the mean value re-
corded by the 1/8-in. transducer, for which the values of b/a are

greater. In Figures 6.63, for the same values of x/d, the rise-time

t . multiplied by Ud/d’ is consistently greater as measured by the
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1/2-in. transducer than as measured by the 1/8-in. transducer. As
hypothezized, r¢corded amplitudes are less and recorded rise-times
are greater in the case for which b/a is less, i.e. for the 1/2-in.
transducer.

One may object that lateral variations in wave front character-
istics might cause pulses with different characteristics to propagate
past the two transducers; but considerable effort was made to elimi-
nate lateral variation in the wave tank, the wave generator, and the
platform. (Random fluctuations in pressure due to spume and en-
traned air, described in Subsection 6.6.1, while contributing
randomly to differences in transducer oﬁtput, should not cause the
peak pressure recorded by one transducer to be consistently greater
than that recorded by the other transducer.)

-It is also true that the internal structure and dynamic character-
istics of one transducer differ from those of the other. Yet consider-
~ations of internal structure and of dynamic amplitude response both
would indicate a greater response by the 1/2 in. transducer than by
the 1/8-in. transducer: in the 1/2-in. transducer, the output is pro-
portional to defiection of the center of the diaphragm; Figure 5.5 in
Section 5.3 shows that where output is proportional to central deflec-
tion, as in the 1/2-in. transducer, one may expect less defect (i.e.,
a defect ratio R closer to unity)than in a case where output is pro-
portional to average deflection, as in the 1/8-in. transducer. In
Section 4.4, it was shown that the component frequencies of a typical

recorded pressure pulse were 3000 cyc/sec or less, and that in the
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range of frequencies from zero to 3000 cyc/sec the 1/2-in. trans-
ducer was susceptible to an amplitude considerably greater than
unity, whereas the amplitude response of the 1/8-in. transducer was
‘close to unity for that frequency range. lSince considerations of
internal structure and dynamic response both indicate that the 1/2-in.
transducer should provide greater relative response to a given input
excitation, and since it is found that it is rather the 1/8-in. trans-
ducer that provides greater response, the differences in transducer
output may be attributed to differences in transducer size, which
therefore result in differences in the ratio b/a of pulse rise-length
to I;ransduce_r radius.

Next, one may compare the values obtained with the 1/8-in.
transducer operating at the two model scales. Experiments at the
‘two scales were designed to be geometrically similar, as far as flow
near the wave front was concerned (see Section 6.4). In Section 6.4
it was shown that there was kinematic similarity between the two
scales, i.e., normalized values of wave front time of arrival t and

d

of wave front celerity U, showed the same dependence upon dimen-

d
sionless parameters such as relative wave height H/d and relative
location X/d at one scale as at another scale. In Section 6.5 it was
demonstrated that there was ‘dynarnic: similarity between the two scales
in the normalized slowly-varying pressure Pl/Yd measured a short
distance behind (i.e. seaward of) the wave front. With geometric and

kinematic similarity (and dynamic similarity for the slowly-varying

pressure) established, the important remaining difference between
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scales was the ratic of a characteristic scale size to the transducer
’radius‘ a, which for both scales was 0. 0052 ft. If the peak pressure
rise-length b, defined in Chapter 5, is proportional to the geometric
length scale, then the ratio b/a is similarly proportional to the
geometric length scaile, and will be about twice as great for d = 1.25
ft, as for d = 0.64 ft.

In Figures 6.62. for the seven values of x/d where pressures
obtained with the 1/8-in. transducer at both model scales are com-
pared (x/d=0.2, 0.4, 0.8, 1.6, 2.4, 3.2, and 3.9; sce Table 6.2 in
Section 6.3), the normalized mean peak pressures PZ/Yd recorded
for d = 0.64 ft. are generally less than those for d = 1.25 ft. In
Figures 6’.63, for the same values of x/d, normalized mean rise-
times Udtr/d are generally greater for d = 0.64 ft than for d = 1.25
(ft. “rAgain, | the effect of transducer size (diminished peak pressure,
augmented rise-time) is greater for the smaller values of b/a (found
“at d = 0.64 ft)., The same qualitative statements may be made con-
'Cerning data obtained with the 1/2-in. transducer, where they are
available.

For such a comparison there is no question of lateral variation
or of different transducer characteristics; data from one transducer
are compared at different scales, with ratios such as H/d, x/d, and
s/d held reasonably constant, but with b/a allowed to vary. Now,
however, there is the question of scale effects such as Vis‘c‘osity, sur-
-face tension, and air entraigm'lent which may of themselves cause

differences in PZ/Yd and Ud‘tr/d'
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That significant differences due to scale have not been observed
in incident wave form or in relative values of wave front travel time
td’ wave front celerity Ud’ or slowly--varying pressure Pl en-
courage one to believe that the peak pressure parameters PZ,, tr,
and b may also be free of scale differences. Yet one must remem?™
ber that the wave front beneath the platform is a region of particular-
ly large pressure and velocity gradients, and free surface curvature;
therefore, one must attempt to estimate the characteristics and
extent of scale effects with respect to flow conditions at the wave
front.

According to Prandtj.'s boundary-layer theory (Schlichting,
1960), pressure on the boundary is not directly affected by the
viscous boundary layer, providing that the Reynolds number Re is

much greater than unity. For flow in the neighborhood of the wave

front, a Reynolds number may be defined as:

R =

Ud(Udtr) .
e —_—_—

V

where Ud is the wave front celerity, V is the kinematic viscosity of

the fluid, and U is a characteristic length approximately equal to

dtr
the rise-length of the peak pressure distribution (see Chapter 5). The
value of V for water at 70°F is given by Rouse (1950):

v = 1.05x 10 24t %/sec.
In order to define a meaningful minimum Reynolds number, the

following conservatively low values of the measured flow properties

are used:
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Ud = 5 ft/sec,

t = 6x 10_4 sec,
r

giving a Reynolds number of:

R = 1430.
e

Since this is reasonably large one expects little influence on pressure
due to viscosity. (The indirect influence of viscosity on pressures is
to cause gross changes in flow patterns, such as flow separation.
However, once such flow patterns are established, pressures are
probably not affected further by viscosity. )

In Section 3.3 it was suggested that surface tension would act
to reduce peak pressure by inhibiting the formation of the thin j-et
described in Section 3.2; and that the relative importance of surface

tension could be estimated by evaluating the Weber number:

We = Ud }pt]dtr/c .

where U is a characteristic length which may reasonably be

dtr
assumed to be of the order of the maximum radius of free surface
curvature in the neighborhood of the wave front. F¥or water at TR,
the surface tension and fluid density may be determined from

Rouse (1950):

(o)

]

0.00497 1b/1t,

0.94 slug /ft3 "

1

P

These values, combined with the values of Ud and t. given

previously, provide a conservatively small Weber number of 5.41.
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The relative importance of surface tension is determined by

comparing the magnitudes of the terms in Equation 3.63. By con-
sidering that a typical value of normalized peak pressure Pz/yd
given in Figures 6.62 is 0.4, and that a typical value of Ud/@
given in Figures 6.27 in Section 6.4 is 1.5, the first term in Equa-
tion 3.63 may be evaluated as P, /p e approximately equal to 0.2.
The term in Equation 3.63 involving surface tension is l/Wez, which,
from the Weber number just derived, is evaluated as 0.034. The
surface tension term, 17% as great as the pressure term, indicates
that while surface tension effects are not predominant, they may be
important.

In Section 3.3 it was indicated that the proportional amount of
entrained air might be expected to increase with scale, and cause
corresponding changes in relative pressure due to changeé in average
fluid density. However, the agreement as to the relative magnitude of
slowly-varying pressure Pl, despite the presence of entrained air as
observed in many of the photographs in Section 6.2 (see Figures 6.13
through 6.17), suggests that for a scale ratio of approximately 1:2, as
in the present study, any scale effect due to air entrainment is pro-
bably unimportant. Suc‘h a belief is supported by the laboratory exper-
iments of Smetana (1938), in which no consistent dependence of air
entrainment on scale was observed, even between models with a scale
ratio as great as 1:10.

Since the quantative importance of surface tension has not been

determined in these experiments, its consideration has been limited to



308

this discussion, and is not undertaken further.

The question of surface tension notwithstanding, the compar-
ison of relative peak pressure amplitude and relative rise time as
measured by two transducers and at two scales indicates the presence
of a transducer area defect as predicted in Chapter 5, and the correc-
tion procedure presented therein may nowbe applied. First, however,
the six assumptions upon which the procedure is based, presented in
Section 5.3, must be discussed.

The first assumption was that the wave front celerity Ud is

approximately constant for the time neceded by the wavefront to cross

the transducer, i.e.:

dU
d a
= v, ~°!
Figures 6.27 show that
dUd
dx

"is greatest, and Ud is least, when xd/d is small. The smallest

value of xd/d for which tests were made is 0.118, where Xq= 0.148 ft,
and d = 1.25 ft. For these values of X4 and d the quantity

dUd

dx Ud’

computed for several values of H/d, has values ranging from 0.0013
to 0.0036, considerably less than one percent. The first assumption
is therefore considered valid.

The second assumption was that the wave form does not vary in
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the transverse direction over the transducer width., As stated pre-
viously, the tank, generator, and platform were carefully aliéned to
eliminate transverse variation. However, the deviation observed
within a sample of peak pressures obtained in a series of similar
experiments implies that spume and entrained air at the wave front
cause the peak pressure to fluctuate ffom experiment to experiment,
as noted in Subsection 6.6.1. It is also reasonable to suppose that
spume and entrained air cause spatial fluctuations in pressure in any
given wave front, implying a certain amount of transverse variation in
pressure.

The third assumption was that the peak pressure distributions
are similar for all conditions, and that they are time-dependent only
as a wave form, i.e.:

2=t

B & by ﬁ? F—bc}— .
where P2 and b may vary, but @depends solely on the value of
,(X—Udt)/b. This assumption may be questionable because of the
fluctuating nature of the pressure distribution at the wave front, just
mentioned. Furthermore, it cannot be shown that the function § is
truly independent of such parameters as the relative wave height H/d,
the relative location x/d, or the relative soffit clearance s.

The fourth assumption is that the maximum transducer output
occurs when the actual pressure maximum is centered ;Jn the transducer
ce.nter. It may be shown that this assumption is strictly wvalid (Snly if

the pressure is distributed symmetrically about the location of peak
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pressure. For the somewhat asymmetric distribution shown
schematically in Figures 5.1la and 5.1¢, indicated as typical distri-
butions by the pressure records shown in Figures 6.22, the peak
recorded pressure will be obtained at a time shortly after the actual
préssure peak (as shown in Figures 5.1a and 5. 1c) has propagated
past the center of the transducer center.

The fifth assumption, that the defect ratio R increases mono-
tonically with b/a, is valid if the actual pressure function, within the
range -a < x < a, has the form of a single symmetric or asymmetric
pulse centered at the transducer center, and is nowhere negative.

The spatial response function G(x) has no negative values for

-a< x < .a,' for any of the five cases examined in Table 5.1. There-
fore, if Pac(x) has no negative values, Equation 5.15 indicates that
R will not be negative. If Pac(x) has the form of a single pulse, a
simple increase in the ratio b/a of pulse half-width to transducer
radius a (with the maximum value Pzac held constant) would serve
to increase or leave unchanged, but not decrease, values of Pac(x)
within the range ~a < x < a . Therefore, the integral on the left-
hand side of Equation 5.15, and hence R on the right-hand side’,

would increase monotonically with b/a.

The sixth assumption, that of geometric,kinematicy,and dynamic
similarity between models at the two scales, has already been dis-
cussed in this section. The seventh assumption, that the dynamic

properties of the transducer may be neglected in the analysis, is valid
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for the 1/8-in. transducer, as shown in Section 4. 4.
As outlined in Section 5.3, the first step of the correction pro-
cedure is to collect pairs of recorded values of relative peak pressures

P, /yd and relative rise-lengths b/d measured at two model scales
e .

with a common transducer of known radius a. Pairs of values of

P, /Yyd may be obtained from Figures 6. 62, for seven relative loca-

Zr

tions of x/d: 0.2, 0.4, 0.8, 1.6, 2.4, 3.2, and 3.9, by fitting
curves to the data obtained at each scale, as shown, and from the

curves containing pairs of values of P‘2 /yd at common values of rela-
r

tive wave height H/d. (It is necessary to fit curves to the data to

compare values of P2 /vyd for constant H/d because of the practical

r
difficulty of precisely reproducing relative wave heights H/d at one

scale as produced at another.) When pairs of values of P, /vd at
‘ e

2

several values of H/d, for the seven relative transducer iocations
x/d, have been tabulated, it is necessary to derive the rise-length b

from Equation 5.16: b= U -a. The normalized rise-length b/d

t
d'r
may be considered a corrected normalized rise-time, j.e. a cor-

rected version of U tr/d’ and is so presented in the right-hand

d
column of Figures 6.63. (Rise-time data obtained with the 1/2-in.
transducer, for which a = 0,016 ft, are corrected along with data ob-
tained with the 1/8-in. transducer, for which a = 0.0052 ft.)

In Figures 6.63 for x/d=0.2, 0.4, 0.8, and 1.6, the cor-
rection procedure has brought the data from bc;th transducersat both
" scales into a common functional dependence on relative wave height

H/d. The normalized quantity b/d = (U -a)/d appears te be

dtr
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independent of geometric scale, indicating that peak pressure
phenomena as well as slowly-varying pressure P1 (as shown in
Section 6.5) and wave front celerity U, (as shown in Section 6.4)
exhibit similarity between scales. (In Figures 6.63 for x/d = 2.4,
3.2, and 3.9, the agreement between sets of data is not as good; this
is perhaps to be expected, since for larger values of x/d, the stand-
ard deviation in t_ is greater, as shown in Figure 6.60) A curve
(labeled 'logarithmic correction' in the legend) is fitted to the plotted
values of b/d in the right-hand column of Figures 6. 63 for each of
the seven values of x/d used: 0.2, 0.4, 0.8, 1.6, 2.4, 3.2, and
3.9. Values of b/d obtained from each curve for several values of

H/d are tabulated, to correspond to the pairs of values of P2 /vd
T

already tabulated.
Therefore, at each value of x/d, for each value of H/d, there

is tabulated a pair of values (PZr/Yd)NI and (Pzr/Yd)m, where the

subscripts () and () refer to the scales represented by d=1.25
P M — 5

ft and d = 0.64 ft, respectively; there is also a value b/d, common

to both scales. It is now possible to compute the quantity I''" for all

values of x/d and H/d by reference to Equations 5.25 and 5.26:

(PZ /yd)M

logy o|B 7 a
2'1‘ Y m
Tt = 8 (6.12)

d
loglo[?i"ﬁj
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and the quantity B , by reference to Equation 5.28:

b ‘dedm .

B =10g10-§ e pme (6.13)

When the values dM = 1.25 ft, dm: 0.64 ft, a = 0.0052 ft are sub-
stituted into Equation 6.13 the following relationship is obtained for
B:
B=2.188 + 1oglo(b/d).' (6.14)

The function I'' is plotted against P in Figure 6.64 . From
the assumption that the defect ratio R increases monotonically with
b/a and approaches unity, one expects "' = d(loglOR)/d (logllo(b/a))
to have the qualitative functional behavior shown schematically in
Figure 5. 6c.

The points plotted in Figure 6.64 do show a general decrease
in T''" witn increasing g, but the functional dependence of T’ on
B 1is not too well defined. For B greater than 0.7, many values of
I'' are less than zero, not as predicted in Figure 5.6c. The scatter
of points may be attributed in part to the deviation in peak pressure
measurement, inpert to inacurracy in fitting curves to the data in
Figures 6.62 and 6.63, and in part to imperfect matching of values
of x/d between scales (e.g. x/d = 0.216 at d = 1.25 ft is not pre-
cisely equal to x/d = 0.231 at d = 0.64 ft).

A curve having the general form shown in Figure 5. 6c¢c is fitted
to the data in Figure 6.64. The function T'' =T"' (B), defined by the
curve, is thenr integrated numerically to give the function T' =T (), '

using the integration condition that T approaches zero as I''
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“approaches zero, as described in Section 5.3. The integrated function
I'=T(B), shown by the solid curve in Figure 6. 65, is the realized
form of the function shown schematically in Figure 5.6b. Since

= 1OglOR and B ﬂloglo(b/a), the next step is tomap I' and B

into R and b/a, respectively. Tne function R = R(b/a) thus derived
is shown in Figure 6.66 in comparison with the expressi(;ns for R
derived mathematically in Section 5.3 for several transducer models
and several idealized input pressure functions.

To determine the importance of the deviation of plotted values
of T'' from the solid curve in Figure 6.64, two dashed curves are
fitted to envelop most of the data in Figure 6.64. The dashed curves
are sirnllérly integrated numerically, as shown in Figure 6. 66.

In Figure 6. 66, the dashed curves indicate a range of values of
the defect ratio R of from 0.35 to 0.85 for b/a <1, of from 0.50 to
0.95 for 1 < b/a < 2, of from 0.65 to 0.98 for 2 < b/a < 3, and of
“from 0.75 to unity for b/a > 3. The fractional difference between
the values of R indicated by the dashed curves and by the empirically
derived function (the solid curve) is in approximate agreement with the
mathematically derived function for any of the transducer models des-
cribed in Table 5.1, for a triangular input pressure distribution. " (For
b/a < 0.4 the defect ratio is no loenger empirically defined, because of
a lack of data. However, in the present case R need not be‘ defined
for b/a< 0.4 since there are no values of PZ/\d to be corrected for

which the corresponding value of b/a is less than 0.4.)
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Each sample mean value of PZ/Yd plotted in the left-hand
column of Figure 6.62 is corrected by multiplicati;:)n by 1/R, where
R = R(b/a) is the empirically derived function in Figur¢ 6. 66 using
the appropriate value of b/a obtained from the product lof the ratio
a/d of transducer radius to still-water depth and the corresponding value
of b/a presented in the right-hand and portion of Figures 6.603. (Ex-
ceptions are values of PZ/Yd at x/d = 551, which cannot be cor-
rected because no rise-time data were obtained; hence no values of
b are available for x/d = 5.51.) The corrected values of Pz/yd
are then plotted in the right-hand portion of Figures 6.62. It was
stated in Section 5.3 that two values of

P, /yd obtained for similar experimental conditions at the two model

21‘

scales, after each value had been corrected, should yield the same
value of PZaC/Yd, as indicated by Equation 5.18. For those values
of x/d (0.2, 0.4, 0.8, 1.6, 2.4, 3.2, and 3.9) where data from the
two scales may be compared, the corrected values in the right-hand
column of Figures 6.63 indeed exhibit generally better agreement be-
tween scales thar:; do the uncorrected values in the lef-hand column;
for x/d = 0.816, the corrected values show an agreement between
scales that is as good as that shown for slowly- varying pressure
PI/Yd in Figure 6.51.

In t_he right-hand portion of Figures 6.62 for peak pressure and
Figures 6.63 for rise-time, for x/d = 0.2, 0.4, 0.8, 1.6, 2.4, 3.2,

and 3.9, corrected values obtained by the direct extrapolation procedure

suggested by the work of Willmarth and Roos (1965) are also included
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(c].otted curves). In the direct extrapolation procedure, values of
PZ/Yd or Udt-r/d obtained with one or both transducers at the two
model scales are obtained at a common value of relative wave height
H/d from the curves fitted to the uncorrected data in the left-hand
columns of Figures 6.62 or 6.63. Each set of values obtained at a
commorll H/d 1is plotted against a/d, as shown in Figure 6.067,
where a is the transducer radius and d is the still water depth.
(Any other indicator of scale size, such as s, X, H, or b, could
be used in place of d.) Graphs so plotted show the influence of rela-
‘tive transducer size a‘/d on the measured value of PZ/Yd or
Udtr/d. A straight line is filted to the data points and extended to
the ordinate axis, where a/d = 0, where the ordinate value provides
an estimate of the output of an ideal, infinit:éstinnal transducer.
In Figur‘es b.62 for x/d = 0.2, 0.4, and 0.8, values of

pZ/Yd- corrected by direct extrapolation are 10% to 20% lower than
" those obtained by logarithmic extrapolation. For x/d = 1.6, 2.4,
"3.2, and 3.9, there is fair agreement between values obtained by
direct and logarithmic extrapeolation. In Figures 6.63 for x/d = 0.2,

0.4, and 0.8, values of U tr/d corrected by direct extrapolation are

d
in very good agreement with values obtained from the application of
Equation 5.16. For x/d = 1.6, 2.4, 3.2, and 3.9, there is poor
agreement between values obtained by direct extrapolation and by
Equation 5,16, possibly because the disparity of the uncorrected data

between scales is due to the large standev deviation shown for those

values of x/d in Figures 6. 60, hence high standard deviation in the
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Figure 6. 67. Two examples of direct extrapolation: (a) for peak
pressure; (b) for rise-time. (x/d = 0.816, s/d = 0.2,
H/d = D.32.)
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mean, rather than due to scale effects. The relative advantage of
the logarithmic extrapolation procedure is that it involves a reasoned
derivation of a correction function, which, once obtained, may be
applied to any single peak pr-essure value, as long as the correspond-
ing value of the argument b/a of the defect function R is known.
For instance, it has been possible to correct all peak pressures pre-
sented in the lefi~hand portion of Figures 6.62 by the logarithmic pro-
cedure (except at x/d = 5.51, where b/a was not available), despite
the fact that for only seven of the 14 values of x/d represented could
data from similar experiments at two scales be compared.

