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We present an experimental study on the variation in wave impact location and present a mechanism for10

the development of free surface instabilities on the wave crest for repeatable plunging wave impacts on11

a vertical wall. The existence of free surface instabilities on an impacting wave is well known, but their12

characteristics and formation mechanism are relatively unknown. The development of the global wave shape13

is measured using a visualization camera, whereas the local wave shape is measured with an accurate stereo-14

PLIF technique. A repeatable wave is generated with negligible system variability. The global wave behavior15

resembles that of a plunging breaker, with a gas pocket cross-sectional area defined by an ellipse of constant16

aspect ratio. The variability of the local wave profile increases significantly as it approaches the wall. The17

impact location varies by approximately 0.5% of the wave height or more than a typical pressure sensor18

diameter. Additionally, the wave tip accelerates to a velocity of 1.5
√
gh0 compared to the global wave19

velocity of 1.2
√
gh0. The difference in impact location and velocity can result in a pressure variation of20

approximately 25%. A mechanism for instability development is observed as the wave tip becomes thinner21

and elongates when it approaches the wall. A flapping liquid sheet develops that accelerates the wave tip22

locally and this triggers a spanwise Rayleigh-Taylor instability.23

I. INTRODUCTION24

In recent years, the liquefied natural gas (LNG) mar-25

ket showed significant growth with an increased demand26

for floating liquefaction facilities, storage facilities, and27

shipping solutions. Furthermore, LNG is proposed as an28

alternative shipping fuel, especially with the prospect of29

stricter emission standards.1 New challenges arise with30

the widespread use of LNG, such as the growth in bulk31

capacity of containment systems, trading routes with ex-32

treme weather conditions, and the use of lower filling33

levels.2 Lower filling levels evidently lead to an increase in34

extreme impact events, which have the potential to cause35

structural damage.3,4 Wave impact events are the basis36

of these extreme loads, which requires a fundamental un-37

derstanding of wave impacts before studying increasingly38

complex phenomena.539

The study of wave impacts on a wall has been an ac-40

tive area of research for decades.6–11 Moreover, the im-41

pact of waves upon structures is relevant for many fields42

such as ocean, coastal, and maritime engineering. Bag-43

nold 6 already showed significant variation of the wave44

impact pressure for carefully repeated wave impact ex-45

periments. The generation of repeatable waves is not46

trivial. Small changes in the input parameters, such as47

the water depth, the wave generation method, and even48

the weather conditions (for large-scale outdoor experi-49

ments), results in significant variability of the impact50

pressure.12,13 On the other hand, the pressure impulse51

a)Electronic mail: C.Poelma@tudelft.nl

(i.e., the integral of pressure over time) is far more re-52

peatable and is used to model and scale the pressure of53

wave impact experiments.9,10,14–16 In recent years, the54

study of liquid sloshing17–21 and slamming on both wave55

energy converters22–24 and floating offshore structures356

has received considerable attention. The peak impact57

pressure is especially relevant in these applications.3,458

A number of reviews have been published both on59

extreme wave impact events and sloshing. For exam-60

ple, the effect of liquid sloshing impacts has been thor-61

oughly reviewed by Ibrahim 25 . A detailed review of wa-62

ter wave impacts on vertical walls is presented by Pere-63

grine 4 , whereas Dias and Ghidaglia 26 present a detailed64

review on slamming. The impact of a wave can be di-65

vided into several elementary loading processes, such as66

the direct impact, the jet deflection, and the compres-67

sion of the entrapped or escaping gas.20 Different types68

of wave impact can be defined by a combination of el-69

ementary loading processes. The classification of wave70

impact type depends on the wave shape prior to impact,71

which is either classified as a slosh, a flip-through, a gas72

pocket, or an aerated type of wave impact.4,7,27 For ex-73

ample, the flip-through wave impact has been studied74

in detail with and without hydro-elasticity.28,29 The ef-75

fect of hydro-elasticity is relevant for all wave impact76

types.30 The flip-through wave impact only occurs for a77

limited parameter space.4 On the other hand, the impact78

of a plunging breaking wave occurs for a wider parameter79

space and often results in a gas pocket type wave impact.80

The impact type can easily be identified, but scaling of81

wave impacts from small-scale to large-scale experiments82

is not straightforward.83

Obtaining dynamic similarity of liquid sloshing or wave84
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impact events is complex.25 The elementary loading pro-85

