KINEMATICS OF 2-I) TRANSIENT WATER WAVES
Usme LASER DOPPLER ANEMOMETRY

By Cheung H. Kim,' Robert E. Randall,? Members, ASCE, Sung Y. Bon,?
snd Martin J. Krafft!

Apstaact: Results of recent research on experimental investigation of wave-fluid
particle kinematics just prior to breaking using laser Doppler anemometry are
presented. Extreme (ransient waves, similar (o those found in hurricane Camille,
and an “equivalent” regular wave, often used for design purposes, are generated
and their kinematics measured. The kinematics of transient waves of smaller height
are also measured o evaluate the effect of wave height, and these data are compared
to Stokes third-order theory, Due to particular asymmetrics not present in the large
regular symmetnic wave, the transient wave kinematics under the crest are shown
1o be much more severe above the still water level and somewhat less scvere below,
The stretching method wsed for the simulated transient wave underestimates the
horizontal velocities in the crest and overestimates them below the still water level.
These comparisons suggest that it would be worthwhile to further investigate the
use of extreme waves as more realistic design waves and o develop a wave theory
that accounts for the effect of the asymmeiries. 3

INTRODUCTION

Fixed offshore structures typically consist of many slender cylinders as
support legs and cross members and are fixed to the seafloor with piles
driven through the legs and deep into the ocean floor. Compliant offshore
structures usually have large cylinders in the floating structure and are
moored to the sea floor by tendons or cables that are considered slender
cylinders. The ocean environment consisting of winds, currenis, and waves
interacts with these structures to produce complex fluid loadings that are
difficult to evaluate. However, practical techniques have been established
for establishing wave loads under limited conditions, such as the Morison
equation for slender bodies and diffraction theory for large structures. Mor-
ison’s equation requires the determination of inertia and drag coefficients
and knowledge of the fluid kinematics resulting from wave and current
interaction under the wave surface, in the absence of any structure.

It is customary in the determination of wave kinematics to employ either
a random wave or deterministic design wave approach, The random wave
(time series) is obtained from the energy spectra for the design sea state,
whereas the design wave (characterized only by height and period) is derived
statistically as the most probable, largest wave at the design location for a

iven return period. Random wave approaches (Forristall 1981; Yugts and
osma 1981; Rodenbusch and Forristall 1986) use linear wave theory and
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the linear random superposition principle in conjunction with the *“Wheeler
or delta stretching” techniques (Wheeler 1970, Forristall 1981) to evaluate
waler particle kinematics. Grudmestad (1990) developed a new approach for
estimating the kinematics under irregular waves, which was based on pre-
vious studies (Gudmestad and Connor 1986). The design wave kinematics
can be determined from a variety of wave theories (Dean and Dalrymple
1984) including Airy, Stokes second through fifth order, cnoidal, and stream
function, which are then used to estimate the design wave loads,

Recent progress in gathering and analyzing storm sea surface data, for
mnstance (Ward 1974; Buckley 1983; Buckley and Stavovy 1981}, has been
a significant contribution to the research community studying extreme waves
and wave loadings on marine structures. For example, an analysis of data
from the Gulf of Mexico hurricane “*Camille” and a storm off the Irish Coast
(Buckley 1983) revealed that some of the largest waves contained in sample
time histories were steep on their foreward face and greatly elevated. Such
waves are often termed exireme fransieni waves,

Extreme transicnt waves have been modeled in a few wave tanks and
reported by researchers such as Mansard and Funke (1982), Kjeldsen et al.
(1980). Longuet-Higgins (1974), Rapp (1986), Takezawa and Hirayama
(1977), Krafft and Kim (1987), and Kim et al. (1990). Kincmatic measure-
ments of extreme waves made by Kjeldsen et al. 1980) and Kjeldsen (19584)
with electromagnetic current meters indicate crest velocities 36% greater
than the phase velocity just prior to breaking, and prompted them to propose
that combinations of severely asymmetric transient waves be selected as
desipn waves, in order to avoid severe underestimation of wave loads.

