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Abstract The sudden impact of a free surface flowupon a solidwall is a commonoccurrence inmany situations
in nature and technology. The design of marine structures is probably the most obvious example, but also river
and dam hydraulics as well as the necessity of understanding flood and debris flow-induced damage have led to
theoretical and experimental work on the mechanism of fluid slamming loads. This is therefore a very old and
rich research field, which has not yet reached full maturity, so that semi-empirical methods in design practice
are still the rule in many sectors. Up-to-date CFD technology with both Eulerian and Lagrangian approaches
is employed to investigate highly non-stationary fluid impact on a solid wall. The development of the pressure
wave produced by the impact is examined as it propagates and interacts with the fluid boundaries, as well as
the subsequent build-up of high-pressure gradients of high fluid velocities. The geometry and the velocity field
of the problem considered are very simple, but the results seem to provide new insight, in particular, into the
connection between phenomena with different timescales.

Keywords Fluid impact · Smoothed particle hydrodynamics · Volume of fluid · Fluid–structure interaction ·
Free surface flows

1 Introduction

The impact of a free surface fluid flow on solid surfaces is of paramount importance in both nature and
technology; the literature on the matter is therefore immense, and no attempt can here be made to review it.
Some related discussion is reported, for example, in [1–5]. There are many instances in science and technology
where this field of study finds applications: the impact of falling objects on a liquid surface [6], liquid sloshing
dynamics [7], overtopping flow loads on a dike crest [8,9] and the action of steep sea waves (both breaking
and non-breaking) on coastal structures. This latter problem has probably been studied more often than any
other and can therefore provide some insight [10–14]. The most recent results in this field consistently show
a relatively slow varying loading pattern—often referred to in the literature as “quasi-static”—together with
the erratic presence of highly dynamic peak loads, “church steeples”. The random nature of such peaks is only
natural, since the time behaviour of fluid flow in sea waves is random in itself; they are, however, so erratic
in intensity, and of such short duration, that they can only be explained by the interaction of a number of
various random and pseudo-random phenomena which are not easy to separate. Theoretical attempts to predict
impact pressures have indeed been followed with some success, starting from the pioneering work by Kirkgöz
[15], and an extensive discussion of this aspect is reported in [16]. The present work is particularly aimed at
clarifying the effects of steep water flow impact, which is part of the general framework of sea wave action.
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In the following, a simple and meaningful example, i.e. the impact of an initially steady free surface flow
on a vertical wall, will be considered with the object of clarifying some of the various aspects involved. The
phenomenon considered here is well understood over a timescale varying from a few tenths to a few seconds
(“long term”, in the following)—among the others see [11]—and it implies the formation of a reflected wave
and a basically hydrostatic behaviour. Modern CFD techniques provide a satisfactory explanation of long-term
wave action on wall even for more complicated shapes as in [17–19].

On a shorter timescale, i.e. before a reflectionwave is formed (“short term”, in the following), no analytical
or numerical solution is available. There are many descriptions of these phenomena, e.g. see [11,20,21],
provided incompressible flow solutions for a somewhat similar—but not identical—problem, whereby an
idealized and inviscid wave rises against a vertical wall.

Most of the solutions show the formation of a jet-like unsteady flow close to the wall together with the
formation of high-pressure gradients; the duration of such pressure peaks is short compared with wave periods,

but still of the order of 10−1s.
Inmany instances, the jet flowflips through the gap in front of the approachingwave formingwhat is known

as a “flip through”. Pressure peaks of random or nearly random nature have indeed been often associated with
such mechanisms, and various examples of flip-through patterns and of the associate local high pressure have
subsequently been found during ad hoc experiments [4,20,22], mostly in the field of sea wave action. Strictly
speaking, in this case there is no slamming, in the sense that there is no instantaneous change in velocity at the
boundaries