cesses can be used to identify the required similarity86

parameters.20 For example, Froude scaling can be used87

for the global flow, where the wave is not influenced88

by the presence of the impact wall (i.e., the increase89

in pressure in the gas pocket and increase in flow from90

the enclosed gas pocket).18,26 The global flow displays91

remarkable similarities with a plunging breaking wave,92

which allows a comparison of the wave crest velocity7,31,93

the wave crest trajectory32, and the gas pocket cross-94

sectional area33,34. The gas pocket behavior after wave95

impact has been studied in detail, which shows that the96

enclosed gas pocket decreases in volume and starts to97

oscillate.35–37 The decrease in volume of the gas pocket98

after wave impact is not related to gas leakage at the99

wave crest.35 On the other hand, the local flow is sig-100

nificantly altered by the strong gas flow over the wave101

crest for a gas pocket type wave impact. The local flow102

can be altered by the surface tension of the gas-liquid103

interface38, the gas-liquid density ratio39,40, the com-104

pressibility of the gas (i.e., the speed-of-sound)18, the105

possibility of phase change5,41,42, and the aeration of the106

liquid.9,43,44 The scaling of the local flow is not well un-107

derstood, but especially the formation of ligaments and108

droplets are thought to be relevant for the variability in109

wave impact pressures.26,45110

The global features of a wave impact on a vertical111

wall can be accurately represented by potential flow112

models.4,46–49 Apart from ignoring viscous effects, these113

simulations generally also ignore surface tension effects,114

as the impact is inertia dominated.46 The irrotational115

flow assumption seems to be valid, as qualitative agree-116

ment between experimental and numerical impact pres-117

sures can be obtained.26 Nonetheless, the gas phase118

should not be neglected, especially when the flow sep-119

arates near the wave crest.50 Furthermore, the inertia120

of the wave tip is small and consequently it is pushed121

upward where it can eventually be blown off the wave122

crest.46,49 Compressible multiphase simulations are re-123

quired to capture this effect.26,51,52 However, the simu-124

lations are often not able to capture the development of125

instabilities on the wave crest.24,26,50,53126

The source of impact pressure variability in repeated127

wave impact experiments is thought to be the instability128

development on the wave crest. However, the mechanism129

that is responsible for the formation of these instabili-130

ties is still largely unknown.45 An approaching plunging131

breaking wave that encloses a gas pocket forces a strong132

gas flow over the wave crest, which results in a shear133

force on the wave crest. The shear force of the expelled134

gas is often postulated to result in a Kelvin-Helmholtz135

type instability.40,45,53,54 Additionally, the wave tip of136

the plunging breaking wave is deflected by the strong gas137

flow prior to the impact on the wall.35,55 Prior to impact,138

gas cushioning (i.e., the increase in pressure in front of139

the wave tip) can also result in deformation of the wave140

tip.49,56,57 The wave tip deflection is shown to depend141

on the density ratio and the scale of the experiment.39,40142

However, accurate measurements of the wave tip deflec-143

tion have up to now not been reported.144

In the present study, accurate free surface measurements145

at both the global and local scale were performed to in-146

vestigate the source of impact pressure variability in re-147

peated wave impact measurements. The variability in148

impact location of the wave crest is accurately deter-149

mined and a mechanism for the development of wave150

crest instabilities is proposed. Both the free surface151

instabilities and the deflection of the wave tip are im-152

portant in the context of sloshing induced loads, where153

also the extreme impact pressure needs to be taken into154

account.3,4 The global wave behavior is shown to be re-155

peatable for measurements that have negligible system156

variability. Additionally, the wave behavior prior to im-157

pact is shown to resemble a plunging breaking wave. The158

local flow is investigated with a stereo-PLIF technique,159

which shows both an acceleration and a deflection of the160

wave tip prior to impact. The wave tip shows a signifi-161

cant variation in impact location on the scale of typical162

pressure membrane diameters of d ∼ 1 − 5.5 mm.19,58163

Furthermore, the development of a span-wise instabil-164

ity is observed. The instability on the wave crest is165

remarkably similar to that of a flapping liquid sheet.59166

The length scale of the instability depends on the wave167

shape, density ratio, and the surface tension, which was168

already suggested in previous work.38,40,51,52 Addition-169

ally, the study may also provide quantitative data of the170

wave shape, wave velocity, and wave instability for phys-171

ical and numerical model validations.172

This paper is organized as follows. The experimental173

setup and equipment are introduced in section II. This174

section also introduces the experimental procedure re-175

quired for the generation of repeatable waves. There-176

after, the results are introduced and discussed. First in177

section III A, the system variability is quantified and re-178

peatable waves are identified. Then in section III B, the179

behavior of the global wave is identified. Finally in sec-180

tion III C, the local wave behavior is discussed and two181

sources of impact pressure variability are identified. The182

findings are summarized in section IV.183

II. EXPERIMENTAL APPROACH184

A. Wave flume185

Figure 1 shows the experimental facility used in this186

study. The measurements are performed in the wave187

flume of the Hydraulic Engineering Laboratory at the188

Delft University of Technology. The flume is 39 m long189

with a cross-section of 0.79×1 m2, and the water depth is190

maintained at h0 = 500.0 ±0.5 mm for all measurements.191

The flume is equipped with a piston-type wavemaker that192

has a maximum stroke of 2 m. Additionally, the flume193

contains an active reflection compensation (ARC) sys-194

tem, which is designed to operate during continuous wave195
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camera 2

camera 1

a

(b) - top view

visualization

camera

WG1 WG2 WG3 wave board
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Figure 1. Schematic of the experimental facility. The origin of the coordinate system is located at the center plane of the wave
flume on the bottom of the flume. The positive x-direction is from the wave board towards the impact wall. (a) Side-view of
the wave flume. The cameras for the stereo-PLIF are aligned on a xz-plane. A vertical light sheet (xy-plane) is created at the
center plane of the flume. A focused wave, generated at the wave board (x = −L), impacts the impact wall at x = 0. (b) Top
view of the set-up. The visualization camera measures the global wave shape, either at the sidewall or the light-sheet location.
The stereo-PLIF system measures wave crest details in a smaller field-of-view at the light-sheet location.

or wave spectrum generation. In this work, the ARC sys-196

tem is disabled during generation of the single focused197

wave. After impact of the focused wave, the system is198

enabled to dampen the reflected waves and to reduce the199

downtime between experiments.200

The current method of wave generation is similar to201

the large scale tests of the Sloshel project, where the ef-202

fective flume length is scaled with the length-scale (λ) of203

the depth-based Froude number (i.e., λ = h0/Hλ = 1/6204

with h0 the current water depth and Hλ the full-scale205

water depth).20 A Froude scaled experiment requires a206

reduced effective flume length, which is obtained by plac-207

ing a 20 mm thick transparent perspex wall at a distance208

of L = 23.4 m from the wave board (fig. 1). The perspex209

wall is attached to a frame, which is fixed to a stable con-210

crete block (i.e., with dimensions of 0.78×0.80×1.00 m3
211

and a weight of approximately 1500 kg) placed in the212

flume. Silicone sealant is applied at the edges of the213

perspex wall to make it watertight. Nonetheless, exact214

Froude scaling is not achieved, due to practical limita-215

tions (e.g., the camera measurement system limits the216

water depth to 500 mm). The Froude scaled ratio is217

(1 : 7.3) compared to the (1 : 6) ratio of the Sloshel ex-218

periments, which will result in a smaller wave (i.e., with219

a smaller gas pocket and lower wave impact height).18,20220

The flume is equipped with a control system, a data221

acquisition system, resistance-type wave gauges, a posi-222

tion sensor on the wave board, and temperature sensors223

for both the water and air (TSP01, Thorlabs). The wave224

shape is additionally determined on a global and local225

scale with a camera measurement system. The genera-226

tion of repeatable waves is not trivial and the required227

experimental procedure is further detailed in section IID.228

The wave gauge, position sensor, and trigger signals are229

collected at a frequency of 100 Hz. The three wave gauges230

measure the surface elevation (η = y−h0) at respectively231

x/h0 = 8.98, 18.0, and 26.9 (fig. 1). The position sen-232

sor (GHM2000MD601V2 position sensor, Temposonics)233

records the position of the wave board (fig. 1).234

B. Wave generation235

We obtain a large gas pocket wave with a technique236

that focuses the wave energy in the temporal domain.12237

The wave board (fig. 1) generates wave groups with their238

own group velocity and phase speed, which results in a239

variety of wavelengths as shown later in figure 3. The240

wave energy of these wave groups is focused on a sin-241

gle location in the flume, the focal point (xf ). The fo-242

cal point defines the wave shape upon impact, where a243

shift of the focal point results in respectively: an aer-244

ated, a flip-through, a gas pocket, or a slosh impact.7245

The focal point also determines the angle between the246
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Experimental investigation of wave tip variability of impacting waves 4