Studies of the kinematics of breaking waves by Dommermuth et al. (1988)
employed a potential theory for predicting wave elevation and velocity and
used laser Doppler anemometry (LDA) to measure fluid velocities under
the wave surface including the region above the still water level (SWL).
Mumerical results from the potential theory compared well with the labo-
ratory experiments. Birkinshaw et al. (1988) investigated the kinematics of
spilling breakers for the design of a small offshore gas platform, Using LDA
to measure velocities in the wave crest, they found that values predicted
from stream function wave theory were exceeded by 20% . Skjelbreia (1987)
made extensive LDA measurements of fluid velocities under solitary waves
breaking on a sloped bottom and computed the corresponding accelerations,

Kim et al. (1990) reported LD A measurements of velocity under the crest
of a laboratory-generated 25-cm extreme transient wave that had a similar
elevation profile as that found in hurricane Camille data (Buckley 1983).
The maximum measured velocity just prior to breaking was found to be
1.47 m's, which was 64% of the measured phase velocity of the transient
wave and 1849 of the velocily measured at the same clevation under a
similar height Stokes wave. These measurements demonstrated the unigue
capability of the LDA to measure kinematics in the crest region of waves,
The results also indicated the need to include the effects of extreme wave
asymmetries in estimating maximum loads on offshore structures.

The objectives of this paper are to discuss the kinematies measured under
laboratory-generated transient waves of different wave height using a laser
Doppler anemometer, to describe the acceleration values that were deter-
mined numerically from the measured velocity data, to examine the wave
height effect on the crest velocities, to compare the kinematics in the wave
crest to those predicted by stretching the simulated transient wave and
Stokes third-order theory, and to demonstrate differences in the kinematics
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of an extreme transient wave and a regular wave of the type often considered
as a “design” wave in preliminary investigations of maximum loads.
Accordingly, experimental measurements of particle velocities were con-
ducted under the crest of various height asymmetric transient waves, and
the results are compared with those from Stokes third-order theory and
Wheeler's stretching technique. A large regular wave, approximating a Stokes
third-order wave, with similar height and period as the transient wave was
also created in the laboratory, and kinematic measurements were made and
compared with those obtained for the transient wave. Due to particular
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asymmetries not present in the Stokes wave, the transient wave kinematics
are shown to be much more severe in the crest region above the SWL and
somewhat decreased in the region below. This comparison suggests that it
would be worthwhile to further investigate the employment of extreme
transient waves as more realistic design waves and to develop wave theories
that more accurately predict the kinematics in the crest region.

TrRansiENT Wave GENERATION

A transient water wave (TWW) can be thought of as a combination of a
finite number of linear waves and represented in the frequency domain as
a Fourier spectrum. In the laboratory, a sequence of relatively small com-
ponent waves is generated such that they meet almost simultaneously, and
focus their energy at a given time and downstream location. Since linear
waves are primarily characterized by their phase and amplitude, successful
creation of a well-focused TWW depends largely on the control of these
characteristics. In the synthesis procedure, the variation in amplitude, fre-
quency. phase, and the number of component waves in the resulting time
series depends on the design of the Fourier amplitude and phase spectra
[Figs. 1{a) and (b)] for the concentrated TWW, distance from wave maker
to test site, and length of the time series,

The size and type of wave-making facililies also impose physical limits
on the component waves that can be utilized; consequently there is a limit
on the size of the resulting focused TWW. Whether or not that limit is
achieved depends on the degree of control exerted on the driving voltage
signal, i.e., how well the wave-maker transfer functions are described, order
of wave generation used, and the appropriate use of complex corrective
transfer functions to account for component wave nonlinearities. The meth-
odology used to generate the transient waves is described in detail by Krafft
and Kim (1987) and Kim et al. (1990). This methodology follows that of
Takezawa and Hirayama (1977), which emulates ideas presented by Davis
and Zarnick (1964), but is further developed with respect to phase and
amplitude control of the component waves. Takezawa's controlled synthesis
provides for more complete concentration over a relatively shorter duration
than previous methods, hence reducing the effects of reflection during model
tests. These attributes were considered desirable given the relatively short
length (37 m) of the experimental facility in which these tests were con-
ducted.