On a yet shorter timescale,“very short term”, another kind of phenomenon takes place. Soon after wave
impact, the hydrodynamic force onto a vertical wall is due to a pressure distribution related to both the fluid
compressibility and the celerity of perturbations, i.e. the physical sound speed, numerical terms; a zero nor-
mal velocity boundary condition instantaneously appears at the borders of a fluid body, i.e. on some part
of the domain border, a sudden change in the conditions takes place, from an assigned boundary pressure
p0 into an assigned normal gradient of velocity dv/dn = 0. A pressure wave thus develops and propa-

gates with speed c =
√

∂p
∂ρ
, which would behave very much like the classical water hammer Joukowsky

effect [23,24], except for the different boundary conditions on the upper surface. This aspect, which in the
following we shall define as “slamming”, is highly significant in connection with very short-term pressure
evolution and has been—among others—treated in [25,26]. In particular, Korobkin [25] provided an ana-
lytical solution related to a similar problem in which, however, the fluid mass was entirely bounded, thus
preventing any macroscopic movement of the fluid and any subsequent hydrodynamic development of the free
surface.

A number of papers by Peregrine and co-workers also deal with such a very short-term impact, e.g. [27].
The pressure wave is considered within a very short time window, yielding a so-called pressure—impulse
model. However, their solutions does not provide details of the pressure field.

A timescale for such initial phase can be given by the ratio between a typical dimension such as the initial
water height h0 and the celerity c, i.e. h0/c. Assuming h0 to be of the order of one metre and c = 1410 m/s,
the timescales turns out to be of about 10−3s or less, thus justifying the notion of “very short term” given
above.

It is thus clear that even for a simple geometry such as the one considered here, there is as yet no general
picture of the phenomena encompassing three different timescales: the transition between the available results,
and even their applicability, is therefore confused.

In the present paper, in order to clarify the development of the pressure and flow fields from the “very
short term” through the “short term” to the ”long term”, a numerical investigation is carried out by tackling
compressible Navier Stokes equations for the test case described above. Due to the physical and computational
difficulty of the problem, two different approaches—Eulerian and Lagrangian—are followed in parallel in
order to cross-check some of the more delicate aspects.

The situation considered here is an open channel flow, with an initially steady velocity “v0” and an initially
uniform height “h0”, which suddenly impacts with a vertical wall; while abstract in its physical formulation,
such a set up can be considered to represent with some approximation various real-life situations, such as the
collision of broken waves against a breakwater. It is worth mentioning at this regard that a broad range of
open channel flows, either steady or unsteady, can be simulated with the smoothed particle hydrodynamics
(SPH) technique thanks to an advanced procedure proposed in [28,29], able to properly enforce boundary flow
conditions.
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Fig. 1 Initial flow conditions: liquid height h0 = 0, 50m, liquid velocity v0 = 10m/s

2 Methodology

In order to clarify the development of the pressure and flow fields from the “very short term” through the
“long term”, a numerical investigation is carried out by numerically integrating Navier Stokes equations for
the test case described in the following.

An open channel flow with an initial velocity v0 = 10 m/s and water height h0 = 0.50m is assumed to
impact suddenly against a vertical wall (Fig. 1). For computational purposes, a 4.00-m-long volume of fluidwas
assumed. The highly non-stationary conditions are so extreme that the authors have maintained that in order
to gain full confidence in the results, two completely different approaches were necessary: Eulerian, based
on Flow3D®, a commercial package, and Lagrangian, by making use of the weakly compressible smoothed
particle hydrodynamics (WCSPH) technique, an SPH solver developed by the authors.

2.1 The WCSPH model

The Lagrangian code developed by the authors, based on the well-known WCSPH (weakly compressible
smoothed particle hydrodynamics) technique—see [30–33] for recent comprehensive reviews and related
applications—has been employed for the very short-term impact analysis. Recently, SPH has been considered
as valuable method for solving real-life engineering problems in maritime context as in [34–40]. In [41], a full
SPH-based framework for solving problems involving large fluid motion and large structural deformations and
failure was proposed. Altomare et al. [42] carried advanced investigations of wave interaction with Armour
block sea breakwater. Three-dimensional dam break propagation and impact of liquids have been investigated
by Ferrari et al. [43] by means of a parallel SPH algorithm. Shao et al. [44] proposed the method coupled with
Reynolds-averaged Navier–Stokes (RANS) turbulence model for simulating viscous incompressible liquid
sloshing dynamics, including corrections on the density and kernel gradient representation.