The advantage of the direct extrapolation procedure is its
simplicity. The dis advantéges are that there is no appeal to analysis
of the phenomena causing the defect; and that wherecas the logarithmi-
cally derived correction function R = R(b/a) is determined from
many contributing pairs of peak pressure values; each direct extra-
polation is subject to a set of at most four values. In Figures b6.63,
<for x/d =10.118, 1.216, 2.016, etc., where values are not generated
under similar geornetric conditions at two (or more) model scales, no
correction by direct extrapolation is possible; and for those values
of x/d where values at two or more scales are available for compar-
ison, random fluctuations in the values may cause unstably magnified
fluctuations in the corrected value.

From the earlier discussion of the assumptions upon which the
logarithmic correction procedure is based, from the presentation and

discussion of Figure 6. 64, and from the foregoing discussion of the
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direcct extrap‘olation procedure, it is apparcnt that the most serious
obstacle to meaningful interpretation and corrcction of the data is the
magritude of the variations in measured peak. For both the logarith-
mic and the direct correction procedures, ‘the large standard devia-
tion within a saffiple of experimental values made it difficult to obtain
meaningful mean values of pecak pressure and rise-time. Within any
single record, random fluctations rendered the reduction of pecak
pressure and rise—time data much more liable to human judgment
‘than one would prefer. For the logarithmic procedure in particular,
the superposition on the -preésure record of random fluctuations due to
spume and entrained air renders partially inwvalid the assumptions

in Section 5.3 that the pressure diétribution is a traveling wave of a
form which is similar for all values of x/d, H/d, and s/d.

.- - Because of the 'prob.'leni of fluctuations,..and because of the
general inconvenience of having to perform and establish confidence in
a correction procedure, it is obviously well to avoid the necessity of

“correction. 'In Figure 6.66 the empirically derived defect function
indicates that for b/a greater than 3, there may be less than 10%
loss in measured peak pressure due to defect; it may therefore be
established that to évoid transducer defect and the necessity of cor-
rection, one must use transducers of sufficiently small size so that
the ratio b/a may be gfcatcr than 3, where b is half the character-
istic length or width of the distribution being measure, e;nd a is the
transducer radius.

Yet in the present study there are mziny instances where b/a

is less than 3; and with respect to thesc cases, the writer belicves
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that despite the uncertainties introduced by the pressure fluctuations
and by the urﬁertain role of surface tension in scale effects mentioned
earlier, application of the derived correction function R = R(b/a) pro-
vides the best means at preseht available for estimating the mean
values of actual peak preésure amplitude and rise-time. (It is also
suggested that despite practical difficulties in application encountered
in the present study, the correction procedure per se may remain of
general interest.) In the following presentation and discussion of

peak pressure data, the corrected values are those that are discussed.
In most instances the uncorrected data are presented as well, however,
so that results of the study may be studied independently of the cor--

rection procedure.

6.6.3 Functicnal behavior of peak pressure and rise-time.

Figures 6.62 presented in Subsection 6.6.2 in connection
with the correction procedure indicate that normalized peak pressure
.Pz/Yd increases with relative wave height H/d. The rate of increase
‘of peak pressure head with wave height, d(PZ/\{)/dI—I, is approximately
1/4 for all values of relative location x/d and both values of relative
soffit clearance examined, s/d.: 0.2 and s/d=0.1.

Figures 6.63 indicate that for x/d < 1.216, for both s/d=20.2
and s/d = 0.1, the normalized rise time Udtr/d (or the normalized
rise-length b/d) has practically no dependence on relative wave
height H/d. For greater values of x/d, there is an increase of
Udtl_/d with H/d. As noted in Subsection 6.6.2, there is also a

marked increase in scatter, i.e. a lack of a common functional
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pattern among the plotted points, for x/d greater than two at

s/d = 0.2. However, for: x/d = 4.525 at s/d = 0.1, the data appear
to lie on a common curve. This observation as to the presence of
scatter will be referred to later in this subsection.

Figures 6.68 show the dependence of peak pressure on rela-
tive location x/d and on relative soffit clearance s/d. Uncorrected
mean values of peak pressure head PZ/Y, normalized with respect
to the mean wave height H, are plotted against x/d in Figure 6.68a;
corrected values of PZ/YH are presented iln Figure 6.68b. (At any
given x/d, values of PZ/YH representing all values of H/d are
plotted undifferentiated, giving a multiplicity of values not due to
scatter but due to an inconstancy of the ratio PZ/YH for different
values of H/d.) In Figure 6.6éa, for s/d = 0.2, data from the two
transducers operating at both model scales are represented; for
s/d = 0.1, only data from the 1/8-in. transducer are available. For
- s/d = 0.2, the data have been enveloped by solid curves; for s/d=0.1,
‘the data have been enveloped by dashed curves. The data for
s/d= 0.2 show an initial increase of PZ/YH with increasing x/d,
with a maximum attained at approximately x/d =1.2. The data there-
after show a decrease with increasing x/d. The data fbr s/d =0.1
are insufficient to indicate a detailed functional relationship, but also
suggest an increase of PZ/YH with x/d. For both s/d = 0.2 and
0.1, the trend of PZ/YH with x/d is reminiscent of that of Ud\/—g_d
with x/d, shown in Figures 6.27 and 6,28,

As shown in Subsection 6.6.1, the ratio of standanldeviation to
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mean peak pressure generally did not exceed O’. 25. According to the

theory of nor.rna]. distributions (Parratt, 1961, p.174), if a quantity is
normally distributed about a mean m, with a standard deviation S,
there is 98% probability that a.single measurement will provide a

value less than m + 2S. For a value of Sp/ P_x 0.25 as indicated

2
by Figure 6.58, and for a maximum value PZ/YH = 3.1 indicated in
Figure 6.68b, there is therefore at least 98% probability that individ-
ual values of PZ/YH will be less than 3.1 (1 + 2(0.25)) = 4.7; i.e.
there is at most 2% probability that the peak pres-sure-head PZ/Y

due to a wave will be greater than 4.7 times the incident wave height
H, for the conditions of the present study.

In Figure 6.68b, data obtained with the 1/2,—.in. transducer do
not appear, since only data obtéined with the 1/8-in. transducer were
corrected by the logarithmic procedure. Again the data for s/d =0.2
are enveloped by solid curves, and the data for s;/d = 0.1 are
- enveloped by dashed curves. There is little apparent difference be-
‘tween Figures 6.68a and 6.68b for the range x/d >1. For x/d <1,
the data in Figure 6.68b indicate higher values of PZ/YH than in
Figure 6.68a, and there is better agreement among data from the two
model scales. As in Figure 6.68a, the data for s/d = 0.2 attain a
maximum at approximately x/d = 1.2, whereas from the data for
s/d = 0.1 one may only infer an increase in PZ/YH with increasing
x/d. For s/d = 0.2, the maximum value indicated is PZ/YI—] = 2.75;
for s/d = 0.1 the maximum value obtained is «PZ/YH = 3,17, with

the indication that greater values could be obtained at larger x/d.
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In Figurés 6.69, 6.70, and 6.71, the corrected peak-pressure
data obtained in the present study are compared with peak pressures
obtained by El Gharmnry (1963) and Wang (1967). However, as mention-
ed in Section 6.5, it should be remembered that experimental condi-
tions used by El Ghamry and by Wang differed from those used in the
present study, and differed from each other.

As described in Section 2.3, El Ghamry studied the case in
which periodic progressive waves in a wave tank 1 ft. wide by 3 ft.
deep struck a 4-ft horizontal platform. The platform, which had no
vertical front face, extended near'ly the width of the wave tank, but
with a gap between the tank walls and the edge of the platform.
Pressure transducers were mounted at relative distances x/d =1
and x/d = 2, where x was the distance from the seaward edge of the
platform and d was the still water depth. Waves were génerated at
several wave lengths, but since it is reasoned that the wave of the
greatest length is most comparable to a solitary wave, only the data
generated at the greatest wave length (14.388 ft) has been included
here for comparison. For tests conducted at this wavelength, the
relative soffit clearance of the platform above still water level z/d
ranged from 0 to 0. 050, and the ratio of trough-to-crest wave height
to still water ciepth ranged from 0.048 to 0.121. The still water
depth was 2. 00 ft. for all tests. The tank bottom was horizontal
beneath the platform, for the data included here.

. ’As explained in Section 6. 5,it is deemed most consistent to

consider El Ghamry's data in terms of wave height above still water



2-5 i

e T —
PRESENT STUDY | $=02 S:g@iﬁ’; 2 ‘
(CORRECTED : o411,
DATA) - 201 |d=100f &
|| EL GHAMRY (1963) | 5 5.« K
20 (=439 ft) |03 =0l0 .
WANG (I967) 0 sgso_ws -
WANG (1967) PRESENT STUDY 7
15+ | i
R v‘[-1~:|_ GHAMRY (1963) .
7d \ |
1.0+ \ " _(;B- o
‘ o
| 5 ° °
| ¢ (:OO 00 '
| o) ° °
o5 _ * e i A |
? . & (@]
| - E T
i el > .. w o 'f 'g ® .: - 9 ® )
M."i‘:ﬁ&: ™ —¢' -
00 1 S8 Tyl 1 ] 1 ? ] 1 1 L
00 005 010 0I5 020 025 030 035 040 045 050
H
d

Figure 6. 69.

4

Normalized peak pressure P, /vyd plotted as a function

values by El Ghamry (1963) and Wang (1967).

of H/d, compared with
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level, rather than of trough—to;c_rest wave height, as presented by
El Ghamry. Defined in this way the wave height H above still water
level is simply taken as one-half the trough-to-crest wave height. El
Ghamry r}oted that pcak preésure head never exceeded 2.5 times the
trough-to-crest wave height; or in the terms of the present study,
never exceeded 5 times the wave height above still water level.
Wang's (1967) experliments were performed on a model pier
1 ft wide and 6éft long located near a beach in a 92-ft. square wave
basin. The pier, 1.5 inches thick, had no high vertical front face.
"The plunger-type generator produced a dispersive wave train, the
leading wave of which was positive if the plunger was suddenly
immersed, or negative if the plunger was suddenly w.ithdrawn. Peak
pressures and wave amplitudes generated by plunger withdrawal did
not.differ greatly from those generated by immersion; since most of
the available data were for the case of withdrawal, data for the cése
of plunger immersion have not been included here. Only pressure
‘generated by the first positive wave in the train of waves generated by
plunger withdrawal have been included here for comparison. Pressures
were measured at four transducer locations. Corresponding wave
heights were measured with respect to still water level by wave
gauges mounted alongside the pier at distances fr‘orn the seaward edge
equal to the distances of the transducers from the seaward edge. In
the neighborhood of the pier, the boltom of the basin had a 1:14
slope for most tests. The still water depth d used in this discussion

is the depth at the location of the transducer. (The depth at the
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seaward end of the pier ranged from 8.2 in. to 30 in.) The relative
distance x/d of the pressure transducer from the scaward edge
ranged from 0.2 to 37.9; the relative clearan;ce s/d of the soffit
- above still water level ranged from 0.0 to 0.16; and the relative
wave height H/d ranged from 0. 0475 ko 0. 37,

El Ghamry's (1963) and Wang's (1967) experlirnental conditions
thus differ in several ways from the conditions of the present study,
in wh‘ich a solitary wave in a 1.25-ft, wide wave tank with a horizontal
bottom struck a horizontal platform with a high vertical front, with no
clearance between the side walls and the platform; where for most
tests s/d = 0.2, for a few tests s/d = 0.1 and s/d = 0.0; where H/d
ranged from 0.15 to 0.46. Furthermore, the values presented in this
subsection are mean values of data from five, si;;, or more similar ex-
“periments, corrected for transducer area defect, whereas values pre-
sented for El Ghamry and Wang are data from individual experiments.

In Figure 6.69, the peak pressure head PZ/Y, normalized with
'respect to the still water depth d, is plotted as a function of H/d,
where H is the elevation of the wave crest measured with respect to
‘the still water level. The El Ghamry and Wang data, together with data.
from the present study, indicate a general increase in peak pressure
with wave height. El Ghamry's upper limit of PZ/Y less than or equal
to 2.5 times the trough-to-crest wave height, or five times the height
H above sl.till water level, is exceeded by Wang's data in énly a few in-
stances, and is never exceeded by data from the present study.

Furthermore, as explained in the discussion of Figures 6.68,
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experiments indicate a probability of at least 98% that pressure head
PZ/Y will not exceed 4.7, or approximately 5, times the wave height
H.

Figure 6.70 shows the peak pressure head PZ/Y) this time
normalized with respect to‘the wave height H, plotted as a function of
relative distance x/d from the seaward end of the platform. Data
from the present study are represented by the curves enveloping the
range of data shown in Figure 6.68b. For all three studies, values
of PZ/YH are'less than 8.25, with all but a few values less than 5.0.

For the present study, the functional dependence of PZ/YH
upon x/d has already been discussed. El Ghamry's data for s/d=0.0
and s/d = 0.025 show an increase of PZ/YH with x/d, and a decrease
with x/d for s/d = 0.050; yet since there are only two values of x/d,
'one Cannot‘corxfidently discern a functional dependence of PZ'/YH on
x/d. Wang's data show no discernibie dependence of PZ/'YH on x./d,
for any value of s/d. It may be that for Wang's study PZ/YH simply
‘does not depend significantly on x/d because of the experimental
conditions, which as stated earlier were considerably different from
those of the present study; or it r;{lay be that due to the large deviation .
inherent in peak pressure measurements it is more difficult to detect
functional trends from individual plotted data as provided by Wang
than it is from data averaged from several similar experiménts, as
in present study.

Figure 6.7]1 shows the pcak pressure head PZ/Y, again

normalized with respect to the wave height H, plotted as a function of
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relative soffit clearance s/d. For the data of El Ghamry which is
presented in Figure 6.71, s/d ranges from 0.0 to 0. 05; for the data
of Wang, s/d ranges from 0.0 to 0.16. For s/d= 0.1 and 0.2, the
- range of corrected-data from the present study are indicated. All
three sets of data show a consistent trend indicating a general de-
crease of PZ/YH with increasing s/d. It may be noted that such a
trend is predicted analytically in Equation 3.61: Pz/p = %Udzngs.

Tor constant wave height H, the wave front celerity U, in Eguation

d
3.34 is inversely proportional to s/d, indicating a decrease in Ud
(hence in %Udz) with increasing s/d. Furthermore, the second
term (-gs) on the right-hand side of Equation 3. 61 acts directly to
reduce Pé as s increases. However, it should be remembered that
the analysis as developed in this study is not necessarily applicable
for experimental conditions such as used by El Ghamry or Wang.
While Equation 3.61 per se may be considered applicable to conditions
other than thos-e of the present study, Equation 3.34 for Ucl is
*restricted to the conditions of the present study. No attempt has bezn
rﬂade to predict the wave front celerity Ud for the conditions of El

Ghamry's or of Wang!s study, nor was U, measured in those studies.

d
Figures 6.69, 6.70, and 6.71 show that despite the diffefences
in ranges of H/d and s/d, and the differences in experimental con-
ditions, there is fair agreement among the El Ghamry study, the
Wang study, and the present study as to the order of magnitude of

PZ/YH, the ratio of peak pressure head to incident wave height above

still water level. El Ghamry's upper limit of PZAH < 5 stands for
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all measured data in the present study and for nearly all of Wang's
data. The valuc of PZ/YH < 5 is one to two orders of magnitude
less than the ratios of impact pressure head to wave height due to
waves breaking against vertical walls, as reported by Dermy (1951),
Ross (1954), or Garcia (1968). It is true that neither El Ghamry nor
Wang considered the problem of transducer area defect, but as
shown in the present study, neglect of area defect introduces error of
the order of perhaps 50%, and hence does not affect an order-or-
magnitude comparison of data values.

In Figures 6.72, the peak pressure data of the present study
is compared with the values predicted in Equation 3.61. As the
ordinate, the pressure head PZ/Y is normalized with respect to

( Uz /2g - s), where U, is the local wave front celerity, g is the

d
gravitational acceleratibn, and s is the soffit clearance. The
abscissa is the relative distance x/d. The analytical value of
PZIY(UdZ/Zg -s), as expressed by Equation 6.1, is unity. Figure
“6.72 a shows uncorrected sample means values; Figure b, 72b shows
corrected values.

"For g/d = 0.2, the corrected values shown in Figure 6.72b
appear to be independent of x/d, for x/d less than 2, for the most
part having values greater than 0.45 and less than 0.80. For x/d
greater than 2, the values of PZ/Y(UdZ/Zg—s)‘ tend to decrease with
x/_d; this tendency will be discussed further following presentation of

Figures 6.73. For s/d = 0.1, the values are approximately 0.4 at

both values of x/d tested. It is not understood why values at
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s/d = 0.1 should be generally less than the values at s/d = 0.2. The
variety of values at a given value x /d reflects a tendency for
PZ/Y (UdZ/Z g-s) to increase with relative wave height H/d.

The assumptions underlying the de rivatién of Equation 3.61
were:

1. that the acceleration tirxn K d Ud/dt in Equation 3.60
{or more generally, the term c?iu/dt dx in Equation 3. 59)
may be neglected; - '

2. that the form of the free surface in the neighborhood of
the wave front remains approximately (;Onsﬁal‘lt, although the wave
celerity may change with lirne;

. that the effect of sqrfacc tension, air entrainment, and
boundary shear stress are negligible.

As for the first assumption, Figures 6.27 show that dUd/dx,

hence dUd/dt =z T dUd/dx), is greatest for small xd/d, and equal

at
to zero at a relative location Xd/d approximately equal to 2, for

all values of H/d shown. Since the C.oeff-i.cient K in Equation 3.60

is positive (fél‘ 11 > 0, as in thé flow near the wave front), a positive
contribution to peak pressure by the term K dUd/dt might be expected
for small xd/d, with no contribution at Xd/d approximately equal to
2. Hence if the term K dUd/dt is significaat, values of

szy(UdZ/Z g-s) will be greater at small values of Xd/d than at

x [/d = 2. However, in Figure 6.72b, corrected values at small

xd/d are approximately equal to values at xd/d = 2; and in Figure

2
6.72a, the uncorrected values of PZ/Y/(Ud /[ 2g-s) are less, rather
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than greater, at small xd/d than at xd/d = 2. It therefore appears
that neglecting the acceleration term K dUd/dt Equation 3.61 does
not introduce significant error.

As noted previously, the photographs presented in Figures
6.13 through 6.17 in Section 6.2 indicate little change in the form of
the free surface ncar the wave front, except an increase with
distance of spume thrown forward and of air entrained. The spume
and entrained air do not affect the validity of the second assumption,
which, since no change in surface profile is observed, apparently in-
troduces little error into the analysis.

The entrained air, however, may affect the third assumption.
As explained in Section 3.3, entrained air effectively reduces the
average density of the fluid, ana thereby reduces hydrodynamic
sipressure on the boundary. As described in Section 3.3, viscosity and
‘surface tension may indirectly reduce peak pressure also by inhibit-
ing the formation of the thin jet postulated for ideal flow. Thus,
assuming that the procedure to correct transducer area defect has
provided correct values of measured peak pressure, the difference
between actual peak pressure and the value predicted in Equation 3.6l
may be attributed to reval fluid effects through the n'lechanisrns-
described in Section 3. 3.

The data from the present study have not been compared with
values predicted by the analysis of Wang (1967) (see Section 2. 3),
because that analysis incorporates the vertical fluid velocity in the

wave, and no suitable expression for the vertical fluid velocity was
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obtained in the present study. Furthermore, while Wang's is derived
from an analysis by von Karman (1929) for the transient total force
on an obtuse wedge penetrating the water surface, the writer believes
- that the maximum of a pressure distribution cannot validly be derived
from an analysis which is intended only to predict a total force, or an
average pressure, over the entire surface, rather than the maximum
value at one location.

It may be noted that peak pressure data for zero soffit clear-
ance (s/d = 0) were obtained by El Ghamry (1963) and Wang (1967),
but that in the present study no peak pressure was ever observed, as
‘noted in Section 6.3. Peak pressure is associated with a wave front
propagating into an errlpty or air-filled space, and for wave conditions
where there are troughs in which the water level is less than still
“water level, the propagation of a trough beneath the platform will pro-
_ vide the condition for the generation of peak pressure with the advent
of the next wave crest, even though the platform soffit is at the still
‘Water level. For the periodic progressive waves used by El Ghamry,
and for wave trains used by Wang whose leading wave was negative,
peak pressures could therefore be obtained even for zero soffit clear-
ance. For solitary waves as used in the present study, no trough pre-
cedes the single positive wave, and there is thus no peak pressure for
zero soffit clearance. (For wave trains in which the leading wave was
'positive, _Wang, too, observed no peak pressure for the leading wave

for zero soffit clearance.)
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Figures 6.73 show the dependence of rise-time and rise
length on relative location x/d. Figure 6.72a shows the uncorrected
rise-time tr, normalized by multiplication by J/ g/H, plotted as a
function of relative distance x/d. For s/d = 0.2, data from the two
transducers at the two ;nodel scales are included. The data obtained
for s/d = 0.1, which are also included, are in functional agreement
with the data for s/d = 0.2. The trend shown by the data indicates
an increase in tr\/”g/'ﬁ with x/d, with a marked increase in some
values for x/d > 2.

Corrected values of tr,/_g_7}-—f plotted against x/d are pre-
sented in Figure 6. 73b.  Again, data from both transducc;rs and both
model scales, where available, have been included. Compared to
Figure 6.73a, there is much better agreement between model scales
and between transducers, corresponding to the improved agreement
(for x/d < 2) provided by the’ correction procedure shown in Figures
6.63. Also shown is a range of rise-time values derived using a
method proposed by Wang (1967), that the total duration of the pressure
peak in milliseconds is 15 to 40 times the square root of the incident

wave height measured in feet. If the rise-time t. is taken as half the

_pressure peak duration, the proposed range, when normalizedbecomes:
0.043 < t_ JgiH < 0.114.