wavefront and the impact wall, where a parallel front247

(i.e. a wave crest aligned with the impact wall) results in248

a high impact pressure.44 The normalized focal point of249

xf/h0 = 0.81 is selected with a trial-and-error approach250

to obtain a large gas pocket with a parallel front, which251

results in a spray cloud.6252

The generation of nominal identical waves with a fo-253

cusing technique is not trivial, as changes in the initial254

conditions, such as the water depth, are amplified by the255

non-linear wave focusing, which results in a different im-256

pact type.6,13 The variance in impact type results from257

two sources of variability: the system variability, and the258

hydrodynamic variability. Minimization of the system259

variability is essential to study the hydrodynamic vari-260

ability (e.g., the growth of free surface instabilities on a261

wave crest). The system variability (i.e., the water depth262

variation, piston motion variation, and residual motion)263

is minimized within the limitations of the experimen-264

tal facility. The comparison between measurements over265

several days is limited due to inevitable day-to-day vari-266

ations present in the current experimental facility.13,18267

The day-to-day variations are all variations related to268

water depth, water quality (i.e., natural accumulation of269

particles on the free surface), and water temperature that270

cannot be fully controlled in the current facility. The ini-271

tial water depth variations are expected to be the most272

significant source of day-to-day variations, as the water273

depth in this facility could only be set with limited accu-274

racy (i.e., 0.5 mm). Therefore, a single data set is high-275

lighted, for which the differences in input parameters are276

carefully reported in section IIIA.277

C. Free surface profile measurement278

The wave impact upon a wall displays global and local279

behavior.18 The global wave is Froude scaled, whereas280

hydrodynamic variability alters the local wave behavior.281

The difference in length scales of the global and local282

waves require separate measurement systems, which are283

introduced in the following section.284

1. Global wave profile285

A high-speed visualization camera determines the286

global wave shape (fig. 1). This CMOS camera (Im-287

ager HS 4M, LaVision) is equipped with a 35mm Micro-288

Nikkor objective with an aperture number of f# = 8.289

Two LED floodlights (ProBeam 170w, Noxion) provide290

background illumination on a diffusion plate, which for291

the selected aperture results in good image contrast be-292

tween the background and laser light (see next section).293

The field of view is approximately 353 mm×174 mm at a294

magnification of M0 = 0.06. The image resolution is re-295

duced to 2016×1000 pixels for a higher camera frame rate296

(faq) of 2.5 kHz with an exposure time (∆te) of 358µs,297

which is sufficiently low to avoid motion blur.298

2. Local wave profile299

A stereo planar laser-induced fluorescence (stereo-300

PLIF) technique measures the local wave shape at the301

center plane of the wave flume. This system is described302

in detail by van Meerkerk, Poelma, and Westerweel 60 .303

The advantage of the stereo camera system is two-fold.304

For a single camera, free-surface measurements can be305

obstructed by liquid filaments, which is largely avoided306

by using a stereo-camera system. Second, the stereo cam-307

era system enables the use of a self-calibration procedure,308

which improves the measurement accuracy and reduces309

alignment errors.60310

Two high-speed CMOS cameras (Imager HS 4M, LaV-311

ision) equipped with 55mm Micro-Nikkor objectives and312

a high-pass filter (OG570, Schott) are placed between313

the impact wall and the concrete block (fig. 1). The314

separation angle (2α) of the stereo camera system is ap-315

proximately 60◦, with an aperture number of f# = 16316

to accommodate the large separation angle. The image317

resolution is reduced to 1392× 1400 for a higher camera318

frame rate (faq) of 2.5 kHz with an exposure time (∆te)319

of 363µs. The field of view of 150 mm × 150 mm aligns320

with the tip of the focused wave.321

The cameras are calibrated with a two-plane dot-322

pattern target (Type 22, LaVision) with its center at323

(x, y, z) = (−104, 730, 2) mm. The bottom corner of the324

impact wall at the center of the flume defines the origin325

of the coordinate system and the positive x-direction is326

defined from the wave board towards the impact wall, so327

that the wave runs with a positive velocity from x = −L328

to the impact wall (x = 0) (fig. 1). The calibration pro-329

cedure requires us to initially image a fluorescent plate330

to determine a mapping function at the light sheet lo-331

cation. In the following paragraphs, we often refer to332

the details of the stereo-PLIF technique described in a333

previous manuscript.60334

A light sheet is created from the beam of a Nd:YLF335

laser (LDY 304 PIV laser, Litron) and focused at the336

center plane of the flume. The light sheet illuminates337

the approaching wave, which contains a fluorescent dye338

at a low concentration (Rhodamine WT, Sigma-Aldrich339

at 120 mg m−3). The static surface tension does not340

change at the current fluorescent dye concentration.60341

The dynamic surface tension is, in some cases, altered342

by the presence of natural surfactants that settle on343

the free surface over time (i.e., dust and other natural344

contaminants).61 The dynamic surface tension is not de-345

termined in the current experiments.346

The local wave shape is obtained from the image with347

the following processing steps (fig. 2) implemented in348

Matlab 2020. First, a 3 × 3 median filter reduces the ef-349

fects of noise (fig. 2a). Then, a multi-step edge detection350

procedure is applied, which uses Otsu’s method.62 The351

boundary contour (fig. 2b) is traced after morphologi-352

cal operations are applied to close holes inside the wave353

shape and to remove small elements outside the wave354

shape.63 After that, the contour coordinates are mapped355
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Figure 2. Data processing steps for the stereo-PLIF for the present measurements. (a) The original image pair from cameras 1
and 2 (Fig. 1). (b) The free surface profile after edge processing. (c) The profiles of both cameras mapped to world coordinates.
The valid free surface profiles are indicated by a continuous line, whereas the invalid parts of the free surface reconstruction
(i.e., the image borders) are indicated by a dashed line. The impact wall is located at x = 0 and the wave approaches the
wall (i.e., from negative x which is defined to point towards the wave board). (d) The final combined profile based on the
k -nearest neighbor search, with insets (e-f) showing the typical variance of the averaged profile with respect to the separate
camera profiles as the distance norm of L2 ≈ 0.5 and L2 ≈ 0.2 mm for panels e and f, respectively.

using an updated mapping function. A disparity correc-356

tion is additionally applied to improve the reconstructed357

profile’s accuracy.64 Then, a circle (fig. 2c) is fitted to the358

edge of the gas pocket.65 Thereafter, the profiles of both359

cameras are combined by averaging over the k -nearest360

neighbor of camera 1 with respect to camera 2, with a361

limit of Dl = 2.5 mm on the point distance (fig. 2d).66362

Finally, the combined profile is cropped to remove the363

image boundaries at the minimum y-coordinate of the364

circle fit and the minimum x-coordinate of both camera365

profiles.366

The measurement accuracy of the stereo-PLIF system367

is determined for the initial calibration and a typical wave368

crest (i.e., free surface profile). First, the initial mapping369

function is determined with an accuracy of approximately370

0.06 mm (e.g., 0.3 and 0.8 pixels for respectively the x371

and y-coordinate). The camera perspective results in a372

significant variation of the resolution (S).60 The resolu-373

tion over the x (Sx) and y (Sy) coordinate are respec-374

tively 4.9 and 13 pixels mm−1. Second, a systematic er-375

ror is introduced when the free surface profiles from the376

two cameras are combined. This systematic error is de-377

fined as the average Euclidean norm (L2) between the378

combined and individual profiles. The systematic error379

for a typical free surface profile (fig. 2 e-f) is approx-380

imately L2 ≈ 0.35 mm (e.g., approximately 1.7 or 4.6381

pixels based on respectively the x and y-coordinate of382

the initial mapping function). The systematic error is383

larger at the top of the wave crest (L2 ≈ 0.5 mm) where384

the light sheet skims over the wave surface (see section385

III C), which results in a increase of the measurement un-386

certainty. The measurement accuracy is mainly defined387

by the systematic error, whereas the error of the initial388

calibration appears to be negligible.389

D. Experimental procedure390

Nominal identical waves require a repeatable experi-391

mental procedure. The steps in the procedure are de-392

tailed in this section, which describes the residual motion393

reduction, water level control, and measurement proce-394

dure.395

The free surface is disturbed by waves at several mo-396

ments during a measurement. The waves are for example397

introduced when the wave board of the flume is zeroed,398

or when the water level is adjusted. The waves that re-399

flect from the impact wall also disturb the free surface.400
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Experimental investigation of wave tip variability of impacting waves 6