The procedure here adopted has been widely applied and validated in a number of situations, see, for
instance, [45–49].

Briefly summarizing, Navier–Stokes equations

− 1

ρ

Dρ

Dt
= ∇ · v (1a)

ρ
Dv

Dt
= −∇ p + μ∇2v + f (1b)

are discretized by making use of a finite collection of pseudo-particles, as in [45],
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with the following meaning of the symbols: i denotes the generic moving particle, j refers to one of its Ni
neighbours, and νi is the specific volume 1/ρi , whose definition is recalled in the following:

D log (νi )

Dt
= − 1

ρi

Dρi

Dt
= ∇ · vi (3)

ρ is the density, p is the pressure, v is the velocity vector, f is the external force, W is the so-called kernel
or weighting function defined over a compact support of radius r = 2h, being h = 1.3d0 the smoothing
length proportional to the initial interparticle distance d0, ν = 10−6 m2/s is the kinematic viscosity of water
at 20 ◦C (no temperature dependency was taken into account), and c0 is the speed of sound in the case of no
compression, that is with the reference density of the fluid ρ = ρ0 = 1000 kg/m3. In this work, we inquire
into the propagation of pressure wave, so we try to mimic the real celerity with the artificial SPH “speed of
sound”.

Equations (2), constrained with (3) and coupled with the Tait equation of state [50]

pi = c20ρ0
γ

[(
ρi

ρ0

)γ

− 1

]
(4)

being γ = 7, is then solved in time with the second-order predictor–corrector step scheme, next specified
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⎧
⎪⎨
⎪⎩

Mn+1,∗
i = Mn

i + �t Nn
i

v
n+1,∗
i = vni + �tani
xn+1,∗
i = xni + �tvni + �t2

2 ani

corrector step:

⎧
⎪⎪⎨
⎪⎪⎩

Mn+1
i = Mn

i + �t
Nn
i +Nn+1,∗

i
2

vn+1
i = vni + �t

ani +an+1,∗
i
2

xn+1
i = xn+1,∗

i

(5)

where

Mi = log (νi ) , Ni =
[

d

M
dt

]

i
, ai =

[
dv

dt

]

i
, vi =

[
dx

dt

]

i
(6)

The integration time �t appearing in Eqs. (5) is constrained to the Courant–Friedrichs–Levy (CFL) stability
condition, for which

�t = CFL min
i=1,...,N p

h

c0 (1 + ξ/4) + ∣∣vi
∣∣ + ζi

(7)

where

ζi = h max
j=1,...,N p,i

∣∣∣
(
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)
·
(
xi − x j

)∣∣∣
∣∣∣xi − x j

∣∣∣
2 (8)

being Np the total number of particles, either of fluid or solid type, Npj the total number of neighbouring
particles of the pointed particle i. The scheme is stable for the adopted Courant number CFL = 0.25. The
classical cubic spline approach is followed, and theNewtonian viscous stress term ismodelled by implementing
the linear part of the artificial viscosity ofMonaghan andGingold [51] as proposed byCleary [52]. In particular,
Cleary determined the coefficient 19.6 by carrying out a campaign of numerical experiments in two dimensions.
His further investigations suggested a coefficient slightly different—20—for three-dimensional problems. A
recent discussion of the effects of the artificial viscosity in SPH computationsmodelling regular breakingwaves
is reported in [53]. The additional terms ξ and ψi j , appearing inside the diffusion term, are implemented as
suggested in [54]. They are meant to filter out high-frequency spurious pressure oscillations. The applied
correction is consistent in terms of mass conservation for the short-time simulations being carried out. Besides
the numerical effects, the diffusive coefficient ξ , which in this work was taken to be 0.1, has also a physical
meaning as “expansion” or “bulk” viscosity, see, for instance, [50]. This technique yields good results in terms
of pressure distributions and overcomes limits encountered in [55].