Using the 25-cm transient water wave as an example, Fig. 2 shows the
elevation time series of the resulting focused wave train at the downstream
location of maximum concentration of 21.6 m. This particular wave train
was designed for maximum concentration at a distance of 20.5 m and time
of 50 5. Due to component wave nonlinearities causing small increases in
phase speed, the maximum focusing point shifted downstream slightly, with
a focusing time of 49.70 5. The transient wave shown in Fig. 2 was reproduced
to prototype scale (1:100) in Fig. 3 (bottom) to illustrate the similarity with
a wave selected from hurricane Camille time-series data (top). These waves
are characterized by their strong asymmetries with respect to both the ver-
tical and horizontal axes. Unlike regular waves, the time series in Fig. 3
clearly shows a greater steepness in the crest front than in the crest rear, a
deeper following trough, and vertical asymmeitry of the troughs themselves.
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Test FaciLmEs

The experimental measurements were conducted in the wave tank located
in the hydromechanics laboratory in the Civil Engineering Laboratory Build-
ing at Texas A&M University. The wave tank is 37 m long, 0.91 m wide,
and 1.22 m decp and is equipped with a Commercial Hydraulics RSW 90
85 dry back, hinged-flap wave maker, and downstream wave energy-ab-
sorbing beach. ;

A laser Doppler anemometer system was employed for measuring the
water particle velocities. This two-dimensional, three-beam laser system, as
shown schematically in Fig. 4, consists of an INNOVA four-watt argon-ion
laser and DANTEC optics, traverse mechanism, and a frequency tracker
and shifter for each velocity component. Real-time signal monitoring of the
two velocity components is provided by the data acquisition system (PC-1).
employing an IBM PC-XT equipped with an analog 1o digital (A/D) con-
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verter board and measurement and processing software. The principal data
collection and processing system (DATA ACQ) consists of a Hewleit Pack-
ard HP-3852A data acquisition system and HP330 controller (PC-2). Soft-
ware was developed by Hoo et al. (1990) for this system to acquire and
process LDA velocity data simultaneously with wave elevation data mea-
sured by resistance-type wave gauges. The third control system (PC-3) is
an [EiM PC configured for transmission of the wave-maker driving voltage
signal.

The present experiments were performed with the wave flap hinged at a
depth equal to the water depth of 0.91 m. The water was sceded with
titanium oxide particles. about 0.8 microns in diameter, to ensure the pres-
ence of a sufficient amount of suspended solid material to scatter the laser
light and result in good velocity signals.

Resistance-type wave gauges were used to measure water surface ele-
vations in the vicinity of the focusing point where the kinematic measure-
ments were made (Fig. 4). The gauges were mounted on an adjustable
vernier mechanism that facilitated calibration before each set of experi-
ments. The accuracy of the wave gauges is +/— 0.1 em. A model length
scale of 1:100 was utilized in the synthesis of the waves tested.

KINEMATIC MEASUREMENT PROCEDURES

The LDA was used in the backscatter mode with a 600-mm focal length
lens and a mirror and traverse mechanism to precisely position the probe
volume (1.3 m away from the side-wall boundary and vertically between the
water surface and tank bottom. The Doppler frequency (f) of the back-
scattered light is dircctly related to the water particle velocity (i) by:

i

where b = wavelength of the laser beam; and § = the half-angle of the
intersection of the beams. Prior to the start of measurements, the LIXA
optics were aligned and a zero velocity value was tested by focusing the
beam intersection (probe volume) at a fixed point on the tank wall. Fre-
quency tracking range settings were set at either 10-100 kHz or 33-333
kHz. The frequency shift was selected to optimize the range of velocities
expected and to facilitate measurement of the oscillating flow. A — 50 kHz
freguenc}r shift was selected for the 10-100 kHz frequency tracking range
and — 100 and — 200 kHz for the 33-333 kHz range. Accuracy of the velocity
measurements is +/—0.005 m/s for the 10-100 kHz range and +/-0.02
m/s for the 33-333 kHz range.

