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Abstract

A previous work at Royal IHC, following the observation from sea trials of trailing suction
hopper dredgers (TSHD) that the turning performance of bow tunnel thrusters significantly
reduced at slow forward speeds, studied the flow behaviour and performance of bow tunnel
thrusters at slow forward speeds using Computational Fluid Dynamics (CFD). Simulations
were performed, on model scale, first with a simplified wedge model of a containership and
then with a simplified wedge model of a TSHD with the thruster modelled by an actuator disk.
The numerical results deviated significantly from experimental results from literature. The
present work aims to investigate this deviation. Simulations are also performed with a full
thruster unit to compare with the actuator disk approach. Also, possible improvement in
thruster effectivity is explored by altering the tunnel geometry of the TSHD wedge.

First, a grid convergence study is performed on the containership wedge. Next, simulations
are carried out for a range of forward speeds - for selected thrusts for the actuator disk approach,
and corresponding rpm’s for those thrusts for a full thruster unit. In case of the actuator disk
approach, the numerical results show a steady increase of transverse force (Fy) with increasing
forward speed, contrary to observations in sea trials. The circulation around the wedge,
resulting from interaction of the jet from the tunnel and the cross-flow due to the forward speed,
results in the wedge to behave as a slender body in a flow. This results in a transverse force,
analogous to Kutta-Joukowski lift, that results in increased Fy. A full thruster unit in place of
the actuator disk result in a different flow behaviour and variation of Fy with forward speed. In
this case, an initial decline in Fy is observed before it increases monotonically. Comparison
with experimental result of the containership wedge and numerical results by both actuator disk
and thruster unit show considerable deviation. The transverse force due to the circulation
around the hull presents a plausible explanation.

The conclusions from the grid convergence study for the containership model are utilized
in meshing the TSHD wedge. Simulations performed for a range of forward speeds, first with
actuator disk approximation, indicated lowered thruster performance as was observed in sea
trials. The pressure contours over the hull imply that the resultant of the forces around the inlet
— due to low pressure caused by high velocities of the flow into the tunnel — and those around
the outlet — due to low pressure caused by high velocities of outflow — is such that there is a
net thrust deduction. Simulations with thruster unit also show lowered thruster effectivity.

The tunnel of the TSHD wedge is then given a forward bend of 45° at the tunnel inlet and
outlet in order to explore the possibility of improving thruster performance. It is expected that
the changed geometry will result in better inflow at tunnel inlet, and the action of the cross-
flow on the jet will result in a ‘straightened’ jet with lesser interaction with the hull compared
to a jet from a straight tunnel. The CFD results, with actuator disk approximation, indicate that
thruster effectivity improves in case of higher forward speeds and reduces for lower speeds. It
is advisable to perform the study with smaller tunnel bending angles such that the jet-flow
interaction is favourable for the entire range of speeds.
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1 Introduction

Bow tunnel thrusters enhance manoeuvrability of vessels during mooring and while operating
at slow speeds. They can be designed to provide additional station keeping power when
dynamic positioning. In case of trailing hopper dredgers wherein the present work is especially
relevant, the thrusters are important for slow speed manoeuvring and course keeping. Figure
1.1 shows a typical bow tunnel thruster.

Figure 1.1 Bow tunnel thruster with protection grid. Picture adapted from [4].

It was observed in a study conducted by MARIN for Royal IHC[6] that the turning
performance by using the bow thrusters is significantly reduced when the dredging vessel under
consideration was moving forward at a speed of 5 knots compared to when the ship was at rest.
The decrease in effectivity of tunnel thrusters with increasing forward speed has been a subject
of several studies[1,2,4].

1.1 Summary of the previous work

Although the performance of lateral tunnel thrusters on ships has been investigated by many
researchers for decades, Computational Fluid Dynamics modelling is a relatively late entrant
in the scene. Among the earliest works are those by Ridley[9] wherein an attempt was made to
correlate full-scale data to model test data pertaining to conditions with forward speed and
operational thruster. Beveridge[ /] examined the interaction between the ambient flow of a hull
and bow thruster inflow and outflow theoretically and experimentally, and concluded that it is
bow-thruster outflow, not inflow, which is an important factor in bow-thruster jet interaction
at forward speed. Baniela[4] studied the effectiveness of a bow tunnel thruster with slow speed
ahead, describing the general reasons for the decrease in performance, and explored anti-
suction tunnel as a possible design option that can improve the effectiveness. Karlikov and
Sholomovich [12] studied the interaction of thruster-generated jets with the flow near the hull
at low flow velocities.

Nienhuis[1] analysed the effectivity of thrusters with numerical and experimental tools. The
effects of ship speed and current on the lateral forces developed by the tunnel thruster was

1



2 1. Introduction

considered in some detail. For this purpose, model tests were performed on a wedge-shaped
hull hereafter referred to as the Nienhuis wedge. The experimental results were used to validate
the computations.

Motivated by the observation at Royal IHC[6] that the turning ability using a bow tunnel
thruster is significantly decreased in forward speed conditions, the performance of a tunnel
thruster was studied for varying tunnel cross-sections using CFD by Schaap[2]. The effectivity
of the thruster is represented by the thrust deduction factor Cr which is calculated from the
transverse forces on the hull and the thrust. CFD simulations are performed for a simplified
wedge model of a containership with a bow tunnel thruster, as defined by Nienhuis[1], and
validated with model test results provided by Nienhuis[1]. Upon validation, while qualitative
validity is established, large differences are observed between the quantitative results of the
model tests from [1] and those of CFD simulations [2]. In these simulations, the tunnel thruster
was modeled by an actuator disk. Simulations are then presented for the hull geometry of
interest — a hopper wedge model based on a trailing suction hopper dredger - wherein the
transverse forces are obtained and compared for varying bow tunnel cross-sections. A
systematic tunnel cross-section variation is derived and three different shapes(SAABB cross
section series) are computed at different ship speeds: a circular cross-section (S1010A),
flattened cross-section (S0610A) and a streamlined cross-section (S0602A), as shown in Figure
1.2.

Z- coordinate [m]

111/ IO - S AT ST S R :

145 150 155 160 165 170 175 180 1.85
X- coordinate [m)]

Figure 1.2: SAABB cross section series used in the study. From [2].

It is observed that the thruster effectivity is improved by increased transverse force although
resistance is increased as well. The study by Schaap[2] forms a basis to the current work.

1.2 Objectives

The objective of the present work is to further investigate the deviation between the numerical
and experimental results of thruster effectivity as observed in the work by Schaap[2]. In
particular, the effect of the actuator disk approach is investigated by including a full thruster
unit in the CFD simulations. Additionally, another concept for improving thruster efficiency is
explored, namely that of a forward bent tunnel inlet and outlet.



1.3 Problem approach

1.3 Problem approach

Simulations can be performed for Nienhuis wedge with a tunnel thruster approximated with an
actuator disk in order to do a grid convergence study. The “converged” grid is then used to
study tunnel thruster effectivity for a range of forward ship speeds. The actuator disk is then
replaced by a thruster (including propeller, hub, and strut) and simulations performed. The
latter CFD results are expected to correspond better to the available experimental results. The
2 approaches may be compared for the same forward speed-thrust combinations. The tunnel
thruster effectivity for a Hopper wedge with a full thruster can then be analysed.

1.4 Tools

As opposed to the work by Schaap[2], the present work is carried out using ANSYS software.
The geometry is meshed with ANSYS ICEM CFD. The resulting unstructured mesh consists
of tetrahedral and prism elements. ANSYS ICEM CFD generates hybrid tetrahedral grids
consisting of layers of prism elements near the boundary surfaces to better model the near-wall
physics and tetrahedral elements in the interior. The simulations are then performed using
ANSYS CFX, which employs vertex-based finite volume method to solve the Reynolds
Averaged Navier Stokes equations.

1.5 Outline of the report

In chapter 2, the numerical formulation is presented, including the governing equations and the
solution procedure. Fundamentals of Computational Fluid Dynamics, including Reynolds
averaging and turbulence modeling are summarized. In chapter 3, CFD results are presented
for the Nienhuis wedge operating at low forward speeds, with a functioning tunnel thruster. In
the initial section, the thruster is modelled by an actuator disk in order to compare the results
with those from [2]. Next, the actuator disk is replaced by a full thruster unit. Chapter 4
describes the simulations for a hull corresponding to a Trailing Suction Hopper Dredger,
referred to as Hopper wedge. As in chapter 3, the actuator disk approximation as well as a full
thruster unit are used to investigate the action of tunnel thruster in forward speed conditions.






2 Numerical Formulation

A theoretical background relevant to the present work is provided. It entails an introduction to
Computational Fluid Dynamics (CFD), with emphasis on finite volume method used by
ANSYS CFX. An overview of Reynolds-Averaged Navier Stokes(RANS) equations, the
discretization method ANSYS CFX solves, and a brief description of turbulence models are
included.

2.1 Concepts Underlying CFD

CFD deals with the prediction of fluid flow, heat and mass transfer, chemical reactions, and
related phenomena by solving numerically the set of governing mathematical equations.