Particle methods have been used to copewith similar problems as such thosementioned before, for instance
by [56], in which the SPH technique is used for modelling the impact of an elastic cylinder against a flat fluid
surface, a problem which in the very short terms bears a close resemblance with fluid slamming. Since the
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application is rather new, however, some problems had to be dealt with, in order to assess its applicability to
the problem at hand.

A first difficulty might arise in the boundary conditions, a vital aspect in slamming problems. The fixed
boundaries are represented by a collection of non-moving particles placed around the simulation domain
simulation domain. When a fluid particles i is approaching onto a boundary particle j, a repulsive force f

i j
resulting from an increase in interstitial pressure term prevents particles compenetration; this is standard
practice in SPH work, but it is often modified by providing an extra short-range repulsive force which—by
analogy with molecular interaction—is called “Lennard–Jones” (LJ) [57]:

f
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=
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According to [58], we set D = 5 g h0, p1 = 12 and p2 = 6. The authors have carried out extensive SPH
tests, with and without LJ forces, and have found out [59] that the dynamics are not remarkably affected by
the presence of such an additional term.

The proposed procedure can thus provide reliable results in this kind of problems, if at the price of a heavy
computational effort. The domain is divided into 79.000 pseudo-particles, with an initial interparticle distance
d0 = 0.005m.

2.2 The Flow3D model

Flow3D solver [60] is a CFD software system originally developed at Los Alamos Laboratory. It is based on a
finite volume formulation of the Navier Stokes equations in a Eulerian framework. Free surfaces and interfaces
are solved with the volume of fraction (VOF) method and the fractional area/volume obstacle representation.
Velocity and pressure fields are coupled by using the time-advanced velocities in the continuity equations and
time-advanced pressures in the momentum equations. The model has been widely validated over the years
particularly in connection with wave impact, see, for instance, [61,62].

The integration is performed in time with a two-step momentum predictor-continuity corrector procedure.
The corrector step makes use of a weakly compressible approach, whereby in the continuity equation, a vari-
able density mass flow is considered and the compressibility is simulated through a linear law—the acoustic
approximation—which links the density variation to the pressure increase c2 = ∂p/∂ρ. No additional dissi-
pation term is included in the momentum equation, so this approach is valid for low Mach numbers and is
consistent with the acoustical approximation reported in much of the current literature [63]. All the tests shown
in the following have bee carried out by assuming a fluid with density ρ0 = 1000 kg/m3 and a compressibility
parameter k = 1/ρ0c20 taken to provide the same sound speeds c0 = 1400 m/s and c0 = 700 m/s, as in the
SPH model. The chosen values, representing realistic liquids, satisfy the acoustic condition |δρ/ρ| < 0.1 as
the Mach number is of order 10−2 or less.

The same geometric and cinematic conditions are here assumed as in Paragraph 2.1. The obvious difference
relies on the discretization: the computation domain is split into square 0.01-m-wide grid elements. After the
appropriate convergence testing, an optimal grid (cell spacing �x = 0.01m, �y = 0.01m, total number of
cells Ncell = 2 × 104) was selected. The integration time step, bound by the Courant constraints �t < dx/c0,
allows a reasonable computation time throughout the very short and the short to the long timescale.