Velocity measurements under the transient waves were made one point
at a time. As discussed, the transient wave was generated from a set of
component waves that combined at a distance 21.6 m from the wave flap
or at a time 49.7 5 after initial flap movement. A sampling delay of 49 s
was set in the data acquisition software, after which the velocity components
were automatically recorded in a serial manner. The velocity data were
sampled for a period of 1 5 at a rate of 50 samples per second (50 Hz). The
maximum velocity normally occurred at 49.7 s 4/ 0.1 s. For each mea-
surcment location under the transicnt wave, the maximum horizontal and
vertical velocity component in three ensembles were averaged. The averaged
components were then resolved to give the velocity vector at the measuring
point. Since the data is recorded serially, then the waves were penerated
repeatedly to obtain the complete velocity picture.

The repeatability of the extreme wave was determined to be +/=1 cm.
Using lingar interpolation of the velocity data along the center three verti-
cal columns of Table 1, the +/—1 cm repeatability results in an average

TABLE 1. Measured Velocities under 25-cm Extreme Transient Water Wave

Elevation® Distance from Flap (m)
{cm) 21.3 21.4 215 21.6 217 21.8 21.9
i (2) (3 (4) (5) (B) i7) (&)
(@) Horizonal Velocity (m/s)
14 =T — i 1.47 = = [ i
10 - .94 b4 0.95 e - -

5 0.57 062 0.63 0.63 0.6 0.73 -

I} 0.47 .40 0.51 0.52 .50 0.59 (.60
—10 013 0.14 0.30 .34 029 0.43 0.41
— 20 0.10 0.11 0.23 0.25% 022 0.33 0.31
- 30 0.10 0.13 0.1% 0n.1%9 01s 0.26 023

(B) Vertical Velociy® (mes)

14 — — —_ 0.15% — — -—

{1} - —0.30 —0.39 0.03 — = —

5 —0.12 —0.42 — 42 0.7 —0.03 —0.01 .

] =034 —0.36 —0.1% .08 0.07 0.03 0.11
=10 —-0.29 —10.31 —0.29 0.09 014 0.01 0.08
=20 —i.25 —0.24 ~ .18 0.4 009 .05 0.08
=30 —-0.21 — 0.2 =015 0.2 .06 0.2 0.08

*Megative wave clevation = below SWL.
"Megative vertical velocity = downward.
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+/—=0.01 m's velocity variation. The accuracy of the LDA equipment is
+/—0.005 m/s for the 10-100 kHz range and +/—0.02 m/s ?ﬂr the 33—
333 kHz range. These combine for a velocity uncertainty of 0,015 m/s for
the 10-100 kHz range and 0.03 m/s in the 33-333 kHz range.

ResuLTs oF KINEMATIC MEASUREMENTS

Six consecutive profiles of the 25-cm transient wave are illustrated in Fig,
5 at times beginning from 49,58 s and ending at 49.78 s from the initiation
of the driving voltage signal. These profiles were measured using a line array
of six resistance wave gauges spaced 5 cm apart and parallel to the direction
of wave pmpaiatiun. The crest height of the transient wave is shown to be
15 cm above the SWL at a distance of 21.6 m from the wave flap, which
occurred at a time egual to 4970 5. The last two wave profiles show a second
raised portion at 21.9 m due to wave breaking. These profiles clearly indicate
the severely asymmetric nature of the wave. The transient wave at 49.70 s
has a steeper forward face (asymmetry about vertical axis through crest
peak) in the direction of propagation, an clevated crest of nearly 15 cm, a
shallow 4-cm leading trough, and a 10-cm following trough (horizontal asym-
metries). The difference in crest and trough periods is another significant
vertical asymmetry.

