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Abstract

There are many issues in fluid structure interactions when dealing with the free surface flows in a sloshing tank. 
For example the problem of how yielding a highly nonlinear wave with a simple forced motion over a short dura-
tion is of concern here. Nonlinear waves are generated in a rectangular tank which is forced horizontally; its mo-
tion consists of a single cycle of oscillation. One of the objectives is to end up with a shape of the free surface 
yielding a wide range of critical flows by tuning few parameters. The configuration that is studied here concerns a 
plunging breaker accompanied with a critical jet where great kinematics are simulated. The numerical simulations 
are performed with a twodimensional code which solves the fully nonlinear free surface boundary conditions in 
Potential Theory.

Keywords: Potential flow, nonlinear wave kinematics, critical jets

1. Introduction

In the field of nonlinear free surface flows, the research works of Longuet-Higgins2 are extremely rich of 

academical studies. In the frame of the Potential Theory he describes many nonlinear free surface flows by 

simply starting from a given shape of the free surface and a given distribution of velocity potential. One of 

such flows is called the ”bazooka” effect (see Longuet-Higgins, 2001). The main idea of his findings is to 

start from an initial profile which has ”a narrow trough that is approximately circular”. ”When the initial 

wave trough is somewhat flattened”, then jets can emerg. He also finds that, by injecting more energy in the 

fluid (with a forced vertical motion), the jets can reach very great acceleration. It seems that the present nu-

merical results show the same characteristics. The main difference is the great kinematics is captured by 

forcing the motion of a tank, hence theoretically experiments are expected to finally give a physical evi-

dence of such phenomena. So far experimental programme has not started yet. But there exist many labora-

tories where the present numerical simulations could be reproduced with a simple motion generator. That 

will be the subject of future works.

Here the theoretical framework is the Potential Theory. The fully nonlinear free surface bound- ary condi-

tions are solved. The used numerical code FSID is developed by the author (see Scolan et al, 2007 and 

Scolan, 2010). In order to describe a free surface flow in a twodimensional rectangular tank, the required 

computational resources are reduced to the minimum. To this end, conformal mappings of the fluid domain 

are combined to a desingularized technique to compute the velocity potential at the free surface only. In 
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Fig. 1. Left: dambreaking case, successive free surface profiles (red lines). Initial free surface deformation (green line) of 

Gaussian type: y = h + ae−r(x−L)
2 

with L = 4m (length of the tank), h = 0.2m, a = 0.9m, r = 2m−2. Right: profile at the last stage of 

the overturning crest, terminology and notations used for the description of the plunging breaker.

practice, a linear system with a full matrix is solved four times per time step. The rank of the matrix corre-

sponds to the number of markers that describe the free surface. Few hundreds of markers are usually neces-

sary for the present applications. The desingularized technique has the advantage that regridding should be 

avoided as soon as the free surface is highly distorted; that consideration is not intuitive. The quality of the 

resolution is controlled by checking the conservation of mass and energy.

In the present paper, two cases are mainly considered. The first one concerns a classical problem of com-

puting the kinematics in a plunging breaker in shallow water. The literature is very abundant about this 

configuration. The theoretical developments by John (1953) and the experimental observations by Miller 

(1957) provide the community with the first results. Then Longuet-Higgins (1980, 1981, 1982 and later 

papers) contributes much to describe the initiation of the overturning crest or the tracking of the free sur-

face with very small radius of curvature. The first numerical techniques proposed by Longuet-Higgins and 

Cokelet (1976) or Vinje and Brevig (1980) for periodic waves, are followed by Greenhow (1983), New et 

al. (1985), Dommermuth et al. (1988). In the latter contributions, the kinematics in the overturning crest is 

quantitatively described. Peregrine et al. (1980), Yasuda et al. (1997) report on the location where velocity 

and acceleration reach their greatest value along the surface of the barrel. More recently Constantin (2015) 

gives some theoretical proves about the location of the maximum horizontal velocity in the barrel. Scolan 

(2017) revisites the kinematics in the plunging breaker and confirms the previous findings.

Fig. 2. Variation of the velocity modulus fÑ
r

  (left) lagrangian acceleration 
d

dt

fÑ
r

(right) in terms of time and arclength

along the free surface with origin at the left wall. Superimposed blue curve: location of the crest, superimposed black curve: 

location of the maximum acceleration, superimposed green curve: location of the maximum velocity. See figure (1) for compu-

tational data.
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Fig. 3. Time variation of the fluid energy components, potential energy: green line, kinetic energy: red line, error on the

energyconservation (with factor104: blue line. See figure (1) for computationaldata.