2.1.1 Governing Equations

The motion of a fluid can be described completely in terms of the Navier-Stokes or momentum
equations supplemented by the continuity equation(conservation of mass) and, if required, the
energy equation(conservation of energy). For an incompressible fluid, the continuity equation
IS given as:

V.V =0 2.1)

and the momentum equation, as:
Zr (VO = —%Vp+ V.t (2.2)

where V/ is the velocity vector, p is the density, p the pressure and t the stress tensor.

These equations (along with the conservation of energy equation) form a set of coupled,
nonlinear partial differential equations. For most engineering problems, it is not possible to
solve these equations analytically. However, approximate computer-based solutions can be
obtained for the governing equations for a variety of engineering problems. This is the crux of
Computational Fluid Dynamics (CFD).

2.1.2 Strategy of CFD

Broadly, the strategy of CFD is to replace the continuous problem domain with a discrete
domain using a grid. In the continuous domain, each flow variable is defined at every point in
the domain. In the discrete domain, each flow variable is defined only at discrete points. CFD
simulations involve discretization of the partial differential equations and numerically solving
the resulting algebraic equations. Several CFD techniques exist, such as Finite Difference,
Finite Element, Finite Volume and Spectral methods. The main difference between the
techniques are based on the discretization process and the way in which the flow variables are
approximated.

Finite Difference method, for instance, describes the unknowns of a flow problem by means
of point samples at the node points of a grid. Finite difference approximations of derivatives of
flow variables in terms of the nodal values are generated using truncated Taylor series. The
derivatives appearing in the governing equations are replaced by finite differences resulting in
algebraic equations for the values of the flow variables at each grid point. Finite Element

3



4 2. Numerical Formulation

methods use simple piecewise functions valid on elements to describe the local variations of
unknown flow variables. Spectral methods approximate the unknowns by means of truncated
Fourier series or series of Chebyshev polynomials.

Of the solution methods that CFD codes use, the Finite volume technique is the most well-
established, and is the one used by ANSYS CFX. The method was originally developed as a
special finite difference formulation.

2.1.3 Finite Volume Method

Once a mesh has been formed, the region of interest, referred to as the computational
domain, is divided into small control volumes where the conservation law will be applied. This
division can be done in two ways, as shown in Figure 2.1, depending on where the solution is
stored. One is the cell-centered finite volume scheme where the solution is stored at the center
of each cell. In this case, the cell is the control volume. The other one, used by ANSYS CFX,
vertex-based finite volume scheme where control volumes are constructed around each mesh
vertex. In Figure 2.1, the shaded regions represent the control volumes.

(@) (b)

Figure 2.1 Illustration of cell-centered (a) and vertex-centered (b) type control volume
constructions. Adapted from [25]

The equations are discretized and solved iteratively for each control volume. As such,
approximate values of each variable at discrete points throughout the domain are obtained. A
full picture of the flow behaviour is thus derived. In the finite volume approach, the integral
form of the conservation equations are applied to each control volume to get discrete equations
for the node. For example, the integral form of the continuity equation for steady,
incompressible flow is

J;V.AdS=0 (2.3)

where S refers to the surface of the control volume and 7 is the outward normal at the surface.
The physical implication of the equation is that the net volume flow into the control volume is
zero. In vertex-based approach, the velocity (or any other flow variable, for that matter) are
then described by simple piecewise polynomial functions. The integral equation is then



2.1 Concepts Underlying CFD

transformed into an algebraic equation. Similarly, discrete equations can be obtained for
conservation of momentum (and energy, if required). Boundary conditions are then applied and
the system of discrete equations solved iteratively to obtain a sufficiently converged solution.

2.1.4 Modeling of Turbulence

Turbulent flows are characterized by large, random fluctuations in velocity and pressure in both
space and time. Though the flows are highly unsteady and contain large range of scales, the
mean or average motion is usually well-defined. Most engineering problems involve turbulent
flows and thus turbulence modeling is important in their CFD solutions.

RANS equations

Reynolds Averaged Navier Stokes (RANS) equations makes feasible the estimation and
resolution of all the scales of turbulent flows. The reduced computational requirements for the
RANS equations, while still significant, are orders of magnitude less than that required for the
original Navier-Stokes equations. The assumption (known as the Reynolds decomposition)
behind the RANS equations is that the time-dependent turbulent velocity fluctuations can be
separated from the mean flow velocity. If the velocity field V, as seen in equations 2.1 through
2.3, has the components (u, v, w), the Reynolds decomposition is given as

u(t) =u+u'(t) (2.3)
which implies, V = 7 + V'(¢), where V' has the components (i, v/, w").

Applying this decomposition to the Navier Stokes equations results in RANS equations given
as:

<:|1

V.7 =0 (2.4)

W (T N\T 1o 1o ==,
=y (V.V)Vz—;Vp+;V.(T—pVV) (2.5)

This transform introduces a set of unknowns called the Reynolds stresses, given by vV,
which are functions of the velocity fluctuations. A turbulence model is required to estimate the
Reynolds stresses and produce a closed system of solvable equations.

Turbulence modeling

Based on the turbulent-viscosity hypothesis, a number of models are used to estimate the
Reynolds stresses. The zero equation models are very robust, as they are calculated
algebraically from the flow variables, and do not require solving ordinary differential equations.
However, these models are not very accurate. The one equation models are those in which the
transport equations are solved for one quantity, the turbulent kinetic energy, k. They are
more accurate than the one equation models. But, they have the drawback of being
incomplete since they require a length scale, a flow dependent quantity, which needs to be
specified [16].

The two equation models involve transport equations being solved for two turbulence
quantities. They are more complete as they do not require any flow dependent specification.
k — € and k — w are the most widely used two-equation models used in commercial CFD
codes [26].
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In case of k — €, the transport equations are solved for the two quantities: the turbulent
kinetic energy k and the turbulent viscous dissipation rate €. It models turbulence based on how
the turbulent energy is dissipated by the eddies in the form of heat. k — e model gives good
results in the free stream region, has a good convergence rate and requires lesser memory than
equivalent models. But k goes to zero at the walls, hence resolution is poor close to the walls
and in regions of adverse pressure gradients. Hence k — € is not suitable for systems with
rotating fluids, boundary layer separations, or geometries with curved surfaces.

The k — w model is based on a relation between the turbulent kinetic energy k and the
turbulent frequency w. k — w deals well with domains having adverse pressure gradients.
Hence it is well suited to the near wall regions (boundary layer and viscous sub-layers). But
it can have a strong influence and sensitivity on the incoming turbulence length-scale. It is also
not as good in the free stream region as the k — € model. It takes up more time for convergence
and more memory than the k — e model.

ANSYS CFX provides numerous common two-equation turbulence models and Reynolds—
stress models. The present work employs the widely tested shear stress transport (SST)
turbulence model. The SST model is as economical as the widely used k- model, but it offers
higher fidelity, especially for separated flows, providing excellent answers on a wide range of
flows and near-wall mesh conditions via blending of k — w and k — e formulations. A
description, along with equations, of the model is provided in Appendix A. The SST model
also includes an automatic wall treatment for maximum accuracy in wall shear. The automatic
wall treatment switches between a low-Reynolds number formulation (i.e. direct resolution of
the boundary layer) at low y* (dimensionless wall distance) values and a wall function approach
at higher y* values, thus allowing the user to take advantage of a fine near-wall mesh when
present.



3 CFD study of the Nienhuis wedge

The CFD study will first include simulations with the Nienhuis wedge shown in Figure 3.1,
with dimensions as given in Table 3.1. The thruster is initially approximated by an actuator
disk, and then by a propeller including hub and strut. The computations are validated using
results from literature[12].

For the actuator disk case, transient simulations are employed whereas in the case with the
full propeller, a frozen rotor (steady state) approach is used to model the rotating propeller.
Transient simulations for the latter case for selected ship speeds gave average values of
solutions close to the values obtained with frozen rotor approach. Hence, steady state
simulations are deemed sufficient to capture the flow field, and there is no need to resort to the
time-consuming transient simulations.

3.1 Nienhuis wedge with Actuator disk

In order to perform simulations on the wedge, an optimal grid has to be obtained. A grid
convergence study, as given in section 3.1.2, yields the required optimal grid which is used for
the simulations thereafter. Prior to the description of the grid convergence study, the
computational model is described in the next section.

3.1.1 Computational model
Domain

The computational domain is shown in Figure 3.2, its dimensions being 9L x 8L x 2.5L, where
L is the ship length. The coordinate system places the origin at the bow, on the baseline. The
x-axis points from bow to stern, the positive y-axis is towards starboard, and the positive z-axis
points upwards. The jet from the actuator disk delivers is directed in the positive y-direction.

An actuator disk is used in the simulations to model the thrust of the thruster. A body force
is applied in the region occupied by the thruster as highlighted in Figure 3.5. The body force in
the actuator disk region is given as

F, = — (3.1)

Vap

where T is the applied thrust and Vap the volume of the actuator disk. Since the body force is
directed in the positive y-direction, it is implied that the thrust acts in the opposite direction.
For thrust deduction, the transverse force on the hull must be obtained in the direction opposing
the thrust, i.e. in the positive y-direction.

