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A volume of fluid numerical model for wave impacts at coastal

structures

N. Christakis, N. W. H. Allsop, R. G. Beale, A. J. Cooper and J. M. Dennis

The first stages in the development of a new design tool,
to be used by coastal engineers to improve the efficiency,
analysis, design, management and operation of a wide
range of coastal and harbour structures, are described.
The tool is based on a two-dimensional numerical model,
NEWMOTICS-2D, using the volume of fluid (VOF)
method, which permits the rapid calculation of wave
hydrodynamics at impermeable natural and man-made
structures. The critical hydrodynamic flow processes and
forces are identified together with the equations that
describe these key processes. The different possible
numerical approaches for the solution of these equations,
and the types of numerical models currently available, are
examined and assessed. Preliminary tests of the model,
using comparisons with results from a series of hydraulic
model test cases, are described. The resuits of these tests
demonstrate that the VOF approach is particularly appro-
priate for the simulation of the dynamics of waves at
coastal structures because of its flexibility in representing
the complex free surfaces encountered during wave
impact and breaking. The further programme of work,
required to develop the existing model into a tool for use
in routine engineering design, is outlined.

1. INTRODUCTION

The present design methods used to determine hydrodynamic
loadings on breakwaters, quays, sea walls, embankments and
related shoreline structures rely on simplistic empirical for-
mulae or site-specific physical model tests. The empirical
models available suffer from a number of significant limita-
tions. They may predict simple responses, such as wave run-up,
overtopping and reflections, and wave forces, but they are valid
only for limited hydraulic conditions and structure geometries.
Difficulties arise in the use of scale models where the particular
response is influenced significantly by scale effects, as in the
prediction of impact pressures on walls or embankments, or
flows over or around such structures. A new design method,
based on an advanced numerical model, is described that will
permit the rapid calculation of wave hydrodynamics at natural
and artificial structures. The model will enable wave-structure
interactions to be determined.

A detailed description of the flow processes is required to allow
design calculations of wave-induced flows and pressures near,
at and within, porous and non-porous structures. Simple one-
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dimensional depth-averaged models have already been devel-
oped to calculate flows and pressures at and in rubble mounds,
but the models are too limited for use in design studies. A more
complex series of two-dimensional models, using boundary
element techniques has also been developed, but these models
are still unable to calculate complex flows at wave impact on a
structure element. This paper describes the first stages in the
development of two-dimensional models of wave action on the
outer surface and within coastal structures, with the ohjective
of obtaining a better understanding of flows at breakwaters and
sea walls, and hence to develop improved design methods for
coastal and shoreline structures.

2. REVIEW OF PAST WORK

Our understanding of breaking waves is limited due to a
number of factors. These include the difficulties associated with
obtaining experimental data and the limitations of existing
computational models, such as the oversimplification of the
interaction with structures and the restrictions associated with
free surface modelling techniques. The simplest models assume
that wave action may be described by the non-linear shallow
water (NLSW) equations where flows may be averaged over
water depth. NLSW models have been shown to accurately
predict wave heights and depth-averaged velocities on struc-
tures and beaches, and have been used successfully to model
run-up and overturning.'* One-dimensional models are unable
to provide detailed information about the flow regime
throughout the depth of a wave and cannot be used to
accurately predict impact forces, particularly whenever vertical
accelerations exceed horizontal ones.

Two-dimensional models based on more comprehensive hydro-
dynamic models can overcome this limitation, and can
calculate variations of velocity and pressure throughout the
wave. Boundary element models (BEM) and boundary integral
models (BIM) have been developed by several authors, such as
Maiti and Sen,® Yasuda et al,® and Grilli et al.” These methods
rely on applying Green's theorem to Laplace's equation.
However, these methods, while successfully enabling wave
motions up to, and including, breaking to be analysed, are
unable to simulate the full process of wave overturning as the
method breaks down when particles collide and the region
becomes multi-connected. Hence, these methods cannot be
applied to problems of coastal structures where analyses of




pressures and flow hydrodynamics after wave overturning and
impact are required.