The second case studied here shows that by injecting enough energy in the fluid due to the forced motion 

of the tank, critical jets emerg. The similarity with the bazooka effect of Longuet-Higgings is suggested. 

Several parametric studies are carried out to better understand the mechanism of appearance of such jets. 

The two cases are of great interest for those who need to assess accurately the loads at the walls of the tank.

2. Standard Plunging Breaker

This section draws the main features of an overturning crest in an ”almost open sea”. The obtained plung-

ing breaker is said a ”shallow water” breaker because the fluid in the front part remains at rest until the tip 

of the crest hits it. That would not be the case for a deep water breaker for which the whole breaker may 

have a global upward velocity.

Fig. 4. Horizontal motion of the rectangular tank. Half sinus with period T matched to third order polynomials at the 

beginning and the end. Amplitude of the motion : A.

Fig. 5. Forced horizontal motion of the tank as illustrated in figure (4). Successive free surface profiles (red lines).

Amplitude of the forced motion A = 0.273m, period T =1.975s.
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The interest of that case is to arrive at the conclusion that this kind of wave does not concentrate enough 

kinetic energy in the wave crest. Figure (1) shows the successive free surface profiles obtained by solving 

the twodimensional fully nonlinear potential flow problem when starting from an initial free surface defor-

mation. That configuration can be considered as a typical dam-breaking problem since, at the initial instant, 

the fluid is at rest but has an initial potential energy. Here the influence of the left wall is not significant, that 

is why it is said an ”almost open sea”. If the initial potential energy is great enough, the resulting free sur-

face flow can lead to a breaker of different types. The present breaker is a plunging breaker and the distribu-

tion of velocity in the fluid and at the free surface is analyzed. The notations and terminology used to de-

scribe the plunging breaker are given in the right figure (1). One of the common features of plunging breaker 

is the concentration of velocity in the vicinity of the crest. Consistently with the computations of New et al 

(1985), Dommermuth et al (1988) and Yasuda et al (1997), it is observed that the maximum velocity does 

not occur at the tip of the overturning crest. In fact, that maximum is located along the lower part of the 

breaker at an intermediate distance between the crest and the point where the slope of the free surface is 

vertical. In order to better distinguish the locations of crest and maximum velocity in time and space, the 

temporal (time t) and spatial variations (arclength σ) of the modulus of the velocity u
r

are plotted in fig-

ure (2)left. The arclength (or curvilinear abscissa) is measured along the free surface positively from the left 

wall to the right wall.

The arclength of the crest tip is denoted σtip, the arclength of the maximum velocity is denoted

σVmax. The superimposed curves follow the maximum of the velocity and the crest (that is the oint 

where the velocity potential reaches its maximum). It is observed that the velocity will be never

greater than a threshold (in the present case Vmax ≈ 4m/s). Figure (2)left also shows that the ve-

locity does not vary much between the two abscissa σtip and σV max. It is clear that, as the

end of the simulation approaches, the maximum of velocity is not at the tip of the crest anylonger. 

The acceleration along the free surface is plotted in figure (2)right. The superimposed lines follow 

the maximum acceleration. The latter position is clearly distinct from the point where the velocity 

is maximum. With the notations introduced in (1)right, the maximum velocity at the free surface 

occurs at point 2, and the maximum acceleration at the free surface occurs at point 4. Finally the 

time variations of the fluid energy components are examined. The potential and kinetic energies 

are plotted in figure (3). It is first observed that the relative error on the energy conservation is 

rather acceptable, less than 10−4. The main result is that the kinetic energy reaches a threshold, 

meaning that the accumulation of kinetic energy is bounded and in order to capture critical jets, it

is expected that more kinetic energy must be stored by the fluid. In the present case, the kinetic 

energy originates from the direct balance with the initial potential energy. The latter being not 

sufficient, it is necessary to increase more rapidely the amount of kinetic energy stored by the fluid. 

One way to generate highly energetic wave is to create focused wave as performed in the SLOSHEL 

project; that is described in Brosset et al (2009), Brosset et al (2010) and Bogaert et al (2010). 

That means that a wavemaker is necessary or alternatively a preliminary wave train is used as an 

initial condition. However the present model is not suitable to reproduce a proper numerical wave 

tank. It is also not considered to generate wave train which focuses somewhere or alternatively a 

soliton which passes over a strong change of bathymetry. Both approaches are avoided for sake of 

computational resources savings.