Many of the rise-time data from the present study fall within Wang's

proposed range, but for values of x/d less than 2, the rise-times are

less than indicated by the range, and for s/d greater than 3, there are

several values of rise-time greater than indicated by the range.
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Figure 6.73c shows the computed rise length b, normalizcd
with respect to the wave height H, plotted against x/d. (As explained
in the discussion of the correction procedure: b = Udtr—a, where Ud
is the measured wave front celerity, a is the transducer radius, and
tr is the uncorrected risc-time.) The qualitative appearance of the
function b/H, as expected, is similar to that of the corrected function
tr/ETI.:]', generally increasing with relative distance x/d.

Figures 6.73 show considerable variance i.n tr\/_g7ﬁ and in
b/H, for constant x/d, for values of x/d greater than 2, especially
for s/d = 0.2, In this connection it is noted that Figures 6.72
indicate a decrease in Pz/y(Ud2/2g~s) for x/d> 2 at s/d = 0.2,
that Figure 6.60 indicates an increase in the ratio St/—f;r of standard
deviation to mean rise-time for x/d> 2 at s/d = 0.2, and that, to a
-‘lesser extent, Figure 6.58 indicates an increase in the ratio SP/P2
of standard deviation to mean pcak ﬁl-cssn1re at. sfd = 0,2 for
x/d > 2, particularly at x/d = 3.9 and 7.07.

It may also be noted that the photographs presented in Figures
6.13, 6.14, 6.16, and 6.17 in Section 6.2 show that the amount of
spume and entrained air generated at the wave front increases as the
wave ‘propagates s}_loreward beneath the platform. An ingrease in the
amount of spume and entrained air may be expected to increase the
size of the region of activity at the wave front, hence increase the
rise-time t_  and the rise-length b. By the assumption in Subsection
6.6.1 that deviations in peak pressure and rise-time are caused by in-

homogeneities in fluid density due to spume and entrained air, an



343

increase in spume and entrained air could be expected to cause an
increasé in the ratios Sp/_lf’2 and St/E;r of starlldard deviation to
mean for peak pressure and rise-time, respectively. In Section 3.3
it was suggested that entrained air, by reducing the average fluid
density, could cause a decrease in pressure exerted on the platform;
therefore an increase in air entrainment may be the cause of the re-
duction in PZ/Y (Ud2 !/ 2g-s) noted for x/d = 0.2 in Figures 6.72.

Although the reasons for the increase in spume and entrained
air that is observed with increasing x/d, especially for x/d > 2 at
s/d = 0.2, have not been examined in detail in this study, it is con-
jectured that the fluid that in an ideal flow would be shot forward from
the wave front as shown in Figure 3.4, in the real case simply falls
to the fluid surface ahead of the wave front, entrapping air. As the
wave propagates beneath the platform, the amount of fluid so involved
accumulates, increasing in size with relative location % d.

It may also be noted that for x/d = 0.2, Figures 6.27 in

Section 6.4 indicate that the wave front celerity U, attains a maximum

d
at x/d approximately equal to 2. Furthermore, for s/d = 0.1,

o o 2, F
where the effects on t. b, St/ t. SP/P , and PZIY(Ud /2g - s)
have not been noted for x/d >2, Figures 6.28 indicate that wave front
celerity Ud generally attains a maximum only at x/d equal to values
greater than three or four. Therefore, the increase in spume and en-

trained air may ke in some way associated with the dynamics of de-

celeration of the wave-front.
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If the pressure-time distribution in the pressure peak may be
approximated by an isoceles triangle of height P2 and base 2 t
then the product Pztr may be considered an approximate _value of the
upward impulse per unit area imparted to the platform in the vicinity
of the wave front. Figure 6.74 a shows the normalized impulse
(PZ/Y H) (tr\/_g_Tm , where PZ/Y and tr are uncorrected values of
peak pressure head and rise-time, respectively, plotted as a function
of x/d.

Figures 6.74b is similar,but for corrected values ' of PZ/Y
and tr. Since only data obtained with the 1/8-in. transducer were
logarithmically corrected, data from the 1/2-in. transducer do not
appear in Figure 6.74b. The main difference between Figure 6.74a
and Figure 6.74b is evident for x/d less than 2, where the correction
procedure reduces values and provides better agreement‘between dats
obtained at the two model scales.r For s/d = 0.2, the normalized pro-
duct (PZ/YH) (tr\/_gﬁ) is shown in Figure 6.74b to increase from a
value approximately zero at x/d = 0 to a maximum value of 0.2 at
approximately x/d = 3, thereafter decreasing with increasing x/d.
For s/d = 0.1, there are again insufficient data to determine functional
detail, except for a general increase in (PZ/Y ) (trm) between

x/d = 0.522 and x/d = 4.525. The greatest measured value for

s/d=0.0. is 0.26 at x/d = 4.525.
The normalized values of uplift impulse per unit area may be
compared with the impulse per unit area due to waves breaking against

a vertical wall, as measured by Denny 1951), Ross (1954), and
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Garcia (1968). Values of (I/YH)/g/H, where I is the impulsé
per unit area and H is the wa\}e height, that fnay be obtained from
Denny's * data range from zero to 0.71. For Ross's data, the
range is 0.06 to 1.58. For Garcia's data, the range is 0.41 to 1.37.
The largest values of uplift inpulse (PZ/Y H) (tr\/ET}:f) obtained in the
present study (0.26 for s/d = 0.1 at x/d = 4.525) are therefore of
the order of 20% of the largest measured impulses exerted horizontally
against a vertical wall.

Figure 6.74c shows the product PZb/YHZ plotted as a function

of x/d. As before, b=1U - a, where U is the wave front

Ao d

celerity, ¥y is the uncorrected rise-time, and a is the transducer
radius. By approximating the spatial distribution of peak pressure by
an isosceles triangle of height PZ/Y and base 2b, one may define

the product P,b as the uplift force per unit width due to the pressure

2

peak. ‘
For x/d = 0.1, the value of sz/YHZ at x/d = 0.522 is in

close agreement with the data for s/d = 0.2, but at x/d = 4.525,

for s/d = 0.1 this parameter is about twice as large as the correspond-

ing value for x/d = 0.2, the greatest measured value of sz/YHz

.being 0.97. This ehavior of PZ/YH shown in Figures 6. 68.

als
=

Denny presents his values for impulse in the normalized form
I/ p UH, where U is the wave celerity and p us the fluid density.

If, following Denny, it is assumed that for breaking waves

U =V/gH(1+1/0.78), Denny's data may be transposed into the

—s

normalized form (I/Y Hy/ g5
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The total force per unit width imparted at the pressure peak
may not be large compared to the total uplift force per unit width due
to the slowly-varying pressure computed in Section 6.5. (For
instance, at H/d = 0.4, s/d = 0.2, Figures 6.62 and 6.63 for
x/d = 0.816 show typical values of PZ/Yd and b/d tobe 1.0 and
0.02, respectively, giving a normalized force per unit width of
sz/ dz of 0.02, compared with a maximum value F/Yd2 of 0.6,
shown in Figure 6,.52c.) I—Io»vevcl", to a structural engincer concerned
with the stresses irnposéd on individual parts of the platform soffit
whose length is of the order of 2b, the concentrated force in the
pressure pcak may be of greater importance than the more widely
distributed force due to the slowly-varying pressure. |

For the samples of data obtained at x/d = 0. 81.6, cumulative

frequency diagrams are presented for the impulse P normalized

Ztr
with respect to the sample mean value, Pztr, in Figure 6.75. The
values of PZ/Y and tr are the uncorrected values obtained with the

1/8 ~in. transducer at both model scales for x/d = 0.2. As with the

quantities H, PZ/Y and tr’ the product P tr appears to be normally

2

distributed; for the samples obtained at x/d = 0.816, the average value

of standard deviation to mean value is Spt/PZ = 0.174,

t
¥t
Denny (1951), in a study of impact pressures and impulses due
to waves breaking against vertical walls, found that whereas impact
pressures tend to be normally distributed, the distribution of shock

impulse per unit arca tends to have a negative skewness; i.e. more

than half the values in a sample are greater than the mean value,
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but the majority of values with large deviations from the mean are
less than the mean. Plotted on arithmetic probability paper sﬁch as
used in Figures 6.75 and elsewhere in this study, data in a negatively
skewed distribution would be fitted by a curve convex upward. The
data from the present study plotted in Figures 6.75 show no
consistent tendency towards lying on convex-upward curves; indeed,

a more common tendency for samples not well-fitted by a straight
line is to lie on a convex-downward curve, indicating positive

skewness, in contrast to the trend found by Denny.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY"

7.1 Conclusions.

The major objective of the present study has been to investigate
in detail the basic nature of the flow beneath a pier or offshore plat-
form, and the associated uplift pressures exerted on the platform, that
result from the incidence of a solitary wave. Although there is a great
variety and range of experimental conditions that may be studied, only
a limited range of conditions in a geometrically simple two-dimensional
model was examined.

While this range may not be broad, the investigation has been
intensive. Peak pressures were examined in detail, with careful
attention given to the measurement and recording capabilities and
limitations of the pressure transducers and of the other éomponents of
the recording system. Since the peak pressure was found to be a
highly variable quantity, the normal experiﬁlental procedure was to
perform five, six, or as many as 32 similar experiments to obtain
meaningful average values of peak pressure and of the rise-time, or
characteristic duration of the peak pressure, for each value of rela-
tive wave height, soffit clearance, and transducer location examined.
The distribution of slowly-varying pressure with respect to time and
location was obtained for several values of relative wave height.

Other quantities measured in detail were the celerity of the wave
front and the celerity of the wave of recession. To aid in the general
understanding of the flow pro;:ess, numerous single-exposure and

multiple-exposure photographs of the wave profile were taken, for the
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range of conditions studied.

Although the study was two-dimensional, and limited to the geo-
metrically simple configuration of a horizontal channel bottom and a
flat horizontal platform, the conditions chosen for study are considered
relevant to prototype conditions of interest. On the one hand, the
solitary wave, used as a model incident wave, is considered a relevant
model of ocean waves in ghoal water, where piers or platforms are
likely to stand. On the other hand, the values of parameters such as
relative wave height and relative soffit clearance are considered
representative of prototype cases of interest. Most of the experiments
were performed at a relative soffit clearance s/d of 0.2, with a rela-
tive wave height H/d ranging from 0.2 to 0.4, and relative platform
lengths 1./d equal to 4.0 and 7.8. These conditions, would, for
example, correspond to a prototype pier or platform 120 to 224 ft long
situated six feet above the still water level, in water 30 ft deep, with
incident waves six to twelve feet high. A few experiments were per-
formed at a relative soffit clearance s/d = 0.1, with relative wave
height H/d ranging from 0. 15 to 0. 38, which could correspond to an
offshore platform standing in 100 ft of water, ten feet above the still

water level, subjected to waves 15 to 38 ft high.

7.1.1 Correction of transducer defect.

With respect to the problems of measurement of peak pressure,
it was found that:

1. A pressure distribution whose characteristic width is of the
same order of size as the radius of the sensitive area of the trans-
ducer may be inadequately recorded by the transducer, due to a

spatial averaging effect.
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2. Theoretical analysis of the spatial response of pressure
transducers mounted flush in a ;igid boundary indicates that if the
characteristic half-length of a pressure pulse is greater than about
three times the transducer radius, the defect, i.e., the ratio of
recorded maximum pressure to actual maximum pressure, will be
reasonably close to unity, and areal effects of the transducer are rel-
atively unimportant.

3. Although in certain éases it is possible to apply an analytic.:a.l
correction procedure (derived in Section 5.2), to retrieve the actual
pressure distribution from the measured pressure distribution, it has
been shown analytically that it is impossible to retrieve the Fourier
components of the actual distribution for certain critical normalized
frequencies uJa/Ué1 whose values depend on spatial resolution char-
acteristics of the transducer. Practically, correction is possible only
if the actual distribution has no frequency components greater than a
certain critical value; yet such. distributions by nature need little cor-
rection to begin with. Therefore the analytical correction procedure
is of little practical value, at least as applied in this stﬁdy.

4. When planning to measure pressures exerted non-uniformly
on a surface, it is best to use a transducer of sufficiently small sen-
sitive area that problems of spatial resolution may be avoided. (As
indicated in Item 2, a "'sufficiently small" transducer is one whose
radius isbless than one-third the characteristic half-width of the pres-
sure distribution to be measured. )

5. In the present study, the problem of spatial resolution could
not be avoided entirely, despite the use of the smallest commercially

available strain-gauge-type transducer. Therefore an extrapolation
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procedure baséd on the comparison of peak pressures measured under
similar conditions but at two different model scales was devised (in
Section 5.3) to correct values of rise-.time and peak pressure. Al-
though the procedure could not be applied with certainty, principally
because of the randomly fluctuating nature of the peak pressure distri-
bution, the corrected values appeared to be free of effects of scale
attributed to problems of transducer resolution, and were in fair
agreement with values corrected by a different procedure described by
Willmarth and Roos (1965). Both correction procedures increased

peak pressures from a few percent to as much as 50%.

7.1.2 DPeak pressure and rise-time.

With respect to measured peak pressure P, and rise time tr’
it was found that:

1. Corrected values of peak pressure are generally 50% to 80%
of the ''stagnation pressure' predicted analytically from the measured
wave front celerity and the soffit clearance. The discrepancy between
measured values and the predicted value may largely be attributed to
air entrainment and other real fluid effects. (Although air is entrained
at the wave front in a region where the peak pressure is exerted, the
air is not considered in the analysis, as it was in Bagnold's analysis
(1939) of the considerably different case of waves breaking against a
vertical wall.)

2. The greatest peak pressures are measured not at the sea-
ward end of the platform, but at a location where wave front celerity
is greatest. The functional dependence of peak pressure on distance
is similar to the variation of wave front celerity with distance, as

predicted by the analysis.
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3. For II'elative locations x/d where the wave front is deceler-
ating (see Subsection 7.1.4, Item 2), there is a notable decrease in
peak pressure P, , compared with the analytically predicted value;
there is an incre-ase in the rise-time tr’ hence in the rise-length b;
and there is a notable increase in the ratio of standard deviation to
mean for peak pressure and especially for rise-time. It is suggested
that these concurrent phenomena may be in some way related to the
deceleration of the wave front.

4. Corre.cted peak pressures obtained in the present study are
of the same order of magnitude as those measured by El Ghamry (1963)
and Wang (1967) for different incident wave 7syste1’ns, showing approxi-
matély the same increase with respect to waveheight and the same
decrease with increasing soffit clearance. However, the dependence
of peak pressure on distance from the seaward edge of the platform
found in the present study is not definitively show;n by data from the
other studies.

5. All peak pressure data from the present study (and most
data obtained by Wang) are less than the empirical upper limit of -preS—
sure head proposed by El Ghamry (1963), i.e., five times the incident
wave height above still water level (2.5 times the trough-to-crest
wave height for oscillatory waves).

6. Rise-times measured in the present study show approxi-
mately the same relationship to incident wave height as found by Wang.

7. This general agreement as to peak pressure and rise time
measured in different studies exists despite considerable differences
in experimental conditions, indicating that the form of the incident

wave and of the platform may not be important variables in the rela-
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tionship betweén peak pressure and wave height.

8. The normalized peak pressures .Werc an order of magnitude
less than the normalized maximum recorded shock pressures exerted
by a breaking wave against a vertical wall reported in the literature.

9. The normalized peakimpulse, or the normalized product of
ﬁeak pressure and rise-time, was at most 20% of values reported for
waves breaking against a vertical wall.

10. The peak pressure and the rise-time are found to be intrin-
sically subject to considerable variance, probably because of the
spume and entrained air in the flow near the wave front. Despite a
standard deviation in incident wave height of only about one percent of
the mean height, the standard deviation in peak pressure and rise-time
was as much as 30% or more of the mean value. Since the values
obtained in the present study are average values, individual peak
pressures may therefore exceed the analytically predicted v:;llues, or

the empirical upper limit suggested by El Ghamr'y (1963).

7.1.3 Slowly-varying pressure.

With respect to the slowly-varying pressure P,, it was found
‘that:

1. A simple '"'one-dimensional' analysis relating slowly-varying
pressure to wave front celerity and to celerity of the wave of reces-
sion predicts pressures that are usually greater than measured.

2. Although predicting pressures that are perhaps excessively
conservative, the analysis provides a useful qualitative description of
the hydrodynamics beneath the platform.

3. It was found that thé maximum pressure head was equal to

or slightly greater than the incident wave height less the soffit



356
clearance, suggesting a simple hydrostatic relationship between max-
imum pressure and wave heightAsuch as that suggested by Wang (1967)
for the case of a narrow pier.

4. Whereas positive slowly-varying pressure depends strongly
on wave height and soffit clearance, the negative slowly-varying pres-
sure dep.ends on soffit clearance, platform length, and location, with
little dependence on wave height.

5. The positive uplift due to a wave only slightly higher than the
platform may be insignificant, but the negative uplift will be as great,
and of the same duration, as that due to a much higher incident wave.

6. At any given instant, the slowly-varying pressure distribu- -
tion varies approximately linearly with respect to distance from the
seaward edge of the platform, as predicted by the analysis, with
variation apparently depending on acceleration or deceleration of the
wave front.

7. For pressure measured at a partiéular location, the ratio
of the durations of positive uplift pressure to negative uplift pressure
decreases with increasing relative distance x/d from the seaward
edge of the platform.

8. The ratio of the durations of positive to negative force per
unit width on the entire platform decreases with increasing relative
length L/d of the platform.

9. The normalized maximum uplift force per unit width on the
platform, plotted as a function of wave height less soffit clearance, is
iﬁ approximate agreement with values measured by El Ghamry (1963)

. for oscillatory waves.



357
10. The center of uplift pressure predicted by the analysis is

in very good agreement with measured values for positive uplift pres-
sure, and in fair agreement with measured values for negative uplift.
11. The oscillations in the pressure records (herein termed,
"secondary oscillations'') that appear to be associated with recession
of the wave from the leading edge of the platform or with the arrival of
the wave front at the shoreward edge of the platform may be of sig-
nificant amplitude, i.e., comparable to the maximum positive uplift

pressure.

7.1.4 Wave front and wave of recession: celerities and times of

arrival.

Since in the course of the ahalysis both peak pressure and
slowly-varying pressure are expressed in terms of the celerity of the
wave front, and negative pressure is associated with flow conditions
at the wave of recession, it was important to derive analytical expres-
sions for the celerities and locations of the wave front and the wave of
recession. It was found that:

1. A simple analysis provided values of wave front celerity
Ud that were in fair agreement with measured celerity, and pre-
dicted wave front location xq @8 2 function of time that agreed well
with measured values.

2.. As a function of distance from the seaward end of the plat-
form, the wave front celerity increases, attains a maximum value,
then decreases, as predicted by the analysis. For a relative soffit
clearance s/d of 0.2, the wave front celerity Ud attains its maximum

value at a relative location x/d of approximately 2. 0.
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3. For the experimental conditions studied, it may be shown
that an incident solitary wave can propagate beneath and in contact
with a platform only for a finite -distance from the seaward end of the
platform, due to the condition of energy dissipation at the wave front
and to the finite amount of energy associated with the incident wave.
The distance beneath the platform that the wave may propagate in con-
tact with the platform may be expected to increase with increasing
incident wave height.

4. An analysis predicting the celerity Ue of the wave of reces-
sion, equivalent to an analysis by Benjamin (1968) for the propagation
of gravity currents, provided values that on the average agreed well
with measured values. As predicted, the measured celerity Ue of the
wave of recession depends principally on the relative soffit clearance
s/d, and little or not at all on incident wave height or on location.

5. The profile of the wave of recession, which may be con-
sidered a form of gravity current, resembles the profiles of other
forms of gravity current, especially in the formation of its character-

istic "head wave. '

7.1.5 The incident solita_ry wave.

1. The form of the wave generated with the apparatus designed
and built for this study was not measurably different from the forms
of solitary wave profiles measured in a uniform rectangular channel
by Daily and Stephan (1952) or by Perroud (1957) using different
methods of generation.

2. The measured préﬁles are fitted best by the theoretical pro-

file of Boussinesq (1872), at least in the region near the wave crest.
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3. The measured celerity, in its dependence on incident wave
height, was represented best by the theory of Laitone (1963).

4. The measured rate at which the solitary wave amplitude
decreased with respect to distance travelled, though variable, was
approximately that predicted by Keulegan (1948).

5. Although a decay of amplitude with respect to distance
travelled was observed, the normalized profile of the solitary wave
did not change measurably over these distances.

6. The wave generator designed and used in this study was
capable of reproducing wave heights with a standard deviation of only
about one percent of the mean wave height.

7. The solitary wave, reproducibly generated as in thi.s study,
may be considered a valuable tool for basic research on wave action
on coastal structures. By practically eliminating variability in intial
conditions, such as random disturbances on the water surface that
are generated with a series of periodic progressive waves by reflection
from the structure, it is possible to determine the extent of the innate
variability of flow conditions, and to more easily determine meaning-
ful measurements of pertinent quantities (such as peak pressure, in
the present study). Furthérnlol'e, as stated at the beginning of this
section, the solitary wave is a relevant model of ocean waves near

shore.

7.1.6 Experimental techniques.

In the course of the present study, a number of experimental
techniques have had to be developed that may be of general interest to
those engaged in experimental fluid dynamics research. Among the

items discussed in Chapter 4 are temperature insulation of the
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pressure transducer, design of the solitary wave generator, cleaning
of the free water surface, and single- and multiple-image photography
of waves in a tank. Analysis of the spatial response problem of trans-

ducers and proposed correction procedures are presented in Chapter 5.