To analyse flows after wave overturning Harlow and Welsh®
developed the pioneering Marker and Cell (MAC) method which
models free surface flows by tracking the fluid interface
through the motion of massless particles in the fluid rather than
defining the free surface directly. The particles are used to
determine the status of computational cells as either ‘full’,
‘empty’ or ‘partially full' (i.e. surface cells). They do not affect
the Mow. Significant storage, particularly in three dimensions
or for higher resolutions, is required to store all the markers.
Hirt, Nichols and co-workers in a series of papers between 1979
and 1985%7'% built the pioneering code SOLA-VOF and NASA-
SOLA-VOF based on the volume of fluid (VOF) method at the
Los Alamos National Laboratory, New Mexico, USA. The VOF
method combines a discretisation of the Navier-Stokes equa-
tions and the use of a VOF function F, where F is the fractional
VOF in a cell, to determine the position of the free surface. The
F function is either 1 if the cell is full or 0 if the cell is empty,
and between 0 and 1 for a surface cell which is partially full.
The original SOLA-VOF code was used to study the propagation
of shock waves from deep ocean earthquakes.'® Since then, Hirt
has produced a state-of-the-art program, FLOW 3D,"* which
includes non-uniform two-dimensional and three-dimensional
meshes, fluid compressibility and complex boundaries in
Cartesian and cylindrical coordinate systems.

Delft Hydraulics have developed a two-dimensional version of
the SOLA-VOF called SKYLLA.'*'® SKYLLA solves the Navier-
Stokes equations by use of the Poisson equation for pressure in
conjunction with the conjugate gradient algorithm. The
program also incorporates the use of a weakly-reflective
boundary. Bradford'® used the VOF technique to investigate the
effects of turbulence in the surf zone. The papers by Van Gent
and Petit,'” Bracci Laudiero (working with an early version of
NEWMOTICS),'® Troch and de Rouk,'? and Liu et al”® describe
the use of modified Navier—Stokes equations to analyse the
flow in and around permeable structures, such as breakwaters.

3. THE DEVELOPMENT OF THE NEWMOTICS-2D VOF
MODEL

Sabeur ef al.?' decided to develop their own version of the VOF
code called NEWMOTICS-2D. This code was based on a
discretised version of the two-dimesional Navier-Stokes and
continuity equations. The Navier—Stokes equations were firs
discretised in time to give
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A and B are finite difference operators involving the discreti-
sation of the non-linear and diffusion terms and the external
fNelds that appear within the Navier-Stokes equations. « and v
are the velocities in the r and y spatial directions. P,-'I'}"is the
pressure at the centre of cell i, f at time-step n+ 1. The Poisson
equation can be finally derived by combining equations (3) and
(4) with the equation of continuity to give
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Note that pressures and body forces are discretised at the centre
of a cell and velocities on the mid-sides of cell boundaries. A
typical model cell can be seen in Fig. 1.

The boundary conditions used by Sabeur ef al.>' were normal
velocities parallel to boundaries with the gradient of the
tangential velocities set to zero. Parallel (or anti-parallel) and
equal in magnitude virtual velocities are set for free-slip (or no-
slip) conditions. These conditions were easy to implement for
horizontal and vertical boundaries. For inclined boundaries,
two different approaches were used. Firstly, for an inclined bed
the whole grid was inclined to be parallel to the bed surface.
Secondly, for a sloping structure the surface was represented as
a series of steps. In this case, the Poisson equation could be
derived for each separate step.

The boundary equations for a free surface are different from
those at solid boundaries. They depend on the accurate
evaluation of the F function and its local gradients at
neighbouring cells to the free surface cell involved in the
computation. The F function defining the free surface must
satisty the transport equation
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The free surface is advected either horizontally or vertically, the
direction being that which is most normal to the free surface.
The surface cell pressure P; was calculated by interpolating the
desired pressure P, at the interface from the inside pressure of
the interpolation cell (i-1,j)

Py = (Y —#) Proy g+ 5+ Ps




where k is the ratio of the distance between the centre of the
cells (i-1,7) and (i,j) to the distance between the free surface
point and the centre of cell (i-1,j).