The thrust is assumed to have a uniform distribution radially over the actuator disk, with no
tangential forces. The actuator disk geometry is shown in Figure 3.4 and the dimensions are as
given in Table 3.2. The dimensions correspond to the propeller dimensions as employed in the
experiments by Nienhuis [1].
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Figure 3.1 Nienhuis wedge

Particular Unit
Length straight section [mm] 1500
Length overall [mm] 3100
Beam [mm] 546
Draft [mm] 508
Tunnel diameter [mm] 150
Tunnel center z location [mm] 152

Table 3.1 Main particulars of the Nienhuis wedge
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Figure 3.2 Overview of the computational domain
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Figure 3.3 Actuator disk in the tunnel

s

Figure 3.4 Geometry of the actuator disk

Particular Unit
Inner radius [m] 0.0225
Outer radius [m] 0.075
Thickness [m] 0.0415
Center coordinates [m] 1.550.00.152

Table 3.2 Particulars of the actuator disk
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Computational approach

A transient approach is employed for computations with the propeller modelled as an
actuator disk wherein unsteady RANS equations (described in section 2.1.1) are solved using
ANSYS CFX. Simulations are run until a converged solution is obtained.

Figure 3.5 shows an overview of the boundary conditions on the computational domain.
The hull is set as a no-slip wall, while the water surface — the top of the domain — is treated as
a free slip wall. The domain and hull are assumed to be stationary and a flow with velocity
Vship IS imposed on the inlet boundary. On the outlet boundary a constant pressure is prescribed.
On the sides of the computational domain, opening boundary condition with entrainment —
suitable when flow direction is unknown - is imposed.

Figure 3.5 Overview of boundary conditions

Discretization

Second-order upwind discretization is used in both space and time. The turbulence model uses
first-order upwind discretization.

3.1.2 Grid convergence study

A grid convergence study is performed to quantify the discretization uncertainty. The method
by Eca and Hoekstra[11], explained in Appendix B, is used. The four systematically refined
grids considered for this purpose are given in Figure 3.8. For simulations, the thrust delivered
by the actuator disk and the forward speed of the ship are obtained based on the values taken
from a full scale simulation typically for a trailing suction hopper dredger, as described in [6].
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The relationship between the thrust and speed in full scale and model scale can be written in
qullscale

terms of the length scale A(= . )as explained in Appendix A.
model
Tfullscale = Tmodel A (3.2)
Vfull scale = Vmodel \/I (3.3)

Based on the dimensions of the Nienhuis wedge and that of the trailing suction hopper dredger
in [6], 2 ~ 40. The hopper has a length (Lsyy; scate) 0f 120 [m] and the actuator disk generates
a thrust (Tryy scaze) Of 114 [KN]. Thus, a thrust Tp,,q¢; = 1.78 N and the a forward speed Vship
= 0.4 m/s are calculated to be used in the simulations for the grid convergence study.

Alteration of hull geometry at tunnel ends

Initially, simulations were carried out with sharp tunnel edges at the intersection of the tunnel
and the hull. In order to obtain grid convergence, three simulations on systematically refined
grids were performed. Figure 3.6 shows the behaviour of Fy, the total lateral force on the ship,
plotted against number of cells in each grid. A monotonic increase in Fyis noted with increasing
refinement of the grids, indicating the absence of grid independence. Further investigation
suggested that the sharp tunnel edges leading to flow separation at the locations as a possible
reason for the behaviour. To avoid this effect, the tunnel ends were rounded by using a fillet
between the tunnel and the hull as shown in Figure 3.7. Using this geometry, another grid
convergence study was carried out for Fy.

Convergent behaviour is obtained with the new geometry using 4 grids, shown in Figure 3.8.
Uncertainty — an interval containing the exact solution with 95% coverage - is estimated using
the method by Eca and Hoekstra [11] (as described in Appendix B) is given in Table 3.3 and
Table 3.4, and the results given in Figure 3.9.

0.6

0.5

0.1

Number of cells

Figure 3.6 Lack of grid convergence for hull with sharp tunnel ends
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Figure 3.7 Altered hull geometry at tunnel ends
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Figure 3.8 The grids used in the grid study

574

'e#m;
a0

h ; Oy O; - Oy € Uy
G Ay F, Mesh 1 64 -2.96 -296  -0.0023 0.272 0.859
0.0415  0.0967 Mesh 2 32 -2.77 -2.75 0.0165 0.082 0.303
Mesh 3 16 -2.67 -270  -0.0329 0.018 0.129
Mesh 4 8 -2.71 -2.69 0.0189 0.022 0.125

w

Table 3.3 Uncertainty estimation. Non-weighted approach

=

Wi D; Dgq D; - Dy € Ug
P Ao F Mesh 1 64 0.067 -2.960 -2.969 -0.009 0.246 0.792
o oo 3 Mesh2 32 0133 2770 2739 0031 0056 0244
Mesh 3 16 0.267 -2.670 -2.701 -0.031 0.044 0.209
Mesh 4 8 0.533 -2.710 -2.701 0.009 0.004 0.067

Table 3.4 Uncertainty estimation. Weighted approach
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Figure 3.9 Results of grid study using the method by Eca and Hoekstra [11]. Non-weighted
(a) and weighted (b) approaches

Non-weighted approach(Table 3.3, Figure 3.9(a)) and weighted approach(Table 3.4, Figure
3.9(b)) are explained in Appendix B. It is noted that the standard deviation o is slightly smaller
for the non-weighted approach which implies the uncertainties obtained therein is relatively
more reliable.

A possible reason for lack of convergence in case of original hull geometry with sharp
tunnel-hull intersections is the flow separation at the sharp edges at tunnel inlet and exit. When
the edges are made smooth with fillets, the boundary layer is able to follow the smooth turn in
corner, thereby minimizing flow separation.

3.2 Investigations with Actuator Disk

After confirmation of grid convergence, the effect of forward speeds of the vessel on thruster
performance was investigated. The computational model is as given in section 3.1.1, and mesh
2 is chosen as the optimally suited grid for the simulations. A constant thrust of 1.78 N, as in
the previous section, is considered at first. A higher value of thrust, 10 N, is considered
thereafter. The following forward speeds are considered: Vship = 0.015 m/s, Vship= 0.1 m/s, Vship
=0.2 m/s, Vship= 0.3 m/s, and Vship= 0.4 m/s.

3.2.1 Computational Results

Thrust T=1.78 N

The flow fields obtained for the different forward speed cases are given in Figure 3.11 through
Figure 3.15. The bending of the jet towards the hull can be observed as forward speed increases.
The deflection of the jet is observed to cause a redistribution of pressure as it becomes oriented
in the longitudinal direction. The pressure contours on the hull can be compared for the cases
with forward speeds with the minimum speed (nearly zero speed) case. Further, the hull can be
split into different parts, as shown in Figure 3.16. The transverse forces on the various parts are
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tabulated for each forward speed case. The redistribution of lateral forces on the hull due to
forward speed can thus be better described, as given in Table 3.5 through Table 3.9.

F, -150
[N]

-2.50

“_!hi.p [m.-"s]

Figure 3.10 Transverse force Fy vs forward speed for T=1.78 N

The variation of the transverse force Fy with forward speed of the wedge is shown in Figure
3.10. There is a steady increase in magnitude in Fyas the forward speed Vship increases. As
mentioned in section 3.1.1, the computed transverse force Fy must be positive to indicate thrust
deduction. The negative sign implies that Fy is in the direction of thrust, indicating a net gain
in thrust. This gain in thrust increases as forward speed increases. The distribution of pressure
over the hull, for each forward speed, can be considered in an attempt to explain this
observation.

A jet in the near-absence of cross-flow is seen in Figure 3.11(a) wherein it suffers a minor
deflection towards the hull. As CFX did not provide sufficiently converged results for an inlet
velocity of 0, therefore a small value (Vsnip = 0.015 m/s) was used as the boundary condition.
The corresponding pressure contours in Figure 3.11(b) and (c) show a uniform pressure over
the hull except around the tunnel ends where the high velocities at the entry and exit lead to
lower pressures. It is seen that Fy is negative implying a gain in thrust which is contrary to
experimental observation[6]. From Table 3.5, it is observed that Fy is positive for the wedge,
bow and stern parts, and it is the contribution on the tunnel ends that makes the net Fy on the
hull in the direction of the thrust. This means that the largest contribution to the total force
comes from the acceleration of the flow at the inlet of the tunnel.

At the slightly higher forward speed Vship = 0.1 m/s, as in Figure 3.12, the flow field is only
slightly different from the lowest speed case. The pressure is uniform over the hull, except in
the vicinity of the tunnel ends where the in- and outflow cause a lower pressure due to high
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velocities. Based on Table 3.6, as in the previous case, the contribution from tunnel ends results
in a net gain of thrust. The acceleration at the inlet side creates a larger force than the bending
of the jet does at the outlet side of the tunnel.