7.2. Recommendations for Future Study.

In the present study, uplift pressures due to a solitary wave
incident on a horizontal platform have been studied in depth for a
limited range of conditions. The qualitative behavior of peak pressure
and slowly varying pressure may now be predicted by the analysis
provided.

The case having been studied in depth, it is logical to suggest
that the case next be studied in breadth. As noted in Chapter 6 and in
Section 7.1, the peak—pressurg, rise times, slowly-varying pressures,
maximum uplift forces, and center of maximum uplift pressure as
measured by El Ghamry (1963) and/or by Wang (1967) were all of the
same order of magnitude and often showed the same functional
behavior as comparable quantities measured in the present study,
despite important differences in experimental conditions, such as type
of incident wave, relative soffit clearance, platform length and width,
and bottom slope. An aim of the suggested study in breadth would
therefore be to determine the range of conditions for which the func-
tional relationships derived in the present study and in the work
El Ghamry and of Wang may validly be applied. Using a pressure
: transducér' of sufficiently small sensitive area and of sufficient dy-
namic response capability, pressures could be recorded for a wide
range of relative wave heights, soffit clearances, transducer loca-

tions along the platform, and platform lengths; for both the
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”two—dim'ensio;'lal“ case as examined in the present study, and for the
"three-dimensional' or narrow-platform, case. In the latter instance,
the ratio of platform width to still water depth could be varied. Bottom
slope and platform slope could be varied. Several different classes of
incident wave, such as solitary, dispersive, and periodic; progressive,
could be tested.

It would be of great interest to compare the experimental uplift
measurements obtained in the laboratory with measurements made on
prototype platforms. Instrumentation to measure uplift pressures on
a pier or on an offshore platform, coupled with wave gauges to measure
the incident wave conditions, would naturally provide the most com-
plete and useful data. However, a survey of the damage sustained by
platforms due directly to wave uplift forces (to be distinguished from
damage inflicted by the horizontal wave forces on piles or by the
surging of vessels lying alongside the platforms), when correlated
with incident wave height and other pa;i'arneters; would ad.d important
practical confirmation to the analysis and to the laboratory measure-
ments of this and other studies. |

Perhaps it would be interesting and useful to undertake a com-
puter simulation of the transient flow beneath a -‘platform due to an
incident wave, as has been done for other flow conditions.

It is suggested that the solitary wave propagating into still water
is a good tool for basic research in situations where good reproduci-
bility of flow conditions from test to test is desirable. The solitary
wave is a reasonable model of ocean waves near shore, as discussed
in Section 2.4, and is therefore pertinent to coastal engineering wave

research. Where the measured resultant quantity is subject to
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considerable deviation, as was the peak pressure in the present study,
use of the solitary wave, reproducibly generated, serves to reduce
the amount of deviation in measﬁrer‘nents, enabling a meaningful
average value to be more easily obtained.

With respect to the available techniques for measurement of
pressure‘ on a wall, there is a need for further experimental research
into the problem of spatial resolution of pressure distributions. The
problem has been theoretically analyzed in this and other studies (see
Chapter 5). One could therefore design an experiment to determine
the accuracy and efficacy of the defect correction procedures derived
in this study or in that of Willmarth and Roos (1965), using known,
static experimental distributions rather than fluctuating (and basically
unknown) travelling distributions, as dealt with in this study. The
experiment could also check the criterion proposed in this study that
loss in measured peak pressure will be only about 10% or less pro-
viding that the half-width of the pressure distribution is at least three

times the transducer radius.
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APPENDIX A

NOTATION

(Some subscripts are defined at the end of the table)
Area of the transducer surface.

Radius of the transducer surface.

Width of the wave channel.

Damping coefficient in dynamic analysis of recording
system.

Rise-length of the peak pressure distribﬁtion.

Minimum distance of cam follower from center of cam wheel.
Wave generator stroke-length,

Still water depth.

Young's modulus.

Total uplift force per unit width.

Maximum total uplift force per unit width.

Functions proportional to transducer output due to a line
load and to a point 1.oad, respectively.

Function proportional to deflection of diaphragm or mem-
brane at one point due to a load at another point.
Excitation frequency.

Natural frequency of oscillation.

Spatial response functions for the transducer.
Gravitational acceleration.

Thickness of transducer diaphragm.

Height of the incident wave.

The first of two wave heights measured in determination

of decay of height.
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NOTATION (continued)

Impulse per unit area.

Integral representation of transducer spatial response
function. 7

Applied forcing function.

Positive coefficient of acceleration in peak pressure
analysis.

Static proportionality constant in transducer analysis.
Stiffness of transducer diaphragm.

Platform length.

"Mass' of system considered in dynamic analysis of
recording system.

Sample mean.

"Universal' mean

Mass of transducer diaphragm.

Mass of oil in chamber of modified transducer.
Sample size.

Actual pressure exerted at center of transducer area. '
Pressure recorded by transducer.

Slowiy—varying pressure.

Peak pressure.

Average uplift pressure.

Proportionality constant in transducer defect analysis.
Masimum value of r(g).

Transducer defect ratio.

Reynolds number
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NOTATION (continued)

T Radius.

r(6) Distancé of a point on the cam groove from the center
of the cam wheel.

S, s! Experimental and "universal' standard deviation.

s ,S Experimental and "universal' standard deviation in
the mean.

S Standard deviation of quantity indicated by subscript.

s Soffit clearance, or distance of the soffit (underside

of the platform) above still water level.

£ Time (For ta, tb’ tc’ td’ te’ see Figure 3.‘5, Section 3. 3).

1:0 A constant.

tr Rise-time of peak pressure distribution.

U Wave celerity.

Ud Wave front celerity

Ue Celerity of wave of recession.

Uo Celerity of incident wave.

u Horizontal fluid element veloéity.

v Vertical fluid element velocity.

We Weber number.

x Horizontal coordinate measured shoreward from the
seaward end of the platform. (In defect analysis,
measured from center of transducer area.)

<A _General horizontal limits of integration in analysis.

Xp -Position of wave generator piston.

x Center of uplift preésure.

cp
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NOTATION (continued)

B Center of maximum uplift pressure.

cmp :
Tyw ¥y Amplitudes of damped free oscillations of transducers.
y Vertical coordinate measured from bottom of channel.
y Transverse coordinate in transducer defect analysis,

measured from center of transducer area.

o, Coefficient in solitary wave formula by Laitone.

B Function equal to loglo b/a in transducer correction
procedure.

T T Functioné in transducer correction procedure equal to

1OglOR and its derivative, respectively.

Y Unit weight of fluid in wave.

8 Boundary layer thickness.

) Elevation of point gauges above still water level.

e Phase -shift (radians), in dynamic analysis of recording
system.

C Damping ratio, in dynamic analysis of recording system.

| Elevation of the free surface above still-water level.

M Function of time in Equation 3. 29.

) Angular coordinate measured with respect to a radius
passing through the cusp on the cam wheel.

7 Angular coordinate measured with respect to vertical
radius passing through center of cam wheel.

A Wave length.

v Kinematic viscosity.
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NOTATION (continued)

Abbreviated argument of pressure in transducer

defect analysis.

Fourier

transforms of Pac’ Pr’ respectively.

Density of fluid in the wave.

Density of the transducer diaphragm.

Density of o0il in chamber of modified transducer.

Surface tension per unit length.

Velocity potential.

Poisson'

A measure of velocity of the wave generator piston.

Angular

Denotes

Denotes

Denotes

Denotes

Denotes
Denotes

Denotes

s ratio.

velocity or frequency.

larger model scale.

smaller model scale.

evaluation at the free surface.

evaluation at Points 1, 2, 3 respectively.

evaluation at the wave front.
evaluation at the wave of recession.

partial differentiation with respect to x.

(Overscore) Denotes mean value.

Symbol indicating that coefficient of "'sgn' is to take the

same algebraic sign as that of argument of ""'sgn

1
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APPENDIX B

TABLES OF DATA



Table Bl. Slowly-varying pressure head P,/y(ft), tabulated as a function of time t and wave height H; time
of arrival of wave of recession to(sec}, tabulated as a function of wave height; for selected experiments.

d= 1.25{t., s =0.250t., x = 0,148 fr. d=1,25{t., 8=0.2510t., x=0.270 1. d=1.25 ft, 8=0.25ft, x=0.270 {1,
H{ft) . 304 -303 370 .370 H{ft) 310 .310 374 .383 377 H{fy .428 427 L462 S4ATT . 307
tsec) t{sec) tsec)
.02 0 ] 0 0 .02 o 0 0 0 -. 0084 .02 0 o 1] 0
.04 . 052 . 052 L1 - 133 .04 0 0 .346 -208 3630 .04 .323 .298 .310 L4530 . 180
.05 .052 .052 . 107 . 123 .05 112 . 141 21 . 125 05 . 149 . 149 . 185 175
.06 . 048 . 052 107 . 123 .06 . 056 . 061 . 105 . 107 . 1180 .06 - . 136 127 <172 . 183 . 0573
.07 . 048 . 049 . 109 L1238 .07 . 048 048 . 105 . 104 .07 . 155 . 145 + 475 . 188 L0573
.08 . 048 . 056 « 123 . 143 .08 .052 . 052 . 097 113 . 0928 .08 . 166 L 153 . 202 174 573
.09 .048 . 052 . 123 112 .09 . 040 . 049 « 105 . 101 .09 . 149 136 . 181 . 183
.10 . 050 L 061 . 124 . 138 .10 . 040 .043 . 097 - 115 . 0885 .10 . 157 . 149 T2 . 192 . 0532
1 . 055 . 061 .25 . 143 .11 . 048 041 + 105 o U117 wit . 169 . 157 L 206 210
A2 . 048 . 052 + 120 . 143 212 . 044 . 040 . 105 . 108 . 1220 . 172 153 L206 L2058 . 0409
13 .051 . 052 . 130 . 148 .13 . 040 . 040 . 109 . 120 R b . 180 170 .218 222
.14 .048 . 052 . 138 . 153 .14 . 037 . 040 .10t 17 . 1220 .14, 174 179 .220 .222 . 0368
15 . 039 . 052 138 . 148 15 . 038 037 . 103 . 108 .15 . 178 . 168 .228 222
.16 L 044 . 061 127 . 153 . 16 . 040 . 035 . 108 .12 . 1220 .16 <192 «178 2234 Pl b . 0409
AT .039 . 057 130 . 145 o Iy { . 040 . 035 117 121 o i) . 187 178 .236 .240
.18 <044 . 044 <131 . 133 .18 . 028 . 036 . 109 .21 . 1220 .18 <195 178 234 235 . 0552
.19 . 043 . 043 . 134 + 133 + 19 . 036 . 036 421 21 .19 . 189 178 .239 23!
.20 . 040 . 039 <143 . 133 .20 . 032 . 034 . 109 . 119 . 1050 .20 . 188 178 .23t L2358 L0450
21 .037 . 035 .123 . 133 .21 .024 . 032 . 105 . 119 il . 188 176 .232 .233
B 4 .033 . 035 <121 . 153 22 . 024 . 032 . 105 117 . 1180 VOB L 192 174 .220 .235 . 0490
123 . 026 . 026 149, . 153 .23 . 020 . 026 . 105 110 29 . 187 . 170 a3 226
24 .019 .018 120 . 144 .24 .016 . 024 . 093 . 108 . 1135 .24 . 185 170 224 . 226 . 0450
«25 .02t .ol T i . 133 .25 014 .06 . 101 . 106 .25 . 180 . 170 224
.26 .017 . 017 . 104 . 128 .26 (] .04 .097 . 100 . 1010 .26 172 . 164 L2t
.27 . 009 . 013 . 103 118 .27 [} L0t . 097 .097 i Jy . 166 157 . 198
.28 . 005 . 008 . 094 e .28 0 . 005 . 095 .093 . 0925 .28 L 165 . 149 . 189
.29 o 0 . 091 . 105 29 0 0 -0938 .091 . 0968 .29 . 157 . 149 . 1892
.30 1] 0 . 090 . 100 .30 -. 007 -. 00807 .0938 . 083 .0952 .30 . 153 . 145 . 185
<31 - 017 -, 008 .092 . 100 e d) -.016 -.01612 L0913 071 . 0926 o34 . 145 . 140 . 1676
.32 -. 017 -.013 . 082 . 087 .32 =, 024 =.0121 . 0830 . 075 . 0825 ae L 140 L1306 ., 1548
.33 -. 022 - 017 . 077 . 087 .33 -, 028 -.01612 . 0830 .075 . 0800 <33 . 132 115 . 1460
L34 -.013 [} . 077 . 074 .34 -.028 -. 01612 . 0745 . 063 . 0785 .34 . 123 J115 . 1548
.35 -. 022 0 . 061 . 082 .35 -. 028 -.024 072 . 050 .35 . 128 . 106 .42
.36 -.017 026 . 051 077 .36 -.028 -.026 . 052 . 050 . 0546 .36 . 123 102 L 138
.37 -. 021 . 048 . 056 . 066 .37 -.012 0 . 040 ,048 - <37 . 106 .02 121
.38 o -. 065 . 056 . 061 .38 0 | . 045 . 041 . 0421 .38 L 094 .093 L1112
39 -. 061 -. 130 051 . 052 .39 [] . 00807 . 0523 .038 . 0505 .39 .098 L0935 L1204
.40 0 -, 061 . 046 . 048 .40 -. 0718 -, 0242 . 0415 021 L0421 .40 L 085, . 0850 L1032
L2 -.035 -, 0267 . 026 . 035 .42 -, 0557 -.061 L0166 L 020 . 0378 .42 L0B1 . 0680 L1032
Lo -. 026 -. 0210 o L 017 44 -. 0039 -. 0565 L0192 .015 - 0169 T .07 . 0680 . 0903
.46 -. 026 -.0174 -. 051 -.026 A6 -.0718 -.0725 0 a . 0084 46 . 056 . 0595 . 0860
L48 -. 003 -, 0131 -, 051 -, 031 .48 -, 0718 -, 0725 0 -.0t6 0 ‘48 04z 0362 0731
.50 Te =50 te = -, 051 = 044 .50 -.0319 -. 0404 L0166 .016 L0169 50 .021 L0323 L0731
.52 o 044 .52 -, 0279 Te=.52 L0332 . 067 .0757 .52 .017 L0170 . 0258
.54 -.051 -, 102 .54 te = .54 -. 105 -. 083 .54 0 . 0298 -.0215
155 -, 032 -.030 .55 -.072 -. 050 -. 0421 .55 . 008 0 -.031
.56 Te =56 , 008 .56 -. 0664 -. 062 -.0926 .56 . 025 . 0850 -, 0215
.58 . 002 .58 -. 0747 -. 054 -. 0884 .58 . 102 L1222 L1301
.60 Te =.59 .60 -. 041 -. 054 -. 0506 .60 - 170 - 111 345
.62 -. 005 -. 042 .62 - 102 -, 102 0
64 Te=83 - 016 .64 -. 076 -. 068 -, 158
.65 -. 012 te = .65 -. 068 -.059 -.138
- 66 -. 005 .66 -, 051 -. 042 -. 086
-68 Te=57 .68 - 042 -.008 - 064
.70 -. 020 te=.70 =. 043
72 -. 030
w5 te=.173 -, 017 te=.75
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Table Bl for P, /vy (ft) and te (sec).

d= 1.25Mt, s = 0,254, x=2.020 f1, d=1.250t, s =0.25 ., x=2.020 11

My . 305 . 306 .357 .357 H(fy Als A G e

t{sec)
t{aec)

19 0 0
.21 0 0 .20 0 0 .715 .097
.22 0 L342 294 .21 T2 . 920 557, 125
.23 .426 ; 0 . 279 . 402 22 L 405 .396 .381 . 445
L2 L 161 104 214 L 245 .23 L305 .309 .319 .362
.25 112 L 129 179 196 .24 . 261 .256 . 275 . 304
.26 L0878 . 087 . 1620 72 .25 i .217 .251 .275
.27 . 0682 . 069 . 1460 - 147 .26 CEXT +212 L242 .267
.28 . 0545 . 055 L1269 . 128 Y . 198 . 193 .237 236
.29 L0487 L0433 L1170 L1350 .28 . 189 . 187 227 232
.30 . 0439 . 0368 St » 1175 .29 . 183 . 1840 213 226
L L0248 . 0359 . 1060 . 1095 .30 . 183 L1741 .203 .208
.32 .0183 L0221 . 1060 . 1076 T3y 1645 1645 "203 Tlos
.33 0137 . 0138 0915 . 0970 .32 . 1645 L1530 . 198 . 198
L34 .0137 . 0092 . 0818 . 0930 .33 . 1560 . 1490 . 198 . 1885
.35 0 0 - 087 - 088 .34 1510 L 143 179 L1935
.36 0 0 . 082 .078 .35 135 . 140 . 169 . 183
<37 0 0 . 079 -078 .36 . 135 . 135 L 164 . 169
.38 0 0 077 - 074 .37 . 125 125 174 . 164
.39 . 0092 0 - 0626 - 0685 .38 . 125 L1116 . 160 159
.40 L0041 0 . 0626 . 0636 B .39 L1335 126 L 1645 . 1597
42 - -. 0462 . 0482 . 0587 .40 1132 L1130 . 1540 . 1550
A 4 -.0323 - 0434 - 0441 42 . 1200 . 1015 1354 . 1480
.46 - -. 0184 . 0337 . 0245 ! 44 . 1035 .0910 L1354 . 1296
.48 z -. 0830 - 0308 - 0470 .46 .0929 . 087 . 1298 1120
.50 =, -- 0368 L0434 - 0392 .48 L0813 . 0842 L 1162 . 1160
.52 S -. 0783 - 0337 - 0441 .50 . 0706 . 0638 . 0872 . 0050
.54 = -. 0763 -. 0723 - 0587 .52 .. 0619 L0435 -, 0097 -. 0242
.55 - - 064 -. 106 -. 078 .54 -. 0300 -. 0290 -, 0194 -.0290
.56 = -, 0664 -. 1060 - 0656 55 -.029 -l019 0 0
.58 - -- 0967 -. 0578 -. 0392 .56 -, 0194 - 0145 . 0339 . 0406
.60 5 - 110 -. 097 -. 082 .58 . 0600 L0532 . 0387 L0484
.62 = -. 092 - 144 =+ 423 .60 - 116 -. 096 .024 . 009
264 ki . 106 -. 087 - 098 .62 - 116 - 164 0 . 039
.65 . - 115 -.073 -. 068 .64 -.039 0 - 154 -.097
.86 * -.092 -. 0% -.098 .65 -.000 -.020 - 173 -.183
.68 - -. 002 - 121 =w I8 .66 -. 106 -.097 -. 145 - 194
.70 - - 110 -.088 -.082 "6 - 174 193 0 0
.12 = -. 083 -. 092 =+ 102 .70 -, 029 -, 077 - 116 -, Q67
.75 & -.099 -, 097 - 102 .12 -, 065 -.095 -, 092
.80 - -.099 - 097 =i .75 -.082 -1 -. 067 -.048
.85 - -. 097 -. 097 -.097 .80 - 104 -. 106 -, 067 -.082
.90 - -. 097 - 102 --097 .85 -. 105 -. 087 -. 0B2 -. 0%
.95 - -. 090 - 107 -.007 .90 - 101 -. 077 -.096 - 101
1.00 - -. 060 -. 097 - 087 .95 - 101 - 077 -. 106 - 116
1.05 - -. 030 -.078 -. 077 1,00 -, 094 -. 077 - 106 BT
110 e =T 07 -.058 --345 1,05 -. 086 -.077 -.09 -. 106
115 0 1,10 -. 072 -.063 -. 082 -.087
1.20 te=1715 te=T1s 115 -.034 -.039 -. 058 -.048

1.20 Te- 1.18 = 1.20 Te=1.20 Te=1.20
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’Table Bl for P, /y (ft) and t, (sec).