In 1996, Sabeur er al.**** implemented a weakly reflecting
inflow boundary condition to model a wave generator. The
discretised boundary condition is
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where E and H are field operators of the water elevations and
flow velocities from the right-hand side of the continuity
equations at the inflow boundary, which are a priori known as
an input. C is the computed wave celerity and is derived from
the wave number k and wave period T
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The field operators can be changed according to the type of
wave implemented at the wave maker. In the case of random
wave generation, the dispersion relation for progressive waves

is no longer valid because of the wave number. In such
circumstances, an input of experimental values of the wave
number together with a listing of inflow velocity-time evolu-
fion must be implemented directly within the reflective
boundary conditions.

This initial work was then followed by detailed simulations and
comparisons with available experimental data, which are
reported by Waller and Allsop.”* This work included a dam
break simulation and comparison with FLOW 3D, generation of
regular waves in a rectangular basin, application to solitary
waves, investigation of wave forces, run-up and overtopping on
simple vertical and inclined walls, and comparison of the model
output with data from an experimental flume. The program was
then used to test the response and consistency of the numerical
model to problems invelving complex flows and geometries, as
reported in Christakis et al.*® and Waller et al.*®

More recently, the Alternative Donor-Acceptor (ADA) scheme
for fluid advection was developed and introduced in the model.
In the classical Donor-Acceptor scheme, as described in Hirt
and Nichols,'! information both upstream and downstream of a
free surface cell (i.e. a cell in the computational domain with at
least one empty neighbour) is considered when calculating the
fluid flux in and out of the cell, with the orientation of the fluid
interface used to determine the amount of void present in a
cell at each time-step. However, for the rest of the cells that
contain fluid, only information upstream of a cell is used to
determine the fluid fluxes during one model time-step. In this
way, void ‘bubbles’ are entrapped within the fluid and are

carried around with the flow, since the F function is considered
homogeneously distributed within cells of the main fluid body.

This clearly leads to loss of fluid momentum and a blurring of
the fluid interface, due to the entrapped void regions. In the
past, artificial numerical corrections have been applied to the
calculated fluid flux between adjacent numerical cells to
eliminate any void regions trapped within the fluid (see, for
example, Torrey et al.'?).

In the ADA scheme, the calculations of the directional gradients
of the F function are extended to all cells containing fluid and
not only at the free surface. Information both upstream and
downstream ol a cell is employed to determine a fluid interface
orientation within all fluid cells. Hence, it becomes possible to
calculate the total amount of void present within the fluid
domain and priority is given to eliminating the void regions
within the fluid body by first filling the upstream cells before
fluid is allowed to enter downstream cells. As a result, the
accuracy of pressure and velocity calculations is ensured, the
loss of fluid momentum is minimised and a sharp fluid
interface is maintained without the need of artificial numerical
corrections.

Moreover, a third-order accurate upwind scheme, which
considered one downwind and two upwind points, was also
implemented in the model, for the discretisation in space of
non-linear and diffusion terms in the finite difference operators
A and B of equations (3), (4) and (5) away from free and solid
boundaries; in this way, minimisation of numerical diffusion in
the pressure and velocity calculations was achieved. The details
of the differencing scheme can be found in Lemos.”” The choice
of this particular scheme was based upon its relatively simple
treatment of solid and free boundaries and its requirement of
fewer arithmetic operations per time-step, as compared to other
higher-order differencing schemes.”’

4. NUMERICAL SIMULATIONS AND TESTING OF
NEWMOTICS-2D

A series of test simulations was performed to test the
consistency of the model and its response to complex flows and
geometries, as reported in Christakis ef al.*® and Waller et al.*®
A problem of great importance in engineering design studies
was examined, notably a case of wave impact on a structure
incorporating a horizontal deck. For this simulation, the model
was set up with a flat bed and a sloping impermeable 1:2
structure leading to a horizontal deck. The deck was approxi-
mately 2 m long and 0-3 m thick. The distance between the
open boundary and the toe of the structure was taken as 10 m
and the mean water depth was 3 m; the still water level was
initially approximately 1-5 m below the deck. A solitary wave
of initial wave height of 1 m was assumed to enter the model at
the open boundary at 0 s model time and propagated within
6-5 s up to the top of the slope. The results of this simulation
are shown in Figs 2 and 3. As can be seen in Fig. 2, part of the
wave crest hit and overtopped the deck, while the other part
impacted on the underside of the deck.