Extreme waves with similar shape have been observed in real ocean wave
data (Buckley and Stavovy 1981) such as hurricane Camille (Fig. 3). The
25-cm laboratory extreme wave was estimated to have a 1.36 s period and
a wavelength of 2.8 m which results in a wave steepness H/L of 0.09 or a
wave steepness (ka) of 0.28. If the Camille prototype wave is scaled down
using Froude scaling and a 1:100 length scale, then its wave length is 2.1 m
and its steepness H/L is 0.1 (1/10) and ka is 0.31. Although not exactly

dynamically similar, i.e., ka of model wave equals ka of prototype wave,
the two waves are reasonably close to being dynamically similar.

The horizontal and vertical velocity along seven vertical lines spaced 0.1
m apart in the direction of propagation and at depths relative to the SWL
of 14, 10, 5,0, - 10, -20, and - 30 cm were measured in the 25-cm wave,
These measurements are tabulated in Table 1, and presented graphically as
a velocity vector plot in Fig. 6. The results indicate a maximum horizontal
velocity of 1.47 m/s measured 1 cm below the crest peak. Along a vertical
line directly below the crest peak, the horizontal velocity decreased from
1.47 m/s to .52 m/s at the SWL and to 0,19 m/s at — 30 cm. The time series
of horizontal velocities (Kim et al. 1990) measured under the peak show
the maximum velocities accur very nearly directly under the crest peak at
all depth elevations. Horizontal velocities in the upstream portion of the
wave varied from 0.94 m/s to 0.10 m/s and in the downstream portion from
0.73 m/s to 0.18 m/s.

The vertical velocity did not monotonically decrease with depth below
the SWL. A vertical velocity of (.15 m/s was measured at 14 cm, which
decreased to (.05 m's at 10 cm, then increased to 0.07 m's at 5 cm and to
0.09 mfs at —10 cm and then decreased to 0.02 m/s at —30 cm. Vertical
velocities in the upstream region of the wave varied from —0.42 10 —0.12
m/s with the velocity vectors oriented in the direction of the wave propa-
gation and down. Above the SWL and in the downstream portion of the
wave, the vertical velocity was also negative, which resulted in slightly down-
ward directed velocity vectors as shown in Fig. 6, and below the SWL, the
velocity vector was slightly upward and in the direction of propagation.
Time series data shown by Kim et al. (19%0) indicate the vertical velocities
directly under the crest peak at all depths was nearly zero. Kinemaltic be-
havior qualitatively similar to this has been observed by Skejelbreia (1987).

The measured velocity data under the 25-cm wave were used to numer-
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ically evaluate the particle acceleration under the wave crest. The relation-
ship between acceleration and velocity is

o gl
iy
and the component form is

di du dl

a, = _EI'_I" ] a + E ...................................... (3}
and
A e T S I e (4)

. + +y—
T T

Egs. (3) and (4) were numerically evaluated using finite difference tech-
nigques and the measured velocity data (Table 1). Specifically, a forward
difference technique was used to evaluate the time derivative, and the space
derivatives were evaluated using a central difference technique with linear
interpolation. The acceleration results are tabulated in Table 2 and a vector
plot is shown in Fig. 7. Horizontal accelerations in the upstream portion of
the wave varied from —3.59 to — (.85 m/s? and in the downstream portion
from 1.96 to 0.43 m/s*, Directly under the peak, horizontal accelerations
varied from 3.91 m/s* at 10 cm above SWL to 0.4 m/s® at a point 30 em
below SWL. The vertical accelerations varied between — 2,50 and —0.10
m/s* in the upstream region of wave and between —4.04 and — 0.77 m/s®
in the downstream region. Directly under the crest, values of —4.73- = 0,80

TABLE 2. MNumerically Determined Acceleration from Measured Velocities under
!:-ahurutwrﬂunwutcd 25-cm Transient Wave

