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Abstract

New three-dimensional numerical non-hydrostatic model with a free surface
that was designed for modelling the bottom and bank stability subjected by ship
propeller jets is presented. Unlike all known models, it describes three-dimensional
fields of velocities generated by ship propellers, turbulence intensity and length
scale in the given domain of arbitrary bottom and coastal topography. Results of
simulations are compared with the laboratory experiments.
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1. INTRODUCTION

Propeller jets from the moving vessels in narrowings and in shallow waters can cause
bottom erosion, affect the bank stability and damage the bottom habitat such as
macrophytes, mussels and other macro invertebrates. That is the motivation for devel-
oping and testing a 3D non-hydrostatic free-surface hydrodynamic model NHJET that
was designed for modelling of bottom and bank stability subjected by ship propeller
jets. Unlike all known models, it describes three-dimensional fields of velocities gen-
erated by ship propellers, turbulence intensity and length scale in the given domain of
arbitrary bottom and coastal topography. The model can describe near field in propel-
ler jet as well as far field. The time and space varying bottom shear stresses that cause
bottom erosion and damage for bottom habitat can be calculated. Simplified version of
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the model allows calculation of hydrodynamic fields caused by propeller jet of a non-
moving vessel. The model was developed on the basis of non-hydrostatic model of
Kanarska and Maderich (2003), that is a non-hydrostatic extension of the well-known
Princeton Ocean Model (POM) described by Blumberg and Mellor (1987). The main
features of the model are: use of the generalized vertical coordinate system (Ezer and
Mellor 2004), curvilinear orthogonal horizontal coordinate system, decomposition and
calculation of the velocity and pressure on hydrostatic and dynamic components. Re-
sults of calculations were compared with laboratory experiments data (Schokking
2002).

2. APPROACH AND METHODS
Model equations
In the model, the 3D Reynolds averaged Navier—Stokes (RANS) equations are used:
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where x; =(x,y,z) are the Cartesian coordinates, axis z is directed upward,
u; =(u,v,w) are components of averaged velocity; p is the pressure; g; =(0,0,g) is
the gravity; p, is the constant density in Boussinesq approximation. The Reynolds

stresses u;u; are modelled using the eddy viscosity approach:
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8;; 1s a Kronneker symbol, where eddy viscosity coefficient K, is related with kinetic

energy of turbulence ¢> /2 and length scale /:
Ky =Syuql, 3)
where ¢*/2=uu,, and S, =34,(1/3-24,/B,-C,).

3D extension of ¢°— g% turbulence model (Mellor and Yamada 1982) is used:
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where P is the turbulent production due to the velocity shear:

2 2 2
P= 8_u+@ +(8_u+6_wj + @4—@ . (5)
oy Ox 0z Ox oz Oy
Unlike one-dimensional turbulence model (Mellor and Yamada 1982), the production
term includes horizontal velocity shear. In the last term in the square brackets in

eq. (4), there is presented the so-called wall function that is necessary in ¢*— g’/

model for more accurate flow description near the solid boundaries. L is supposed to
be a measure of the distance from the wall and specified according to
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where r is the radius vector for the point in the fluid domain bounded by solid wall
at r; dA(r,) is an elemental wall area. If the vertical scale of computational domain

is negligible then the following relations can be used
L=l +|H+2", (7

where H is the bottom depth. In the turbulence model, eqgs. (2)-(4), L calculated as
minimal distance from the point to the nearest wall of the domain. The constants of
turbulence model 4,, 4,, By, Ci, Ey, E», S,;, S), x are determined in Mellor and Yamada
(1982).

Boundary conditions
The kinematic condition on the water surface z =7(x,y,7) is

U/ L/
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The dynamic condition is K,, 8V, /6z=1,/p,, where V, =(u,v), 1, = (rox,roy) is
surface stress.

At the computational layer nearest to the bottom, z=-H +z,, we have:
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where 1, = p,C, |Vh|Vh, C, =max {0.0005; lln( j }, z, 1s the height of the
K

first computational point in the boundary layer, and z, is the roughness parameter.