Since there were no other similar data available to the authors
to enable comparisons with the model output for water surface
elevations and pressures, a check was made for the consistency
of the model and its response to changes in the time-stepping.
Fig. 3 shows the predicted pressure—time series during impact

[between 6:3 and 6-4 s) for a cell on the underside of the deck,
for different time-steps: Fig. 3(a) double the typical model time-
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" Fig. 2. Propagation of a solitary wave up a |:2 sloping
structure and impact with a horizontal deck. Free surface

evolution at times: (a) S s; (b) 6'5 s: and (c) 7 s — wave

. heighe | m, still water depth 3 m, the arrows represent the
velocity vectors:

step; Fig. 3(b) the typical model time-step; and Fig. 3(c) one
eighth of the typical model time-step (a typical time-step, as
calculated by the model, was of the order of 107 s). It was clear
from this simulation that when the time-step was doubled
{(compare Figs 3(a) and 3(b)), the predicted maximum pressure
was almost halved, with the impact extending over a longer
period of time. In a similar manner, when the time-step was
divided by eight (compare Figs 3(c) and 3(b)), pressure rose
quite sharply to a maximum value almost eight times greater
than before, with the impact pressure occurring almost
instantaneously. However, the pressure impulse at impact
(which results from time integration of the pressure) remained
almost constant. This result is consistent with flow theory®® and
indicated the ability of the code to cope successtully with
complex flow problems.

The performance of the combined ADA scheme/third-order
upwind differencing scheme is demonstrated in a simple test
simulation with a free-falling of a block of water in a tank,
which impacts and merges with still water. The results are
presented in Fig. 4, where a suspended 0-5 m x 0-5 m block of
water with a hole at its centre is falling under gravity and
impacting on still water in a 5 m x 3 m tank. A quite coarse
grid size of 0-05 m in both the horizontal and the vertical was
used. This demonstrates the ability of the ADA advection
scheme fo maintain the shape of the block during its free-fall
(as expected theoretically) and to eliminate any void ‘bubbles’
from the main body of fluid after the impact and merging of
the collapsing block with it. This can be seen clearly from the
results presented in Fig. 4. It can be concluded that the newly
developed ADA scheme constitutes a powerful algorithm for the
advection of fluid between adjacent numerical cells. This simple

numerical test illustrates the capability of the new scheme to
maintain object shapes and sharp fluid interfaces without the
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need for artificial numerical corrections. Moreover, the grid size
was chosen in order to demonstrate the numerical stability that
the presented algorithm exhibits in quite coarse grids, thus
making possible the minimisation of the total simulation run-
time. It has also been stated that the new algorithm ensures the
accuracy of pressure and velocity calculations and, thus, the
minimisation of loss of fluid momentum. This will become
especially clear in the sections that follow, where comparisons
between numerical simulations and laboratory experiments are
presented.

After the implementation and testing of the combined ADA
scheme/higher-order differencing scheme, the numerical model
was employed to simulate recent laboratory experiments carried
out in an absorbing flume.?® The flume was 40 m long, 1-5m
wide with an operating range of water depths at the wave
paddle of 0-5-1-2 m. The piston paddle, which was driven by an
electro-hydraulic system, was controlled by a computer,
enabling either regular or random waves to be generated. Two
wave probes mounted on the front face of the paddle measured
the water surface elevation continuously.

Three main (impermeable) structure types were studied: 1:2 and




Frg 4. Simulation of the free-fall under gravity of a suspended 0 5 mx0-5 m block of water wn'.h a hole at its. centre and lmpact
on still water in a 5 m X3 m tank—representation of the F function at different times; the arrows represent the velocity vectors;

grid size Ax=Ay =005 m

1:4 smooth slope revetments, and a simple vertical wall. The
responses of each structure were investigated using different
bed slopes: 1:50, 1:20, 1:10 and 1:7. Each bed slope covered a
vertical distance of 0-4 m from the flume floor to the toe of the
structure, and so the horizontal lengths of the bed slopes
ranged from 20 m for the 1:50 slope to 2-8 m for the 1:7 slope.