Elevation® Distance from Flap (m)
{cm) 21.3 21.4 215 216 21.7 21.8 21.9
) 2] i) i4) i5) (8) {7 (8)
{a) Horizontal Acceleration® (m/s”)
+ 10 — -1 —3.59 g - - -—
5 = 3.40 —2.62 —2.35 2.11 1.94 1.60 —_
i} -3.19 —2.18 -2.63 1.84 1.18 0,946 .99
-10 — 12 —-2.22 —1.33 0.76 0.75 .85 0.92
—20 —1.46 —-1.97 —1.20 .41 0.72 .63 el
=30 -1.12 =1.35 =[085 L)} .43 0.46 0.50
() Vertical Acceleration® (m/s®)
+ 10 = —2.50 —.52 —3.88 - — -
<} =72 —1.07 — (5% —4.73 =404 ~3.B4 -
LI} —0.59 —0.26 — .68 279 —2.52 =245 =1.60
- 10 —0.33 — 010 —0.43 —-1.43 =1.60 —1.88 —-1.43
-2 —0.20 — .27 —.81 .95 =1.40 —1.48 -1.33
=30 —-0.21 = 0.30 -0.79 =080 —1(LEB —0.91 77

*Megative wave elevation is below SWL.
"Negative horizontal acceleration i3 in opposite direction of wave propagation
‘Megative vertical acceleration is downward.
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m/s* were obtained. The vertical accelerations did not monotonically de-
crease with depth because of the behavior of the velocity data. The vector
plot (Fig. 7) shows the acceleration is directed downward and upstream in
the rear of the wave, and it is directed downward and downstream in forward
portion and directly under the crest.

Additional velocity measurements are needed to better evaluate the ac-
celeration near the tip of the crest. The acceleration uncertainty was de-
termined to be approximately 10%, which was based upon the uncertainty
of the velocity data. More velocity measurcments spaced closer together
are expected to reduce the acceleration uncertainty, The 10-cm horizontal
and 5-10-cm vertical spacing could be reduced and not approach the re-
peatability value of +/—1 ecm. However, the increased number of data
points significantly increases the tedious data collection and analysis effort.

Comparison ofF A TRANSIENT anD SmiLAR HeraHT REGuLAR WavE

A comparison of similar-height regular wave kinematics to extreme, tran-
sient wave kinematics shows the effects of the additional asymmetries found
in certain transient waves. A regular wave closely approximated by Stokes
third-order wave theory was generated with a wave height of 25 ¢cm and
period (1.36 s) similar to the zero upcrossing period of the laboratory tran-
sient wave. A fime series comparison of the transient, measured regular,
and theoretical Stokes wave is illustrated in Fig. 8. The phase velocity of
the theoretical Stokes wave was computed as 2.18 m/s. For the transient
wave, it was found 1o be 2.29 m/s, which was computed from six wave
elevation time series recorded at 5-cm intervals in the vicinity of maximum
concentration. As shown in Fig. 8, the wave heights for the transient and
regular wave are essentially the same, but the theoretical Stokes wave has
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a slightly lower crest and deeper trough. The transient wave has a noticeably
different trough level preceding and following the wave crest, which is typical
for large, laboratory generated transient waves and for some of the extreme
waves recorded during severe storms.

Velocity measurements were made at the same depths under the regular
wave as were made for the transient wave, and the results are illustrated in
Fig. 9. At a 14-cm elevation the horizontal velocity under the regular wave
was measured as 0.80 m/s. This value is 54% of the value measured at the
same location under the transient wave. The measured regular wave values
at 10-, 5-, 0, =10, —20-, and — 30-cm elevations were 72%, 08%, 98%,
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TABLE 3. Horizontal Velochy of Translent Wave According to Wave-Helght Var-
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21%, 132%, and 135% of the -.relcnc:i_ty values mgasqred: in the transient
:-'mres at the same elevations, respectively. Fig. 9 indicates that vg%:zllhes
abave the SWL were considerably higher in the transient wave, an E:'W
the SWL were smaller than those in the regular wave. _Theﬂretma!l'Jgsu ts
using Stokes third-order theory in a similar figure by Kim et al. (1990) aI::
in error and the correct values are shown in Fig. 9. This figure a]“u?:'s 1!11
Stokes third-order theory overpredicts the velocities below the ih . The
0.59 m/s theoretical velocity at the SWL is 13% greater than the T WWM
value of 0.52 m/s. The maximum velocity of Stokes third-order wave H'{"h'
cm above SWL is 54% of the maximum velocity of the transient wave. 1his
represents a significant difference in the kinematics of the transient wave
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and the regular Stokes-type wave often used in design calculations, and it
ints out the need 10 use such a transient wave for more realistic wave
orce values.