3 Results and discussion

3.1 Comparative results on very short term

The following Figs. 2 and 3 show results in terms of pressure contour, employing SPH (left side) and Flow3D
(right side), at various time instants. Reference sound speeds are c0 = 1400 m/s and c0 = 700 m/s, respectively.
Computing time (CT) is expressed with respect to the beginning of the simulation, whereas the simulation
time (ST) is measured from the impact instant. A single colour scale for pressure is assumed, in order to make
the comparison easier. Pressure peak (pp) is specified as well.
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Fig. 2 Very short-term analysis. Pressure field comparison between SPH and Flow3D with c0 = 700 m/s. a Left (SPH), CT =
6.5 × 103 s, pp = 5.88 × 106 Pa. Right (Flow3D), CT = 1.5 × 103 s, pp = 4.75 × 106 Pa. ST = 3 × 10−4 s. b Left (SPH),
CT = 1.1 × 104 s, pp = 6.94 × 106 Pa. Right (Flow3D), CT = 2.5 × 103 s, pp = 6.18 × 106 Pa. ST = 5 × 10−4 s

Both methods, SPH and Eulerian, reproduce a similar build-up and evolution of a high-pressure field, as
it would be expected according to the Joukowsky formula �p = ρ0c0�v, with �v = v0 = 10 m/s. A stiffer
response is generally given by the SPH model. Anyway, pressure values at a specific time instant are of the
same order of magnitude.

A pressure front is generated at the impact along the vertical wall and travels with its own celerity; if the
upper surface were rigid, it would simply travel backwards as in an ordinary water hammer effect. Since,
however, the surface is free, a pressure wave of the opposite sign develops and moves downwards, justifying
the peculiar pressure wave shape. It is worth noticing that no significant jet has yet formed along the wall.

In the following, a comparison between maximum pressure peaks (mpp), obtained with SPH and Flow3D,
and the Joukowsky pressure pJ is provided (Table 1).

3.2 Comparative results on short term

After about 5× 10−4 s,most of the Joukowskypressurewave generated by the slamming effect has disappeared;
following that, a new pressure spot starts building up again at a slower rate (Figs. 4, 5).

This increase, though much lower, is quite distinct and is possibly due an entirely new mechanism, which
involves the formation of a vertical jet and a localized area of high pressure at approximately the still water
level.

Despite some differences between the two solutions, it is easy to see that this area of increased pressure is
consistently located where particle trajectories make a tighter bend and undergo a strong vertical acceleration;
compressibility plays little or no role in this phenomenon, which is conceptually similar to the analytical
inviscid and incompressible flow solution reported in [11].

It is thus evident that there are two different mechanism that produce high-pressure transients: the first—
which we defined as “very short term “—generates a very high peak whose duration is of the order h0/c and
is basically the phenomenon which was studied by [26,27]; the second, which takes place in the “short term”,
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Fig. 3 Very short-term analysis. Pressure contour comparison between SPH and Flow3D with c0 = 1400m/s. a Left (SPH),
CT = 1.4 × 104 s, pp = 1.38 × 107 Pa. Right (Flow3D), CT = 2.9 × 103 s, pp = 1.13 × 107 Pa. ST = 3 × 10−4 s. b Left
(SPH), CT = 2.3 × 104 s, pp = 1.31 × 107 Pa. Right (Flow3D), CT = 4.7 × 103 s, pp = 1.04 × 107 Pa. ST = 5 × 10−4 s

Table 1 Maximum pressure peaks obtained numerically as function of celerity C0 compared with the Joukowsky pressure

c0 (m/s) mpp (SPH) (MPa) mpp (Flow3D) (MPa) pJ (MPa)

700 6.9 6.2 7
1400 13.8 11.3 14

is much smaller in intensity but longer in duration: it is the equivalent, in a simpler geometry, of Peregrine’s
wave impact as in [11].

In many real-life cases, the “shot-term” and the “very short-term” effects are actually superimposed and
this might explain some problems in the interpretation of real-life impact effects.