A number of twin wire probes were installed in order to
measure water elevation time series at a frequency of 40 Hz.
Their distances from the toe of the structure were 20 m, 10 m,
3-75m, 3m, 2:25 m, 15 m, 0-75m and 0-5 m. Additionally,
nine pressure transducers were positioned at different heights
on the revetments and the simple vertical structure, which
enabled the collection of pressure measurements of the wave at
impact with the structures, The transducers were placed at
different positions for different approach slopes.

For the numerical simulations, solitary wave datasets were
chosen, because of their engineering importance, since they

have the largest energy impulse and run-up, and consequently
represent a good model for extreme design waves at coastal
structures.”® Each model run was set up to represent the flume
from the toe of the bed slope upwards, since it was assumed that
the solitary wave generated at the paddle was not modified
before reaching the bed slope (see, for example, Waller ef al*®).
The inclined structures in the model were represented as a series
of steps and particular attention was given to the choice of the
grid dimensions, since sudden jumps in water depth, associated
with the step representation, alter the wave characteristics if they
are not performed carefully. Simulations were performed for
selected cases of the two extreme approach slopes (1:50 and 1:7)
and the numerical results were compared with the corresponding
flume data, allowing for a 5% maximum uncertainty in the
experimental measurements.”® The 1:50 slope was chosen as
indicative of all shallower slope angles. The steepest slope (i.e.
1:7), apart from the practical reason of having the smallest
horizontal distance from the toe of the structure, was chosen as
being indicative of shingle beaches.
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In Fig. 5 the results of a simulation are presented where a
solitary wave of height a,=0-07 m in still water depth h,=0-7 m
runs up the 1:50 slope and impacts with a 1:4 structure, Water
elevation time series predicted by the model are compared with
experimental data obtained from the flume for different
distances from the structure. Each separate graph corresponds to
the time series of water elevation at a wave probe whose position
is defined by its x coordinate relative to the toe of the structure.
The dashed lines represent the flume measurements and the solid
lines the model predictions. The grid size is 0-109 m and 0-025 m
in the horizontal and the vertical, respectively. The numerical
results were found to be in good agreement with the experi-
mental data. Note that both the numerical simulations and the
flume measurements show similar transformations of the
initially symmetrical waves into asymmetrical waves as they
propagate up the bed slope and the interactions between the

Fig. 5. NEWMOTICS-2D water elevation time series compared with rriéasu;e_ments‘f}om' an k_bsoﬁﬁing__mké.ﬂume for various
distances from the toe of the structure: (a) x==20:00 m: (b) x=~10:00 m; (c) x==375 m; (d) x=~-225 m; and (e) x =07

Time: s
(&)

incident and the reflected solitary waves appear to have been
well represented by the numerical code.

The simulation was repeated for the same approach slope,
structure and grid size but for different wave heights and still
water depths (a,=0-1m and h,=0-5 m, respectively). The
results of these simulations are presented in Fig. 6, where water
clevation time series from the model are compared with data
from the flume for different distances from the toe of the
structure. The dashed lines represent the flume measurements
and the solid lines the model predictions. The numerical results
were found to be in reasonable agreement with experimental
data and it can be seen that the numerical model predicted the
general pattern of the wave propagation. However, it was also
observed that as the ratio of wave height to still water depth
increased (in this case, this ratio was double the ratio of the
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Fig. 6. NEWMOTICS-2D water elevation time series compared with measurements from an absorbing wave flume for various
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previous simulation), the comparison between model and
experiment deteriorated slightly, in particular, for measure-
ments from probes positioned closer to the toe of the structure,
where the interaction between incident and reflected waves
0CCUrS.

For this reason, the simulation of Fig. 6 was repeated with a
finer grid. The grid size was reduced approximately by a half
(0:055 m and 0-013 m in the horizontal and vertical, respect-
ively) and the results are presented in Fig. 7. The dashed lines
represent the flume measurements and the solid lines the
numerical model predictions for water elevation time series for
different distances from the toe of the structure, The numerical
results for this case were found to be in a slightly better
agreement with the flume data than in the case described in
Fig. 6. Detailed root mean square (rms) values comparing the