At Vehip = 0.2 m/s, the deflection of the jet is more significantly visible (Figure 3.13(a)) in
the flow field. From the pressure distributions in Figure 3.13(b) and (c), the pressure is largely
uniform over the hull though areas of low pressure are seen to develop in the wedge part, around
the tunnel ends. This is particularly significant on the outlet side. This results in the net
transverse force contribution on the wedge part to decrease in magnitude. This is further
confirmed in Table 3.7 which shows that the forces on bow and stern have been increasing
while the contribution on the wedge part has reduced to a small value in the direction opposing
thrust. For Vship= 0.3 m/s and Vship = 0.4 m/s, it is observed from Figure 3.14 and Figure 3.15
that the jet is significantly bent towards the hull. The contours show redistribution of pressure
on the hull. As the forward speed increases, the forces on bow and stern also increase in
magnitude while the net force on the wedge part decreases until it becomes negative — i.e. in
the direction of thrust — at Vsnip higher than 0.2 m/s. The forces on bow and stern increase in
magnitude, while always directed in the direction of the thrust, such that by Vship = 0.3 m/s the
combination of these components decide the magnitude and direction of the net Fy. The force
on tunnel ends does not vary significantly with forward speed. The transverse force on the
tunnel, which is shearing in nature, remains positive and increases with forward speed.

Velocity [m s*-1]
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(@) Velocity magnitude distribution
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(b) Hydrodynamic pressure. The inlet side(Port)

(c) Hydrodynamic pressure. The outlet side (Starboard)
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Figure 3.11 Vship = 0.015m/s, T=1.78 N
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(b) Hydrodynamic pressure. The inlet side(Port)

(c) Hydrodynamic pressure. The outlet side (Starboard)
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Figure 3.12 Vship =0.1 m/s, T=1.78 N
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(b) Hydrodynamic pressure. The inlet side(Port)

(c) Hydrodynamic pressure. The outlet side (Starboard)

Pressure [Pa]

Figure 3.13 Vship =0.2m/s, T=1.78 N
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(b) Hydrodynamic pressure. The inlet side(Port)
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Pressure [Pa]

Figure 3.15 Vship = 0.4 m/s, T=1.78 N

Stern SB

Figure 3.16 Parts of the hull to observe different components of transverse force



24 3. CFD study of the Nienhuis wedge
Bow [N] Wedge [N]  Stern[N]  Tunnelend [N] Tunnel [N]
Port side 0.326 0.481 0.203 -0.786 0.028
Starboard -0.392 -0.262 -0.252 0.070 0.041
Total [N] -0.066 0.218 -0.048 -0.716 0.069 : -0.543
Table 3.5 Forces for Venip = 0.0015 m/s, T =1.78 N
Bow [N] Wedge [N]  Stern[N]  Tunnelend [N] Tunnel [N]
Port side -0.217 -0.826 -0.127 -0.815 0.028
Starboard 0.133 1.055 0.072 0.102 0.042
Total -0.084 0.229 -0.055 -0.713 0.070  : -0.553
Table 3.6 Forces for Vsnip = 0.1 m/s, T=1.78 N
Bow [N] Wedge [N]  Stern[N] Tunnelend [N] Tunnel [N]
Port side -0.291 -0.528 0.187 -0.942 0.034
Starboard 0.116 0.601 -0.386 0.227 0.050
Total -0.175 0.073 -0.200 -0.715 0.085 : -0.933
Table 3.7 Forces for Vsnip = 0.2 m/s, T=1.78 N
Bow [N] Wedge [N] Stern[N]  Tunnelend [N] Tunnel [N]
Port side -1.777 -5.188 -1.657 -1.190 0.043
Starboard 1.397 4.979 0.957 0.462 0.064
Total -0.380 -0.209 -0.700 -0.728 0.107 : -1.909
Table 3.8 Forces for Vship = 0.3 m/s, T=1.78 N
Bow [N]  Wedge [N] Stern [N] Tunnelend [N]  Tunnel [N]
Port side -3.157 -8.963 -3.080 -1.310 0.050
Starboard 2.631 8.511 1.783 0.663 0.074
Total [N] -0.526 -0.452 -1.297 -0.646 0.124 . -2.797

Table 3.9 Forces for Vsnip = 0.4 m/s, T=1.78 N
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Comparison with Karlikov and Sholomovich

The authors in [12] observed that the performance of bow thrusters is hampered by the strong
dependence of their effectiveness on the ship’s speed. There is an initial decrease in lateral
forces on the ship, and the effectiveness is eventually restored as the speed increases. The
behavior observed in [12] is given in Figure 3.17. In this figure, the coefficient

c="2 (3.4)

Cy,0
where the lateral force coefficient C,, is defined as

2Fy

C, = (3.5)

ijetzAtunnel
where F, is the lateral force on the ship, V., the tunnel jet speed and Awnner the area of the tunnel.
Gy, is the force coefficient at zero forward speed, and the parameter m is the ratio of the ship
speed and the velocity of the jet given by

m= ship (3.6)

Vjet

1
c Tll\\ ° 1’va=6.0 [mfsl]
A\
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Figure 3.17 C-m plot from Karlikov and Sholomovich

The results of the simulations is as shown in Figure 3.18. The CFD results obtained differ vastly
from the results in literature in terms of magnitude and behaviour of C. In place of a drop in
value of C, a monotonous increase is observed in the computed results and thrust deduction is
not observed. However, it must be noted that the hull used by Karlikov and Sholomovich [12]
is different from the Nienhuis wedge, and the behaviours in Figure 3.17 and Figure 3.18 need
not necessarily agree.
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Figure 3.18 C-mplot for T=1.78 N

Further, experiments [6] indicate that the performance, in case of the hopper, initially
decreases with forward speed before increasing again. It is concluded that a Nienhuis wedge,
with atunnel thruster approximated by an actuator disk for thrust T = 1.78 N, shows a different
behaviour. The Nienhuis wedge behaves as a slender body in the flow, with redistributed
pressure over the hull (including the bow and stern) due to the inflow interacting with the jet
from the tunnel. As a result, the wedge experiences a transverse force which manifests as an
increase in the net Fy, and hence in the coefficient C.

Thrust T=10 N

The thrust by the actuator disk is set at 10 N and simulations are performed for a range of
forward speeds as in the preceding case. Figure 3.19 shows the distributions of velocity
magnitude and hydrodynamic pressure on the hull for the ship speed 0.4 m/s. As in the previous
case with thrust T = 1.78 N, the performance of the thruster does not decrease, and, instead, an
increase is obtained with increasing forward ship speed. Table 3.10 — 3.13 show the forces on
the different parts of the hull for T =10 N for various forward speed conditions.

Bow [N] Wedge [N] Stern[N]  Tunnelend [N] Tunnel [N]

Port side -0.351 -3.270 -0.220 -4.580 -0.006
Starboard 0.044 3.710 0.130 0.220 0.000
Total [N] -0.307 0.440 -0.090 -4.360 -0.006 . -4.323

Table 3.10 Forces for Vship =0.1 m/s, T=10 N
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Bow [N] Wedge [N]  Stern[N] Tunnelend [N] Tunnel [N]

Port side 0.124 -1.200 0.099 -4.640 -0.006
Starboard -0.268 2.510 -0.002 0.220 0.000
Total [N] -0.144 1.310 0.097 -4.420 -0.006 : -3.163

Table 3.11 Forces for Vship=0.2m/s, T=10 N

Bow [N]  Wedge [N] Stern[N]  Tunnelend [N] Tunnel [N]

Port side 1.680 2.690 1.090 -4.490 -0.006
Starboard -1.820 -2.520 -1.010 0.190 0.000
Total [N] -0.140 0.170 0.080 -4.300 -0.006 i -4.196

Table 3.12 Forces for Vship = 0.3 m/s, T=10 N

Bow [N]  Wedge [N] Stern [N] Tunnelend [N]  Tunnel [N]

Port side 4.230 8.850 2.700 -4.450 -0.006
Starboard -4.430 -8.840 -2.640 0.150 0.000
Total [N] -0.200 0.010 0.060 -4.300 -0.006 : -4.436

Table 3.13 Forces for Vship = 0.4 m/s, T=10 N

In Figure 3.19(a), it is seen that the jet is only minimally influenced by the cross-flow even
for a high forward speed of 0.4 m/s. This implies a uniform pressure distribution over the hull,
with variations around the inlet and outlet, as seen in Figure 3.19(b) and (c). Similar to the case
explained in Figure 3.11 (T = 1.78 N, minimum speed case), the contribution on the tunnel ends
result in a force Fythat is negative implying a gain in thrust.

It is seen from Table 3.10 — 3.13 that the force at tunnel ends contribute the most towards
the net negative Fy for all speeds considered. The magnitude of the forces at tunnel ends are
also similar in the four cases, resulting in little variation in the net transverse force. It is seen
the forces at the bow, wedge and stern regions vary with the forward speed. However, the
magnitude of force contributions by these areas are much smaller compared to the force
resulting from the acceleration of the flow at tunnel inlet.

This study further reinforces the previously obtained conclusion that numerical simulations
on Nienhuis wedge does not agree with the experimental observations [6] indicating a decrease
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in performance of the thruster. Further numerical studies with the Nienhuis wedge may be
performed with a full thruster unit with hub and strut, instead of the actuator disk approach.