Comparison oF MEASURED AND SIMULATED HorizonTaL VELOGITY
UNDER CREST OF TRANSIENT WAVE

A simulation of the horizontal velocity of the 25 em transient wave is
completed using linear wave theory and linear superposition principle.

First, the fast Fourier transform of the measured time history of the 25
cm transient wave (Fig. 2) yields the amplitude and phase [Figs. 1(a) and

(b}]. Superposition of the 30 component waves yields the simulated transient
wave elevation

Il
ni1) = ; RO S ) s b U (5)

With the assumption that the measured location x is zero, the horizontal
velocity at (0,y.0) is

- cosh k,(y + h)
w(0,y,1) = r_glm,-a, Sinh K7 cos{—wf + §) ................[6)
where a; = wave amplitude; k; = wave number; w, = circular frequency,
&, = phase angle; and h = water depth.

The horizontal velocity can be determined by HEPM ng Wheeler stretching
fi

or Delta stretching procedures. Wheeler's (1970) formula is
h
Yem Qe v M =k (7)

where y, = the effective vertical coordinate (—h = y, =0); y, = the actual
vertical coordinate ( =h = y, = n); and v = the elevation of instantaneous
free surface (positive upward and zero at SWL). Using (7), the velocity at
the effective coordinate is mapped into that at the actual coordinate.

The component waves [Figs. 1(a) and (b)) are superposed as shown in
Fig. 2. It is interesting to note that the simulated elevation is larger than
the measured. The simulated wave is symmetric about the vertical axis while
the measured is asymmetric. The simulated and stretched velocity is com-
pared with others as shown in Fig. 9. The simulated velocity is very close
to that of the symmetric large regular wave in the region below SWL, while
it is slightly larger than the regular wave velocity in the region above SWL.
The simulated wave is also compared with the measured transient wave
velocity. Itis larger than that of the transient wave in the region below SWL
whereas it is much less than that of the mecasured transient wave in the
region above., The maximum of the simulated velocities is 61.4% of the
maximum measured value. This represents a significant difference in the
kinematics of the simulated and measured transient wave. It is concluded
from the foregoing comparison that use of linear wave theory and linear
su.ltjrcrpmiti:m with Wheeler stretching apparently does not yield a reason-
ably good simulation. This is attributed to the fact that the laboratory gen-
erated energy focused wave has gone through a complicated nonlinear in-
teraction among the component waves during ion.

Figs. 10 and 11 show a comparison of velocities from Stokes third-order




wave theory to the horizontal velocity measured directly under the crest of
transient water waves of 20-cm and 15-cm height as a function of water
depth. Horizontal velocities, u, are nondimensionalized by phase velocities,
V.. of Stokes third-order wave corresponding to a wave height of 23, 20,
and 15 ¢m, respectively. As shown, the honzontal velocities in the upper
two-thirds of the crest of the transient waves are underestimated by Stokes
third-order theory, and below that they are overestimated. New theories
are needed 10 more closely predict the velocities in and below the crest.

