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Abstract

The entire experimental velocity and acceleration fields in the six steepest cases of a campaign of totally 122 large wave events
in deep water are documented. From observations in these six waves, totally 36000 experimental velocity vectors are put on non-
dimensional form using a suitable reference velocity defined by €+/g/k, where k and € are obtained as follows: from the wave
record at a fixed position the local trough-to-trough period, 711 and the maximal elevation of the event above mean sea level,
¢m are defined. The local wavenumber, k and the wave slope, € are evaluated from 2 /(gk) =1+ €2 and kim =€ + %62 + %63

where w =2/ TTT and g =9.81 m/ s2. The wave slope for the large wave events in laboratory shown here is in the range 0.40—
0.46 and is realized for focussing wave events. The procedure employed to measurements in the field estimates € ~ 0.39 for the
Draupner wave and € =~ 0.38 for the Camille wave. The horizontal velocities obtained in the laboratory campaign are always less
than the wave speed. The velocity vector has magnitude comparable to the wave speed in the strongest case and is manifested in
the jet that develops at the front face of the breaking waves. The non-breaking waves exhibit a maximal horizontal acceleration up
to about 0.7¢g in the front face of the wave at vertical level about half way to the crest. The overturning events exhibit horizontal
accelerations up to 1.1g and vertical accelerations up to 1.5g in the front face of the wave, at the base below the overturning jet.
The wave profile and the velocity and acceleration fields exhibit strong front/back asymmetry. The acceleration vectors extracted
in close vicinity of the wave contour plus the acceleration of gravity along the (positive) vertical give vectors that are close to the
normal of the surface contour.

© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

Current research on very large waves at sea is pursued mainly along the theoretical and numerical direction. The
main goal is to understand and predict the most important mechanisms leading to the organization and the build-up
of the very large waves that can be documented, such as the Draupner and Camille waves. The observations and
measurements of the very large waves in the field and in the laboratory represent a compliment to the theoretical
development, however. The present experimental study is prepared in response to the request for up-to-date and
reliable observational and experimental data of rogue waves.
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We report here the velocity and acceleration fields in six very large wave events that were realized in a series
of wave tank experiments. The wave slope is in the range 0.40-0.46 and exceeds previously published laboratory
studies of large waves Kim et al. [1], Baldock et al. [2], Skyner [3] by a factor of about 50%. The wave events are
deep water waves with k& in the range 3.6-5.0, where k denotes the wavenumber and % the water depth, and are the
largest samples that were measured in an extensive experimental campaign measuring 122 large wave events. While
the velocity and acceleration fields of the waves are published here for the first time, the velocity profile below crest
of the 122 large wave events were presented on a dimensionless form using the scaling (1) below that was introduced
in Grue et al. [4]. The velocity and acceleration fields are presented in hodograph (vector) plots in non-dimensional
form.

Measurements of the surface elevation obtained by resistance wave gauges are combined with Particle Image
Velocimetry (PIV) of the velocities and accelerations below the waves. The latter are obtained in sections about one
quarter wave length long and deep below the crest. The velocity measurements are related to previous studies by Kim
et al. [1], Baldock et al. [2] using Laser Doppler Anemometry and by Skyner [3] using PIV. All the three studies
have a common maximal wave slope in the range 0.28—0.30 but differ fundamentally with respect to the effect of a
finite water depth. In the work by Baldock et al. [2] the non-dimensional water depth was k& = 3.2 and the measured
maximal fluid velocity 40% of the estimated wave speed. The same parameters were 2.0 and 64% in Kim et al. [1]
and 2.6 and 114% in Skyner [3], respectively. (We have recomputed the values of the wave slope and wavenumber
from the time series given in Kim et al. [1] and Baldock et al. [2] using the scaling (1) below.) Such high relative
velocities have neither been observed by Baldock et al. [2] nor in the present campaign with large k#, for wave slopes
around € ~ 0.3. The velocity measurements by Kim et al. [1] and Skyner [3] do not exhibit the same collapse of the
non-dimensional data as presented here (see below). (In an experimental campaign Perlin et al. [5] they measured
velocities up to 130% of the phase speed of the (equivalent) linear wave. An estimate of the wave slope € is not
available.)