) ) ) ) 7
. 0 . L? . 6\ . '.9 .e
% 2 27 % D

(a) Velocity magnitude distribution

(b) Hydrodynamic pressure. The inlet side (Port)
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(c) Hydrodynamic pressure. The outlet side (Starboard)
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Figure 3.19 Vship=0.4m/s, T=10 N

3.3 Isolated Thruster in a tunnel

In order to investigate the influence of the use of an actuator disk to model the thrust on the
numerical results, the actuator disk is replaced by a full thruster unit in the tunnel. This thruster
unit is shown in Figure 3.20, consisting of the propeller blades, a hub and a strut.

In order to deliver the same thrust as that used in the actuator disk, the thruster unit’s
propeller characteristics must be determined. For this purpose, the thruster unit is placed inside
an isolated tunnel as shown in Figure 3.21 and a numerical simulation is carried out for a given
propeller rotation speed. Then, from similarity the propeller rotation speed for the desired thrust
can be calculated.

Figure 3.20 The thruster unit
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ou%

no-slip wall

Figure 3.21 Isolated thruster in a tunnel: Computational domain

3.3.1 Computational model

Numerical Formulation

To simulate the rotating propeller of the thruster unit the frozen rotor approach is employed. In
this approach, the propeller is fixed in a given position with respect to the hub and strut, while
the rotation effects are accounted for by including source terms in the Navier-Stokes equations,
viz. the centrifugal and Coriolis forces. Note that doing so, the frozen rotor model does not
resolve the unsteadiness of the wakes in time resulting from the propeller blades passing the
hub and strut, however, the results resemble a snapshot in time of the actual flow corresponding
to the chosen propeller blade position.

Computational Domain

The thruster unit is simulated in the center of an isolated tunnel as shown in Figure 3.21. The
rotating part of domain containing the propeller blades is highlighted in this figure. This
rotating part of the domain is connected to the remaining stationary domain at the interfaces as
indicated in Figure 3.22 using the General Grid Interface (GGI) technique which is a method
for connecting non-conformal and conformal mesh regions.

At the solid walls, that is the thruster unit and the tunnel walls, a no-slip conditions is applied.
It can be argued that a tunnel thruster unit on a vessel operates in bollard-pull condition, as the
unit is directed perpendicular to the main forward speed of the vessel. Therefore, at the inlet
and outlet boundaries of the tunnel, a constant pressure boundary condition is applied, as
opposed to the use of a boundary condition prescribing a given velocity. The computational
grid on the thruster unit surface is shown in Figure 3.23.
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Figure 3.23 Grid on the propeller

3.3.2 Computational results

In order to verify similarity, simulations are performed for two propeller rotation speeds, n =
504 rpm and n = 762 rpm. The resulting calculated thrust for both rotation speeds are given in

Table 3.14.
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n T
[rpm] [N]

504 4.78

762 10.95

Table 3.14 Values of rpm and thrust for thruster unit in a tunnel
Now, similarity can be checked by considering the thrust coefficient K1, defined as:

— (3.7)

T — pn2D4-

where T [N] is the total thrust of the unit, p [kg/m®] is the fluid density and D [m] the propeller
blades diameter. From similarity (Kt = constant) it follows that from a given thrust and
corresponding rotation speed (Tz, n1), desired conditions (T2, nz) can be calculated from

- X (3.8)

n12 - n22
From the numerical results it follows that

T, T, _
o / v 0.998
which confirms that similarity applies in the numerical results.

In Figure 3.24, the calculated flow field for n = 504 rpm is shown in a cross section through
the center of the tunnel. Note that the velocity magnitude is increased behind the thruster unit
at the outer diameters of the tunnel, while a wake is formed behind the hub in the center of the

tunnel.

Q ©) A © &)
Q'Q Q('L Q"p P N
Velocity [m s?-1]

Figure 3.24 Flow field for n = 504 rpm
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3.4 Nienhuis wedge with a thruster unit

In order to investigate the influence of the actuator disk approach as employed previously, the
tunnel thruster is now investigated by using a full thruster unit, using the rotation speed as
calculated in the previous section.

Computational Domain

For consistency with the actuator disk simulations, the center plane of the thruster unit’s
propeller blades is positioned in the center of the tunnel, see Figure 3.25.

Figure 3.25 The thruster in the bow tunnel

The computational domain and settings remain the same as described in previous sections.
Similarly as in the previous simulations, Mesh 2 is chosen as an optimal grid for future
simulations following the grid convergence study described in section 3.1.2. The grid
containing the thruster unit is similar to that given in section 3.3.1.

3.4.1 Thruster unit with 307 rpm

A rotation speed of n = 307 rpm corresponds to a thrust of T = 1.78 N, based on the similarity
as described in section 3.3.1. Simulations are performed for a range of forward speeds for this
rotational speed and the efficiency of the thruster is investigated.

Comparison with Karlikov and Sholomovich

The CFD results obtained differ from the results in literature in terms of magnitude of variation
in the coefficient C (explained in section 3.2.1) although there is resemblance in the behaviour.
In case of the obtained results, there is a slight ‘gain’ in thrust for lower values of m before the
decrease. The distribution of forces on the hull can be investigated for a value of m that shows
an increase in C above 1 as well as one for which C < 1 and an attempt for an explanation is
made. The hull can be divided into different parts for convenience of analysis as in Figure 3.16,
and the force on each part may be computed. The results for 307 rpm, as shown in Figure 3.26
show a deduction in thrust for the value of parameter m = 0.485 or Vehip = 0.2 m/s.
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Figure 3.26 C-m plots for 307 rpm

The thrust of the thruster unit can also be calculated by integrating the pressure and shear
stress on the thruster. It is found that the computed thrust is not just much higher than the
assumed value of 1.78 N, it also varies with forward speed. These observations may be
attributed to the thruster-hull interaction and the change in inflow to the thruster with forward
speed. The thrusts and the corresponding speeds are as tabulated in Table 3.15.

Vship Computed thrust
[m/s] [N]

0.01 3.03

0.1 3.16

0.2 2.69

0.3 2.58

0.4 3.96

Table 3.15 Thrusts computed for 307 rpm and the corresponding forward speeds

It is concluded that the relation based on similarity as obtained in section 3.3.1 does not hold
for a thruster in a tunnel with the vessel having a forward speed. Hence, obtaining the desired
thrust for a given forward speed requires some trial and error with the propeller rotation speed.
It is seen that an approximately steady thrust of 10 N can be obtained by varying the rotation
speed between 488 and 500 rpm. Results obtained using these rotation speeds can be compared
to the actuator disk cases with 10 N thrust. Further, C-m plots can be obtained for both the
actuator disk approach and the thruster unit, for the delivered thrust of 10 N, and compared.
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3.4.2 Thruster unit vs Actuator disk with delivered thrust of 10 N

The velocity distribution for the thruster unit for 488 rpm with forward speed 0.4 m/s is shown
in Figure 3.27. The computed thrust for this rotation speed is 9.3 N. The velocity distribution
for the actuator disk approach for the same forward speed is given in Figure 3.28.

Figure 3.27 Velocity magnitude distribution, 488 rpm, Vship = 0.4 m/s
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Velocity : [m s?-1]

Figure 3.28 Velocity magnitude distribution for actuator disk, T = 10 N, Vship = 0.4 m/s

A stronger jet is seen in the actuator disk case compared to the one with the thruster unit
although both cases have similar delivered thrusts.

The C-m plots for both cases can be plotted and compared, as shown in Figure 3.29. It is
seen from Figure 3.29 that for the thruster unit case, higher values of m show a deduction in
thrust, while the actuator disk approach indicate a gain in thrust for the whole range of m.
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Figure 3.29 C-m plots for actuator disk and thruster unit cases for delivered thrust = 10 N

Higher values of m imply weaker jets. Hence, for weaker jets, the thruster unit shows a
deduction in thrust. On the contrary, the value of the coefficient C does not vary much with m
in case of the actuator disk approach. The rotation imparted by the thruster and the wake region
that forms behind the hub of the thruster unit results in a significantly different flow field.

3.4.3 Comparison with experimental values

The test results from Nienhuis[1] are used for quantitative comparison with the numerical
results. Nienhuis has provided a plot of thrust deduction factor Cr against transverse speed of
the hull from model tests. Since the current work deals with the hull having forward speeds,
the provided values of Crat zero speed can be used to make a quantitative comparison. Based
on Schaap[2], the thrust deduction factor Cris defined for the actuator disk approach as:

F,

where Fy is the transverse force on the hull with the actuator disk delivering thrust T. In case
of simulations with a thruster unit, Cr is given by Schaap[2] as:

T—-Fy,

CF= T

(3.10)

where T is the computed thrust delivered by the thruster and Fy is the transverse force on the
hull.

While comparing the values quantitatively, it is to be noted that the geometry of the thruster
unit used by Nienhuis is different from the one used in the current work. Nienhuis has provided
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the values of Cr for various rpm’s of the thruster. The value of 504 rpm is close to the value
used in the current work, corresponding to a thrust of 10 N. The value of Cg given by Nienhuis
for 504 rpm is 0.62. The computed value of Cr for the actuator disk approach is -0.24, while
the value of Cr obtained from simulation with the thruster unit is -0.16. The negative sign in
the computed results show a gain in thrust.