This residual motion of the free surface is removed with401

the ARC by enabling it for 7 minutes, which based on402

previous experiments significantly reduces the free sur-403

face fluctuations.67 The ARC is disabled after the allot-404

ted time, and the water is left untouched for 7 minutes.405

However, the longest standing wave (i.e., seiche wave) is406

not completely attenuated by the bottom friction, which407

would require an impractically long downtime between408

measurements.13,67 Despite this, the procedure reduces409

the free surface fluctuations within acceptable limits for410

the present experiments.411

The water level is checked with a ruler before the start412

of a measurement. Additionally, the water level is moni-413

tored with higher precision with the visualization camera414

(see section IIIA). The resolution of the ruler is 0.5 mm,415

which defines the minimum threshold for the water depth416

change. The water level is adjusted when the thresh-417

old is exceeded, and thereafter the residual motion is re-418

duced according to the experimental procedure described419

above.420

The measurement procedure initiates with the start421

of the acquisition devices, and wave generation. These422

are separate systems where the programming timing unit423

(PTU) of the camera system is used as a master clock424

during the measurements. The camera and analog acqui-425

sition system are both enabled prior to wave generation.426

The analog acquisition system is manually enabled and427

collects data from the wave-gauges and piston position428

sensor at a frequency of 100 Hz. Additionally, the trig-429

ger signals from both the wave generation and the camera430

acquisition system are recorded. The data of the analog431

system is matched to the master clock based on the trig-432

ger signal of the wave generation system.433

The camera acquisition system acquires data at a fre-434

quency of 2.5 kHz in a ring buffer, which enables contin-435

uous recording. This ring buffer allows a remote signal to436

trigger the recording of the camera measurement system.437

The remote trigger signal is sent from a delay generator438

(digital delay generator DG535, Standford Research Sys-439

tems), which in turn is triggered by the wave flume.440

The wave generation system is manually activated to441

generate a single focused wave. The wave generation sys-442

tem sends a trigger signal to both the camera and analog443

acquisition systems. Finally, the acquisition system is444

disabled after wave impact and the experimental proce-445

dure is repeated.446

III. RESULTS AND DISCUSSION447

A. System variability448

On a global scale the wave is considered repeatable for449

the current facility when the system variability is mini-450

mal within the practical limitations. In this section the451

wave-gauge signal, piston motion, and still-water level are452

analyzed for 12 selected measurements. These 12 mea-453

surements are part of a set of 32 measurements, obtained454

over multiple days. The analyzed measurements were455

performed on the same day to avoid day-to-day system456

variability. The water quality (in particular the surface457

tension) is assumed to be constant, and the water tem-458

perature variation (∆T = 0.3◦C) is considered negligible.459

The wave shape and wave height change significantly460

for small water depth variations (i.e., a water depth vari-461

ation larger than 0.15% of the initial water depth is462

significant).13,67 An estimate of the water depth variation463

is determined from samples (N = 100) of the still-water464

level that were recorded prior to each measurement. A465

line is fitted through the still-water level, which shows a466

variation in initial water depth of ∆h0 = 0.08 mm with467

a bias of 0.15 mm with respect to the linear fit of the468

still-water level. The water depth variation is lower than469

0.15% of the initial water height. Therefore, the influ-470

ence of the initial water height on the system variability471

is negligible for the measurements performed on a single472

day.67473

The piston motion (xp) and wave-gauge signal (ηWG1)474

are compared with methods commonly used to quan-475

tify the repeatability of focused waves.11,12,18 The height476

(H) and last zero up crossing period (T ) of the high-477

est wave are determined for both the piston motion and478

free surface elevation (fig. 3). For both signals the mean479

(µ), standard deviation (σ), and coefficient of variation480

(cv = σ/µ) are reported (tab. I).12,18 Additionally, the481

peak root-mean square error (RMSE) is defined.11 Last,482

the coefficient of variance for the energy of the piston483

motion signal (Es =
∫ t1
t0

|x(t)|2 dt) is computed.18484

The period of the highest wave is repeatable for both485

the piston motion and free surface elevation, with an in-486

significant standard deviation compared to the acquisi-487

tion frequency (i.e., ∆t = 10 ms). The period of the488

highest wave is reduced as the wave steepens.489

The piston motion is also highly repeatable, with a490

negligible standard deviation compared to the resolution491

of the acquisition system (i.e., 0.21 mm is equivalent to492

2.1 mV). The variation in the signal power (Es) is also493

insignificant (tab. I).494

Figure 3 shows the free surface elevation signal for495

the reported experiments, where the insets highlight the496

small amplitude (b) and large amplitude (c) free surface497

waves. Colors represent the different repetitions of the498

experiment. The numbering is kept consistent within the499

larger experimental campaign for data re-usability. The500

standard deviation of the peak height is not negligible501

compared to the free surface elevation (ηwg) and out-502

liers (dashed lines) can easily be identified for the high-503

est wave (fig. 3 c). The outliers are based on the median504

absolute deviation (MADe). A significant reduction in505

the standard deviation and coefficient of variation of the506

wave height are obtained with only the repeatable waves507

(η∗wg). A possible source of the wave height variation is a508

remaining free-surface fluctuation (i.e., a seiche wave) at509

the start of the measurement.67 The coefficient of varia-510

tion of the piston motion is low and does not depend on511

the repeatable and non-repeatable waves. The combined512
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Experimental investigation of wave tip variability of impacting waves 7

Table I. The system variability is based on repeatability estimates of the piston motion (xp) and the free surface elevation at
wave gauge 1 (ηWG1). The free surface elevation without outliers (η∗

WG1) is also reported.

Case Number of Es H T
measurements (mm2 s) (mm) (s)

cv (%) µ σ cv (%) µ σ × 10−3 cv (%)
xp 12 0.4 213.1 0.21 0.10 2.1 0.30 0.01
ηWG1 12 1.2 227.9 2.1 0.92 1.41 0.74 0.05
η∗

WG1 9 1.0 229.1 0.21 0.09 1.41 0.58 0.04

Measurement number

Measurement number

T

H

1t0t

( )a

( )b ( )c

Figure 3. (a) The wave elevation signal at wave gauge 1 (WG1 in fig. 1) is shown for 12 measurements obtained on the same day
with an initial water depth of h0 = 500 mm. The still-water level (y0) of the wave gauges is subtracted from surface elevation
signal (y). The amplitude (H) and period (T ) of the highest wave are also defined. The continuous lines show repeatable
measurements, whereas dashed-lines indicate outliers identified based on the amplitude of the highest wave. The difference
between repeatable and non-repeatable (i.e., outlier) waves is highlighted in panels b and c, where a zoom in of the free surface
elevation signal is shown for respectively the short and long waves.
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Experimental investigation of wave tip variability of impacting waves 8

repeatability measures indicate insignificant system vari-513

ability and, consequently, the global wave is expected to514

be well repeated.12,13,18515

B. Global wave behavior516

The analysis of the system variability indicates that517

the wave generation is repeatable for the 9 selected waves518

from a set of 12 measurements (tab. I). Now, the images519

obtained with the visualization camera are analyzed to520

compare the repeatability of the generated waves. First,521

the global wave behavior is visually compared. Then, the522

shape of the gas pocket and the location of the wave tip523

are determined. Finally, the cross-sectional area of the524

gas pocket in the plane of observation is determined and525

an estimate of the local gas velocity at the wave crest is526

derived.527

1. Visual comparison528

The qualitative repeatability is determined with a vi-529

sualization camera by comparing differences in image530

intensity.38 Here the global wave shape, as obtained with531

the visualization camera, is compared for two typical532

measurements (M225 and M228) shown in panels (a)533

and (b) of figure 4. The red (M225) and cyan (M228)534

vertical 

tangent
horizontal

tangent

xR
yR

wtx

impact wall

0x

side profile

(b)(a)

(d)

(c)

A

2L

2L

Figure 4. (a)-(b) The back-projected side-view images of two
nominal identical waves are superimposed at two time steps,
where differences in intensity are indicated in red (M225) and
cyan (M288). The colors highlight the variance in wave shape.
The striations behind the wave crest result from refraction of
the light sheet at the wave crest, and are measure of the sub-
pixel variations present on the wave crest. Additionally, the
semi-ellipse fit of the gas pocket is shown for M225 (dotted
line) and M228 (dash-dotted line). The wave crest (xwt), el-
lipse center (x0), and the ellipse’s semi-major and semi-minor
axes (Rx, Ry) are defined in window (a). The cross-sectional
area (A) of the gas pocket is defined in panel (b). The panels
(c) and (d) show the intensity variation between waves, with
respectively an averaged free surface variation of L2 ≈ 5.0 mm
and L2 ≈ 3.8 mm.