For the velocity fields we shall use the scaling introduced and justified by Grue et al. [4], finding a collapse of
the measured velocity profiles below crest. The appropriate velocity scale is obtained by first defining a wave slope,
€ and a wavenumber, k of the individual large wave event. A reference velocity is then defined by ugr = €/g/k,
and non-dimensional velocity vectors by (i, 0) = (u, v)/urt. The € and k are obtained from the time record of the
surface elevation where the maximal elevation, ¢, and trough-to-trough period of the event, Tt are determined. We
then define w = 27/ Tt and compute € and k from

2

:—k:l+€2, k§m=€+%ez+%e3. ¢h)
By this procedure the velocities are presented on a non-dimensional form, with a rather strong collapse of the (dimen-
sional) velocity data as result Grue et al. [4]. We have tested the procedure in fully nonlinear simulations comparing
the actual wave length with the estimated one (= 27/ k), finding a relative difference of 3.5% for k¢, = 0.34. In the
campaign Grue et al. [4] we played a little with the choice of the local wave period, finding that the trough-to-trough
and zero down-crossing periods gave about the same results, but that the zero up-crossing period gave significant
spread in the non-dimensional velocity plots. We note that the trough-to-trough period (and wave length) is a much
used reference in experimental papers dealing with highly nonlinear wave phenomena Su [6].

Focussing waves were generated in the 24.6 m long wave tank in the Hydrodynamic Laboratory at the University of
Oslo. The tank width is 0.5 m and the water depth 0.72 m. Further specification of the wave generation procedure and
other relevant experimental parameters are given in Grue et al. [4, §4.2]. The velocities and the material acceleration
fields of the waves is obtained by employing an extended PIV system Jensen et al. [7]. The system, particularly
designed to measure accelerations, consists of two CCD cameras and a CW argon ion laser together with a scanning
beam system. Polyamid particles with diameter 50 um were used for seeding. The velocity and material acceleration
fields of the waves in vicinity of the crest were obtained by the procedure and optimization technique documented in
Jensen and Pedersen [8] and Jensen et al. [9].

The wave elevation at the measurement position (of the PIV equipment) of the six experiments in focus are plotted
in Fig. 1. The first (and steepest) event in each of the runs is studied.

The six events are divided into two groups. The first three waves are non-breaking events with estimated wave slope
€ that equals 0.4 (case A), 0.44 (case B) and 0.45 (case C). These waves may later develop breaking. The remaining
three waves exhibit a beginning overturning in the top part of the waves and have estimated wave slope 0.41 (case D),
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Fig. 1. The six steepest events 0.4 < € < 0.46. (a) From top: case A, B, C. (b) From top: case D, E, F.

0.44 (case E) and 0.46 (case F). The latter is the largest we have studied in the wave tank. Images of the waves and
the velocity arrows from PIV are presented in Fig. 12 and the accelerations in Fig. 13.

The recorded velocity profile below crest, more precisely at the position of the vanishing vertical velocity — ex-
tracted from the maps of the velocity fields, is plotted in Fig. 2 for the six events. The measured velocities exhibit a
good collapse when presented on the non-dimensional form using the procedure indicated above. The LDA measure-
ments from Baldock et al. [2] — with quite different € of the wave — is replotted on non-dimensional form in the figure,
finding agreement with the present measurements. We have also included the velocity profile below crest of the steep-
est wave event modelled by Clamond and Grue [10] (their and Fig. 1), showing the same non-dimensional behaviour
as in the measurements. The exponential profile, exp(ky) is plotted in the figure for reference as well (which gives the
velocity profile in the case of a Stokes wave in deep water). The usefulness of the reference velocity urer with (1) is
indicated by the collapse of the data presented in Fig. 2.