The conclusion is that the thruster unit gives a value of Cr closer to the value by Nienhuis
although both numerical results are significantly different from to the experimental value. As
noted before, the thruster geometries are different for the model tests and the computations.
Also, as explained in section 3.2.1, the zero forward speed condition did not provide
sufficiently converged solutions. These values of Cr are therefore computed at a small, non-
zero forward speed. These factors must account for the variation in the results.
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The Hopper wedge geometry is based on a Trailing Suction Hopper Dredger, and is given in
Figure 4.1. The main particulars of the wedge are given in Table 4.1. As in the case of the
Nienhuis wedge in the chapter 3, the thruster is approximated by an actuator disk as well as a
propeller with hub and strut. Upon comparing the results from actuator disk approximation of
the tunnel thruster and the use of a thruster unit, and considering the fact that the latter case
takes more time to converge, the actuator disk approximation is given prominence. The use of
the full propeller is restricted to a single case due to time constraints.

Figure 4.1 Hopper Wedge with straight tunnel

Particular Symbol Unit

Length overall L [mm] 3100
Beam B [mm] 1506
Draft T [mm] 508
Tunnel diameter D [mm] 150
Tunnel center location above keel Zef [mm] 109.6

Table 4.1 Particulars of the Hopper wedge

39
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4.1 Simulations with the Hopper wedge

The grid convergence study from section 3.1.2 yielded an optimal grid for which the
simulations thereafter were carried out for the Nienhuis wedge. The conclusions of the grid
convergence study — the cell sizes for local mesh refinements - are used to mesh the Hopper
wedge, so that in view of time a time-consuming convergence study is not repeated.

4.1.1 Computational Model

The computational domain and approach are as in section 3.1.1. The actuator disk geometry
and dimensions are also the same as in Figure 3.4 and Table 3.2, except the center coordinates.
Aside from the differences in geometry between the Nienhuis and Hopper wedges, other
aspects of the computational model are the same in both cases.

The actuator disk for the Hopper wedge is first set to deliver a thrust of 1.78 N, for a forward
speed 0.1 m/s, as in section 3.2. However, converged results could not be obtained for this
value of thrust for the Hopper wedge even after a large number of time steps. At a higher thrust
of 10 N, converged results were readily obtained and it was decided that the focus will be on
this value of thrust. Simulations are then performed for a range of forward ship speeds. The
cases with forward ship speed Vship= 0.1 m/s, 0.2 m/s, 0.3 m/s and 0.4 m/s are considered. Two
types of tunnel geometries are considered. At first, the geometry given in Figure 4.1, with a
straight tunnel, is used in the numerical study. The loss of performance of the thrusters, as in
the experiments, is attempted to be demonstrated. The actuator disk is then replaced by a
thruster unit, as in section 3.4, with an rpm to deliver a thrust of approximately 10 N. The
thruster unit is employed only for the forward speed of 0.4 m/s for comparison. Next, the inlet
and outlet of the tunnel are bent forward (towards the bow) as shown in Figure 4.2 wherein the
angle is 45° to the longitudinal axis. It is intended that the bent inlet provides a better inflow.
At the outlet, the cross-flow is expected to counteract the bent jet flow and hence the low
pressure on the hull associated with it. The forces are analyzed for both geometries and it is
investigated whether the jet at an angle to the cross-flow improves the performance of the
thruster at different forward speeds. The longitudinal (drag) force Fxand the transverse force
on the hull Fyfor straight and bent tunnel for each forward speed can be tabulated and compared,
asin Table 4.11.
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Figure 4.2 Hopper wedge with (45°) bent tunnel

4.1.2 Results
Straight tunnel with Actuator disk

The velocity distributions and pressure distributions on the hull in case of the straight tunnel
for ship speeds Vship = 0.1 m/s, 0.2 m/s, 0.3 m/s and 0.4 m/s are given in Figure 4.4 through
Figure 4.7. As in section 3.2.1, varying deflection of the jet is seen as forward speed varies.
The pressure contours give an indication of the redistribution of pressure on the hull. As shown
in

Figure 4.3, same as the case with Nienhuis wedge in Figure 3.16, the hull can be split into parts
and the contribution of each towards the net transverse force can be tabulated. Tables 4.2 - 4.5
present the force contribution of each part in case of each forward ship speed.
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‘Wedge Port side

Bow Port side

Figure 4.3 Hull split into parts for analysis of forces

(a) Velocity magnitude distribution
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(b) Hydrodynamic pressure. The inlet side (Port)

(c) Hydrodynamic pressure. The outlet side (Starboard)
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Figure 4.4 Vehip =0.1m/s, T=10 N

Bow [N] Wedge [N] Stern[N]  Tunnelend [N] Tunnel [N]

Portside  -1.100 -1.920 0.001 -2.600 -0.005
Starboard  0.490 4.320 1.110 0.380 0.000
Total [N]  -0.610 2.400 1111 -2.220 -0.005 : 0.676

Table 4.2 Forces for Vship = 0.1 m/s
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(a) Velocity magnitude distribution

(b) Hydrodynamic pressure. The inlet side (Port)

(c) Hydrodynamic pressure. The outlet side (Starboard)

Pressure [Pa]

Figure 4.5 Vship =0.2m/s, T=10N
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Bow [N] Wedge [N] Stern[N]  Tunnelend [N] Tunnel [N]

Port side -3.19 -6.82 -1.08 -2.63 -0.01
Starboard 2.54 9.00 2.22 0.44 0.00
Total [N] -0.65 2.18 1.14 -2.19 -0.01 : 047

Table 4.3 Forces for Vship = 0.2 m/s

(a) Velocity magnitude distribution

(b) Hydrodynamic pressure. The inlet side (Port)
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(c) Hydrodynamic pressure. The outlet side (Starboard)

Pressure [Pa]

Figure 4.6 Vship = 0.3 m/s, T=10 N

Bow [N] Wedge [N] Stern[N]  Tunnelend [N] Tunnel [N]

Port side -4.21 -9.19 -1.61 -2.65 -0.01
Starboard 3.54 11.33 2.84 0.46 0.00
Total [N] -0.67 2.14 1.23 -2.19 -0.01 : 0.50

Table 4.4 Forces for Vship = 0.3 m/s
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(a) Velocity magnitude distribution
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(b) Hydrodynamic pressure. The inlet side (Port)

(c) Hydrodynamic pressure. The outlet side (Starboard)
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Figure 4.7 Vehip = 0.4 m/s, T=10 N

Bow [N]  Wedge [N] Stern [N] Tunnelend [N]  Tunnel [N]

Port side -4.260 -9.097 -1.560 -2.620 -0.005
Starboard 3.540 11.000 2.750 0.485 0.000
Total [N] -0.720 1.903 1.190 -2.135 -0.005 : 0.233

Table 4.5 Forces for Vship = 0.4 m/s

From Tables 4.2 — 4.5, it is observed that there is a loss of performance in all four ship
speeds considered with a straight tunnel. The forces on the hull have positive signs which,
according to sign conventions, implies that the net transverse forces oppose the thrust. This is

in line with the experimental observation that a hopper suffered loss of thruster performance at
forward speeds [6].
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For Vship = 0.1 m/s (Table 4.2), the major contribution to the net transverse force is from the
wedge part, which has a high positive force contribution, and the tunnel ends which has a
negative contribution comparable in magnitude to that of the wedge. The contribution at the
stern is positive and is larger (in magnitude) compared to the negative contribution at the bow.
The net transverse force is thus a small positive value, indicating a thrust deduction. Upon
closer examination, it is seen that the force at the inlet (port) side of the wedge part has a
negative sign is much smaller in magnitude than the positive force at the outlet (starboard) side.
Also, the tunnel end at the inlet has a force with larger magnitude and negative sign when
compared to the force at the outlet which has a small magnitude and positive sign. This means
that the bending of the jet at the outlet (starboard) side results in a higher force on the wedge
than the accelerating flow at inlet (port) side of the wedge. As for the tunnel ends, the
accelerating inflow results in much higher force compared to the flow at outlet. The pressure
contours in Figure 4.4 also indicates a redistribution of pressure which is consistent with the
interaction of the bent jet at the starboard side of the wedge resulting in a higher magnitude of
force at the region.

It is observed from Tables 4.3 — 4.5 that the distribution of forces in the different parts of the
hull are similar for all ship speeds considered. The same reasoning is applicable in every case
to explain the net transverse force with small magnitude and positive sign. Further, it is
concluded that the transverse force Fyshows a decreasing trend as forward speed increases, i.e.
the performance of the thruster increases as forward speed increases.

Straight tunnel with Thruster unit

The actuator disk is replaced by the thruster unit and simulations carried out for a propeller
rotation speed of 625 rpm, corresponding to a thrust of 10 N, and the results compared with
those by the actuator disk. The forward speed of 0.4 m/s is considered. The results are shown
in Figure 4.8, and the transverse forces on various parts of the hull is as given in Table 4.6.