d=1.25M, s =0.250. x=2,50 11 d=1.25f. »=0.250 x=250f.
H{f) .29 .293 .356 .36t H(ft) 415 416 .46t 462
1{sec) t{sec)
.26 [ .24 (] 0
B . 250 +25 0 0 . 329 652
.28 0 0 . 346 26 1.06 .97t . 656 616
.29 . 183 200 L2114 .27 378 . 369 . 425 . 389
.30 174 190 L1610 .28 .284 281 329 328
31 113 TRt 152 «29 . 225 1975 . 301 298
.32 <472 074 L1240 .30 215 224 .255 . 263
.33 . 061 . 060 L1135 aidld . 1845 192 2523 1252
.34 L0418 0435 . 1050 .32 . 1660 181 .237 221
.35 .031 .022 .092 33 . 1615 . 1615 217 212
.36 . 026 013 .078 .34 L1467 . 1524 . 207 .202
237 013 01t 074 .35 138 138 . 182 197
.38 017 .013 074 .36 #1433 129 192 187
.39 L0174 0174 . 0647 .37 . 120 129 187 182
.40 L0174 0131 . 0647 .38 115 120 w171 77
.42 -. 0392 -. 0348 L0462 .39 LL144 L1310 .1718 162
.44 -, 0087 . 0087 L0416 .40 . 1070 1200 L1718 . 158
.46 0 ] . 0277 .42 0945 L1014 L1444 157
.48 -.074 -.0697 . 02305 .44 L1015 . 1082 RECEL 143
.50 -. 0218 -. 0436 . 0406 .46 . 0823 . 0980 L1363 137
82 -, 0435 -.0348 L0415 .48 .0720 0739 L1212 16
.54 -. 0783 -. 0870 -. 0876 .50 . 0628 0657 L1110 .10t
.55 -. 061 -, 061 - 102 .52 L0314 . 0554 L0101 0
.56 -. 0435 -. 0653 -. 0832 .54 -. 0462 -. 0277 . 0606 -. 051
.58 -. 0653 -. 0697 -. 0507 .55 -. 046 -.056 -.032 0
.60 -, 087 -. 074 - 102 .56 -. 0322 -. 0296 -.0202 -.023
.62 -. 070 -. 061 -.125 .58 -. 0527 L0618 . 0465 -.029
.64 -. 096 -. 087 -.078 .60 -, 092 -.079 . 025 -.032
.65 - 123 -.083 -.078 .62 -. 189 - 194 . 025 025
.66 -. 109 -. 070 -.083 .64 0 0 -. 101 -. 126
.68 -. 074 -.048 - 115 .65 . 040 . 056 -.228
.70 -, 094 -.078 -.088 .66 -, 046 0 -.202 -, 152
V12 -. 087 -.057 -.088 .68 -. 185 -.208 0 . 040
.15 -. 087 - 074 -.097 .10 -.083 =. 046 -.051 -. 101
.80 - 074 -.079 -.097 .12 -. 046 -.023 - 197 -.192
.85 -. 078 - 077 -, 106 .15 -, 138 -, 015 -. 045 0,-
. 90 -.083 -. 079 a1t .80 - 11t -.012 -. 10t -.076
.95 -. 087 -.070 - 116 .85 -. 092 -. 088 .. 101 - 101
1.00 -.087 -.070 - 125 .90 -. 083 -. 083 - 116 R
1,05 -. 083 -.070 - 125 .95 -.092 -. 083 - 116 - 121
1,10 -. 074 -. 064 -. 120 1.00 -.092 -.092 .12 - 121
1.15 -. 065 -, 044 - 116 1.05 -. 102 -, 106 -o121 -. 106
1.20 -. 035 -. 021 - 11t 1.10 -, 106 -. 106 - 132 .11
1.25 Te=1.25 Te=1.24 -.092 1.15 -, 106 - 120 -ot2t -. 102
1.30 -.030 1.20 - 102 -. 102 - 111 -, 102
1,35 Te=1.33 1.25 -. 074 -. 092 -1 -. 086
1,30 - 041 -.051 -. 068 -. 051
1.35 Te= .33 -. 005 -. 020 Te=T.35
1.40 Te=1.36 Te=1.37
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Table Bl for P,/vy(ft) and te (sec).

d= 1,25ft., 5= 0,250, x=0, 148 ft, d=1,25f1., s=0,25ft., x=0.270ft, d=1,25ft, wx0.25ft. x=0,270ft,
R . 304 .303 .370 370 H{ft) .310 .310 .374 .383 2377 H(ft) 428 V427 462 477 307
t{sec) t{sec) t{sec)
.02 0 0 0 [ .02 0 o 0 o -, 0084 .0z 0 0 0 0
.04 .052 .052 116 . 133 .04 0 0 2346 .208 . 3630 .04 .323 +298 .310 . 4530 . 180
.05 . 052 052 . 107 .123 .05 112 i .Jd21 .05 . 149 . 149 . 185 175
.06 . 048 . 052 . 107 . 123 .06 . 056 L0641 . 105 . 1180 .06 136 127 172 . 183 L0573
.07 <048 . 049 . 109 . 138 .07 . 048 . 048 . 105 .07 . 155 . 145 175 . 188 10573
.08 048 056 123 143 .08 . 052 .052 097 . 0928 .08 L 166 . 153 .202 174 .+ 573
.09 . 048 . 052 . 123 112 .09 . 040 - 049 . 105 .09 L 149 . 136 . 181 . 183
. 10 . 050 . 061 124 . 138 .10 . 040 .043 . 097 . 0885 .10 . 157 . 149 LAT2 192 . 0532
o 4 . 055 L0614 . 125 143 » . 048 .041 . 105 .1 L 169 . 157 L2060 210
12 .048 .052 . 120 . 143 12 044 . 040 . 105 . 1220 A2 « 172 . 153 . 206 .205 L0409
A3 . 051 . 052 . 130 . 148 13 L 040 . 040 . 109 A3 . 180 . 170 L2118 222
14 . 048 . 052 . 138 L 153 .14 . 037 . 040 . 104 . 1220 .14, T4 < 179 220 222 . 0368
15 039 052 . 138 . 148 .15 . 038 .037 . 103 15 178 . 168 .228 222
16 L 044 061 12T . 153 . 16 . 040 035 108 . 1220 16 L1902 . 178 L234 L2371 . 0409
17 039 . 057 . 130 . 145 17 . 040 035 117 17 . 187 + 178 236 .240
.18 044 . 044 <131 - 133 +18 . 028 .036 . 109 . 1220 .18 . 195 . 178 234 235 . 0852
.19 . 043 . 043 . 134 . 133 19 . 036 . 036 121 19 . 189 178 «~239 2318
.20 . 040 .039 . 143 . 133 .20 .032 . 034 . 109 . 1050 .20 . 188 . 178 231 235 . 0450
.21 . 037 . 035 . 123 .133 2t . 024 .032 . 105 .21 . 188 176 232 233
a2 .033 . 035 121 . 153 .22 . 024 . 032 . 105 1180 .22 192 174 223 .235 . 0490
.23 . 026 . 026 L 119 . 153 +23 . 020 . 026 . 105 .23 . 187 . 170 2223 L2248
W24 .019 .018 . 120 . 144 .24 L0186 . 024 .093 . 1135 .24 . 185 . 170 224 L226 . 0450
.25 .021 <017 LA .133 225 014 .016 fof . .25 . 180 . 170 .224 .222
.26 .017 .017 . 104 . 128 .26 0 -014 .097 . 1010 .26 172 . 164 .21 227 . 0409
.27 . 009 .013 . 103 118 i 0 .01 .097 27 . 166 . 157 . 198 .200
.28 . 005 .008 .094 110 .28 0 . 005 .095 . 0925 .28 . 165 . 149 . 189 Li92 . 0409
« 29 0 [ L091 . 105 .29 0 0 . 0938 . 0968 +29 . 157 . 149 1892 « 192
.30 0 [} . 090 100 .30 -.007 -. 00807 . 0938 . 0952 .30 =453 . 145 . 185 196 L0327
1) -.017 -. 008 092 . 100 31 -. 016 -. 01612 . 0913 L0926 L3 . 145 . 140 . 1676 179
.32 -. 017 -. 013 . 082 . 087 .32 -. 024 -.0121 . 0830 . 0825 .32 . 140 . 136 . 1548 174 . 0286
<33 -.022 - 017 077 087 .33 -. 028 -.01612 0830 0800 233 L132 L 115 . 1460 162
34 -.013 ] .077 . 074 +34 -.028 -. 01612 L0745 . 0785 34 . 123 . 115 . 1548 « 170 L0123
.35 -.022 o L0641 . 082 .35 -, 028 -. 024 . 072 .35 128 . 106 . 142 153
.36 -.017 . 026 . 051 . 077 V36 -. 028 -, 026 . 052 L0546 .36 123 . 102 . 138 . 148 . 0245
) -. 021 . 048 056 066 .37 -.012 o . 040 .37 106 L 102 121 131
.38 -. 065 . 056 . 061 .38 0 0 . 045 L0421 .38 . 094 .093 12 131 L0492
.39 -. 130 .051 .052 +39 0 . 00807 . 0523 . 0505 .39 . 098 . 0935 . 1204 126
.40 -. 061 .046 . 048 .40 -.0718 -. 0242 . 0415 0421 .40 . 085, . 0850 . 1032 . 118 - 1310
.42 -. 0267 . 026 . 035 .42 -. 0557 -.061 L0166 .0378 .42 L 081 . 0680 . 1032 . 096 L=, 0745
.44 -.0210 . 0 017 .44 -. 0639 -. 0565 - 0192 L0169 .44 077 . 0680 . 0903 . 096 -.0204
.46 -.0174 =051 -. 026 .46 -. 0718 -. 0725 0 . 0084 .46 , 056 L0595 . 0860 .083 -.0370
.48 =. 0131 -. 051 -. 034 .48 -, 0718 -, 0725 0 0 .48 . 042 L0362 L0731 .083 .. 0245
.50 te = -, 051 =, 044 .50 -, 0319 -, 0404 L0166 L0169 50 .021 L0323 L0731 . 079 Te=. 50
.52 0 . 044 .52 -. 0279 te=.3 . 0332 . 0757 .52 017 .0170 . 0258 o
.54 -.051 -. 102 .54 e = .54 -. 105 .54 0 . 0298 -, 0215 013
55 -.032 -. 030 .55 -.072 -. 0421 .55 . 008 o -.031 -.017
.56 Te=%6 .008 .56 -. 0664 -. 0926 56 . 025 0850 -. 0215 - 017
.58 . 002 .58 -, 0747 -. 0884 58 . 102 1222 1301 035
60 Te =.59 .60 - 041 -, 0506 .60 - 170 - 1L 345 #1282
' .62 -. 005 .62 -, 102 -, 102 ] 114
b4 te=.63 64 -.076 -. 068 - 155 - 262
.65 te= 65 -. 068 -.059 -. 138 -. 0%
13 .66 -.051 -. 042 -. 086 -.084
.68 te =87 .68 -.042 -. 008 -.064 -. 062
.70 -, 020 te=.70 -, 043 -, 038
.72 == -.030 B
RE te=.73 -. 017 te=.75
.80 te= 1
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Table Bl for P,/v (ft) and t, (sec).

98¢

dx0,64ft, s=0 128(t, x = 2,520t &= 0,800 &x0, 1280 xu 4,825 6
Hit) 53 194 .235 .281 Hf) .254 252 .295 294
1(nec) t{sec)

.30 .54 0 0

.31 0 .55 .0096 . 0479
.32 L0186 .56 070 105
.33 0 58 . 107 . 108
.34 0372 60 0 . 0543 .0512
.35 264 62 0 . 029 032 ,027
36 0 . 1860 64 .038 04t oz2 019
37 015 T4 .65 L0192 L0192 0128 0

.38 . 1300 L1210 .66 019 .009 o -.012

39 . 099 105 .68 0 0 -.019 -, 013
.40 L0960 0900 .70 0 -.0160 -.0096 -. 0064
.42 0124 0620 72 0 -.019 -.016 - 016
44 0 . 0341 L0745 .75 -. 0159 -. 0319 -. 0096 -, 0064
.46 0 0062 0310 80 - 0064 -. 0255 -. 0096

48 -.0122 -.0105 L0031 -85 -+ 0065 -. 0224 -.0128 -. 0064
.50 -.0183 0 . 0248 - 90 -, 0095 -.0319 -. 0191 -.0095
.52 -.0183 -. 0248 -, 0031 o495 -. 0128 -.0319 -. 0224 .. 0160

54 -.018 -. 018 0 i.00 - 0191 -.0383 -. 0256 -.0191

55 -.018 - 027 0 £.05 -. 023 -.038 -.029 -.025
.56 -.021 -, 027 -.031 L. 10 -, 0224 -.0398 -.0319 -.0287
.58 -.021 -. 027 -.012 {15 -. 025 -.039 -.035 -.028
b0 -.0183 -. 0248 -, 0279 1.20 -. 0255 -, 0383 -.0383 -.0287
.62 -.018 -.031 -.022 1.25 - 023 - 041 -.038 -.038
‘o4 ot o3t oat 1.30 -, 0274 -.0383 -. 0415 -.0383
.65 -.0214 -. 0372 -.0310 .35 - 027 -.035 -. 043 -.038
.66 -.024 .03 -.033 t‘;g - g::;i -.0319 -. 0447 -.0383
.68 -. 024 -. 039 -, 031 * = 1 -.0319 -.0383 -.0319
.70 -. 0244 -, 0435 -, 0341 1.60 te =1.52 =159 -. 0256 -.0160 '
V12 -.03t -. 043 -.037 Te=To7 Te=1b
.15 -. 0305 -.0435 -.0403
.80 -.0305 -.0495 -. 0557

85 -.0336 -. 0537 -. 0496
.90 -.0336 -.0557 -, 0465
V35 -. 0366 -. 0620 -.0496
1.00 -.0336 -. 0620 -.0589
1.05 -. 055 -.059 -.058
1.10 -. 0244 -. 0682 -. 0620
5,15 -.039 -.071 -.061
1.20 -, 0305 -.0714 -. 0683
1,25 -.018 -. 068 -.068
1.30 e 1.30 -. 0605 -. 0620
1,35 -.056 -. 047
140 -.0279 -. 0217
1,50 =135 Te=1.45
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Table Bl for P, /vy (ft)

(concluded)
d=0.768 ft, s=.000{t, x=3.025 1. d=0,768 ft, s=0.000 ft, x=4,900 ft,
H{ft) . 326 <322 . 240 .233 : 425 H(ft) .326 322 . 240 . 233 . 128
t{sec) t{sec)
-. 80 0 -. 90 .017 . 006
-.75 0 0 0 0 011 -. 85 0 . 023 . 006
-.70 .013 .010 .010 .04 015 -.80 .005 .023 . 006
- 65 019 019 .013 . 015 019 .75 . 005 014 L0Lt
-. 60 .028 . 020 . 022 .019 021t /10 . 005 .0t4 0 011
-. 5% .033 . 028 . 028 . 033 028 -. 65 L, 000 017 . 009 .0t4
-.50 049 . 047 041 . 037 037 -. 60 011 . 023 . 009 .04 0
- 45 .070 . 065 . 056 . 052 . 039 -.55 .017 . 029 .01t . 020 L0141
- 40 . 089 075 L 067 . 070 056 -. 50 .023 . 031 . 017 . 026 017
+35 117 1 .088 . 089 . 057 -. 45 . 029 .034 . 023 . 029 . 020
-. 30 L144 140 . 107 . 107 . 069 - 10 .034 . 046 . 029 .031 . 026
] - 170 169 126 . 126 - 075 -.35 .060 . 057 . 031 . 035 . 026
.20 . 199 196 | 145 . 089 -, 30 . 080 . 057 . 051 . 054 . 029
- 15 199 209 . 159 L 164 . 004 -.25 .083 L 074 . 057 . 057 . 040
-. 10 .220 215 163 . 168 .099 -. 20 . 105 . 089 . 071 072 . 052
.05 . 220 215 . 168 . 170 103 cuil8 113 T . 086 . 086 . 057
0 220 209 - 170 170 . 107 - 10 . 120 A4 . 095 . 092 . 063
.05 . 220 205 170 . 170 . 107 -.05 . 137 . 137 L1 REE . 080
.10 . 220 196 170 . 170 . 107 0 . 140 143 BT REE! .083
+ 45 . 220 224 . 159 L 164 .10t . 05 149 451 122 23 . 086
.20 . 199 196 150 156 .094 .10 . 166 157 L134 <123 . 083
325 182 178 . 131 145 . 090 .5 169 L172 . 140 140 . 090
.30 126 131 . 103 o EIT . 078 .20 bl et L 143 L 143 L0094
.35 075 078 . 078 . 107 072 .25 174 21T 143 . 143 . 094
.40 067 075 . 065 070 . 060 .30 A2 172 143 143 . 097
.45 033 . 037 .04 . 051 . 052 .35 S 172 SYFR 143 L 143 . 095
.50 052 . 047 . 047 . 051 L 041 .40 412 L1172 . 143 . 140 . 100
.55 050 . 039 . 037 . 033 . 037 .45 7L . 168 . 140 L 140 . 086
. 60 033 . 034 . 029 . 033 037 .50 L7 . 168 137 . 137 . 086
B . 037 . 037 . 028 . 033 028 .55 AT . 160 123 126 . 086
.70 . 033 . 032 . 028 024 .60 . 160 L1143 . 120 . 120 . 086
.15 . 033 023 . 028 019 .65 . 157 . 143 S114 . 103 . 086
.80 . 024 . 023 .019 019 .70 . 140 .138 114 . 109 . 083
.85 . 015 L019 013 .019 .15 ,132 . 120 . 105 097 . 080
.90 L0t4 .019 .010 L0135 .80 . 126 A . 095 .092 . 080
. 95 RT L013 .010 . 010 .85 115 BT . 086 . 086 071
1. 00 L013 0 0 .010 .90 EE] L1112 . 083 . 085 . 066
1.05 010 0 +95 . 110 . 100 . 083 . 080 . 066
1. 10 0 1.00 . 100 . 092 .079 .074 . 060
1.05 . 090 . 080 <079 . 069 . 057
1,10 . 086 . 063 . 057 . 066 . 057
.15 . 086 .072 . 057 . 063 . 054
1.20 . 086 . 080 . 057 . 069 . 054
1,25 . 086 . 080 . 057 . 060 . 051
1.30 . 084 . 080 . 057 . 063 . 049
1.35 . 080 . 080 . 057 . 063 . 040
1. 40 . 077 .072 . 057 .057 . 040
1.45 077 . 066 . 057 . 057 . 040
1.50 L 074 . 069 . 057 . 057 .040
1.55 . 074 . 057 . 057 . 040
1. 60 . 057 . 057 . 040

88¢



Table B2. Wave height H, peak pressure head P,/y, rise-time tr’ wave front

time of arrival td tabulated for individual experiments.

d=1,25f, s=0.251, X=014811 d=1,25€, s =0.251, X =0.148
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Transducer Pressure Transducer Transducer Pressure Transducer
Exp. No. | Hif) B | timsear | B2 | msee) | ttsec) Exp. No. | H(f) Poiy | ttmsec) | Lo |t (maec) | ¢ mee)
L 5 Y & Y r d Y ¥ N r d
1 .302 165 3.47 .137 1.10 .02578 1 +433 . 259 L2l . 02210
2 2305 143 3. 12 L125 4,25 . 02720 2 428 . 420 L . 02265
3 +304 L1118 3,44 .25 1,25 02718 3 427 136 L.14 . 02233
4 .303 .2z 3.15 . 125 .95 . 02717 4 430 .336 1.28 . 02196
5 +305 S22 3,00 . 131 --- . 02620 5 427 . 400 1.15 . 02246
() .305 . 161 3,64 . 125 1.29 . 02718 6 .432 - - . 403 t.20 . 02250
mean .304 . 139 3.30 .lz8 1.68 . 02679 mean . 430 -—-- . .359 1,18 . 02233
standard standard
deviation . 00! 019 .23 .005 .13 . 00058 deviation .002 “-- - . 055 .06 . 00024
deviation deviation
of mean .00t . 008 . 09 . 002 .06 . 00023 of mean . 001 --- - .023 .02 . 00010
i 2369 «261 2,89 .27 1.28 . 02308 ! ATT . 541 1.19 02169
2 L368 . 276 2.42 .249 1.36 . 02425 2 £ 479 541 .97 L0272
3 L1370 . 266 2,27 247 1.36 . 02345 3 474 .318 L. 51 . 02092
4 .37 =211 3,12 L24b 1.32 . 02378 4 L 474 . 425 1.1% .02150
5 370 .26l 3.06 .305 1.29 . 02417 5 -478 .315 1.43 .02127
6 A L 266 2,81 .292 .94 . 02393 [} . 467 --- - L324 1.43 . 02190
mean .370 .267 2,76 .268 1.26 . 02394 mean 475 - --- L421 1,28 . 02150
atandard standard
deviation .001 . 005 ri .023 oI5 00026+ deviation 004 - - .092 .19 . 00033
deviation deviation
of men . 001 .002 .13 s0010 .04 . 00011 of mean . 002 —— Ty .038 ,08 . 00013

68¢



Table B2

(continued).