The relevant boundary conditions for egs. (2)-(4a,b) at the surface and bottom are

[qz (7). qzl(n)] = [Blmuf (0), OJ, [qz (-H), qzl(—H)] = [Bf/suf (-H), O],
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where u,(0), u,(—H) are the dynamic velocities:

”Z (0) =|’C0|/,00 > uf (_H) :|Tb|/p0 :

At the solid boundaries, the non-slip conditions and conditions for the wall loga-
rithmic boundary layer are used. On the jet-side boundaries, normal components of ve-
locity and turbulence fluxes are nil, except of directly the jet domain. At the open
boundaries, the condition based on Newtonian relaxation technique for a sea level is
used. The computational domain is a closed area that is divided into internal zone and
relaxation zones along the open boundaries. The boundary conditions at the outer
boundary of relaxation zones are non-slip conditions. The equation for surface eleva-
tion was derived by the integration of continuity equation from bottom to surface. The
modified equation is

on ou(H+n) ov(H+n) a(n-n,) ®
ot Ox oy T

The right-hand side is Newtonian relaxation term, where « is the relaxation parame-
ter, that is, & =1 in the relaxation zone and a =0 outside of it, 7, is the prescribed

elevation on the boundary and T is relaxation time. This parameter is chosen to satisfy
non-reflecting condition for disturbances incoming in the relaxation zone.

Jet from the ship propeller

For the calculation of the inflow velocity induced by propeller jet, relations based on
the empirical model (Blaauw and Van de Kaa 1987) were used. In this model the real
propeller was replaced by bowthruster. The beginning of the vessel movement is con-
sidered. Thus, jet velocity U, is calculated as

U, =8Kn’D* |, 9)

where D is the diameter of the propeller (in m), » is the number of revolutions per
second, K, is the thrust coefficient. In case the value of K, is unknown Blaauw and

Van de Kaa give a formula for U, based on the installed engine power P (in wat):

13
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where empirical constant C, =1.48.

Numerical method

A generalized coordinate system (Ezer and Mellor 2004) is used. Pressure and veloc-
ity fields are decomposed into hydrostatic and non-hydrostatic components (Kanarska
and Maderich 2003). Finite difference semi-implicit methods were used to solve 2D
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equations for surface elevation and depth averaged velocities (external mode) and 3D
equations for velocity and pressure (internal mode) (Blumberg and Mellor 1987). Free
surface elevation, hydrostatic and non-hydrostatic components of pressure and veloc-
ity are calculated at sequential stages. Unlike most of non-hydrostatic models, 2D
depth-integrated momentum and continuity equations were integrated explicitly with
the mode splitting technique at the first stage, whereas the 3D equations were solved
implicitly at subsequent stages.

The finite-difference solutions of governing equations were derived using a four-
stage procedure. Stage 1: The scalar fields. Turbulent energy and length scale are
computed using a semi-implicit numerical scheme. Stage 2: Free surface elevation.
The calculation of free surface elevation is performed explicitly from depth-integrated
shallow water equations. The initial 2D velocity fields on each external stage are de-
termined by direct integration of the general non-hydrostatic 3D velocity fields of the
previous internal step. Stage 3: Hydrostatic components of the velocity and pressure
fields. The 3D hydrodynamic equations without the non-hydrostatic pressure compo-
nent are solved semi-implicitly with an internal time step to determine provisional
values of the velocity field. The advection and horizontal viscosity are discretized ex-
plicitly. The obtained three-diagonal system is solved by a direct method. Stage 4:
Non-hydrostatic components of the velocity and pressure fields. The non-hydrostatic
components of velocity are computed by correcting the provisional velocity field with
the gradient of non-hydrostatic pressure to satisfy the continuity equation for the sum
of hydrostatic and non-hydrostatic velocities. The discretized Poisson equation ob-
tained for the non-hydrostatic pressure is reduced to a non-symmetric 15-diagonal lin-
ear system that is solved by preconditioned biconjugate gradient method. Once the
non-hydrostatic pressure is determined, the corresponding components of velocity
fields are calculated.