3.3 Long term with Flow3D

In the following, the “long-term”—i.e. a few tenth of seconds—time evolution of the impact process is shown
as obtained with Flow3D. TheWCSPHmodel is not used here, because the adopted scheme yields a substantial
loss of the mechanical energy over long runs.
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Fig. 4 Short-term analysis. Pressure contour comparison between SPH and Flow3D with c0 = 700m/s. a Left (SPH), CT =
2.3 × 104 s, pp = 1.48 × 105 Pa. Right (Flow3D), CT = 4.9 × 103 s, pp = 1.42 × 105 Pa. ST = 0.009 s. b Left (SPH),
CT = 2.4 × 104 s, pp = 1.45 × 105 Pa. Right (Flow3D), CT = 5.0 × 103 s, pp = 1.37 × 105 Pa. ST = 0.010 s

Over such a timescale, as it is well known, the unsteady flow structure can take two basic patterns, depend-
ing upon the ratio between inertia and gravity: if inertia prevails upon gravity, the flow deviates vertically;
otherwise, thewhole flow decelerates and a reflected surfacewave is generated. The relevant indicator is Froude
number

Fr = V0√
g · h0

(10)

Numerical simulation of the long-term dynamics is much less critical and can be carried under incompressible
fluid hypothesis. In any case, pressure gradients are nearly hydrostatic as in [15], see ‘Secondary impact
pressure’ section. Figure 6 shows the typical behaviour for Fr = 2.86 and Fr = 0.1, respectively

The behaviour at high Fr number is particularly interesting, as it implies the fall back of the jet flow over on
the fluid body and the formation of a macroscopic fluid flow; the phenomenon, however, has been thoroughly
investigated [11,64–66], and it is beyond the scope of this paper.
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Fig. 5 Short-term analysis. Pressure contour comparison between SPH and Flow3D with c0 = 1400 m/s. a Left (SPH), CT =
4.7 × 104 s, pp = 1.50 × 105 Pa. Right (Flow3D), CT = 9.9 × 103 s, pp = 1.42 × 105 Pa. ST = 0.009 s. b Left (SPH),
CT = 4.7 × 104 s, pp = 1.55 × 105 Pa. Right (Flow3D), CT = 9.9 × 103 s, pp = 1.46 × 105 Pa. ST = 0.010 s

4 Conclusions

The numerical experiments carried out on the sudden fluid impact of an open surface fluid flow on a vertical
wall have highlighted the presence of three well-distinct classes of phenomena, each with its own different
time span. The first effect yields a pressure wave with the peak in accordance with the Joukowsky equation,
though modified and attenuated by the presence of the free surface; the second one is a non-compressible flow
mechanism and involves the formation of a jet on the surface in connection with a localized high-pressure
area; the third one correspond to a nearly hydrostatic pressure distribution and is linked to the propagation of
a reflected surface wave.
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Fig. 6 Long-term flow patterns. a Jet-like flow, ST = 2.0 s. b Reflected wave ST = 2.0 s

While each of the three mechanisms, with their different timescales, has been investigated before, the
numerical approach illustrated in the paper encompasses all of the three regimes in a single framework and
should help to clarify and locate in a proper context some of the real-life experimental results.

For instance, in the domain of sea wave impact, it is generally acknowledged that forces and pressure upon
the wall are associated with the formation of a reflected wave, giving rise to a “long-term” (in our terminology)
effect; in addition, highly variable random forces and pressures often appear (church steeples), and this effected
is often linked to the formation of a flip-through and to the related narrow curvature trajectories, as originally
described in [64] and confirmed experimentally by others, see, for example, [65]. This is close to what we have
described above as “short-term” effects; the results presented here, however, suggest that a different and “very
short” slamming effect has also to be taken into account, with a very high pressure increase and a timescale
of the order of h0/c, where h0 is a typical length scale for the impact area, i.e. a few thousandth of second
for real structures, and tenths of thousandth for laboratory experiments. It is thus most likely that such very
high-pressure bursts are not normally revealed by ordinary tank tests while still potentially carrying relevant
consequences. Where careful tests with high-frequency data sampling have been carried out, this view seems
to be confirmed, e.g. by [16], who give detailed results of impact peak loads which are congruent with the data
produced here.
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