0,640 ft, s =0,1281t, X =1.020 @t d=0.640ft, s = 0.128 ft, X = 1.020 f¢
Statham Modified Madified
Pressure Schaevitz-Bytrex Schaevitz-Bytrex
. Transducer Pressure Transducer Transducer Pressure Transducer
Exp, Nn, H{ft) ki } (ft) 5 () | t_(m sec) t (sec) Exp. Neo, H{ft) P {ft} | t (m sec) Paigy | ¢ ( asec) t . (sec)
. No, f ¥ Y r d Y 3 Y r 2
1 L 153 170 1,41 17169 1 . 199 - .358 2,88 +15119
2 153 174 2,16 . 17505 2 202 408 2.59 L15124
3 153 - 191 1.96 L 17463 3 . 202 - +392 2,34 L 15169
4 155 -192 2,00 . 17407 4 .203 - . 408 2,78 . 15089
5 L1583 - - - . 17700 5 +199 - - .378 2,9 . 15280
6 . 153 —-= a-- .- 17351 ] 204 -—- --- . 458 1.94 L 15175
mean . 153 - ae= . 182 1.88 . 17485 mean ' .202 --= s . 400 2.58 . 15159
standard standard
deviation deviation . 002 - - . 031 .35 . 00062
deviation deviation
of mean of mean .00l - - .013 .14 . 00025
1 2 e s L 649 A . 13608
L «1m zmm +283 432 «16758 2 e 600 238 13303
] 171 ae 219 2.07 .16211 5 280 ‘650 215 135E4
3 o2l = = -282 2.53 6 1d8 4 285 .720 2.26 .13630
S 291 —— —— 136 2.88 L 13626
mean m = - .281 2,97 L 16245 i c
mean . 287 - - . 697 2,45 . 13584
standard
deviation stanidied
deviation .002 - .- .030 .25 . 00049
deviation
of mean deviation
of mean L0010 - - .013 el . 00022

06¢



Table B2 (continued).

d=1,251, #a=0,251t, X =0,270 (t d=1,25 8=0,25 X=0.270
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Transducer Pressure Transducer Traneducer Pressure Transducer
Exp. No, H(ft) U (ftfeec) | Potrt) | t (msec) | Pa(n) | ¢t (msec) | v (sec) Exp. No, H{ft) By | ¢ tmsec) Pe i | Aolmiaeed | & (sec)
o Y & v r d Y § Y r d
1 .310 7.04 184 2,12 238 1.06 . 04469 1 434 L 467 .32 . 557 1,33 . 03583
z . 307 7,03 177 2.72 .384 1,04 . 04476 2 433 L 470 2.58 . 595 1,05 . 03605
3 .310 1.05 . 185 2,69 e s 3 428 463 2.50 . 549 1.09 03617
4 3tz 7,01 L1943 2,72 .221 1,28 . 04532 4 . 433 . 446 2.58 604 110 03612
5 . 306 7,05 179 2.72 .221 112 . 04472 5 427 . 455 2.61 567 1,23 . 03620
6 307 7,20 184 2,89 ,238 1.12 L 04463 6 . 430 . 450 2:72 624 1,05 . 03618
mean .309 7,06 L 1B4 2,74 . 240 1.1z . 04483 mean 431 . 459 2.55 . 583 1,14 . 03609
standard standard
deviation . 002 .06 . 005 07 . 023 .08 . 00024 deviation . 008 009 2 027 .10 .00013
deviation deviation
of mean . 001 .03 . 002 .03 ,010 .04 L 00011 of mean . 001 . 004 ,05 .01y ,04 . 00005
1 .382 7,18 .345 2.8l . 505 .94 L 03829 1 471 . 522 2.58 . 676 1,06 03490
2 .376 7.18 .351 2.90 . 499 .13 . 03829 2 - 465 . 516 2,80 649 1L.20 .03516
2 374 7.15 353 2.79 383 293 03747 3 . 463 .538 2,26 679 .97 . 03484
4 L3863 7.16 .349 3.16 342 1,11 L 03789 4 462 «537 2.67 .578 1,13 . 03495
5 377 7.17 L343 2,88 L4760 1,20 L 03820 5 470 L6537 2,42 679 .97 03498
6 .377 7.18 .362 2.98 .522 .97 03834 6 -477 532 2,74 . 690 1.01 03512
mean .378 4% .351 2.92 L 455 1.05 . 03808 mean . 468 530 2.58 658 1.06 . 03449
standard n!and:rd‘
deviation . 003 .01 . 006 R H L067 .10 L 00031 deviation . 005 .008 .19 .038 .08 . 00011
deviation deviation
of mean . 001 .01 . 003 .05 .028 .04 . 00013 of mean - 002 . 003 .08 .06 .03 . 00005

16¢€



Table B2

(continued).

d=1,251t, 90,250, X=1,521t d=1.251t ¢ =0.25ft, X=1.52t
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Transducer Pressure Transducer Transducer Pressure Transducer
Exp. No. H(i Py | o (macer | Baqt) | ¢ (maec) | ¢ (s0c) Exp. No. | H(t) Paqy | e imaec) | Ba(rr) |t (maec) | ¢ (se0)
¥ r Y: r d Y r Y r d
1 L1369 . 625 5,56 65T 2.67 . 16735 1 . 429 + 753 4,61 . 780 . 15964
2 L300 578 5.50 . 864 2,75 . 16758 2 430 =e- --- - S
3 370 . 837 7. 64 .75+ 3,34 L6817 3 431 . 909 4,11 . 864 15992
4 370 L6065 4,67 . 669 3.67 . 16830 4 431 +905 5.00 1,090 .-
& L3367 729 3.30 .638 4,08 . 16802 5 L 431 . BOO 4.31 4955 . 15897
6 . 428 . 827 3. 44 1.187 15993
mean 368 . 643 5,17 .T15 3.48 . 16788
mean 430 . 839 4,29 972 2.86 15962
standard
deviation .002 066 1.34 L0766 .63 . 00036 standard
deviation . 001 . 061 +52 L1518 +T0 . 00039
deviation
of mean . 001 . 027 .55 . 031 .26 . 00016 deviation
of mean . 000 . 027 .23 . 067 .31 . 00020
1 . 478 1,019 1.181 3.37 ---
2 . 478 - 1.328 1.56 . 15519 1 .312 . 436 3,22
3 471 - - 1.160 ¥ ) . 15556 2 312 V407 337
4 .47l 1.343 2.56 1.198 3.20 . 15617 3 .309 - .-
5 471 - - 1.380 2,54 . 15595 4 .310 . 482 4.33 B -
[ 467 - - 1.371 3.14 15716 5 .306 . 438 4.80 . 505 4.37
] .303 . 433 3,53 . 529 2.57
mean 473 1,176 2,56 1,2697 2,57 . 15601 7 .301 427 2.67 L4lb 3.33
8 . 300 . 422 3.22 . 523 2,42
standard i .304 =-- m-= 480 4.21
deviation . 004 - .- -092 TR . 00067 10 . 304 L 365 4.92 +492 2.88
deviation mean 306 L434 3.76 491 3,30
of mean L0016 - - L0376 .30 . 00030
standard
deviation . 004 . 032 PRea ] . 037 W76 . 00093
deviation
af mean . 001 .00 27 L0158 W31 . 00041

26¢
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Table B2 (continued).

dz.64, s=.128, X=4.525 d=.64, s=.128, X =4.525
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Dytrex
Transducer Pressure Transducer Transducer Pressure Transducer
Exp. No H{fy) E'l'l! tim sec) By (fey t_{m sec) {sec) Exp. N H{fs Py (s Pa s t ¢ {
. . 7 5l T . 4 xp. No. {f1) T(l) T(l) r(m sec) 4 sec)
1 258 - L1014 5.75 Sam 1 . 280 L1210 19. 00
2 . 254 - 0535 5.00 —-- 2 . 279 . 1844 10. 00
3 - 252 & . 0420 16. 00 T 3 .278 . 1500 30.00
4 - 252 * - 1011 10. 00 e 4 278 L2036 16.00
5 245 - . 0459 7.41 o 5 . 278 . 1152 18.40 .-
b - 255 = . 0382 9. 00 . 3 . 283 - ane EEEE] 19.00 e
7 - 255 XL L TO4 12. 00 gmm
mean . 279 - —es . 1476 18.73 sug
mean . 253 - .- . 0655 9.31 —--
standard |
standard deviation | ,002 —-- a—- 0355 5.93 .-
deviation L 044 e - L0253 3.53 e
deviation
deviation of mean ., 0007 .- - L0145 2.42 -
of mean . 001 --- .- . 0096 1.34 o
1 . 289 L1165 7.88
2 . 295 L1796 8.93
3 L2 . 1395 18,40
L | -293 L2100 9.37
5 .273 . 1950 9.7
3 295 --- .- . 1031 10. 00 =
mean -293 Coh ==n 1513 10.73 ---
standard
deviation . 004 - - . 0400 3.50 i,
deviation
of mean . 0008 - . L0163 1.43 -

¥6€



Table B2 (continued).

ds.64, a=.128 X =2 520 d=.64, s=.128, X=2.520
Statham Modiied Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Transducer Preassure Transducer Transducer Pressure Transducer
P P,
Txp. No. | Hif —'\’,i(m Yym sec) %ﬂ ) [t (msec) | 1, tace) Exp. No. | H{ft) 2o ymosee) | B2y | (mosec) | tyfuec)
1 . 168 i 202 2.31 40482 1 232 e - 382 5.77 34819
2 166 grezi || emime 2 1235 Haa EiE 1530 324 {3444
3 L 168 139 5.45 40445 3 1236 i Lin2 e
i "169 066 7.20 40489 4 1235 2310 6.80 | .34381
5 169 - 08s 1,98 40153 5 1235 281 478 |, 34646
8 167 a 101 3.42 40355 6 "237 s s 288 527 |.34946
7 . 168 —e- 136 2.46 40218 = 4 .
.235 e o ; 2 :
e S — = = a7 = mean 361 5.25 34652
s stardard
standar devintio . 00 .- - ] 4 q
deviation | . 001 044 175 00130 " g 95 e
- deviation
eviation ¢ 000 — e 4
eviation | N . o - T of mean 6 035 14 . 00080
1 .285 . 354 11.68 . 32654
1 194 e . 240 3.08 ©37507 2 281 .408 4.82 .32431
2 .195 & 187 (.00 | .37894 3 J281 4 318 “32482
3 L194 . 178 11,27 37698 5 382 461 2.73 .32240
; . llg: e %3: 2;3 ”;‘ig 5 . 281 433 5.52 .32219
. = . 5 i 6 281 = see 404 7.00 32434
b "196 L1685 270 | 38061 &b
.28 o i : i :
mean .195 - ik .202 8.78 37850 FIgas 2b3 A 2e% PR
e stardard
stardar deviati .002 == = .032 2.98 0014
deviation | .0008 e s L0290 3.31 .00235 sisen & ?
) deviation
deviation of mean . 0006 .- - .013 1.22 . 00060
of mean | .000 = .01z 1.35 00096 : !

S6¢



Table

B2

(continued).

d=0,64ft a=0,1281t X=5221

Statham Modified
Pressure Schaevitz-Bytrex
Transducer Pressure Transducer
Exp. No H(1t) U tit/eec) | L2 (i) |t (m sec) P2t t (m sec) t {sec)
o Y : Y r d
1 . 264 5.368 .4l0 3,40 . 509 2,36 L077T17
2 260 5,303 .433 2.80 . 490 2.03 L07742
3 264 5.346 . 430 3,44 370 2.62 L 07760
4 262 5.363 .392 - . 520 2.19 -
5 264 5,337 462 3.7 . 505 2.00 . 07694
b 259 5.346 . 438 - . 422 2.62 07777
3 . 260 5.355 . 429 2.88 . 485 2,52 .07736
8 .259 5.390 .345 4.68 . 475 1.90 . 07674
9 260 5,355 -39 3.50 465 2.05 .-
10 259 5.355 .510 . 4555 1,58 . 07750
1. 259 5.355 . 386 .-- 443 L7 L 07697
12 261 5.294 Ldl0 4.25 483 2.27 L07658
13 260 5.324 . 419 3.36 . 485 2,44 . 07730
14 . 261 5.355 -419 3.13 + 445 1.98 L 07711
15 259 5.328 . 434 3.63 479 2.24 .07719
16 262 == . 410 3,24 - - -
mean 26! 5,345 420 3.508 475 2,117 . 07705
standard y
deviation . 002 === . 0348 .51 L042 30 . 00033
deviation
of mean .000 - L0087 148 .0loa 077 . 00009

d=0,641t s=0.1281t, X=0.5221t
Statham Modified
Preasure Schaevitz-Bytrex

Transducer Pressure Transducer

Exp. No. | HM | e/ Zu V|2 | s mosea) | tytace)
xp. No. () l,[ t/sec) ™ (ft) !rl'm sec v t lm see FIEL

1 .21 5.214 .308 3.55 2354 2.10 , 08253
e .207 5,165 .393 === . 484 1.87 . 08247
3 L 207 5.218 L 304 3,40 «411 1.47 . 08242

L) .210 5.227 .32l 4.51 2284 2.38 -
5 212 5.117 +394 .17 398 2.07 . 08250

6 L210 5.210 .392 3. 12 -349 1.87 ---
T 212 5.198 L 278 3.68 08125
B 214 5.218 .347 2.88 .384 1.82 . 08159
9 .212 5.181 .332 3.13 365 L 148 . 08281
1o 212 5. 181 +348 3. 40 . 425 1.98 . 08258
11 +211 5.198 +319 2,81 . 343 2,43 . 08233
12 213 5.210 343 .17 375 2.08 . 08169
13 L214 5.198 315 .70 .346 2.06 . 08160
14 212 5.227 »339 .288 . 399 144 . 08225
i 213 5. 181 368 - L3364 2.54 . 08248
16 L217 5., 202 +333 2.88 361 2.06 . 08240
17 212 5.214 .330 3.09 380 1.70 . 08260
18 +209 5,185 321 3,52 £367 1.61 L 08195
19 210 5. 185 . 292 3,38 401 1.84 . 08280
20 +213 5. 185 L3362 - -357 2.17 . 08254
21 . 209 5. 173 . 400 —— 4Ll 1.74 . 08286
22 208 5.210 274 4.24 .401 1.82 . 08284
23 210 5,190 381 3,13 . 429 1.88 . 08230
24 210 5,223 305 2,78 . 427 1.85 . 08321

25 L2l 5,202 .320 3.45 L4l6 1.80 -

26 . 208 5.210 —e- ae- —-- . o
27 .208 5,198 . 296 3.38 w352 2,15 . 08206
28 . 206 5.210 «323 339 344 2.58 . 08219
29 . 208 5,214 .326 3.22 .351 2.00 . 08285
30 202 5.214 . 427 - . 365 2.93 . 08269
31 . 204 5.210 2325 3.24 . 405 P | . 08265
32 . 209 5.231 . 394 3,44 L 467 1,62 . 08262
mean .21 5.202 2344 3.31 .380 2,00 . 08240

standard
deviation .003 - . 040 . 40 . 044 --- . 00044
deviation

of mean .001 CEE 007 .08 . 008 --- . 00008

96¢



Table B2 (continued).

d=1.2510, s=0.251t, X =1.,0201t d=1,25¢, #=0,254, X=1,020ft
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Dytrex
Transducar Pressure Transducer Transducer Pressure Transducer
Exp. No. H{ft) U lft/eec) % (#8) | ¢ (m sec) % (1) |t (m sec) | ti(mec) Exp. No. H(ft) U tft/sec) %‘ () ft (m sec) %‘m t(msec) | t(sec)
1 415 7.30 . 794 3,68 . 781 2.60 . 10970 1 472 7.39 1,018 1.004 --- -
2 .410 7.26 . 762 2,97 1945 2.66 . 11000 2 . 480 7.48 1.013 1,100 1,25 . 10700
3 412 7.27 . 825 2,86 805 2.54 .10931 3 . 484 7,41 . 965 1,182 2,62 10754
4 412 7.26 . 829 2.79 885 2.62 L 11036 4 . 485 7037 1,013 .989 2.29 i
5 412 7.30 <834 3.0 . 834 2.80 5 . 485 7. 43 -970 1,050
L] 412 7.24 . 807 3.75 .817 2.34 (3 . 487 7.38 .990 1, 166
T .412 7.28 .792 3.84 940 2.08 7 . 480 7.36 . 863 1.130
8 423 7.24 . B34 .33 . 860 3. 17 8 . 487 7.39 1. 000 1,150
9 L4118 T.25 <794 .12 854 2.19 9 . 481 7.38 . 895 R
10 416 T.27 . 789 3.78 867 1. 89 10 - 477 T.41 1,035 . 989
11 423 7.2 . 834 3.44 964 2.66 11- 485 7.34 2994 1. 181
12 426 7.28 « 798 2,86 530 4.28 12 .493 7.36 -927 1.104
13 L416 7.24 . 7178 3.08 1,100 1.85 13 481 7.39 .965 1.089
14 L4168 7.31 . 860 3,22 1.014 1793 14 479 7.39 1.026 .878
15 L411 7.24 . BOS 3.07 .969 2,54 15 . 489 7.40 1.019 1,028
16 411 T.23 . 807 .n 1.130 1,93 16 .482 7.39 .990 994
17 41l 7.25 910 2.86 .973 1.27 17 . 488 7.36 . 830 1. 109
18 412 7.26 L7171 3.7 1,224 1,67 18 . 485 7.39 1012 1.209
19 . 412 7.27 874 L =975 2,22 19 . 485 7.38 .913 1.039
20 .412 T.26 . 836 3.36 1,212 1,36 —-- 20 . 487 7.43 =995 1,331
2l 484 7.41 935 1,030
mean .415 7.26 +B17 3.25 .934 2.33 - 22 470 7.39 .916 1.172
23 483 7.40 1,012 .933
standard 24 <479 7.39 . 885 1,209
deviation . 004 e . 036 == . 157 - - 25 482 7.30 .961 1.052
26 473 .39 . 959 1.193
deviation fiod L4743 7.40 .980 1,104
of mean 001 o e aau o s2s 5 28 477 7.40 1.031 1.120
29 <A77 7.39 1.029 1.062
30 LAT0 7.46 1,033
31 473 7.46 1.031 1,217 ——-
32 474 7.38 2990 1,217 - o
mean 480 7.39 2975 3.34 1, 100 2,40 . 1073
standard
deviation .01 - .053 .38 .098 41 . 00043
deviation
of mean L002 - . 009 .08 .018 .09 . 00010

L6E



Table B2

(continued).

d=1.250t, #=0.25f, X=1,0201t

d=1.251t, #=0.251, X=1,0201{t

Statham Modified Statham Modifled
Pressure Schaevitz-Dytrex Pressure Schaevitz-Bytrex

Transducer Pressure Transducer Transducer Pressure Transducer
Exp, No. H{ft) U, (ft/vec) % 1) | ¢ (m sec) .%i- (1) | ¢ (msec) | tfaec) Exp. No. Hft) U (ft/sec) %I. (1) | ¢t (m sec) _‘;L (1) | ¢ (msee) | t(oec)
1 .350 1.11 .567 . 763 2.19 . 11437 1 L300 6.96 .388 3,17 .553 1,43 12605
2 .348 7.10 .551 606 —- 2 .300 7.00 .393 3.03 417 1.51 12701
3 348 7.08 . 563 . 705 1,64 11530 3 300 7.0l 381 2.66 537 1,09 .12610
4 347 712 551 . 659 1. 70 L 11793 4 .298 6.98 .403 3.10 . 488 161 12900
5 2348 7.11 .559 .674 2.0l .11832 5 .296 6,97 .407 2.50 L4066 2,03 . 12640

6 347 7.12 602 .658 1.39 11776 6 300 6,98 437 2.81 493 1,56 B

7 L3144 7.12 504 677 1.67 . 12013 7 292 6,78 L443 2.68 . 450 1.89 —
8 347 7.14 548 . 637 1.61 . 11823 8 . 296 7,00 438 2,88 .504 1,82 . 12863
9 348 7,2 . 533 .590 2,70 11580 9 .298 7.01 404 2.85 .522 1,58 12583
10 349 7.10 .557 . 556 2,40 L 11748 10 .300 7.01 <37 2.86 467 2.06 12647
1 .315 7.13 .408 .601 -—- 1t 2303 6,99 392 2.88 .520 1.76 L12679
12 L340 7.16 +537 .5%6 2.34 —— 12 . 297 6.98 .388 2.64 .506 1.32 12767
13 .340 7.13 561 .708 1.76 . 11869 13 .295 6.99 .378 2,86 L412 2.22 . 12827
14 347 7.11 541 .802 1.90 14 300 7.03 . 400 2,80 495 1,24 . 12865
15 342 7.13 587 618 2,48 . 11881 15 .295 7,00 377 2,806 -490 2,14 . 12863
14 .348 7.13 . 545 . 701 1.93 . 11953 16 L300 7.02 .396 2.8l 517 121 . 12900
17 346 7,14 .596 L697 2,46 L 11750 17 .300 6.97 L3806 2.66 487 1,41 12812
18 .346 .12 .571 . o8 2.60 . 11835 18 .300 7.01 . 381 2,72 .457 1.82 . 12950
19 347 2,14 . 561 .b24 2.66 . 11825 19 . 297 6.99 .380 2,97 446 2.03 . 12986
20 .347 7,11 506 . 680 1.0 . 11869 20 . 298 7.00 395 3,00 507 1,67 . 12986
21 .352 7.14 . 584 L 606 2.20 . 11882 21 298 7.00 .398 2.42 .553 151 12894
22 346 7.12 . 547 . 595 2.45 L 11877 22 . 300 7.00 405 2,80 533 1.3 .12919
23 342 7.09 571 .619 2.26 . 11871 23 296 7.00 404 2,81 .569 1.72 . 12969
24 .352 7.15 . 596 .595 1.97 . 11877 24 .208 7.01 41 2.90 .572 1.61 12968
25 348 .17 LAl2 570 212 . 11740 25 .301 7.02 L362 2,90 543 1.45 12607
26 342 7.18 . 588 L6758 1,92 L1762 26 297 7,02 L416 3,18 457 191 J12718
27 L340 7,14 .588 .720 1. 64 L 11766 27 .297 7,00 403 2.78 .473 1.85 . 12755
28 340 7.14 .588 . 580 2.34 11862 28 .301 7.03 415 316 470 1.33 . 12840
29 350 1.09 609 . 680 1,43 LLTIR 29 .295 7.00 .403 3.12 .490 1.87 12866
30 344 712 584 . 708 2.33 . 11841 30 . 295 7.02 .420 3,16 L444 1.90 12816
1 342 715 . 594 . 694 1.91 L11813 31 297 6.99 436 2.95 497 1,40 12815
3z 344 (A ! . 600 663 2,07 i11931 32 304 7,09 409 3.01 .528 1,66 . 12860
mean .348 7.1 .557 3,06 654 2.06 .18 mean 298 7.00 401 2.87 .496 1.65 . 12806

standard standard
dewiation 004 waa . 046 .33 . 057 .36 .00121 deviation .003 - .019 .10 .04 .29 .00110
deviation daviation

of mean . 001 - . 008 .06 .010 066 -00023 of mean .00t --- .003 .02 .007 .05 . 00020

86¢



Table B2 (continued).

d=1.25 83025 X=4.90 d=125 s=.25 X=490
Statham Modified Statham Madifisd
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Transducer Pressure Transducer Transducer Pressure Trandsucer
i P
Exp. No. | H{) Paimy | ymosec) | Brey |t imosec) [tytsec) Exp. No. | H{f) S (M) ymoee) | Eryy t(m sec) | ty(sec)
¥ Y r Y Y r d

1 . 305 229 6.97 ! -429 .493 14,20

2 .297 .238 6. 40 2 427 497 2.2 .