highlights show the difference in image intensity between535

both measurements at two time steps t = −28.0, and t =536

−16.0 ms with respect to the time of impact (t = 0 ms).537

The wave crest development for a typical wave (i.e.,538

M225) can be observed at different time steps in the sup-539

plemental electronic material.540

The free surface is determined at the side-wall of the541

wave flume, where the width of a color band (i.e., red and542

cyan areas) is a measure of the differences in global wave543

shape. The width is estimated at the tip of the wave crest544

(fig.10c) and the bottom of the trough (fig.10d). The dif-545

ference in global wave shape is on average L2 ≈ 4.4 mm546

for t = −16.0 ms at the indicated regions. Although,547

these results must be interpreted with care, as variations548

in image intensity arise from multiple sources (e.g., laser-549

intensity fluctuations, a wetted or unwetted side wall).550

The overall shape of the global wave is quite similar.551

However, a more detailed analysis should be performed,552

as the variability in impact pressure is also related to553

small variations in gas pocket shape.7554

2. Cross-sectional shape of the gas pocket555

Initially, the focused wave resembles a plunging556

breaker, which is used to define the gas pocket shape.557

The area of the gas pocket is typically reported at the mo-558

ment of impact or during the compression cycle, where559

the gas pocket cross-sectional area is either fitted with560

a semi-ellipse36 or as a semi-circle.11,18 The area under-561

neath a plunging breaker can also be approximated by562

an ellipse with a constant aspect ratio33, but the accu-563

racy of this ellipse fit is a subject of debate for a plunging564

breaker.34 Here the gas pocket cross-sectional area is fit-565

ted with a semi-ellipse constrained to the impact wall.566

The parameters of the ellipse (i.e., the semi-major axis567

Rx, the semi-minor axis Ry, and the center-point x0) are568

defined in panel (a) of figure 4. The ellipse semi-axes are569

manually determined using the images of the visualiza-570

tion camera, where the ellipse axes tend to correspond571

to the horizontal and vertical tangent of the gas pocket572

(fig. 4a-b). The ellipse center is defined by the x-location573

of the wall and additionally the y-location of the vertical574

tangent. The location of the tangent (i.e., vertical and575

horizontal) is manually estimated. The manual estimate576

is improved by detecting the maximum intensity gradient577

over a line perpendicular to the tangent.578

The semi-ellipse fit overlaps with the cross-sectional579

area of the gas pocket of the visualization camera as580

shown in panels (a) and (b) of figure 4. However, small581

differences are observed near the wave crest and in the582

trough of the gas pocket (fig. 4). The manual selec-583

tion accuracy over repeated evaluations is approximately584

0.3 mm and 2.2 mm (i.e., equivalent to 0.5 and 5.4 %585

of the semi-major and semi-minor axes for a typical gas586

pocket at the moment of impact) for respectively the Rx587

and Ry axes. The uncertainty in the Ry component is588

larger due to the reduced image intensity at the horizon-589
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Experimental investigation of wave tip variability of impacting waves 9

tal tangent of the gas pocket (fig. 4b). This results in590

a variation of Ry over repeated experiments as shown in591

figure 5.592

The semi-major and semi-minor axes are approximated593

by a linear function (fig. 5). The upward motion of the594

wave trough (i.e., the contact point of the wave and the595

wall) is defined by the derivative of the semi-minor axis596

(Ṙy), and is approximately constant at−1.23 m s−1. The597

wave speed is defined by the derivative of the semi-major598

axis (Ṙx) and is conjectured to change. The wave speed599

is initially 2.38 m s−1 for −80 ≤ t ≤ −40 ms, but it de-600

creases to 2.00 m s−1 for −40 ≤ t ≤ 0 ms. The averaged601

wave speed is 2.18 m s−1, which is approximately equal602

to the shallow water phase speed (
√
gh0 ≈ 2.21 m s−1).603

The aspect ratio of the ellipse is nearly constant at604

Rx/Ry = 1.6 for −60 ≤ t ≤ −20 ms, which approximates605

the aspect ratio of
√
3 for plunging breakers.33,34,68 The606

velocity ratio is also relatively constant, which results in607

a velocity Ṙy of approximately
√

gh0/3.608

The repeatability of the global wave is determined from609

the ellipse fit. First, the systematic error with respect610

to the linear fit is defined per measurement, which is611

on average 0.8 and 3.6 mm for respectively the semi-612

major (Rx) and semi-minor (Ry) axes. A measure of the613

wave shape repeatability is the random error, which is614

on average 1.1 and 1.7 mm for both axis. The higher615

random error of the semi-minor axis is a result of the616

detection method. Small variations in gas pocket size617

are a source of variability in impact pressure.7 However,618

the random error is negligible (i.e., 2.0 and 4.2 % of a619

Figure 5. The semi-major (Rx) and semi-minor (Ry) axis
of the fitted ellipse for the characterization of the observed
gas pocket (see fig. 4) are shown, where the open markers
define the non-repeatable waves of figure 3. The semi-minor
and semi-major axis are approximated by a linear fit Ry =
−1.23t + 39.7 and Rx = −2.18t + 51.4. The inset shows a
nearly constant aspect ratio of Rx/Ry ≈ 1.6± 0.1 (for −60 ≤
t ≤ 20 ms).

Figure 6. The wave tip coordinates (xwt, ywt) obtained with
the manual fitting procedure from the visualization camera.
The tip coordinate is approximated by a linear function in
both xwt = 2.67t− 22.97 and ywt = 0.10t+731.2. The closed
markers indicate repeatable waves, based on the surface eleva-
tion data, whereas the open markers indicate non-repeatable
waves.

typical gas pocket at the moment of impact); as such the620

global wave shape appears to be repeatable based on the621

gas pocket size.622

3. Wave tip623

The development of the plunging wave tip is deter-624

mined from the images of the visualization camera. The625

wave tip is formed when the gradient of the free surface626

profile is large, which results in a pressure gradient in the627

fluid that accelerates a liquid jet horizontally.32 The wave628

tip becomes thinner and longer, while following a ballis-629

tic trajectory.32 In the present measurements the wave630

tip does not follow a ballistic trajectory, as the cross flow631

at the wave tip results in a drag force that counteracts632

the gravitational force.633

The wave tip trajectory is determined with the detec-634

tion method previously used for the ellipse axes. The635

tip coordinate is determined for every fifth time step636

(∆t = 2.0 ms), which is sufficiently small to determine637

the global wave tip behavior. The wave tip is detected638

with an accuracy of approximately 0.96 and 0.31 mm for639

respectively the x and y-coordinate of the wave tip. Fig-640

ure 6 shows the wave tip trajectory for both the x (xwt)641

and y-coordinate (ywt).642

The wave tip trajectory appears to be nearly linear643

for both coordinates (fig. 6). The residual error of the644

linear fit is 3.6 and 2.1 mm for respectively the x and645

y-coordinate, which indicates repeatable wave-tip behav-646

ior. Furthermore, there is no clear distinction in wave tip647

behavior between the previously defined repeatable and648
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Experimental investigation of wave tip variability of impacting waves 10

non-repeatable waves.649

The components of the wave tip velocity are ẋwt =650

2.67 m s−1 and ẏwt = 0.1 m s−1, which results in a ris-651

ing wave tip as it approaches the impact wall. The ratio652

of wave tip and global wave velocity ẋwt/
√
gh0 is ap-653

proximately 1.22, which is similar to the velocity ratio654

of a plunging breaker.7 The wave tip trajectory deviates655

from the linear fit for −20 ≤ t ≤ 0 ms, which indicates656

an acceleration of the wave tip during the final stage be-657

fore impact. The acceleration of the wave tip is approx-658

imately a ∼ 100 m s−2 based on a ∼ (2∆x)/∆t2 with659

∆x ≈ 15 mm with respect to the linear fit of xwt and660

∆t ≈ 18 ms for −19.2 ≤ t ≤ −1.2 ms (fig. 6).661

4. Gas pocket cross-sectional area662

Small variations in the gas pocket shape can result663

in impact pressure variability.7 The gas pocket cross-664

sectional area is determined to define the global wave665

shape repeatability and estimate the local gas velocity in666

front of the wave crest. The variability in impact pres-667

sure due to the variation in gas pocket size is expected to668

be minimal, as the ellipse axis and wave-tip coordinate669

already indicate a repeatable global wave behavior. The670

gas pocket cross-sectional area is defined as the ellipse671

segment underneath the wave crest tip:672

A =
1

2
(πRxRy −As) , (1)673

with As the area of the elliptical segment above the wave674

crest tip. The area of the elliptical segment is defined as675

follows:676

As = RxRy

[

arccos

(

1− h

Ry

)

−677

(

1− h

Ry

)

√

2
h

Ry
− h2

R2
y

]

, (2)678

with h = Ry − (ywt − y0) the sector height of the ellip-679

tical segment (fig. 4). Figure 7 shows the calculated gas680

pocket cross-sectional A−A(0) area, where the value at681

impact (A0) is subtracted. The gas pocket cross-sectional682

area at impact is approximately 4.1 × 103 mm2 with a683

standard deviation of 6.5%. The power of the best fit684

function to the gas pocket cross-sectional area is 1.52685

which is approximately 3/2, as shown in the log-log in-686

set of figure 7. Furthermore, the non-repeatable waves,687

based on the free surface elevation, are indistinguishable688

from the results for the repeatable waves.689

The gas velocity at the wave crest increases as the690

wave approaches the wall. The incompressible gas veloc-691

ity at the wave crest (Vg) follows from a control-volume692

attached to the ellipse693

Vg =
1

∆x
Ȧ ∼ |t|−0.48 ∼ |t|−1/2 (3)694

3

2

Figure 7. The gas pocket cross-sectional area is the area en-
closed by the wave tip and the ellipse (fig. 4b). The gas
pocket cross-sectional area is approximated by a power-law
A(t)−A(0) = 1.74|t|1.52 , which is shown in the log-log inset.