Velocity [m s*-1]
‘ : ] : -
o o o o 7
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(a) Velocity magnitude distribution

(b) Hydrodynamic pressure. The inlet side (Port)
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(c) Hydrodynamic pressure. The outlet side (Starboard)

Pressure [Pa]

Figure 4.8 Vehip = 0.4 m/s, 625 rpm

Bow [N] Wedge [N] Stern[N]  Tunnelend [N]  Tunnel [N]

Port side 3.00 -16.42 -10.96 -0.66 0.00
Starboard -2.27 14.67 10.70 2.97 0.00
Total [N] 0.73 -1.75 -0.26 2.31 0.00 : 1.03

Table 4.6 Forces on the hull for 625 rpm

The results with the thruster unit can be compared with those with the actuator disk, in
Figure 4.7 and Table 4.5. It is seen that while both cases indicate lowered thruster performance,
the deduction in thrust, equal to the total transverse force Fy, is much higher with the thruster
unit as compared to the actuator disk approach. The velocity magnitude distribution as well the
pressure contours on the hull as shown in Figure 4.7 and Figure 4.8 also show significant
qualitative variation. Upon comparing the distribution of forces in case of the actuator disk
approach in Table 4.5 with that with the thruster unit in Table 4.6, the major contribution
towards the net transverse force in the former case occurs at the outlet (starboard) side of the
wedge. In the latter case, this contribution is concentrated at the tunnel end of the outlet side.

The difference can be attributed to the rotation that the thruster adds to the flow which is
absent in the actuator disk approach. The presence of the hub and strut of the thruster unit also
contributes to the difference in flow field.

Bent tunnel: 45°

In order to investigate the possibility to improve tunnel thruster performance, the tunnel inlet
and outlet are bent forward (as shown in Figure 4.2). This shape provides a more aligned inflow
and, additionally, it directs the jet forward counteracting the jet bending off the outflow. It is
investigated whether the resulting pressure distribution on the hull would aid or oppose the
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thrust. The results are shown in Figures 4.9 through 4.12, and the forces on various parts of the
hull are as given in Tables 4.7 through 4.10.

(a) Velocity magnitude distribution

(b) Hydrodynamic pressure. The inlet side (Port)
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(c) Hydrodynamic pressure. The outlet side (Starboard)

Pressure [Pa]
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Figure 4.9 Vehip = 0.1 m/s, T = 10 N, bent tunnel

Bow [N] Wedge [N] Stern[N]  Tunnelend [N] Tunnel [N]

Port side 1.010 3.940 1.170 -2.460 -2.460
Starboard -1.980 3.230 -0.180 0.160 1.510
Total [N] -0.970 7.170 0.990 -2.300 -0.950  : 3.940

Table 4.7 Forces for Vship = 0.1 m/s, bent tunnel
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(a) Velocity magnitude distribution

(b) Hydrodynamic pressure. The inlet side (Port)
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(c) Hydrodynamic pressure. The outlet side (Starboard)

Pressure [Pa]
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Figure 4.10 Vship = 0.2 m/s, T = 10 N, bent tunnel

Bow [N] Wedge [N]  Stern[N]  Tunnelend [N] Tunnel [N]

Port side -2.34 -4.17 -0.69 -2.61 -2.70
Starboard 0.93 11.12 1.84 0.49 2.62
Total [N] -1.41 6.95 1.15 -2.12 -0.08 449

Table 4.8 Forces for Vship = 0.2 m/s, bent tunnel
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(a) Velocity magnitude distribution

(b) Hydrodynamic pressure. The inlet side (Port)
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(c) Hydrodynamic pressure. The outlet side (Starboard)
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Figure 4.11 Vship = 0.3 m/s, T = 10 N, bent tunnel

Bow [N] Wedge [N] Stern[N]  Tunnelend [N] Tunnel [N]

Port side -4.16 -8.66 -1.61 -2.69 -2.86
Starboard 2.55 11.02 2.83 0.81 3.30
Total [N] -1.61 2.36 1.22 -1.88 0.44 : 053

Table 4.9 Forces for Vship = 0.3 m/s, bent tunnel
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(a) Velocity magnitude distribution

(b) Hydrodynamic pressure. The inlet side (Port)
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(c) Hydrodynamic pressure. The outlet side (Starboard)
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Figure 4.12 Vship = 0.4 m/s, T = 10 N, bent tunnel

Bow [N]  Wedge [N] Stern[N]  Tunnelend [N]  Tunnel [N]

Port side -4.55 -9.24 -1.65 -2.38 -2.88
Starboard 3.25 10.67 2.77 0.65 1.52
Total [N] -1.30 1.43 112 -1.73 136 -1.84

Table 4.10 Forces for Vsnip = 0.4 m/s, bent tunnel

For Vship = 0.1 m/s and Vship = 0.2 m/s, it can be seen from Table 4.7 and Table 4.8
respectively that a large and decisive contribution to the net (positive) transverse force Fy is
from the wedge part. Since the cross-flow is small in magnitude, the resulting jet is at an angle
to the longitudinal. This results in high pressures forward of the outlet. The transverse force on
the hull, Fy, has a high positive value indicating high thrust deduction.

In case of Vship = 0.3 m/s, the relatively low, though positive, value of the transverse force
on the hull indicates that the bent tunnel is advantageous only at higher forward speeds. This
is further clear in the case Vship = 0.4 m/s, wherein Fy is negative which implies a gain in thrust
instead of deduction. From Table 4.9 and Table 4.10, it is seen that the forces at the outlet
(starboard) side of the wedge remain large in magnitude and with positive sign. So, it is the
variation of the forces at the inlet (port) side of the wedge that is decisive. The larger forward
speed results in a better inflow into the tunnel, resulting in lower pressure forward of the inlet.
This results in a force contribution with negative sign thus decreasing counteracting the force
at the outlet side. Hence, with increasing forward speed, the net transverse force decreases.

The straight and bent tunnel can be compared in terms of the transverse force Fyas shown
in Figure 4.13 and Table 4.11. There is a large difference in the variation of the transverse
forces as seen in Figure 4.13. There is an interesting observation that at 0.3 m/s, the forces for
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both tunnel geometries are nearly the same. Further investigation with smaller bending angles
is needed to know whether an optimal angle can be obtained at which the deduction in thrust
is minimal for the whole range of speeds.

Bent tunnel

[N] Straight tunnel

Vnip [m/s]

Figure 4.13 Variation of transverse forces with forward speed for straight and bent tunnels

Fy [N] Fx [N]
Vhip [MVs] Straight tunnel ~ Tunnel at 45° Straight tunnel ~ Tunnel at 45°
0.1 0.67 3.94 12.49 20.91
0.2 0.47 4.49 10.32 19.53
0.3 0.5 0.53 9.93 19.44
0.4 0.23 -1.84 11.01 16.55

Table 4.11 Comparison of transverse and longitudinal forces for the two tunnel geometries

From Table 4.11, another factor which gains significance is the longitudinal (drag) force,
Fx. A high increase in Fxis observed for each ship speed for the bent tunnel. It almost doubles
in case of the bent tunnel in two smaller forward speed cases. The explanation must lie in the
angle the jet makes with the longitudinal which results in a component of the thrust along the
ship length, in the direction of the flow (i.e. positive x direction), which increases the net Fx.



5 Conclusions and Recommendations

In this work, a CFD study of bow tunnel thruster effectivity is performed using the general
purpose finite volume based solver ANSYS CFX. The tunnel thruster operates with the vessel
in slow forward speed conditions. The thruster is modelled by an actuator disk as well as a full
thruster unit. The Nienhuis wedge, based on a containership, and the Hopper wedge, based on
a trailing suction hopper dredger, are used in the study. Simulations are carried out for different
thrusts, of the actuator disk, and rpm’s, for the thruster unit, for varying forward ship speeds
and the effectivity of the thruster is studied. In addition, the tunnel geometry of the Hopper
wedge is altered by giving a forward bend of 45° at the tunnel inlet and outlet and possible
improvement in thruster performance is investigated.

5.1 Conclusions

The conclusions are provided for studies with the Nienhuis wedge and those with the Hopper
wedge.

5.1.1 Conclusions for the Nienhuis wedge

It is shown by an initial grid convergence study, which did not result in a converged grid, that
the sharp tunnel ends needed to be provided with fillets. With the sharp ends removed, the
occurrence of flow separation at the location is minimised. A grid study then performed on the
wedge resulted in an optimal grid to be used for further simulations.

In case of simulations with the actuator disk, the transverse force on the hull increases with
increasing forward speed and indicated an increase in thruster performance. It is seen that the
wedge behaves as a slender body in a flow, with the jet from the tunnel interacting with the
cross-flow due to forward speed, resulting in a transverse force similar to Kutta-Joukowski lift.
As such, there is a net transverse force in the direction of the thrust resulting in a gain in thruster
effectivity. When a full thruster unit is used in place of the actuator disk, different the flow
behaviour as well as the variation of the thruster performance with forward speed result. The
rotation added to the flow by the modelled rotating thruster is one possible reason for the
difference from the outcome of an actuator disk. Another reason is the inclusion of the hub and
strut of the thruster unit that changes the geometry. Also, the thrust delivered is a function of
both the rpm and the inflow to the thruster (which, in turn, depends on the forward speed).
Since there is no straightforward relation to obtain the rpm required for a desired thrust at a
given forward speed, the rpm corresponding to approximately the same thrust as desired will
have to be arrived at by trial and error.