3 <297 161 6. 06 3 . 427 .61 7.62 -

4 .302 .179 12.30 4 427 (4T3 12. 60 -

5 .302 L264 5.89 5 - 426 L5813 16, 10 -

6 . 300 —-- 158 7.00 5 L426 crit L4158 14. 60 -

mean . 301 - .205 7.44 mean 427 wee e -500 12,04 .-

standard standard
deviation . 003 - - L0414 2.2 deviation . 001 Sem i . 0585 3. 46 e
deviation deviation
of mean . 001 --- .017 .90 of mean . 000 —- --- . 0239 141

1 366 315 el 1 468 477 13.20 -

2 ,362 .408 9.70 2 467 424 19,20 =

3 . 364 .308 15.40 3 470 . 368 14,50 -

4 . 363 . 266 9,20 4 470 633 10. 45 -

5 . 362 374 14. 30 5 .468 .522 20,00 -

6 . 366 - .328 13.50 6 474 .535 16.50 =

mean . 364 —— —— .333 12,42 mean . 470 - - . 493 15. 64 -

standard standard
deviation . 002 - 046 2.50 deviation . 002 e . 085 ©3,32
deviation deviation
of mean . 0007 —-- --- .019 1.20 of mean - 0009 --- .- . 035 1.36 .-

66¢




Table B2 (continued).

d=0,6401, s=01281t, X=1.520 1t

d=0,64010, s=0,1281, X=1,520

Statham Modified
Pressure Schaevitz-Bytrex
Transducer Pressure Transducer
Exp. No. HIf) ety | e(muec) | a2t |t tmsec) | tyteec)
Y r ] r

! w157 . 196 4,47 .208 2.98 . 24502

2 . 157 L 160 3.93 . 165 3.03 .24378

3 . 157 . 168 5.05 .313 1,42 . 24440

4 . 157 <215 3.39 . 186 3.09 . 24417

5 . 158 . 185 3.63 .188 3.03 . 24436

b 157 . 159 3.75 .204 2,66 . 24519

mean k57 .18t 4.04 L2110 2.70 . 24449
standard

deviation . 000 . 020 .56 .048 .59 . 00048
deviation

of mean . 000 008 23 .019 .24 . 00020

! . L86 L z4l 5.30 L426 1.87 22431

2 . 185 222 7.27 . 407 1.97 . 22484

3 . 189 . 334 4.25 .300 3.04 . 22551

4 . 185 L334 3,43 L424 1.87 . 22423

5 . 185 -== 4,38 . - L22414

6 L 187 312 4.00 --- - .22428

mean . 186 . 289 4.76 .389 2.19 . 22455
standard

deviation . 002 . 048 1.25 .052 .49 . 00048
deviation

of mean . 0006 .0zL +51 .026 .24 . 00020

Statham Modified
Pressure Schaevitz-Bytrex
Transducer Pressure Transducer
Exp. No. H(f) Pegse) | timaec) | P2y | ¢t (msec) | t (sec)
Y r [ r d
1 «223 475 2.53 . 20966
2 223 +390 4.96 . 21005
3 220 .395 3.00 . 20959
4 .220 .360 3,30 .21015
5 .218 .598 z.10 .21103
] .218 - --- .352 5,27 L21126
mean . 220 - --- .428 3.53 .21029
standard
deviation .002 .- --- . 086 1.17 . 00064
deviation
of mean .001 --- - . 035 .48 . 00026
1 . 259 L367 8.25 . 20280
2 .257 . 440 2.32 . 20012
3 L2061 . 585 1.98 .20032
4 +255 454 4.35 . 20062
5 . 255 . 665 2.12 . 20003
6 .251 --- - 440 4.92 L 20142
mean . 256 - - 492 3.99 . 20089
standard
deviation . 003 - --- Lot 2.22 . 00097
deviation
of mean . 001 - --- . 041 .90 . 00040

00%



Table B2 (continued).

d= 1,250, 820,251, X=20204t . d= 1,256, s=0,25f, X =202t
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Preasure Schaevitz-Bytrex
Transducer Preessure Transducer Transducer Pressure Transducer
Exp. No H(ft) Paoiry | t_(msecy | Bz oqry | t_(msec) | t,(sec) Exp. No H(ft) 24y | timaeer | B2 () | tiomosec) | tynec)
ARl Y T Y * d - Y r b 1 T d
1 305 .485 4,37 653 1.88 . 23259 1 428 . 802 8.75 .905 3,69 20737
2 . 306 . 402 4,68 412 3. 12 23362 2 418 . 830 5.26 935 3.28
3 306 633 3.55 446 3.55 23395 3 L 426 1,061 5,84 1.188 3,99 L 20746
4 .303 498 3.22 .743 1,68 .23322 4 423 L942 3,57 824 3,40 . 20816
5 304 484 3.22 .535 2,42 23204 5 422 .917 5.31 872 4.37 . 20772
6 . 299 478 3.43 410 3,43 . 23502 6 418 . 753 8,70 1104 3,94 . 20834
mean L304 .497 3.75 533 2.068 .23341 mean .423 -884 6,24 971 3.78 . 20781
atandard standard
deviation .002 . 069 .57 126 . 00096 deviation 003 L 185 1.59 .23 o . 00096
deviation deviation
of mean . 001 . 028 23 . 052 --- . 00039 of mean 001 .076 .65 . 087 o . 00043
1 .357 .- —e- . 780 3.04 .21428 1 467 .820 7.50 1.050 3.78 i
2 .358 700 3.46 . 828 3.46 . 21634 2 L 467 504 7.70 1.326 1.55 . 20158
3 . 357 637 4.03 .986 2,91 21645 3 467 912 6,93 1.082 3.83 20154
4 350 927 3,48 . 685 5,70 . 21760 4 466 1.275 6,25 .B90 6.37 .20191
5 . 357 .957 2.70 1.059 4.11 5 475 1.300 3.25 1. 480 3.68 20178
b 360 685 3.87 665 323 6 4b4 1.023 4,78 .920 7.83 . 20409
mean .358 . 781 3.51 .834 3,74 21617 mean 468 1.039 6.07 1125 4,51 20218
standard standard
deviation . 001 +¥33 . 46 . l4b .96 00120 deviation . 003 . 185 1.59 213 --- . 00096
deviation deviation
of mean . 000 . 060 .21 .059 .39 . 00060 of mesn . 001 .076 .65 . 087 —-- . 00043

10%
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Table B2 (continued).

d=0.04010t, s =0,128 11, X =0.522 1t

d=0,641ft, s =0,128Mt, X=0,522M
Statham Modified Statham Modified
Pressure Schaevitz-Dytrex Pressure Schaevitz-Dyirex
Transducer Pressure Transducer Transducer Pressure Transducer
Exp Noo [ 1) | U f/sec) :‘\’.’z () | ¢ lm sec) %2 | b tmsee) | ¢ face) Exp. No. Hitt | U (t/sec) % (|t m sec) %" (] tdmosect | tree)
! 158 5.101 .203 .27 . 257 1,49 . 02393 1 .191 5.161 . 282 .75 .38 1.80 . 0B6TS
2 + 155 5,050 . 205 3.55 .283 1,25 L 09610 2 .188 5. 181 273 3,82 . 435 238 . 08680
3 157 5,009 212 3,13 215 1, 44 .. 09529 3 .188 5. 161 278 .72 S342 1,00 ---
o L1600 5,081 197 3.32 241 1,39 L 09648 4 148 5. 169 .355 399 2201 2.70 L 08607
5 M 5.058 . 187 3. 18 . 226 1,67 . 09651 5 <190 5. 129 £ 273 3.34 L340 2,43 L 0BLT
3 62 5,097 . 188 .70 2,84 1.39 . 090679 b .180 5. 161 . 250 3,69 120 2.00 . 08728
T L2 5. 046 179 3.21 <195 2,39 - 7 .193 5.125 .27, .3 133 1.70 . ORGAY
8 62 5.073 170 3,30 . 251 1.57 .- 8 »193 5,153 . 246 3.95 L33 2,04 L 0874)
9 65 5.058 L1160 3.18 256 * T2 . 09668 g 191 5,113 BT 3.583 .320 .72 OHGOT
10 163 5.054 . 201 3,06 . 190 16! .09531 10 <19t 5137 . 309 3.03 296 1,82 . 08522
11 w163 5.062 .73 3,33 240 1. 66 - 09908 <1 .189 5.125 L2064 3. 44 .331 1. 56 . OBGE]
12 162 5,040 173 3.22 244 L, 55 .09708 12 187 5.153 . 296 4.09 . 388 1.65 .-
13 L6t 5.073 A2 3,44 254 1.56 . 09652 13 187 5.153 202 31 270 2.33 . 08611
14 161 5. 085 L1173 3. 10 . 243 1,54 . 09602 14 188 5,101 . 268 3.50 343 1,80 L 08haY
19 6l 5. 058 69 3,56 .220 2,59 209712 15 . 189 5,133 . 282 3,48 .288 2.53 . 08620
16 163 5,085 LAT5 314 .223 1.R8 . 09612 16 .189 5.007 . 282 3.31 L338 1,64 L 08584
17 L 165 - + 204 3,27 <27 1. 56 . 09472 17 - 192 5.153 . 264 3.34 .294 1,64 ROLELEY
18 162 - . 183 3.42 .273 1,55 .09438 18 <187 5. 109 . 305 3.40 . 283 2.31 L0804
19 163 .- + 186 3.40 269 L3 07623 19 188 5. 141 291 3.37 267 2,88 L 0BG
20 L1610 4,974 186 3.43 280 1,41 L 09667 20 188 5, 141 .355 3,00 L 204 2,58 . 08397
21 163 4,036 186 3.51 274 i s - 21 el 5, 141 . 259 3.49 <340 1.51 < 08667
22 162 4.992 184 3.34 27 1.75 L 04676 22 186 5. 145 410 4,24 <386 1,65 . 0HE06
23 . 160 4.985 18O 3.28 243 1.70 .09711 23 . 185 5.129 . 280 . <349 1.55% < OB71T
24 PRl 4,985 < 186 3.28 . 248 2.03 09717 24 . 183 5.161 . 282 3.18 .338 1,59 . 08598
z5 b4 4,962 191 3.49 L 284 1,29 . 09663 25 .189 5.137 . 268 3.58 346 2,03 . 0866S
2b 102 4.955 .19] 3.45 L2068 1,38 .09618 26 . 185 5,137 . 282 3,28 L3 2,40 OBTHS
27 L 150 4,958 . 183 3.59 274 1.41 . 09641 27 . 183 5. 149 .353 3.87 305 1,87 . 08577
28 . 160 4.970 - 3.29 230 1.88 . 09625 28 . 184 5. 141 . 473 .- 2377 1. 50 . 0BG27
20 L162 4.958 . 187 3,45 262 1.16 . 09606 29 188 5.157 .27 3.47 303 1. 80 =
30 . 160 4.947 T3 .- . 267 1,26 . 09700 30 . 187 5,137 414 - L3634 1,54 . 0R60O
3 161 4,974 . 209 343 . 265 1.4 . 09700 31 184 5, 149 282 316 340 1,64 08612
32 . 104 4.970 L 190 .30 . 261 1.92 . 09670 32 . 189 5,125 c4ld 2.99 342 1.7 . 08010
mean 162 5.022 . 187 3.33 .252 1,58 . 09639 mean . 188 5. 141 .302 3.50 <327 1,04 . 0865
standard standard
deviation .00z - .012 .16 L024 .31 . 00096 deviation .003 - <055 .31 .038 39 ==
deviation deviation
of mean +000 - . 002 .03 L 004 .06 . 00018 of mean .000 - .010 .06 . 007 .07 -

10574
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Table B2

(continued).

d=0.6401t, »=0,1281t, X = 2,020

d=.6401t, & =.128 1, X =2.020
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Trouwdceer Prsasre Transdieer Transducer Pressure Transducer
Exp. No. HIft) EV! Ht) | t m sec) _1:1 () | t(maec) | tylsec) Exp. No. Hift) tm sec) %(lt) to(m sec) |t (aec)
1 147 074 2.48 36575 1 208 -240 6.06 . 28981
F 146 ) 2.80 ‘37482 2 206 .288 5.72 . 28877
3 L 146 . 052 2.00 L36874 3o~ 205 mema meme | emens
4 L 147 . 064 1.91 .36256 4 207 L4814 171 28908
5 L 146 .078 2,49 L3675 5 202 - 386 3.59 28937
6 . L4b o .044 2.45 .37299 6 202 .428 1.86 29035
¥ 200 . . .281 6.94 29046
mean L 146 = T .062 2.36 V36777
mean 204 - - .351 4.3t 28964
standard )
deviation, | 0005 —— - 012 .31 . 00492 stardard
deviation . 003 P e .087 2.05 00063
deviation X
of mean . 000 s . 005 M . 00200 deviation
of mean 001 sop . 035 .84 . 00026
| L 176 .182 4,57 .31124
2 1T 158 6,17 .31308 1 273 . 404 1.82 . 26207
3 172 B . 195 3,42 .31368 2 267 .86 3.33 . 26205
4 172 174 3.97 31168 3. 271 413 4.24 . 26069
5 172 202 4,23 . 31261 4 267 422 14,33 . 26627
6 A7 e e . 267 2.81 L3112 5 . 267 .555 14, 00 . 26136
6 272 - o .615 3.7 . 26360
mean 73 == . . 196 4.20 31224
mean .270 = - -483 6.92 . 26267
standard
deviation | .001 - - 035 1.0 . 00096 standard
deviation . 003 --- .079 5.18 . 00184
deviation
of mean . 0006 = —=- .014 .4 . 00039 deviation
- = of mean . 001 - - .032 2. 11 00075

So¥



Table B2 (continued).

d=125 ==.25 X=4,025

d=1.25 8=.25 X =4.025

Statham Modified Statham Modified
Pressure Schaevitz-Bylrex Pressure Schaevilz=Bytrex
Transducer Pressure Transducer Transducer Pressure Transducer
Exp. No Hift) By | ymaer |2 | timseq | tytse) Exp. No ey | 22 grcass) | 22y Lo ey | Eteeet
P ¥ r‘ v T d B ¥ § Y r d
1 . 303 - . 162 5.00 . 45863 i L 415 - - . 609 8,15 . 39970
2 . 305 343 4.75 .46118 2 414 .529 8.38 39979
3 .303 L231 5.34 3 414 .480 18, 00
i ] 307 . 258 4.5 4 L4148 .663 7.75
5 . 301 . 205 6.70 5 414 .468 10. 90
6 . 301 - = 292 7.90 o ~ b S414 - - .619 13.70 ==
mean .303 - .- 249 5.74 45991 mean 415 - - .561 11.25 39975
standard standard
deviation . 002 .- - 059 1. 18 - deviation . 002 . e . 073 3,62 .-
deviation deviation
of mean . 001 e =y L 024 48 e of mean . 0006 —— e 030 1.48 B8
1 363 - . 442 10, 00 = 1 467 . 565 11.50
2 . 366 - . 509 11.36 .42170 2 167 . 753 18, 20
3 . 369 - 421 14.70 . 42400 3 L 462 . 889 10, 30
4 . 362 - .436 12,45 4 . 466 . 537 3e. 00
5 - 362 = 427 t4.00 5 . 467 .873 4.27
3 . 362 o o . 587 10. 00 --- 6 . 470 e .T02 15. 10 S
mean L3064 -=- —e- .469 12.09 42285 mean . 467 - - .720 14. 90 38622
standard standard
deviation . 003 - o . 058 1.82 i deviation . 002 .- =t . 136 8,01 -
deviation . v deviation
of mean . 001 .- . 024 T4 i of mean | .00t - . 056 3.27 b

90%



Table B2 (continued).

d=1,25f, s=0,251, X=0,5221t d=1.,2510t, s =0.25, X=0,522ft
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Tranaducer Pressure Transducer Transducer Pressure Transducer
Exp. No. H(ft) U“[(t/'-c) _%l [13] Ir(m aec) r%! {ft) tr{m sec) tdflec) Exp. No. H(ft) Uuﬂt/le:J % (ft) t.(m sec) % (1) | ¢t (m sec) td(-ae)
1 .300 —e- .326 2.54 . 438 .96 .07293 1 347 T.117 L 469 3.03 .508 1,82 06656
2 . 300 7.011 324 - .+ 359 - _—— z + 351 7.104 . 465 2.74 . 633 1.22 L06713
3 L300 6.991 $333 2.33 . 449 .83 . 07388 3 .352 T.126 . 452 2.49 .627 .94 a—-
4 296 6,991 .318 2.30 <427 196 . 07384 4 .353 7.115 L 469 2.95 .573 Z,13 .06735
5 L2917 7.011 320 2.30 421 .98 . 07381 5 .353 7.089 469 2.51 .597 1,57 e
mean . 299 7.001 .324 2.37 . 419 <93 . 07362 mean 351 7.110 . 465 2.74 . 588 1,54 . 06701
standard standard
deviation .002 .010 . 005 .00 . 031 .06 . 0004 deviation .002 .013 .- .00 . 045 .42 . 00033
deviation deviation
of nean . 001 . 005 . 002 .00 014 .03 . 0002 of mean . oot . 006 == .00 .020 .19 . 00015
1 . 387 7.201 . 580 3,66 707 1,33 . 06407 1 . 499 7.437 . 750 - 1.028 --- .-
2 .38z 199 . 564 2.26 . 68S 1,21 . 06427 2 .500 7.407 ane “-= 509 1.97 .05976
3 . 385 7.201 #8785 2.64 . 629 1,40 . 06425 3 .499 7,433 . 686 2,78 . 895 1.56 .-
4 . 385 7.194 . 573 3.38 662 1.03 L 06342 4 483 7.417 . 788 --- 843 = wus
5 .391 7.196 . 602 2.47 . 685 1.32 . 06413 5 486 7.399 L1742 2.54 .818 2.36 . 05972
mean 386 7.198 579 2,88 .674 1.26 . 06403 mean .493 7.419 .42 2.66 .899 1.96 . 05974
standard standard
deviation .003 . 003 .013 .54 . 027 13 . 00031 deviation .007 . 015 . 036 .12 .073 .33 . 00002
deviation deviation
of mean . 001 . 001 .006 .24 .012 . 06 .00014 of mean .003 . 007 .018 .08 .033 A9 . 00001
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Table

B2 (continued).

d= 1,251, s=0.250, X=2,5201t d= 1256, 2 =0,250, X=2,520ft
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Transducer Pressure Transducer Transducer Pressure Transducer
P. P,
Exp. No. | H(®) 2 | e mseer | THem | ¢ (mosec) | tysec) Exp. Moo | Mt | Ee o | pimsear | Z2am | b mace) | tyaen
1 ,293 . 458 3.27 . 429 2.45 29114 1 L4185 1.080 5.21 . 785 3.70 L 25725
2 .293 .331 4.35 L 423 3.70 20148 2 416 .970 4.50 1.291 4.50 . 25675
3 . 208 .33l 4.32 .355 4,32 . 29184 3 418 602 471 .900 4. 40
4 L300 .358 5.13 4TI 3.53 . 29196 4 AT .960 5.02 L655 10. 00 . 25824
5 .302 L4306 3.77 L 266 .- s 41T .B18 6,45 ,857 5.32 . 25630
6 295 L436 4.50 144 2.70 .20106 6 .413 .508 5.35 1.239 4,25 . 25648
mean 297 .392 4,23 381 3.34 . 29162 mean L4l6 .905 5.21 946 5,36 . 25700
standard standard
deviation . 003 .053 .59 . 068 .68 . 00029 deviation .002 123 .63 .22l 2,13 . 00070
deviation deviation
of mean . 001 022 .24 .028 .31 . 00013 of mean .001 . 050 .26 . 090 .87 . 00031
1 156 628 | 5.6 . 489 7.90 26017 i . 457 1.261 3.92 1.223 7.30 25045
2 .357 619 4,42 . 501 10,00 27157 2 - 461 + 858 10,00 1. 060 6.50 . 25079
3 .387 . 481 7,43 648 5.30 s 3 461 .9l4 10,00 .993 8,00 eaw
i 156 287 5 09 e .55 26049 4. L 461 .900 6.55 1.133 6.25 . 24904
5 . 361 495 9.00 . 781 4,84 . 26745 5 - 465 1. 004 4,87 .871 7.62 .24918
6 354 531 6.25 518 6.88 L 26046 L 462 . 949 7.55 1.218 3.93 L 24943
mean 387 L 607 6,23 .592 7.41 . 26943 mean 461 .981 .15 1.083 6.61 .24978
standard standard
deviation . 002 .137 1,57 . 103 1,95 . 00131 deviation - 002 133 2.32 125 1.35 . 00071
deviation deviation
of mean L 001 L 056 .64 042 .80 . 00059 of mean «001 . 054 .95 . 051 + 55 . 00032

80%



Table B2 (continued).

d=1.25 #=,250, X:!.DZVS d=1.25 8=,25 X=3,025
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Transducer Pressure Transducer Traneducer Pressure Tranaducer
P, P,

Exp. No. | Hift) i;i 1) | ym sec) %! |t msec) | tyfaec) B /Mo | B o) ijmomec) | AU Rt fmyse) | tleec)

1 .302 . 382 6.39 . 34129 1 425 791 4.82 . 29973

2 . 295 . 542 1.35 .34228 2 L4186 . 981 4. 17 . 30104

3 L1301 e L4681 2.61 - 3 . 425 . 634 7.60 . 30066

4 . 295 - . 331 7.18 . 34419 4 425 .910 5.25 .30042

5 . 300 .- . 502 5.67 --- S . 425 ==n .785 9.79 .30323

] . 300 - L 601 2.90 .34399 6 431 - == .T18 4.60 .30033

mean . 300 - - . 470 4.35 234294 mean . 425 --- -== . 803 6. 04 . 30090
standard standard

deviation . 004 B e= . 097 2. 16 . 00121 deviation . 004 e o= L 115 2.0t L0018
deviation deviation

of mean . 001 . - .038 B8 . 00060 of mean . 002 --- - . 047 .82 . 00045

1 . 362 876 5.57 . 31647 1 LAT2 . 627 32.00 . 29518

z .361 . 592 191 31793 2 LAT2 .970 8.28 .29103

3 L363 P .B77 2.71 . 31625 3 . 470 . 880 10. 10 i

4 . 360 577 4.68 31735 4 . 478 1.201 10. 30 29143

5 . 360 621 6.35 31810 5 ,475 . 880 9.08 .29263

6 .363 s S 721 4.52 -31693 6 474 .- --- 1.021 8.99 . 29158

mean . 362 mem 5 2T 5.30 L3 mean .A74 —.- --- .930 3. 13 29237
standard standard

deviation .00t - Gtk . 126 1.63 . 00069 deviation . 003 -—- - 173 8.47 . 00150
deviation deviation

of mean . 0005 - - L0518 .67 . 00028 of mean . 004 —— - .07t 3.46 . 00067

60%
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Table B2 {concluded).

d=1,0 s=.,1 X=4,525 d=1.0 o=.,1 X=4525
Statham Modified Statham Modified
Pressure Schaevitz-Bytrex Pressure Schaevitz-Bytrex
Transducer Pressure Transducer Transducer Pressure Transducer
.
P, P B, P,
Exp. No. | Htm | (1) ymsee) | (0 [t (mosee) [t tace) 2xpd Nog | BB | SO Ymsec) | XM | ¢ (m sech | tylsec)
! -150 .358 4,55 1 +308 1112 9.06
2 .306 . 850 . 850
z 149 .379 3.12
3 150 315 415 3y +308 850 7,10
- 3 3 4 . 307 + T2 5.31
4 150 - 379 3.75 -
5 .307 . 896 8.10
5 . 150 - .283 5,31 b 307 1
6 150 SR o T147 3. 61 e . - .e- . 032 6.77
mean L 150 L & .344 4,08 . mean .307 -— — 912 7.33 o
standard standard
deviation . 000 i o 035 71 s deviation . 0007 - ha 126 1.16 )
gy deviation
deviation
of ,mnnn . 000 --- --- .014 .29 - of mean . 000 === --- . 051 . 48 ---
1 .380 — 1.180 4.76 s 1 224 601 6,67
2 .376 1,149 11,14 o 2 .230 .825 4.44
3 .377 1.020 8.75 - = 3 227 . 660 6.50
4 377 .833 14,30 4 <227 . 640 5.31
5 377 1,035 10,30 Sas 5 227 710 4. 46
b --- --- .- 1.225 e, e 6 B2 . 710 4.46 s
mean .377 - - 1,074 9.85 — mean L227 = wa .719 5,03 S
" standard standard
deviation . 001 - e L130 3,12 = deviation . 002 -—- P J101 1.32 o
deviation ' deviation
of mean . 0006 - - .053 1.40 — of mean . 0007 —— na . 041 .54 .