where ∆x = ẋwtt ∼ 1.2
√
gh0t is the distance between695

the wave crest and the wall, and Ȧ = 2.64|t|0.52 ∼696

1.2
√
gh0|t|1/2 is the temporal derivative of the cross-697

sectional area of the gas pocket. The gas can be consid-698

ered as incompressible for a Mach number (M = Vg/c)699

lower than 0.3. The gas in the cavity is incompressible700

for Vg = |t|−1/2 = 0.3c or up to |t| = (0.3c)−2 ≈ 0.09 ms701

where c is speed of sound (343 m s−1 at standard con-702

ditions). The gas velocity at the wave crest ranges from703

3.5 ≤ Vg ≤ 15.8 m s−1 for −80 ≤ t ≤ −0.4 ms. The704

global wave does not appear to decelerate through com-705

pression of the gas pocket.706

C. Local wave behavior707

The variation in impact pressure of nominal identical708

waves is caused by the development of free surface in-709

stabilities on the wave crest.26,45,54 Here, a stereo-PLIF710

system is used to accurately measure the free surface of711

the wave crest and to determine both the development of712

instabilities and the wave tip deflection. The wave crest713

is determined with a smaller field-of-view than the visu-714

alization camera, which results in a higher resolution and715

accuracy of the free surface measurements. The system716

enables free surface measurements in the center plane717

of the wave flume where side-wall effects (i.e., friction58718

and wetting67) do not directly influence the measurement719

of the wave shape. First, the visualization camera and720

stereo-PLIF system are compared. Then, the temporal721

development of a local wave crest is discussed both in the722

context of measurement accuracy and wave tip behavior.723

Thereafter, the free surface profile is compared over sev-724

eral time steps. Finally, the wave tip and the variability725
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Experimental investigation of wave tip variability of impacting waves 11

due to variations in wave shape are discussed.726

1. Global and local measurements727

The stereo-PLIF data of two typical measurements728

(e.g., M225 and M228) are compared with the images729

of the visualization camera that are obtained simultane-730

ously (fig. 8). The stereo-PLIF results are superimposed731

(continuous line) on the combined side-view images of732

the visualization camera by matching the origin of both733

coordinate systems. The ellipse fit (dashed and dotted734

line) is also included, which shows a qualitative agree-735

ment with the stereo-PLIF results.736

The wave-crest profile at the center plane (stereo-PLIF737

data) is similar to that at the side wall (visualization738

data). The large field-of-view of the visualization cam-739

era combined with the relatively small focal length lens740

results in a perspective view of the wave crest, which em-741

phasizes the spanwise differences of the wave crest (see742

the supplemental electronic material). For example, a743

liquid filament is suspended from the wave crest at the744

side-wall, whereas the filament is absent on the rest of745

the wave crest (i.e., the spanwise direction). The side-746

wall effects, such as friction58 and wetting67, limit the747

use of side-view measurements for quantitative repeata-748

bility studies of the wave tip behavior.749

The application of a stereo-PLIF system in the wave750

flume is not without problems. For example, the liquid751

exerts a large pressure on the wall when it impacts, which752

results in vibrations in the camera system. The vibra-753

tions can introduce a misalignment in the camera system754

and a self-calibration procedure is needed to correct for755

the misalignment.756

Additionally, loss of information occurs when a free757

surface undulation casts a shadow. This effect is observed758

at the top of the wave crest where the light-sheet skims759

over the free surface and obstructs the backward side of760

the wave (fig. 8). The wave tip also blocks the inside of761

the gas pocket as it plunges over the top. A straight line762

results at the blocked segment, that connects the wave763

tip and the backward face of the gas pocket (fig. 8).764

The wave tip is accurately determined by the light-sheet765

cut-off, whereas the accuracy decreases at the wave top.766

The stereo-PLIF system enables a quantitative com-767

parison of repeated measurements, whereas the side-view768

camera only enabled a qualitative comparison. A zoom of769

the free surface profile shows the difference between two770

selected measurements M225 and M228 (fig. 4 panels c771

and d). The averaged difference between the free surface772

profiles as determined by the stereo-PLIF measurements773

is L2 = 2.45± 1.49 mm over the entire field-of-view. The774

difference was previously determined to be L2 = 4.4 mm775

for t = −16.0 ms based on the visualization camera. The776

quantitative difference determined with the stereo-PLIF777

measurements is lower, even for a later time step. The778

stereo-PLIF and visualization measurements show that779

the wave is repeatable on a global scale.780

straight

line-segment

shadow

liquid filament

Figure 8. The side-view images of two nominal identical waves
are superimposed for t = −4.0 ms and combined with the free
surface profile from the stereo-PLIF measurement (continu-
ous line). The ellipse fit from the visualization camera is also
included. The refraction of the light sheet at the wave crest
results in striations. These striations present a sub-pixel mea-
sure of the wave crest variability. However, they are neglected
when comparing the visualization and stereo-PLIF measure-
ments. (b) A zoom on the wave crest shows the difference
between both waves and the formation of liquid filaments at
the side-wall.

2. Temporal development781

time

im
p

ac
t

w
al

l
M225

t = 0.8 msD

t = 0.4 msD

wave tip

Figure 9. The free surface stereo-PLIF data for experiment
M225 is consistent over multiple time steps (−29.6 ≤ t ≤
2.8 ms) at a reduced temporal resolution (∆t = 0.8 ms). The
marker shows the location of the liquid jet, that is initially
ejected outside the field-of-view of the stereo-PLIF measure-
ment (see supplemental electronic material). The zoom shows
the free surface stereo-PLIF data at its actual temporal reso-
lution for −7.2 ≤ t ≤ 2.8 ms with an increased line width for
every fourth time step.

Figure 9 shows the temporal development of the free782

surface for a typical case (M225) at two different time783

steps, which show the local (∆t = 0.8 ms) and detailed784

(∆t = 0.4 ms) free surface behavior. The local wave be-785

havior shows the displacement of a small amplitude liq-786
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Experimental investigation of wave tip variability of impacting waves 12

( )a ( )b ( )c
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l
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28.0 mst = - 16.0 mst = - 4.0 mst = -

Figure 10. The stereo-PLIF data of all 12 measurements for three time steps, additionally a movie of the wave crest development
is available as electronic supplemental material. (a)-(b) Initially all 12 measurements tend to overlap. (c) The overlap between
the different measurements reduces significantly as the waves approach the wall. The variation in free surface profile concentrates
near the wave tip, which is influenced by an increase in gas velocity.