3. Critical Jet in a Plunging Breaker

Here waves are generated in a sloshing tank. That approach has the advantages to be theoretically 

repeatable in laboratory. The description of the model for simulating the forced motion of a tank 

is fully detailed in Scolan and Brosset (2017). As a typical tank motion, a single cycle of horizontal 

oscillation of the tank is used. A typical motion is plotted in figure (4). This type of motion is 

used routinely by the company GazTransport&Technigaz ( ) in order to experimentally study 

the so-called Single Impact Wave (see Karimi et al, 2016). The signal is made smooth enough 
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at the initial stage to avoid spurious perturbations. This type of motion is characterized by two 

parameters denoted A : the amplitude of the motion and T/2 : the half period of the cycle. 

Numerical experiences of theproblem show that it is notnecessary to set theangular frequency 2
T
p

to the first eigenfrequency of the rectangular fluid domain according to the linear theory. Here it

would be ω2 = gk tanh kh where the wave number is k = L
p , h is the water depth at rest and L is

the length of the tank. In the sequel the length of the rectangular tank is set to roughly L = 

1m.The water depth at rest is about a quarter of the length and the period of the first eigenmode is 
T1 ≈ 1.4s. In practice the range of greater period T ∈ [1.75s, 2.25s] is covered and the amplitude 

of the motion is A > L/4.

The case where a pocket is entrapped, is considered. The numerically simulated phenomenon is 

not physical for the reason that the dynamics of entrapped gas plays a very important role not on-

ly in the retardation of the pocket closure but also in the shape of the pocket and the crest (see 

Scolan et al, 2014). Figure (5) shows the last free surface profiles. The analysis of the kinematics 

is not detailed here but it is concluded that the features of the flow are quite similar to the one 

previously described since the location of the maximum velocity is at the top of the barrel, roughly 

at the point where the tangent along the free surface is horizontal (point 2 in figure 1left).

By tuning the amplitude A and the period T of the forced motion of the tank, more energy can be 

injected in the fluid more rapidely. The parameters of the forcing horizontal motion are A = 

0.2331m and T = 1.725s. The simulation yields the free surface profiles plotted in figure (6). As 

in the previous case, the maximum velocity occurs somewhere below the crest, up to an instant 

when a small crest appears and grows until the end of the simulation. At a given time (in the pre-

sent case t = 1.72965s) the maximum acceleration is recorded at a much lower point than point 4 

in figure 1left. That is the point of appearance of the local growth. The present case appears as a 

much stronger case than the previous one. Indeed those velocities and accelerations are plotted in 

figure (7) in terms of time and arclength along the free surface. The maxima of velocity and ac-

celeration are much higher than in the previous cases. There are approximately 10m/s and 

10000m/s2 respectively at the end of the simulation. It should be noted that the velocity of the 

crest is never greater than 3.7m/s and the maximum velocity of the tank duringits forced horizon-

tal motion is 0.85m/s.

Fig. 6. Forced horizontal motion of the tank as illustrated in figure (4). Successive free surface profiles (red lines). Amplitude of 

the forced motion A = 0.2331m, period T = 1.725s. Length of the tank L = 1.08m, mean water level h = 0.22833m. Green dots: 

maximum of velocity modulus on each free surface profile.
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Fig.7. Variation of the velocity (left) and acceleration (right) at the free surface in terms of time and arclength. Superim-

posed cuves, blue: tip of the crest, black: maximum acceleration, green: maximum velocity.

The time variations of the maximum velocity and maximum acceleration are plotted in figure (8). Two 

phases of the flow are clearly identified. The first phase corresponds to the increasing velocity at the 

point under the crest as already observed. A polynomial fit yields an almost linear variation. As

the same fluid marker during each phase is tracked, that is also the Lagrangian acceleration (but not

necessary the maximum acceleration). During this first phase the acceleration is about 10m/s2, hence

close to the acceleration of gravity. During the second phase the increasing velocity does not vary

linearly over time. In the present case, the local growth starts at t ≈ 1.761s. It is remarkable that the 

increase of the velocity at the free surface (see figure 7) where the local growth will appear, starts 

very early. That would mean that the appearance of that local growth is determined for a long

time in the past.

It is a conjecture to assert that the acceleration is singular. If so, an instant when that acceler- ation 

is singular must be identified. Then it is allowed to fit an approximate power law during the last 

phase of variation. The singular behavior of ttmax can be fitted with the following power law and a least 

square algorithm yields the power α ≈ 1.24 as illustrated in figure (8). In Longuet- Higgins and

Oguz (1997), when commenting the flip-through case simulated by Cooker and Pere- grine (1990), 

the power αLH ≈ 1.22 is obtained and the theoretical value αtheo. = 4/3 is also proposed.