1%



‘l'able B3, Normalized force F/ydg,
for sid = 0,2, L/fd= 0.4

F/yd?

¥

/d

average pressure Pav/yd, and center of pressure ch/d

x _/d
av cp
H/d H/d £ H/d
1 0.24 0.28 032 0.36 040 0.24 0.28 0.32 0.36 0.40 0.24 0.28 032 0.36 040
[+ g/ ta7d
0.203[ [ 0.00967  0,0L778  0.03326  C.050l3  0.06240 0.203 | 0.C3942  0.0808C ¢ rl.12320  A.l6711 DL.28dr 0,203 | 0.11546 0,11000 £,1350C 0.15035 0.15000
0.254| | 0.01120 0.01760 0€.G2990 0.04038 0.05134 0.254 | 0.03862 ¢€.08520 €.09362 C.10915  C.13877 0.254 | 0.14720 0.12015 0.14074 -0.14237  0.14425
0.305| | 0.0130% ©€.02289 ©£.03290 0405905  0.06687 0.305,| 0.03726 UsCT15%  G.28226  0.13419 ' ¢.15199 0305 [ 0.16081 0.15612  0,14997  0.21217  0.19846
0.355| | 0.01225  0.92429 ' 0.05773  0.07597 0.09288 0.355:} 0.02988  0.06566 5.12551 0.14612  0.17862 0.355 | 0.16422 0.15396 0.23841 0.24795 0.24262
044061 | 0401723 0403345  0,06950  0.08822 0.10980 0.40p | 0.€3665 0.07965 G 13113 0.14952  €.18299 0.406 | 0,23559 0.20791  0.27358 '0.27653 0.27574
0.457| | 0.01393:. 0.03606  0,C6880  €,08960  C.10647 0.457;] ,0.03317 0.{75¢1 L.ll4se  C.13576  a.lsl31 0.457 | 10.21474 0.24730  0.30616 0.30321 0.29392
0.50B; | 0.02404 0,04318 0.07256 2.09365 ~ 0.11541 0.5081) 0,04146 0.97996 3210995 <.12655 C.15596 0.508 | 0.31000 0.27226 0.30%48 D0.29745 0.29356
0.558| { G.02506  0,04612 . 0.07421 0.13666  06.16903 0.558 | 0.03578 0.07952 (.10307 0.16269  1.22365 0.558 | 0.31489  0.29130  0.37861  0.42097  0.40939
0.809| | 0.02038 0.08687 0.07035 0.14287  0.17853 0.609 1 ©.02912 U.C9BTL  C.28793  (.15874  0.19836 0+609 | 0.31124 0.52166 0.30755 .0.44902 0.45106
0.660| 1 0.02212 0,10128  ©£.12342  0.1658L  0.27975 0.660 | 0.02836 0.10661  CL.141R6  0.18913  2.20975 0.660 [ 0.31175 0.55722  0.47670 0.4B078  0.48776
0.711 0.02862 D0.10B91  C.13829  0.17527  C.21528 04711 0a034C7. 015677 .14557 0416535  3.19933 0,711 | C.42515 0.58598 0.51225 «5009T  0.49121
6,761 0.03C20  0,09442  0.13798  0.17355  0.22278 04761 § 0.03355  (.08583  (.13528  0,14961  0.19041 0.761| 0.46726  0.56118  ©£,53435  0,50235  0,49551
0.612 0.03151  J.08498  (C.1296% 0.22226 f.28198 0.8121} 0.C3089 2.CT7C82 11790 CelT642  0.22380 04812 | 0.47150 0.5)855 0.52059  0.62505 0.62206
04863 0403428 C€.10332  0.12335  0.22715  C.29847 0.863 C.03234  CL0B200  0.10366  0,17073  G.22109 0.863 | 0.57943  0.67153  0.50165 0.65810 N.6T234
04914, [ 0.22907  0.10495 (16539  0.23779  (.30741 049147 0.02506 .0.0777& 2.13126 0.16629  0.21055 0.914 | 0.52831 0.88207 0.86099 0.71042 0,71238
0,964 0.02T61 2413955 Cel7879 0,25692 0.30697 0964 J.02281 0.79827 Q.13242 0.16882 0.19933 04964 0.54191 0.81570 0.69359 . 0.T3456 0.TLTS2
1.015 0.04485  2.12952  4.18653  0.25776  0.37613 1.015 0.03477  0.08635 €.13136 0.15110 2422935 1.C15| 0.73379  0.75720  0.72021 N.T2466 0,82713
1,066 || 0.73674  9,11122  0.12406  0.29977  0,37399 1.06811 93.62624 0,07039  C.0818)1 ©,17308  0,21ele 1.066 | 0.82453 0.75140 0,50498 0.83938 0.8731C
14167 0.02858  ©0.13496  0,21543  0.30748  0.39849 la167 0.01880  Q.07756  0.12675  0.16531 - 0.207853 1.16T | 0.91440 0.95640 0.89074  0.90640  0,92822
1,218 | 0.062481  0.14123  £,22158  0.39426  C.42416 0.12379  9.15683  n.29208 1.2181 ©0.,91414  1.02414  1.939%6  0.89993 0.916%50
1,269 1| 0,02434  ©£,15577 0421599  0.32961  0.,46259 TC.11550 0416237 C.18l4l 1.269 | 1.03264 1.04638  0.928T7  1.03268  1,17200
1,320 | 0.015E £.10712  £.21382  ©0.34823  9,43453 09,1269 S.16426  ..19933 1.320 | 1,17790 ©0,B1093  0.9%125 1,0857%4 1.13941
14370 | 0.01300  €,16120  0,25661  5.35308 (449680 "val2457  0.16049  U.21THS 1.370 | 1.38465  1.25369 1414778  1.13650  1.18382
1.421] | C.01828  0.18997 0.27402 0.33847  (.40578 G.1268¢  0.14783  nL170SC 1.4211 1.48995 1.31048  1.208T1 1.15550  1.14283
1,472 0.01650  0,17431  (.27057  C.26382  0.49522 N,12132  N.15287 5.20296 1.472 ] 1.63914 1,39310 1.25914 1.20881 1.31711
1.523 || 0.01128  €.15593  C.24724 0.38132  C.49717 G.ld6T6  0.15550 5.18520 1.523 1 1.80660  1.33840  1.22160 1.33072  1.38244
1.573( |-0.00073  0,13227 0.288T4  3.36502 0.5C657 0.05581  0,11882  0.14371  C,19261 1.573 -14,97093  1.35579  1.42972  1.38831 1.42319
1,624 | 0403730  0.19389 C.31743  0.42768 - 0.59282 1.624{1 0.r1695 2.07979  0.12657 2.155°1  6.21794 14624 ] 1.50600 1.50029  1.48067  1,43261  1.53460
1.675) |=0.00038  0,18215  C,29705  0.40604  6.55596 1.6751 ) =2.000 17 Cafb6B6  f.11466  0,14928 _C.19785 *1.675 F21.7T90B0  1.67607  1.53272  1.47318  1.53166
1.726| 1=0.01175  0.18910  ©.29631  0.43757  0.534C6 127261 -0490506  CaNM6k54  NellD56  G.15628 ~C.13353 1.726| 0.18702  1.749%6  1.57948  1.53724  1.48793
1.776| | 0.03111  0.18442 C€.30107  €.40587 2.51159 1.776{| N.r1313  €,Ce856  0.10648  €.14093  £.17753 1.776 1 3.09924  1.74653  1.604T4  1,59241  1.53257
1,827 | 0.01477  0,17854  C,28623  0,3988C  N,48560 1,827 2.,00608  Q.06469 0410150 0013428 0.15768 1.827 | 2.604T1  1.72031 1.59920 1,55686 1.51814
1.878 0.01476  G.17003  G.27650 0.37667 (.47505 1.878 0.06057T  0.05987  (.N9502 £.12313  0,15033 1.878| 2,70C17  1.79194  1.62319 1,57561 1.51509
1.929 0.01828  0.16361  C,26415  0.37064  0.57746 1.929 C.0J703  0.05603  (.08864 . C.11766  0.17823 1.929 | 2.57125  1.77891  1.59892  1.51462 1.49410
1.979 | | 0.0C6C1L  ©.13920  0.217386 0,40585  0.54398 1.979(] 0.00223  ©.06767  C.0T15%  0.12526 .16385 1.979 | £,60607  1.84388  1,57963  1.78455  1,.78611
2.03C ) |=0,01762 0,11834  (,22705 0.41203  0.56290 2,030 (| =2.90638 3855  (.0T254 N.12411 - 0L.1650T 2.030 | =1.T6663  1.95361  1.62876  1.82724 1,01%s8
2.132 «C9064  C.08485 - 0.29110 0.41053  0.54897 2.132 |1 =0.0324T  C.02643  T.78875  C.11763  0,15334 241321 N,43611  2,20253  2.04393  1.95916  1,97236
(2:233] 1-0.06172  5.11867  C,27262 2423311 =1.02750  2.C3564  U.vbuld  Cal1357 £.13535 2.233 | 0.4T4B4 2465756  2,22322  2,09727  1.912%54
2.335] | -0,05553  0,12521  C,22848 203351} -0.01730  C.23629  0.06480  0.09012  C.12121 2.335] 0.02445  2,97025  2.39090° 2.19471  2.03287
2,436 1=0.12362  0,07863  ©€.19054  0.36035  0.44162 2,436 [1=0.03761 0.02172 0.05178  €.09009  N.llfe0 2.436 1 0.81517  3,37289  2.32566  2.30226 2.14618
2.538| | -0,07106 0.07512 0.15790 .24845  0.22389 2,538 10 -6.02131  0.01993  (."4133  0.08211  0.05597 2.538| 0.86783  3.418674  2,%3523  2,50364 1.76270
2.639( | =0.0T440  0.05296 C.10438 0.06769 =0,062722 2.639|] =0.02187  Ce1358  0,02609  0,01692 =3.iC680 2.639 [ 0.16509  4.14009  2,35047  1,92449  1,54698
24741 | =0.16293 =0.10324 =0.03666 0.01256 0.05354 2,741} ~0.04143 =).02598 =0.00916  0.0u3lé  (.N1339 2.741 | 1.30690 1.25469  1.68203  C.49792 0.72529
2.791| | -0.12076 =0,16332 =0,07379  0.01317  0,04627 2,791 | =0.03447 =GeUlI3T =D.01B45 0.0L157 2.791 | 1.36336  1.6824T  1.62408  1.91818  2,39047
2.042| | ~0.1297T1 =0.07191L  0.00640 0.C917¢  0.13799 2,842|] -0,037C9 -C,C1834  0.00169 0.03450 2.842 | 1,43490  0,20153 17.09433 ° 2,65335 2.1T787
2,944 | =0.12134 =0.14556 0.00480 0.08692 0,04015 2,544 | =t.93385 C.0612¢ 0.01078 2,944 | 1.44729  1,25883 31.63733 2.44840  3,96265
3,045 [=0.15540 =0,19502 =(.18340 =0.08587  0.2228% 3u045[ ] ~2,04290 ~3,05111 =6,04585 =0.02183  (.05571 3.045! 1.59054  1.57326  1,78433  1,21342  2,.17720
3,147 | -0.17805 =-0.21866 =C.18563 =0.05474 0.16527. 3,147 | ~G.04918 =C.{5BL1 =Ce04648 =C.01410  5.34132 3.147| 1.93600  1.93558  1.306C5 =0.36412  2.48192
3.268[ |=0414611 =N, 17181 =C.08670 =0.20093 =0.39808 3.248|] —0,04095 =0,04630 =C.02253 =C.05246 =.09952 3,248 1.82068  1.18936  1,03121  1.69206 1.89646
3,299 |=0414572 =0,16112 =C.14262 ~0.16277 <0.23048 3.299: | =0,04114 =C.L4373 =CsL3643 . =(.06278 =0.15762 3,299 | 1.76997  1.42049  1,18529  1.57525  1.63C04
3.350 | [-0,15582 =0.16841 =0.22401 =0.19368 0,22719 3.350( ] -0.04546 4604 =0.05772 =C.05125  L.0508c 3,350 1.81428  1,60776  1,69886  1,59443  3,77227
3,451 | 1=0.18942 =0.17713 =0.22634 =0.1534C  G.40699 34451, =N.054469 =0.74913 =G.05918 =-0.04115 3.451] 1.97006  1.88000  1.58754  1.36646  2,66245
3.553 +12820 -0,12761 =0,12688 =0,26688 3,553, 1 -0.04269 =6,036¢9 =-0,23387 =0.03451 3.553| 1.8947T1  1.57504  1,31372  1,91212 1.71581
3.654 =0.10619 =0.11904° =0.21172 =~(.27052 3,654 | =0,04059 -0,43208  -0405840 3.654| 1.82046 1.82503  1.51860 1.63377  1.66796
3.807 -0.17234 =0.15260 -0,11B15 =0,13667 3.807 | =0.Nab30 -0a06205 -C.03329 =-L.03644 3.807( 2.03877  1.92293  1,71318 1,3139% 0,80615
4,060 =0,17618 =C.1B8419 =0.15780 =0.00428 4.C6C | =0,06864, ~G405285 -[.06872 =0,026186 4,060 2.11923  2.05500 1.88755 1.57567  0.52494
4,314 =C.16711 =0.16205 =0,15034 =0,11749 4314 | =0.35091 -7,04846 =0.24566 4,316 2,23250  2.19069  2,12396  1,71058 0.91953
4,568 =0,3452T =C.15%531 =0.14982 =0.17183 4,560 | =0),04692 =C.11406 =0.04734 =C.05191 4,568] 2,41583 1.635%34  2,01007 2.00395°7 1,94905
4.822 =0.16529 ~-0,15€22 -D.16146 =0,18095 4.822° | ~0.04809 - ~0.C5T10 - =C.05317 =0.35722 4,822 2.4T651  2.35410  2.17765  2.21585  2.09689
54075 =3.16256 =0.14892 =0.15725 =-0.18358 5.075 | ~0.04339 =0.05883 -C.051C0 =-0.05406 =0s06086, 5.075{ 2.48823  2,45347  2.31170  2.29210  2.74338
5.329 ~0.1553G -C.15611 =-0.13869 =2,15405 5.329 | —0.04655 =0.05902 -(.35546 =0.04%88 «15368 5.329| 2.55229  2,53379  2.43231  2.31499  2.1T170
5.583 ~0.15307 =G,14947 =0.12899 =C.llslé 5,583"| -0.05173 005668 =N.04B63 =0.34192 5.583| 2.59493  2,6285T  2.53959  2.42241  2.43217
5,837 =0.13568 =-0.12585 =0.11142 =0,10687 5.837 | -0.04775 =Ce05042 =0.04413 =C.04148 5.837| 2.T1877  2.T3122  2.62713  2.53964  2.49620
6.091 =2.13071 -0.11840 =0.13203, -0.1333% 6,091 | =0.04419 =(.05050 =C.05535 —(,054A9 6,001 2.80045  2.66855  2.595CT  2.73204  2.47313
60364 [ 1-0.08436 =0.10248 ~0,11787 -0.13995 =C.14303 6.344 | —9.C4259 -C.05424 06169 =0,36266 6.344 2.89400  2.83418° 2.69156  2.T7553  2.75l64
6.598 | |=0,07353 =0.09890 ~C.10275 =0.11800 =0.12473 6.598'| =0,04199 -u.05132 3 =C465339 6.598| 2.93821  2.90861 2.78949  2.843%94  2,80104
6.852 [ [=0,06045 =0,0918C -0.08894 =0.0999T7 =0,09642 6.852 | ~0,03777 -L.54058 =0.04347 6.852( 3.03779  2.92548 2.83385 2.92816 2.93788
T7.106 | |=0.04200 =0,07291 =-0.07833 =0.0819%4 =0.09C34 T.1067] =0.02878 =0.04734 =N.04T749 =0.04541 -=0,74503 T.106 3.195C0 © 3,02374 2.953%4 © 2.94%469  2.96797
7,356 | | 0403569 =0.05040 =C.N6073 =0,05930. =0,06645 7.359. ) 20.02685 -0.03656 -0.04159 =0.03580 -3,02642 7.359] 3.19500  3,19500  3.06738  3.1021T  3.11840
7.613 | [-0.03300 =0,0510C =-G.05688 =0.04739 =0.G6600 T.613°| 20,02832 -0.u4l57 =-0.0435& =0.03163 -N,0395y 7.613] 3.19500 1 3.19500  3.11093 3,17233  3.19500

1%
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APPENDIX C

DERIVATION OF UNDAMPED NATURAL FREQUENCY OF

OSCILLATION OF 1/8-IN. TRANSDUCER IN OIL CHAMBER

For purposes of thermal insulation, the 1/8-in. transducer was
recessed behind a cylindrical oil chamber 1/8 in. in diameter and 1/8
in. long, as shown in Figure 4., 22b. The inner end of the chamber is
formed by the circular stainless steel diaphragm of the original trans-
ducer, which in its unmodified state has a rated natural freqency et
of 60.0 kilocyc/sec. The outer end of the chamber is formed by a
piece of polyethylene.adhesive tépe, whose mass and stiffness are
neglected in this analysis. The chamber is filled with oil having a
density Ps approximately equal to 1.55 slug/ft®, or 7.5 x 1(_)'—5 ib-
secé /in. *

It is assumed that the system behaves as a single-degree-of-
freedom harmonic oscillator, whose undamped natural frequency is:

-1 Sk . _
fn_ZTr ’ cl

I

where in this case k is the stiffness of the damped circular diaphragm

of the original transducer and m is the mass m _, of the diaphragm of

d
the original transducer plus the mass m of the oil in the chamber.
The mass and stiffness of the diaphragm may be derived as

follows: the stiffness k of a clamped circular diaphragm is related

to the diaphragm dimensions by the equation:

192 T ER®
- ar 12(L - »2)
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where E is Young's modulus, h is the diaphragm thickness (as yet
unknown, in this case), a is the transducer radius, and #® is Poisson's
ratio. (Equation C2 was derived from Timoshenko and Woinowsky-

Krieger, 1959, pp. 5, 55.) The diaphragm mass is simply
~ 2
m, = pdrra h , C3
where Pq is the density of stainless steel.

is

d

known, it is useful to apply Equation Cl to the diaphragm alone:

Since the natural frequency of the original transducer fn

£ . omore ol c4

Equations C2, C3, and C4 may be combined to obtain h:

_ ma® /pd 5
=g S2a-e cs

The stiffness and mass of the diaphragm may now be obtained from
Equations C2 and C3, respectively. For E = 30 x 106 1b/in. 2,

n = 0. 3,

Pq = b. 738 = 167> lb-sec®/in.*, and a = 1/16 in.,
h = 0.00174 in.,
k = 2228 Ib/in.,
my = 157 =% 10°% Thegec® fin.

The mass of the oil is:

" 2
rnf—pf'na{, ; C6

where g is the density of the o0il, and £ is the length of the chamber.
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For p, = H. 5 10~5 W-pee®fin. %, and L& = 1/8 tn.:

m, = 1.15 x 10—7 1b-sec? /in.

By Equation C1, in which m = m, +mg

£ = 20.8 kilocyc/sec,

the computed value of natural frequency that appears in Table 4. 1.