1.1. Estimates of € for the Draupner and Camille waves

The measurements of the laboratory waves may be put into perspective by evaluating the wavenumber and wave
slope of large waves that have been observed at sea, such as the Draupner wave and the Camille wave. The time
series of the Draupner wave is provided in e.g. Fig. 1 in Trulsen [11], see also Fig. 1 in Walker et al. [12]. From the
time series of the surface elevation the trough-to-trough period and the maximal elevation above mean sea level are
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Fig. 2. ¢ ¢ ¢ non-dimensional velocity profile below crest of all the six large wave events, + + +: LDA-measurements by Baldock et al. [2] (with
€ =0.29). — Fully nonlinear computations by Clamond and Grue [10], - - -: exp(ky).

0.5

<

Fig. 3. Velocity plane plots of vectors (i, D) = (u, v)/uref. From left: case A and B.

estimated to: Tt = 11.5 s and ¢, = 18.5 m, respectively. The value of 27/ TTT)ZCm /g becomes 0.563. Putting the
quantities into Egs. (1) we obtain k¢, ~ 0.49 and € ~ 0.39 for the Draupner wave.

The time series of the Camille wave is given in Fig. 8.1 (p. 218) in Ochi’s book Ochi [13]. From the time series
that is a reproduction of the wave in laboratory we estimate the trough-to-trough period to 0.72 s, the wave height to
H = 10.3 cm and the maximal elevation above mean sea level to ¢, = 7.2 cm. The value of (277/ Tr1)2¢m /g becomes
0.559. Putting these quantities into Egs. (1) we obtain

k¢m ~0.49 and €~0.38

for the Camille wave. (Estimates based on the given wave height H gives kH ~0.72 and € >~ 0.34.)
2. Velocity measurements

Figs. 3-5 show the (non-dimensional) velocity vector plots due to all the six waves. For reference of the non-
dimensional values, we estimate the wave propagation speed by evaluating w/ k. In non-dimensional terms the value
of [/ k]/urer is estimated by +/1 + €2 /¢, see Eq. (1), giving a non-dimensional propagation speed of 2.7 (case A),
2.6 (case D), 2.5 (cases B and E), and 2.4 (cases C and F).
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Fig. 5. Same as previous figure, but case E (left) and F (right).

All together 36000 velocity vectors are plotted in the figures. The horizontal velocity is always negative since the
waves are moving from right to left in the experiments. We note that the contour that follows the smallest velocity
vectors — the velocity vectors observed for the lowest vertical coordinate — is relatively close to a circle in all cases.
The velocity fields are asymmetric in the sense that velocities generally are larger in front part of the wave than in the
back. This asymmetry is increasing with nonlinearity and with the level of the vertical coordinate.

The plots show that the horizontal velocity can expect a maximum where the vertical velocity is slightly positive.
This occurs at a small distance ahead of the position where hv = 0. This distance is slightly growing with the wave
slope for the non-breaking cases B and C. Maximal horizontal velocities are observed all along the top part of the
wave for the overturning cases D-F.

The horizontal velocity component has a maximal non-dimensional value of 2.3 in all experiments and is always
smaller than the estimated wave propagation speed. The absolute value of the velocity vector +/ii% + 92 has a maximal
value of 2.4 in the front part — the tip — of the wave in case F. This corresponds to the magnitude of the wave
propagation velocity. The velocity vector is always less than the wave speed in all cases other than F, however.

We are using the grid size N = 32 with 50% overlap in the PIV algorithm and we are able to get reliable vectors
the distance N /2 from the free surface. The field of view (FOV) is 25 x 20 cm and the resolution of the cameras are
1280 x 1024 pixels. The distance to the first velocity vector is 0.3125 cm.
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3. Acceleration measurements

Very few acceleration measurements below steep waves exist. In the experimental study by Kim et al. [1] using
LDA they estimated a maximal downward vertical acceleration of —0.47g and a horizontal acceleration of 0.39g
(their wave was moving from left to right). The accelerations in the breaking tip of a wave that was generated by an
impulsive piston motion were measured in a distance of 0.35 m from the wave paddle to be 1.1g by Chang and Liu [14]
using PIV. These measurement fit into the ensemble of acceleration measurements that are presented in Figs. 6-11.