( )maxG t ∝
( )

1
, 1.77175sing

sing

     t s
t t

a
=

-
(1)

Fig. 8. Left: time variation of the maxima of velocity (green) and acceleration (red) at the free surface. Right: time

variation of the maxima of acceleration at the free surface in terms of tsing − t with tsing = 1.77175s with full logscales.

Superimposed curve : f (t)=0.7/(tsing −t)1.24. See figure(6) for computational data.
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Fig. 9. Time variation of the energy components: potential, kinetic, total. The instant t =1.41s corresponds to the maximum of 

the potential energy. See figure (6) for computational data.

Fig. 10. Successive free surface profiles (red lines) obtained from a restart at t0 = 1.63s. Green dots : maximum of velocity 

modulus on each free surface profile.

4. Parametric Study

From the last simulation a parametric study is carried out. The parameter is the level of kinetic 

energy which is initially injected in the fluid. First the instant at which the vpotential energy 

reaches its maximum, is identified. Figure (9) shows the time variation of the energy components. 

For the previous case, t = 1.41s corresponds to that maximum. It should be noted that t = 1.41s 

corresponds also to a minimum of kinetic energy. Therefore the oscillating exchange between po-

tential energy and kinetic energy rather looks like the one obtained for a linear case up to the max-

imum level of potential energy is reached. After that instant, the present nonlinear dynamical sys-

tem diverges completely from the standard linear case. Restarts of the code are performed from sev-

eral intermediate instants (denoted to) after that instant t = 1.41s. That means that the code is ini-

tialized with a given distribution of the velocity potential at the corresponding free surface profile. 

The initial level of kinetic and potential energies is hence set from the choice of to. All restarts will 

yield an overturning crest at the last stage of the flow. However the appearance of a critical jet depends 

on the level of initial kinetic energy. Up to to ≈ 1.50s the level of kinetic energy is not great enough. 

Beyond to ≈ 1.57s the parametric study reveals the formation of a critical jet for all restarts. One of

them is studied with more details here. The free surface profiles are drawn in figure (10) for the re-

start instant to = 1.63s. The closer view of the free surface profile reveals a critical jet that has the shape 

of a ”lobster claw”. All critical jets obtained in the present parametric study have the same shape, at 
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Fig. 11.Variation of the velocity (left) and acceleration (right) at the free surface in terms of time and arclength. Superimposed

curves, blue : crest, black : maximum acceleration, green : maximum velocity.

                  

Fig. 12. Pressure components, top left : ,tf- , top right :
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, at time instant t = 

0.1555s. Units: m2/s2.

least with the same local curvature. Figure (11) shows temporal and spatial variations of velocity and 

acceleration corresponding to the free surface profiles plotted in figure (10). It is worth noting that the 

acceleration reaches a maximum before the end of the simulation. This maximum is greater than 300 

times the acceleration of gravity. The The maxima of both the velocity and acceleration are located in 

the close vicinity of the tip of the critical jet. The kinematics and dynamics of the fluid are analyzed

at time instant t = 0.1555s. The isocontour of the pressure components are drawn in figure (12). The

two components −ϕ,t and
21

2
fÑ

ur
are of the same magnitude, but the term corresponding to the inertia
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effects is necessarily greater than the term corresponding to the kinetic energy so that the pressure is 

positive inside the fluid. The ratio of their magnitude to the pressure is more than 10. The free sur-

face profile at time instant t = 0.1555s is drawn in figure (13left). The corresponding normal and 

tangential components of the velocity are plotted as well. Several locations along the profile are 

identified with colored spots in order to distinguish the arclengths where the tangent is either hori-

zontal or vertical. It should be noted hat the maximum tangential velocity occurs on both sides of the

critical jet. The results of the complete parametric study are collected in figure (14); the time var-

iations of the maximum velocity and maximum acceleration are plotted. It is worthwhile noting 

that,for early restart instants to, both velocity and acceleration reach a peak. That would mean that 

the phenomenon could be interpreted as a blowup in a finite time (see Sulem et al, 1983) For the last-

est restarts to = 1.70s, it is observed that the local growth starts lower in the barrel. It seems hence 

that the phenomenon looks like the ”bazooka effect” as described by Longuet-Higgins (2001).

Fig. 13. Left : free surface profile at time instant t = 0.1555s. Right: variation of the normal and tangential compo-

nents of the velocity with the arclength. Marks located at points of either horizontal tangent or vertical tangent. 

Correspondance of the color code in both figures.

Figure 14: Time variations of the maximum velocity (left) and maximum acceleration (right) at the free surface for all

restarts instants to ∈ [1.41s : 1.70s].
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