3. RESULTS
Example of simulations

Comparison of the numerical results and results of the laboratory experiment (Schok-
king 2002) was carried out, and the impact of the turbulent ship propeller jet on the in-
clined bottom was investigated. Experimental setup is presented in Fig. 1. The basin
used has the dimensions 2x1.9%x0.48 m, the slope ratio is 1:3.
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Fig. 1. Side view and dimensions of the experimetal basin.
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Propeller with diameter D, =0.1 m was installed on a depth of 0.29 m in barrier

that divided enclosed volume from the accessory volume in which water comes to bal-
ance level in both tanks. The water flows away through outlets on the sides of the ba-
sin, and on these sides the Newton relaxation boundary conditions was used in simula-
tions (Palma and Matano 1996).

In the experiment, the initial velocity was Uy = 1.36 m/s. In numerical simula-
tions the jet flowed out from rectangular hole with the dimensions 10.8%6.6 cm with
the initial velocity 1.38 m/s, that correspond to momentum of the flow in the experi-
ment. The numerical grid was 100x80%50 nodes. Results of the calculations of the
steady flow are shown in Figs. 2 and 3. In Fig. 2 the velocity field near bottom layer
when the flow become steady is shown. In Fig. 3 comparison of the calculated and ex-
perimental horizontal velocity profiles in the nearest zone (a zone of flow establish-
ment) and distant zone (a zone of established flow) are presented. As it is seen from
the figure, the calculated velocity distribution rather well agreed with experimental
one. Figure 5 shows the shear stresses field near the bottom. As it seen from the pic-
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Fig. 2. Velocity field in the bottom layer.

0.8 1.2 1.6
X {m)

Fig. 3. Comparison of the experimental and calculated horizontal velocity profiles.
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ture the zone of maximum tangential near bottom stresses is located near the point of
the intersection of the jet axis and inclined bottom. The results of the free-propeller jet
in the experiment of Schokking (2002) show that the maximum damage on the slope
occurs at the lower part of the slope, approximately between 0 and 0.10 m from the toe
(see Figs. 4 and 5a).

Maximum damage location. i Jet axis
_ Length equals 0.10 m

Fig. 4. Location of maximum damage, visualized in the xz plane.
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Fig. 5: (a) Bottom shear velocity field; (b) Dynamic pressure gradient module.

According to the experiments, the maximum damage zone is located much lower
than the maximum bottom velocity and shear stresses zone. Moreover, the bottom
sediment particle motion in the lower part of the slope occurred in the direction oppo-
site to flow. In the framework of the model presented here the problem of the bottom
erosion is not considered. However, the overview of the existing sediment transport
models (Jia and Wang 1997, Donnell 2001, Mike-21 CAMS 2003) shows that most of
them are based on the calculation of the equilibrium sediment concentration that is de-
pendent only on the bottom shear stresses. Therefore, sediment transport models that
takes into account only bottom shear stresses are unable to describe the location of the
maximum damage zone in this experiment. Distribution of the module of the dynamic
pressure gradient (see Fig. 5b) allows to explain experimental location of the maxi-
mum damage zone. The force induced by the pressure difference also is a driving
force for the sediment load.
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From Fig. 5b it is seen that pressure gradient has the maximum at the base of the
slope and directed against the flow, that allows to explain the direction and mechanism
of particles motion in the experiment.

4. CONCLUSIONS

A new three-dimensional numerical non-hydrostatic model with a free surface is pre-
sented that was designed for modelling bottom and bank stability subjected by ship
propeller jets. As distinct from all known models, it describes three-dimensional fields
of velocities generated by ship propellers, turbulence intensity and length scale in the
given domain of arbitrary bottom and coastal topography. The time and space varying
bottom shear stresses and pressure gradient are calculated. The results of simulations
show agreement with laboratory experiments. It was concluded that in considered
problems for bottom erosion modelling it is needed to use the models of the sediment
transport that take into account forces caused by pressure gradient. Such model should
be coupled with tree-dimensional non-hydrostatic hydrodynamics models.
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