ErFrecT oF TRANSIENT-WaVE HEIGHT ON CreEsT VELOCITY

Transient waves of 25-, 22-, 20-, 18-, and 15-em wave height were gen-
erated, and the vertical and horizontal velocities were measured directly
under the crest at several elevations. The measured horizontal crest veloc-
ities at various elevations under the crest are tabulated in Table 3. The
vertical velocities were near zero as expected under the crest. The effect of
the variation of height on the crest horizontal velocity is illustrated in Fig,
12. The results show that the horizontal velocity decreases as the height
decreases at all elevation levels. The maximum horizontal velocity near the
crest (within 2 em) decreased from 1.47 m/fs, 1.0 m/s, 0.81 m/s, .67 m/s,
and 0.56 m/s for the 25-, 22-, 20-, 18-, and 15-cm waves, respectively. At
the SWL the maximum horizontal velocities decreased from 0.63 mis for
the large wave to 0.46 m/s for the smallest wave. At the lowest elevation
(— 30 cm) the velocity decreased from only 0.19 1o 0.13 m/s. Thus, the
reduction in horizontal velocity under the crest diminished with wave height
and decreased as the distance from the free surface increased.

Summany aND CONCLUSIONS

Laser Doppler anemometer measurements of the velocity field were com-
lzted beneath the crest of laboratory-generated transient waves varying in
ﬁeigm from 23 ecm to 15 cm. The largest wave (23 cm) was similar in size
and asymmetric properties to that found in a hurricane Camille wave. The
effect of wave height on the horizontal velocities shows the maximum hor-
izontal velocities decrease as the wave height decreases.

For the large 25-cm transient wave, the maximum measured velocity was
1.47 m/s at 14 cm above the SWL and directly under the crest peak just
prior to breaking. This value is 64% of the measured phase velocity of the
transient wave and 184% of the velocity measured at the same elevation
under & similar height regular wave, Comparison of measurements of the
equivalent regular wave with the large transient wave showed the horizontal
velocities in the 25-cm transicnt wave were larger in the region above SWL
to the crest peak. Below the SWL and under the crest peak the velocities
in the transient wave were smaller than those measured in the regular wave.
Thus, the kinematics of an extreme transient wave are considerably different
from a regular wave of the same height and period.

The capability of measuring velocities during the very short time interval
when the tip of the wave crest enters and exits the probe volume was
demonstrated. For the particular transient waves tested, measurements were
obtained to within 1 or 2 cm of the water surface at the crest peak.

The velocity data collected under the large transient wave along several
vertical transects through the wave were used to numerically evaluate the
acceleration in the crest region. The maximum horizontal and vertical ac-
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celerations were 3.9 and —4.7 m/s?, which were located 4 and 9 cm below
the peak of the wave, respectively,

The stretching method used in this research for predicting the horizontal
velocity of the simulated and transient wave greatly underestimated the
measured horizontal velocity at the free surface for the transient wave
Below thu_ still-water level the streiching technique overestimates the max-
imum horizontal velocity. Thus, the superposition method with stretchin
is not adequate for evaluating the kinematics of an extreme transient 1.:»-21'.«-3:E

The study results indicate that both the design wave and random wave
approaches may underestimate the loads on structures caused by a steep
extreme wave. Therefore, new theoretical and/or empirical technigues need
to be developed to predict the kinematics under transient waves.

It is both important to reproduce and analyze extreme, nonlinear wave
forms in the laboratory, but further research is needed to identify which
observed wave forms occurring in nature should be modeled. Based on the
present findings and those of several recent investigations, a better method
of design for extreme transient waves is needed for estimating maximum

loads on ?ft'shure structures, which includes the effects of extreme wave
asymmetries.
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effective vertical coordinate;
phase angle;
half angle of intersection of laser beams:

wavelength of laser beam; and
wave elevation.

=34 »a8=
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The following symbols are used in this paper:

wave amplitude or acceleration;
horizontal acceleration,

vertical acceleration;

total derivative;

Doppler frequency;

gravitational acceleration;

wave height;

water depth;

wave number;

wave length of water wave;

time;

horizontal water particle velocity;
velocity vector;

phase velocity;

vertical water particle velocity;
horizontal and vertical coordinate axes;
actual vertical coordinate;
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