uid jet, which is initially ejected from the wave crest (e.g.,787

outside of the field-of-view of the stereo-PLIF measure-788

ments) as shown in the supplemental electronic material.789

The disturbance (i.e., the liquid jet) is displaced to the790

back of the wave crest by the gas flow over the wave791

crest. The growth and displacement of the disturbance792

is continuous over time, which is indicative of the tempo-793

ral consistency of the stereo-PLIF data (e.g., the initial794

disturbance is physically there).795

The details of the wave crest moments before impact796

are displayed in panel b (fig. 9). Initially, a liquid jet797

is ejected from the wave crest as the gradient of the free798

surface profile increases, which results in a large pressure799

gradient in the fluid.32,68 In this measurement a liquid800

jet is ejected at two times, which results in the initial801

disturbance (i.e., defined by the marker) and the wave802

tip. The wave tip of a plunging breaker follows a ballistic803

trajectory, but here the wave tip is displaced upwards804

by the air flow from the gas pocket. The gas velocity805

at the wave crest increases as the wave approaches the806

wall, which results in a wave tip that is stretched and807

deflected.51 The formation of spray (i.e., droplets) and808

ligaments results in a higher noise level in the stereo-809

PLIF data, which is observed in the last few time steps810

of panel b.811

3. Local repeatability812

In the previous analysis of the system variability sev-813

eral repeatable and non-repeatable waves were identified.814

The stereo-PLIF data for both the repeatable and non-815

repeatable waves is presented (fig. 10). The waves ini-816

tially (t = −28.0 ms) overlap and the variation increases817

as the waves approach the wall. The variability concen-818

trates in the vicinity of the wave tip for all waves. Ini-819

tially, the formation of instabilities is not observed, both820

in the processed free surface profile and in the original821

shadowgraph of the stereo-PLIF images. However, at822

later stages (fig.10c), the wave tip but is deflected differ-823

ently. This is hypothesized to be caused by an interaction824

of the gas flow and interface around the wave crest.825

The variability of the free surface profiles is quanti-826

fied. First, the difference in wave crest height (−120 ≤827

x ≤ −115 mm) is determined from stereo-PLIF data at828

t = −28.0 ms (fig. 10 a). The standard deviation in829

the height of all waves is approximately 1 mm, whereas830

the nominal identical waves show a standard deviation831

of approximately 0.9 mm. The difference between both832

sets (i.e., repeatable and non-repeatable waves) is negligi-833

ble, which is also confirmed by the initial visual overlap834

of all waves (fig. 9a). However, the variation in free835

surface profile is more significant at the wave crest (i.e.,836

730 ≤ y ≤ 740mm) for t = −28.0 ms with a standard837

deviation of approximately 3.5 mm.838
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Experimental investigation of wave tip variability of impacting waves 13

Figure 11. The wave tip coordinates for −28 ≤ t ≤ 0 ms ob-
tained from the stereo-PLIF data. The wave tip coordinates
are, initially, fitted with a linear function xwt = 3.31t − 6.36
(continuous line) and ywt = 0.10t + 731.2 (dotted line). The
wave tip has accelerated in the x-direction compared to the
data from the visualization camera (dash-dotted line). The
ywt coordinate deviates from the linear fit of the visualization
camera for t > −5 ms, which shows an acceleration of the
wave tip coordinate in the y-direction.

A parametric representation of the free surface pro-839

files is determined with an arc-length method. The840

curve is parameterized with a fixed number of elements841

(N = 2500), which results in a spacing of approximately842

0.15 mm. A Euclidean distance metric (L2) is computed843

from the difference between parametric curves and their844

respective averaged free surface profile. The distance845

metric increases from approximately L2 = 1.5 mm at846

t = −28.0 ms, to L2 = 5.1 mm at t = −16.0 ms, and847

to L2 = 8.0 mm at t = −4.0 ms. The Euclidean norm848

(L2) confirms the buildup of variability in wave shape as849

the wave approaches the wall. The variation is most ob-850

vious at the wave tip, whereas the global wave (i.e., the851

wave top and the wave trough) remain similar, which is852

additionally supported by the movie in the supplemental853

material.854

The wave tip variation is further investigated to de-855

termine its possible effect on the pressure variability,856

where the extreme position of the wave tip is defined857

as the maximum x-location of the stereo-PLIF profile858

(fig. 11). First, the wave tip velocity in the x-direction859

ẋwt = 3.31 m s−1 is higher than previously determined860

from the visualization camera, ẋwt = 2.66 m s−1. A861

deviation from the linear fit was already observed for862

−20 ≤ t ≤ 0 ms, which indicated an acceleration of the863

wave tip. However, the wave tip was, for −20 ≤ t ≤ 0 ms,864

obscured by either the perspective of the visualization865

camera or the formation of a liquid filament at the side866

wall. The wave tip velocity in the x-direction is sig-867

nificantly higher ẋwt ∼ 1.5
√
gh0 for −20 ≤ t ≤ 0 ms,868

which is higher than the wave tip velocity of a plung-869

ing breaker (ẋwt ∼ 1.2
√
gh0).

7 However, the wave tip870

velocity in the x-direction is comparable to that of a871

plunging breaker that impinges on the free surface in872

front the wave tip.68 In the y-direction the wave tip tra-873

jectory is altered by the gas flow escaping from the gas874

pocket, which is obvious from the acceleration in the y-875

direction for −5 ≤ t ≤ 0 ms. The wave tip trajectory in876

the y-direction is not comparable to that of a plunging877

breaking, which typically shows a ballistic trajectory.32878

The wave velocity at the center plane can increase due879

to wave focusing of a concave wave crest4,11 or Bernoulli880

suction57, where the air pressure drops due to an increase881

in velocity at the wave crest.882

A small amplitude wave grows on the wave crest for883

every wave impact, which is either caused by the large884

gradient of the free surface profile or by the Bernoulli suc-885

tion (i.e., which is equivalent to the growth of a Kelvin-886

Helmholtz instability).32,49,57 However, the growth of887

a Kelvin-Helmholtz instability is in this study not ex-888

pected, as there are no small scale disturbances ob-889

served on both the reconstructed free surface profiles890

and the shadowgraphs of the original stereo-PLIF im-891

ages. Nonetheless, the small amplitude wave is defined892

as the wave tip, that is the maximum x-coordinate of the893

wave crest.894

The wave tip is observed to grow as it approaches the895

wall, which results in a thinner and longer wave tip.32896

The length change of the wave tip is linear, up to ap-897

proximately t = −5 ms, with respect to the global wave898

tip velocity ẋwt ∼ 1.2
√
gh0. In this time the tip stretches899

approximately L ∼ (1.5 − 1.2)
√
gh0∆t ∼ 15 mm, which900

is, based on visual inspection, a good estimate of the tip901

length. The stretched wave tip resembles a liquid sheet.902

Villermaux and Clanet 59 studied the break up of a903

liquid sheet formed by the impact of a jet on a circu-904

lar disk. The liquid sheet expands into the surround-905

ing air, which results in a shear force that destabilizes906

the sheet by an initial Kelvin-Helmholtz instability. The907

waves that result from the Kelvin-Helmholtz instability908

induce an additional motion at the tip of the liquid sheet.909

This finite motion at the tip of the liquid sheet provides910

the acceleration required for a secondary Rayleigh-Taylor911

instability.912

A similar type of mechanism is observed to trigger the913

development of a span-wise instability on the tip of a914

plunging breaking wave. The wave tip is stretched into915

a thin liquid sheet, which is destabilized by an initial916

Kelvin-Helmholtz instability. This is observed as a finite917

amplitude wave that forms on the wave tip for t > −5 ms918

(fig. 12 panels a and b). The finite amplitude wave,919

combined with the acceleration of the wave tip by the gas920

flow, results in an acceleration that triggers a Rayleigh-921

Taylor instability (fig.12c). The wavelength of the span-922

wise instability (i.e., liquid filaments or fingers) is defined923

as924

λ⊥ ∼ (γ/ρaẋ
2
wt)(ρa/ρl)

1/3 (4)925

where ẋwt = 1.5
√
gh0 is the wave tip velocity, γ is the926
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Figure 12. The images of camera 1 are back-projected to a plane parallel to the impact wall (a)-(c). (a) A typical wave (M221)
approaches the wall and the tip elongates. (b) The elongated wave tip is destabilized by a shear instability. (c) A flapping
liquid sheet develops with a spanwise wavelength (λ⊥) defined by the Rayleigh-Taylor instability. (d) The images are acquired
with camera 1 of the stereo-PLIF system (fig.1). The camera images the wave from the front at an angle with respect to the
light sheet. Note the difference in coordinate system compared to that defined in figure 1.