We plot here acceleration vectors that are scaled by the acceleration of gravity (g). The material (full) acceler-
ation vector is obtained, including the local and the convective terms. Three types of acceleration plots are given:
first we show the vertical component of the acceleration vector as a function of the vertical coordinate, next the hor-
izontal component versus the vertical coordinate is plotted, and finally the acceleration vector field is plotted in the
acceleration vector plane. The plots are grouped into the non-breaking cases A—C and the breaking cases D-F.

First we note that in the case of Stokes waves, the length of the horizontal acceleration vector divided by g is
indicated by the wave slope. In our case the wave slope is in the range 0.4-0.46 which indicates the expected level of
the non-dimensional accelerations. This level is confirmed for the vertical accelerations that are presented for cases
A—C in Fig. 6. Indeed, the maximal negative acceleration has a non-dimensional value of (about) 0.45 corresponding
to the value of € in case C. This value would also have given the maximal positive acceleration, had we presented
measurements for the entire wave cycle, which we did not intend to do, however. Instead, the results in Fig. 6 exhibit
a positive vertical acceleration up to about 0.6g at a vertical level of the wave between 2 and 6 cm above mean water
level in the laboratory coordinate system. This is about half-way to the level of the crest, and are acceleration vectors
in the front part of the wave. We note that this rise in the vertical acceleration is not seen in the smoothest wave (still
steep) in the case A.

The horizontal component of the acceleration field in the front part of the wave exhibits the same level as the
vertical one. This level of the accelerations is a feature of the region between 2 and 6 cm above mean water level, in
the front part of the wave (Fig. 7). The number of acceleration vectors with a high negative horizontal component in
the front part of the wave — along the propagation direction — is significantly higher than vectors which are high in
both directions. This is also confirmed in the hodograph plot in Fig. 10 which shows ay /g vs. ax/g: the vast majority
of the acceleration vectors with a, /g around —0.6 has negative vertical acceleration a, /g in the range between —0.4
and —0.1, and only a few vectors with a,/g ~ —0.6 and a, /g in the range between 0 and 0.6. These accelerations
are observed in a thin region along the upward moving free surface in the front part of the wave, at a vertical level
corresponding to half the crest height.

The same tendencies of the accelerations are observed for the stronger cases D-F: The maximal negative non-
dimensional vertical acceleration below crest has a value corresponding to the wave slope (Fig. 8). The vertical
accelerations in the front part of the waves have now increased to a maximal level of g (several vectors) with a
few vectors exceeding g by 50%. The extreme acceleration vectors are few and occur in a very limited region in the
front part of the wave at a vertical level that is midway to the crest.

The same increase is observed in the horizontal accelerations in front part of the wave. A very systematic negative
horizontal acceleration that somewhat exceeds g — directed along the propagation — occurs in the front part of the
wave midway to the crest level (Fig. 9). The figure exhibits some outliers without reasonable physical explanation.

The acceleration vector plot for cases D-F shows a strong increase in the acceleration vectors that have a large
negative horizontal component as well as a large vertical component (Fig. 11). The maximal negative horizontal
acceleration is around —1.1g, while the upward vertical acceleration component systematically grows beyond g and
reaches a maximal value of about 1.5g in the present examples. This corresponds to an acceleration vector with length

Jai+a2~19¢

taking part in the front part of the wave at vertical level midways to the crest.

Finally we note that the vector difference between the particle acceleration and the acceleration of gravity deter-
mines the pressure gradient. The latter is normal to the zero pressure contour separating the water and air phases —
easily determined from the images. The acceleration vectors that are obtained in the front part of the wave using the
PIV method plus g along the (positive) vertical are indeed (close to) normal to the wave contour, see the acceleration
plots in Fig. 13.
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Fig. 12. Velocity field on top of bitmap from PIV recording. (a) From top: case A, B, C. (b) From top: case D, E, F. Case A: € = 0.40, kn;; =0.51,