calculated time series water elevations with the experimental
elevations are given in Table 1 for both time steps. It is notable
that with the exception of the series at 20 m from the structure
that there is very little difference implying that the coarse grid
gives a good correlation with the experiments. The transforma-
tion of the wave from symmetrical to asymmetrical has been
well represented by the model with the front face of the wave
becoming steeper and the rear face less steep. In the light of
these results, it may be argued that an almost inverse
proportionality has been observed between the grid size and the
ratio of wave height to still water depth. It has not been
possible to verify this observation theoretically. However, it can
be argued that a bigger wave height would cause the velocity
of wave propagation (and thus, velocity of impact) to
increase.”” This would also lead to an increase of pressure at
impact. In this case, to model the steeper pressure gradient
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Fig. 7. NEWMOTICS-2D water elevation time series compared with measurements from an absorbing wave flume for variaus

‘distances from the toe of the structure: (a) x ==20.00 m; (b) x==10.00 m; (¢) x=-3.75 m; (d) x=-2.25 m; and (&) x==0.75m |

Distance from structure; m  Coarse grid: m  Fine grid: m
20:00 8% |07 228x (072
10-00 566% 107 568% (0
375 434|072 543 % |07
2:25 56% 1077 549 x [0
075 |-08x% 1072 [04% 072

Table |. Camparlson between theary and ex
(values) - 2 i

around impact time compared with the case of smaller wave
height, would require a more refined grid, in order to achieve
better convergence during the solution of the momentum
equation in the numerical model and, thus, to represent
correctly the effects of impact on the wave propagation.

For the simulation with the 1:7 approach slope a still water
depth hiy=0-6 m and a wave height ag=0-1 m were tested, and
a vertical impermeable structure was chosen. Following the
discussion from the previous section, concerning the ratio of
wave height to still water depth, the grid was chosen as 0-08 m
and 0:02 m in the horizontal and vertical directions, respect-
ively. Pressures around the impact between the propagating
wave and the vertical structure were calculated in front of the
vertical wall at the corresponding transducer positions. A
comparison between the numerical results and the experimental
data from the flume is shown in Fig. 8. The dotted lines in this
case correspond to the model output and the solid lines to the
physical data from the flume for four different transducers, for
which compressibility was not an issue. It can be seen that the
numerical results from the model were in reasonable agreement
with the flume experiments.
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5. DISCUSSION AND FUTURE DEVELOPMENTS OF
NEWMOTICS-2D

Although the results from the numerical model are in agree-
ment with the available experimental flume data, further
developments of the program will be required. The program is
currently only able to model flows around impermeable
structures and does not include any turbulence models. Bracci-
Laudiero'® has shown, using an earlier version of the program,
that flow in and around permeable structures can be included
by modifying the governing Navier—Stokes equations. The
influence of turbulence will be included in the next stage of
development of the model. The program is currently relatively
slow to solve flow problems on PCs, taking over 2 h for a single
wave impact. The program will be speeded up by the addition
of adaptive mesh techniques so that a fine discretisation is only
required in regions modelling steep changes of velocities or
pressure, The use of the ADA technique to improve modelling
of, and to reduce diffusion of, the free surface is considered by
the authors to be one of the most important developments of
the program. Additional work will use techniques from fluid
gas dynamics®' to further improve fluid advection and free
surface reconstruction. Despite the above limitations the model
can currently simulate two-dimensional impermeable flows up
to and around coastal structures, producing plots of fluid
velocities and calculating pressures and pressure impulses on
these structures.

6. CONCLUSIONS

The development and use of a new numerical model of wave
dynamics, NEWMOTICS-2D based on the VOF technique, has
been presented. The model has been shown to be capable of
simulating complex flows and geometries. The incorporation of
the ADA scheme for fluid advection has been discussed and its
capability in minimising the loss of fluid momentum has been
tested in conjunction with a third-order upwind differencing
scheme. The model has been employed to simulate recent
laboratory experiments carried out in an absorbing flume and it

has been demonstrated that the model can successfully simulate
the dynamics of waves at coastal structures, especially during
the critical period of impact and breaking. This comparison
with experimental data, for the type of model described, is
believed to be unique. Thus, the program constitutes a powerful
tool that will enable more detailed studies of wave-induced
flows to be carried out by coastal and harbour engineers and
hence improve the overall design process.
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