Upon comparison, the numerical results from both actuator disk approach and thruster unit
differ significantly from experimental results by Nienhuis. A possible explanation lies in the
fact that the hull used by Nienhuis was only a wedge, while a stern and a bow were attached to
the wedge for stability in the numerical simulations. The numerical results with the thruster
unit are closer to the experimental values than those with the actuator disk approach.
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5.1.2 Conclusions for the Hopper wedge

In case of the Hopper wedge, for both actuator disk and thruster unit, the numerical results
show lowering of thruster performance in forward speeds as observed in sea trials at Royal
IHC. The redistribution of pressure on the hull due to bending of the jet from the thruster by
the cross-flow due to the forward speed towards the hull results in a force that opposes the
thrust, leading to reduced thruster effectivity. It is seen the transverse force on the hull, and
hence the effectivity, decreases with increasing forward speed. It can be concluded that the
increasing bending of the jet from the tunnel towards the hull (aftwards) contributes to the
thrust deduction.

The tunnel is given a forward bend of 45° at the inlet and outlet to investigate whether the
bending of the jet by the cross-flow, towards the aft, can be counteracted and whether the
effectivity improved. The inflow into the tunnel is also improved because of the bend. It is
concluded that the forward bend improves thruster performance for high forward speeds. For
lower speeds the tunnel jet results in high velocities forward of the tunnel outlet leading to a
net transverse force opposing the thrust and lowered effectivity.

5.2 Recommendations

Based on the conclusions of the current work, several potential areas for further research are
identified.

Further studies with the thruster unit

The thruster unit was not used extensively in simulations, especially in case of the Hopper
wedge. It was observed from comparison that the numerical results from the Nienhuis wedge
with the thruster unit were closer to the with the experimental results than those from the
actuator disk approach. The thruster unit can therefore be used in further simulations with more
combinations forward speed and rpm.

Rotation speed, forward speed and desired thrust

It was established that the thrust delivered by the thruster depends on not just its rpm but the
forward speed as well. The relation used in section 3.4, based on the definition of the thrust
coefficient, does not hold for a thruster in a tunnel especially when the inflow into the tunnel
depends on the forward speed of the vessel. A relation between the rpm, forward speed and the
desired thrust is beneficial in comparison with actuator disk approach wherein a constant thrust
is delivered. The time-consuming trial and error approach with the rpm of the thruster to obtain
a thrust approximately the same as the desired value can thus be avoided.
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Frozen rotor vs Transient approach

In the current work, frozen rotor approach in ANSYS CFX is used to model the rotating flow
field in case of simulations with the thruster unit. Frozen rotor method, a steady state approach
that solves RANS equations, is less accurate compared to the Transient rotor-stator approach
that solves unsteady RANS equations and also available in ANSYS CFX. Frozen rotor
approach was chosen mainly because of time constraints. Application of the Transient method
can be of interest if future studies demand that the transient effects be accounted for.

Smaller bending angles

In case of the Hopper wedge with the bending angles at tunnel inlet and outlet, improvement
in thruster performance was observed only for high forward speeds. The angle of bending in
the forward direction can be reduced and the effects studied. It is possible that an optimal angle
will be found at which the thruster performance improves for the whole range of forward speeds.

Quantitative comparison with data from full-scale experiments

All computations herein are performed on model scale. Also, no experimental results were
available for comparison in case of the Hopper wedge. If full-scale experiments are to be
performed and the results available for comparison, numerical studies can be performed on full
scale and verified.






Appendix A. SST-Menter turbulence model equations

The SST k-w turbulence model [Menter 1993] is a two-equation eddy-viscosity model which
blends k-w and k-e formulations. The use of a k-w formulation in the inner parts of the
boundary layer makes the model suitable to resolve the boundary layer. The SST formulation
switches to a k-€ behaviour in the free-stream thereby avoiding the common k-w issue of high
sensitivity to the inlet free-stream turbulence properties.

The eddy viscosity u, is defined using turbulent kinetic energy K and the dissipation rate
of the turbulent frequency w as:

oK

U = ﬁ (A1)

max{l —2

where p is the density, F, is an auxiliary function, € is the absolute value of the vorticity and
a, is taken as 0.31. F, is defined using wall distance d as:

F, = tanh ([max {2 0.(:/‘fiw ,psg—gi}]z) (A.2)

A blending function F; is used to blend between the k-w and k-e€ models:

_ . VK 5001) 4pogyzk 4
Fy = tanh ([mm {maX {0.09dw ’ dew} ’ CD,cwdz}] ) (A3)
where
CD,,, = maxj22%z 9K 0® 4420 (A.4)
kw 13) ax] ax] '
The transport equations are given as:
apK
%‘l' _<pUK - (u+ Uk.ut) ) = TyijSij — BpwK (A.5)
Jdpw d ow\ _ P02 0K dw
ryal aTj(Pij — (u+ oupe) 6_x1> = P, — Bpw’® +2 (1 - === ™ 0x]> (A.6)
The production term P, is defined as:
WSnnbij
Py = 2yp (Sij - 1) Sij (A7)
The constants of the SST k-w model are given as:
a; =031 B*=0.09 k=041 (A.8)

The coefficients of the k-w models, ¢, and k- model, ¢, are blended as:

¢ = Fip+ (1— Fo, (A.9)
where ¢ = {B,v, 0y, 0,}. Table A.1 shows the constants.
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Coefficient ¢1 (k-w model) ¢, (k-€ model)
ok [-] 0.850 1.000
0w [-] 0.500 0.856
B I-] i 0.075 0.083
- z_i_ ‘i}»ﬁ -] 0.553 0.440
* ﬂ*

Table A.1. Constants used in the SST k-w Menter model



Appendix B. Dimensional analysis of thrust

The length scale A between the (full scale) vessel and the model is given by

1= Lruliscate (B.1)

Lmodel

Froude scaling is assumed, i.e. the Froude number remains the same for both full and model
scales.

Vfull scale — Vmodel , (BZ)
9Lguli scale 9Llmodel
which gives
Yrutiscale _  [Lruliscale _ 13 (B.3)
Vimodel Linodel .

M, L and 7 being the mass, length and time scales for dimensional analysis, thrust is given as
T = MLt~? (B.4)

Giventhat M o L3, the ratio of thrusts in full scale and model scale is given as:

Tfull scale — (qull scale)3 (qullscale) (Tfullscale)_2 — (qull scale)2 (Vfullscale)2 = 23

Tmodel Lmodel Lmodel Tmodel Lmodel Vmodel

(B.5)

Tfull scale = lmodel 23 (B.6)
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Appendix C. Numerical uncertainty estimation

Uncertainty

The solution verification procedure by E¢a and Hoekstra estimates the uncertainty Uy of a
functional or local quantity ¢ from the data obtained from n, grids (n, = 4). The method is
based on power series expansions that neglect high-order terms and assume that ¢ has atleast
second-order finite derivatives. It is also assumed that the lowest-order schemes used in the
discretization are second or first-order accurate. Uy is determined from an error estimate €4

times a safety factor F;. The error is estimated (in the current work) as

€p = 612 = di— o= a1 h+ay by’ (C1)
To assess the quality of the fit used to obtain €4, a data range parameter is determined as
_ (@Dmax— @Dmin
Ad) — 13 ma:g_l L/mt (C.Z)

The uncertainty Uy can be obtained from €4 and the safety factor F; (=3 in the present case)
using the values of the standard deviation o and Ay to distinguish between “good” and “bad”
error estimations:

e foro < Ag:

Up(d) = Fep(p) + o+ [P — dricl (C3)
o foro = Ay:

Ugp(P) = 3£(E¢(¢i) + o+ |di — ric]) (C.4)
Least-squares solutions of power series expansions

Non-weighted and weighted approaches are defined such that

e non-weighted approach:
w; = 1 and nw; = 1, w; being the weights.
e weighted approach:

1
hy
Wl = an 1 (C.S)
i=1h;
ng —
sothaty, 2 w; = 1.
The two-term expansion with first and second order terms is given as
brie = o + ay hy +ay by’ (C.6)

¢o, ;1 ,and a, are determined from the minimum of the function

SlBo @) = (5w 9 G0+ @ b + @ h?)?
(C.7)

6512 — 0 6512 — 0 6512

Setting B0 s o

= 0 leads to a system of linear equations:
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n n n
[ 1 Zi;g1wihi Ziflwihiz—l ¢0 [ Zi;glwid)i ]
l Z:lle ihi Z:lglwihiz Zlnle l.hf} [all = l E:lng i¢ihi (C8)
E:l;glwihiz Z:lglwihig an 'hi4 %2 Z:ljlwid)ihiz

with standard deviation given by

5.9 nwi( pi=(po+ a1 hy + ap hi?))?
012 = \/ : — - (C.9)

ng—3
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