kh =3.6. Case B: € =0.44, kn,, = 0.58, kh = 4.6. Case C: € = 0.45, kn;, = 0.60, kh =4.3. Case D: € = 0.41, kn,y, = 0.53, kh = 3.9. Case E:
€ =0.44, kny, =0.58, kh =4.8. Case F: € =0.46, kn;y =0.62, kh =5.0.
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Fig. 13. Acceleration field on top of bitmap from PIV recording. (a) From top: case A, B, C. (b) From top: case D, E, F. Case A: € = 0.40,

knm = 0.51, kh = 3.6. Case B: € = 0.44, kn; = 0.58, kh = 4.6. Case C: € = 0.45, kn,, = 0.60, kh = 4.3. Case D: € = 0.41, kn, = 0.53,
kh =3.9. Case E: € =0.44, kn;, = 0.58, kh =4.8. Case F: € =0.46, kn,, =0.62, kh =5.0.
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4. Conclusion

In summary, the velocity fields below crest of six very steep wave events in deep water with an estimated wave slope
in the range 0.40-0.46 exhibit horizontal velocities that are always less than the (estimated) wave speed. A maximal
horizontal velocity is observed somewhat ahead of the wave crest. The large unstable waves develop overturning, and
velocities in three strong waves were measured in this phase. The horizontal velocity is found to have approximately
the same magnitude over a small horizontal distance in the top part of the wave. In the strongest case observed here
the magnitude of the velocity vector in the jet of the wave becomes comparable to the estimated wave speed. The
strong waves become strongly asymmetric.

The magnitude of the wave induced accelerations at some distance from the front face of the waves can be inferred
from steady waves, namely the wave slope times g. In the present examples the wave slope is in the range 0.40-0.46,
and so is the range of the non-dimensional accelerations in the vast part of the wave field. The measurements show
larger accelerations in the front face of the wave, however. We have in particular investigated three non-breaking cases
(the unstable waves break further down-stream) where the level of the horizontal acceleration is up to 0.7g directed
along the wave propagation. This horizontal acceleration appears in a very systematic way and with many occurrences
in the acceleration vector plot. A similar vertical acceleration is induced in the front face of the wave, but is observed
for fewer acceleration vectors. These high accelerations take place in the front face of the wave at a vertical level about
half way to the crest.

The group of waves with a developing overturning jet exhibit accelerations in the base below the jet that are up
to 1.1g along the horizontal direction and up to 1.5g along the vertical. Again, the large horizontal acceleration is
observed in significantly more points than the large vertical acceleration.

The results here should be compared to the computations of overturning waves in water of finite (moderate) depth
New et al. [15], Dommermuth et al. [16] which exhibits velocities in the overturning jet up to 1.5 times the phase
velocity and very large accelerations on — and in the near vicinity of — the strongly curved surface below the jet.
Maximal values of the acceleration up to 6g were calculated in the horizontal and vertical directions. The overturning
process in steep waves has also been simulated using a 2D Navier—Stokes solver (Volume of Fluid Method) where the
effect of surface tension is included Chen et al. [17]. The velocity and acceleration fields prior to breaking exhibited
very large velocities particularly in the plunging jet. These exceeded the estimated phase speed by about 76% in the
strongest case. Accelerations up to 3.5g were computed below the jet.

The acceleration vectors that are extracted in the close vicinity of the wave contour plus the acceleration of gravity
g along the (positive) vertical give vectors that are (close to) normal to the wave contour, see the acceleration plots
in Fig. 13. We note that it is more difficult to acquire accelerations than velocities. The pseudo tracking technique
used herein needs several velocity vectors to have a reliable material acceleration. The group of particles close to
the free surface is moving with very large speed and our At in the range 4-5 ms gives rather coarse acceleration
estimates. New measurements with higher spatial and temporal resolution are required in order to accurately capture
the accelerations in the regions with the strong velocities and velocity gradients.

We finally note that the experimental laboratory waves reported here have stronger nonlinearity (€ in the range
0.40-0.46) than the Camille and Draupner waves where the value of € is 0.38—0.39 using the definition in Eq. (1).
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