surface tension of the air-water interface (72.3 mN m−1),927

ρa is the gas density (1.23 kg m−3), and ρl is the liq-928

uid density (998 kg m−3) at standard atmospheric con-929

ditions (1 bar, 20 ◦C). The spanwise wavelength of ap-930

proximately λ⊥ ∼ 1 mm agrees well with the visually931

observed finger spacing (fig. 12c).932

In previous work the impact pressure variability was933

shown to depend on the density ratio (ρa/ρl) and the934

surface tension. A higher density ratio results in more935

well-developed (i.e., larger) liquid filaments.39,40 Further-936

more, the free surface at the wave crest fragments earlier937

for lower values of the surface tension.38 The increase in938

liquid filaments at higher density ratios and the spray939

formation at lower surface tension values are both cap-940

tured by the span-wise wavelength of the Rayleigh-Taylor941

instability in Eq. (4). A mechanism for the development942

of instabilities is presented, where a flapping liquid sheet943

develops into liquid-filaments.45 Furthermore, the liquid-944

filaments are accelerated by the gas flow from the gas945

pocket and eventually break-up in small droplets due to946

a capillary instability of the liquid filament.69947

The variability in wave impact pressure is linked to948

the variation in wave impact location. However, the for-949

mation of liquid filaments decreases the accuracy of the950

wave tip detection prior to impact (i.e., close to the wall).951

The variation in wave impact location is, therefore, de-952

termined just prior to the formation of a flapping liquid-953

sheet. The impact location is determined over a small954

time interval (∆t = 2 ms) to improve the reliability of955

the measured coordinate. Figure 13 displays the varia-956

tion in vertical wave tip location for −6.0 ≤ t ≤ −4.0 ms,957

which is an indication of the variation in wave impact lo-958

cation.959

The variation in vertical wave tip location is signifi-960

cant on a global scale with a standard deviation of 4 mm961

(i.e., 0.5 % of the typical wave height). The membrane962

surface (d ∼ 1 − 5.5 mm)19,58 of a typical pressure sen-963

sor is small compared to the variation in vertical wave964

tip location. Even for large (d ∼ 9.5 mm) pressure sen-965

sor membranes the integrating effect of the surface area966

is not sufficient to remove all pressure variability.17 Fur-967

thermore, the physical spacing of the pressure sensor,968

which is typically on the order of 20 mm19,37, limits the969

possibility of detecting these small wave tip variations.970

The variation in vertical wave tip location is similar for971

the other, not reported, measurements. However, the972

measurements cannot be combined due to the significant973

day-to-day variations.974

Additionally very close to the wall (x/h0 . 0.18), the975

wave tip accelerates to about 1.5
√
gh0 compared to the976

global wave velocity of 1.2
√
gh0. The pressure sensor977

membrane is hit with either the wave tip velocity or the978

global wave velocity, which can result in a pressure dif-979

ference of approximately 25%. The variation in pressure980

is similar to previous reported values for nominal identi-981

cal waves.18,37 The variation in wave tip velocity due to982

either wave focusing or Bernoulli suction is a source of983

variability in impact pressure.984
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Experimental investigation of wave tip variability of impacting waves 15

6 4 mst- £ £ -

Figure 13. The variation in vertical wave tip location (ywt) for
−6.0 ≤ t ≤ −4.0 ms. The open markers are non-repeatable
waves (i.e., outliers based on the surface elevation measure-
ments) and closed markers are repeatable waves.

The source of impact pressure variation is a combina-985

tion of system and hydrodynamic variability, but even986

for well-repeated waves (i.e., with insignificant system987

variability) a significant wave tip variability is observed.988

The variability in vertical wave tip location over re-989

peated waves on a single day is shown to be significant990

compared to typical pressure membrane diameters (i.e.,991

dp ≈ 1 − 5.5 mm). Furthermore, this variation is ob-992

served over several other days with a similar order of993

magnitude. The hydrodynamic variability is, even when994

the waves are well repeated, a source of pressure variabil-995

ity. The shear-driven flapping motion of the liquid sheet996

results in significant variability in impact location, which997

also triggers a Rayleigh-Taylor type of instability along998

the spanwise direction of the wave. The presented mech-999

anism is probably one of the many types of instabilities1000

that can occur on the wave crest, but for the reported1001

gas pocket impact it occurs over a significant range of1002

wave shapes. The reported measurements can be used1003

for physical and numerical model validation.1004

IV. CONCLUSION1005

Repeated focused wave impacts on a vertical wall are1006

reported. The generation of repeatable focused waves1007

is not trivial. A limited number (i.e., N = 12) of the1008

total set of 32 measurements is reported, as the day-to-1009

day variations limit the detailed comparison. Therefore,1010

the experimental variability (i.e., system variability) is1011

reported in detail, which indicates that the wave gener-1012

ation is well-repeated over a single day. Several repeat-1013

able waves are identified (N = 9) based on the surface-1014

elevation measurements. These repeatable waves are1015

studied and compared to the remaining non-repeatable1016

waves (N = 3).1017

The global wave behavior prior to impact is studied1018

with a visualization camera. The cross-sectional area of1019

a large gas pocket impact is approximated by a semi-1020

ellipse constrained to the impact wall. The aspect ratio1021

of the ellipse is relatively constant Rx/Ry = 1.6 (∼
√
3),1022

which is comparable to that of a plunging breaker.33 Ini-1023

tially, the global wave behavior is also comparable to that1024

of a plunging breaker, as both have a similar wave veloc-1025

ity (
√
gh0) and wave tip velocity (1.2

√
gh0). However,1026

the trajectory of the wave tip does not resemble that of1027

a plunging breaker. The drag at the wave crest, due1028

to the escaping gas velocity, partially counteracts the1029

gravitational force. Furthermore, the wave tip acceler-1030

ates to a velocity of 1.5
√
gh0 as it approaches the wall1031

(x/h0 / 0.18).1032

Moments before impact the wave tip is deflected by1033

the strong gas flow at the wave crest. The wave tip1034

resembles a liquid sheet, that is destabilized by an1035

initial Kelvin-Helmholtz instability. A flapping liquid1036

sheet develops and the acceleration of the tip triggers1037

a Rayleigh-Taylor instability. The spanwise wavelength1038

of the Rayleigh-Taylor instability is well approximated1039

by λ⊥ ∼ (γ/ρaẋ
2
wt)(ρa/ρl)

1/3. The Rayleigh-Taylor in-1040

stability is one of the free surface instabilities that can1041

be a source of wave impact pressure variability. Further-1042

more, the flapping liquid-sheet is an indication of an in-1043

stability that results in pressure variability with varying1044

density ratio (ρa/ρl) and surface tension (γ). The other,1045

not reported, measurements show a similar wave crest1046

development with a flapping liquid-sheet that triggers a1047

Rayleigh-Taylor instability.1048

In previous work the variability in impact pressure is1049

often attributed to Kelvin-Helmholtz type instabilities at1050

the wave crest.4 The current work shows that the vari-1051

ability in impact location is initially drag induced, with a1052

standard deviation in impact location of approximately1053

0.5% compared to a wave height of 732.4 mm. The varia-1054

tion in impact location is large compared to typical con-1055

temporary pressure sensor sizes. A shear-driven flapping1056

liquid sheet develops moments before impact, which de-1057

lays the impact time and triggers a Rayleigh-Taylor in-1058

stability that forms equally spaced liquid filaments. How-1059

ever, the variability in impact height already exists before1060

the formation of the liquid filaments. The liquid filaments1061

can impact the pressure sensor, although, it is more likely1062

that the wave tip will directly impact the pressure sensor.1063

The acceleration of the wave tip compared to the wave1064

crest and global wave presents a more likely explanation1065

of the variance in impact pressure.1066

SUPPLEMENTARY MATERIAL1067

See supplementary material for a movie of a typical1068

(i.e., M225) wave impact and the detailed structure of1069

the wave tip for the 12 reported measurements.1070
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D. Le Touzé, “2D simulations of breaking wave impacts on a flat1243

rigid wall–part 1: influence of the wave shape,” in Int. Ocean Po-1244

lar Eng. Conf., 24th, 15–20 June, Busan, Korea (International1245

Society of Offshore and Polar Engineers, 2014).1246

52P. M. Guilcher, Y. Jus, and L. Brosset, “2D Simulations of1247

Breaking Wave Impacts on a Flat Rigid Wall–Part 2: Influence1248

of Scale,” in Int. Ocean Polar Eng. Conf., 28th, 10–15 June,1249

Sapporo, Japan (2018).1250
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